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Preface  

“When antibiotics first came out, nobody could have imagined we’d have the resistance 
problem we face today. We didn’t give bacteria credit for being able to change and adapt so 
fast”. Bonnie Bassler (an American Molecular Biologist)

Infectious diseases are a major threat to human as well as animals. Parasitic diseases 
such as malaria, leishmaniasis, trypanosomiasis, amoebiasis, helminthiasis, brucel-
losis, leprosy and  tuberculosis are major human  health problems, especially in 
developing countries. A large number of these and other parasitic diseases are trans-
mitted by vectors, where ROS plays an important role. Therefore, understanding of 
the basic mechanisms in oxidant -mediated microbial diseases will eventually pro-
vide novel therapies to combat transmission of pathogens and thereby progression 
of microbial diseases.  

At physiologically low levels, reactive oxygen species (ROS) provide the speci-
ficity in their interaction with effectors in signalling processes. Balancing the gen-
eration and elimination of ROS is important for proper function of redox 
sensitive normal signalling processes. To maintain redox homeostasis and to elimi-
nate ROS, aerobes are equipped with enzymatic/nonenzymatic antioxidants and 
metal sequestering proteins either  to prevent or to  intercept the formation of 
pro-oxidants.

Besides coping with an increase in ROS levels generated from intrinsic sources, 
microbes have to deal with the oxidative stress imposed by the hosts’ immune 
response. Since the redox system plays such an important role for parasites survival 
within their host, drugs that are involved in either promoting ROS production or 
inhibiting cellular antioxidant systems will cause redox imbalance by pushing ROS 
levels above a certain level, which could lead to parasites death.

Infectious diseases are a leading cause of human death. To prevent microbial 
diseases in the developing countries, it is important to make an effective approach 
to public health and hygiene system with the participation, conviction and dedica-
tion of common people. With his experience on how China substantially eradicated 
microbial diseases, Joshua S. Horn, an English surgeon once narrated: “The first 
concept rests on the conviction that the ordinary people possess great strength and 
wisdom and that when their initiative is given full play they can accomplish mira-
cles; that the art of leadership is to learn from the masses, to refine and systematize 
their experience and, on this basis, to decide on policy” (Joshua S. Horn : Away 
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With All Pests). In order to provide  effective treatments of microbial diseases, 
researchers have, in the recent past, considered the changing pattern of microbes in 
producing relevant diseases. The complexity of microbial infection has now become 
a bit understandable as researchers are able to discover mechanisms of atleast some 
microbial pathogenesis.

This book contains 29 chapters contributed by established scientists working in 
the field of oxidative stress biology. They  provided comprehensive and updated 
review on their respective topics. The expert contributors have elucidated the mech-
anisms of ROS production and their regulation, balance between oxidative stress 
and antioxidant system, and oxidative stress-induced pathologies and strategies to 
ameliorate a variety of microbial diseases. The novel descriptions provided in the 
chapters of the book will enhance our understanding of oxidative stress biology, 
which will help the readers to gain an in-depth insight and the latest development in 
the field of research on oxidative stress-induced microbial diseases. Thus,  better 
understanding of regulation of oxidative stress could be utilized for devising strate-
gies for development of novel therapeutics for clinical intervention in oxidative 
stress-induced microbial diseases. Certainly, the readers including postgraduate stu-
dents and biomedical researchers will find this book extremely informative, inter-
acting and stimulating.

Thanks are due to all contributors of the book for their considerable energy, time 
and effort to accomplish complete chapters, which are informative and readable. 
Thanks are also due to  Ms.  Ishrath Ara,  Dr. Madhurima Kahali and Mr. Daniel 
Ignatius Jagadisan (Springer-Nature) for their understanding, cooperation and sup-
port during the preparation of this book.

Kalyani, West Bengal, India Sajal Chakraborti  

Preface  
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1Role of Reactive Oxygen Species 
in the Correlation Between Host 
and Microbes

Suhyun Kim and Dong Gun Lee

Abstract
Free radicals have the nature of unpaired electrons in their outer orbital that ren-
der them as highly reactive species. Specifically, aerobic cells produce hydroxyl 
radicals, hydrogen peroxide, and superoxide anions known as reactive oxygen 
species (ROS). Host immune systems generate ROS as defense mechanisms to 
clear pathogens. It is plausible that microbes can thrive in oxidative environ-
ments by decreasing host responses mediated by ROS during infection or induc-
ing several genes encoding antioxidant enzymes. However, ROS at high 
concentrations have an adverse effect on any cellular components. Based on the 
significant impact on antimicrobial actions, antimicrobials efficiently kill bacte-
ria by inducing ROS and targeting production of ROS, thus strengthening anti-
microbial activity. Therefore, the balance of ROS needs to be investigated to 
control microbial infections and associated diseases. This chapter is focused on 
the role of ROS between host and pathogens.

Keywords
Reactive oxygen species · Pathogenic microbes · Antioxidant enzyme · Oxidative 
stress
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1.1  Introduction

Emerging of diseases associated with microbial infection is a significant burden on 
global economies and public health [1]. Symbiosis with promising dangerous 
microorganisms and evolutionary adaptations for resistance may be a major reason 
for immune diseases to occur [1]. However, resistance to multiple antimicrobial 
agents including pathogenic bacteria, fungi, virus, and parasite have become a seri-
ous hazard. Over-reliance on antimicrobial drugs to treat infections has led to resis-
tance in various strains of microorganism and even cancerous cells [2]. As a response 
to microbial disease, macrophages lead to programmed cell death [3]. In that point, 
understanding of reactive oxygen species (ROS) signaling for host responses to 
challenges presented by microbial invasion is important. ROS play a role in clear-
ance of colonizing microorganisms, thus exploration of the mechanisms between 
oxygen radicals and innate immune responses are associated with pathogen clear-
ance [4]. Both researchers and health professionals were globally interested in the 
mechanisms of chronic infections caused by opportunistic pathogens. Typically, 
chronic infection can cause an increase in the immune response, which can often 
lead to further destruction. ROS is involved in the harmful response, which results 
in self-damage. Excessive ROS production results in robust cellular death by acute 
infection or inflammation, while lower ROS levels play a critical physiological role 
to signal for growth, apoptosis, immune response, and microbial colonization.

ROS, intracellular chemical species, are formed by partial reduction of oxygen 
[5]. A variety of signaling roles of ROS are involved in a broad spectrum of organ-
ism from bacteria to mammalian cells [6]. High ROS levels may cause macromol-
ecule damage, leading to promotion of aging and age-related diseases and progress 
intense research because of its importance in aging and age-related diseases [7]. 
ROS are also produced within the gastrointestinal (GI) tract [8]. Despite the barriers 
in mucosa for protection of infection, microbial pathogens can result in oxidative 
injury and GI inflammatory responses in the epithelium and immune/inflammatory 
cells. This pathogenesis involved in various GI diseases including peptic ulcers, 
gastrointestinal cancers, and inflammatory bowel disease is caused by oxidative 
stress [8]. In insects, restriction of glucose and respiration inhibition are activators 
of ROS and the life span extension. Glucose restriction and slower metabolic rate 
also occur during insect diapause, suggesting that ROS could be involved in regula-
tion of diapause [7]. They may inactivate Gram-negative bacteria characterized by 
an impermeable outer cell membrane which contains endotoxins and blocks antibi-
otics, dyes, and detergents for protection of the sensitive inner membrane and cell 
wall [9].

ROS are by-product generated from cellular respiration, protein folding, and end 
products of a number of normal metabolic reactions [5] Additionally, ultraviolet 
radiation, cigarette smoking, alcohol, nonsteroidal anti-inflammatory drugs, 
ischemia- reperfusion injury, chronic infections, and inflammatory disorders can 
produce ROS [8]. Exceedingly high level of ROS over an organism’s detoxification 
and repair capabilities indiscriminately reacts with DNA, RNA, proteins, and lipids, 
leading to oxidative stress [5, 10]. Superoxide anion (O2

•−), hydrogen peroxide 
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(H2O2), and the hydroxyl radical (•OH) are representative ROS. Among ROS, O2
•− 

results from the one-electron reduction of molecular oxygen [11]. H2O2 is generated 
from superoxide produced by mitochondria and NADPH oxidases. Typically, •OH 
are generated from H2O2 through Fenton reaction in the presence of ferrous ions 
[11]. These ROS tightly regulate within cells [5]. Thus, this chapter focuses on the 
role and regulation of ROS in microbial infection.

1.2  Involvement of ROS in Cellular Signaling Network

ROS (e.g., O2
•− and H2O2) act as secondary signaling molecules, control the action 

of several signaling pathways for inflammation and immune responses, and directly 
kill microbes that infect tissues [4, 12, 13]. ROS are then closely linked to cell 
homeostasis and metabolism. ROS are not stored in specific compartments and their 
levels are controlled by a subtle balance between production and cleaning as they 
are quickly generated or eliminated anywhere in the cell [14]. The local increase in 
ROS production may be specific to spatial control of ROS accumulation, confined 
to specific locations of cells such as specific membrane patches or cell organelles 
[6]. Thus, each cell carries ROS signals in an autonomous manner to activate its own 
ROS production [6, 15]. Signal transduction takes advantage of the unique biologi-
cal properties of each oxidizing agent species, including chemical reactivity, stabil-
ity, and lipid diffusion ability [5]. There are various types of ROS such as having 
charge (e.g., O2

•−) or not (e.g., H2O2) and being lipophilic (e.g., lipid peroxides). 
Therefore, they can be confined to specific intracellular compartments or can be 
easily moved through the membrane [14]. ROS is generally a signal which serves 
priming or activating cellular signaling networks. Moreover, other signals work 
with the ROS to deliver specificity [6]. These other signals are small peptides, hor-
mones, lipids, cell wall fragments, and others. The calcium signal has a specific 
pattern of oscillation within a defined cell location. Likewise, the ROS signal is also 
delivered with the decoded message [6]. Since each individual cell or organelles has 
a set of ROS receptors, the generated ROS signal is decoded and transmitted by 
other networks, such as calcium or protein phosphorylation. Therefore, ROS can be 
incorporated with other signaling pathways [6, 15].

1.3  ROS Production in Host Cells in Response to Microbial 
Infection

Mammalian innate immune systems have elaborately evolved mechanisms to rec-
ognize and kill foreign invaders. It uses a combination of ROS, RNS, and enzymatic 
degradation as the main process of phagocytosis of macrophages and neutrophils 
[16]. ROS production rapidly rises during microbial infections (Fig. 1.1) to promote 
pathogen removal and contribute to signaling pathways involving inflammation, 
cell proliferation, and immune responses [17].

1 Role of Reactive Oxygen Species in the Correlation Between Host and Microbes
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A well-characterized ROS source in host-microbial interactions is the membrane- 
associated NADPH oxidase complex. Activated neutrophils and macrophages 
mainly produce ROS via NADPH oxidase [18]. The phagocytic NADPH oxidase 
complex is composed of cytochrome consisting of gp91phox, a phagocytic cell oxi-
dase, and p22phox, which is embedded in the membrane. In addition, the cytoplas-
mic subunits p47phox, p67phox, and p40 phox and rac translocate to cytochrome 
when oxidase is activated. NADPH is oxidized to NADP+, and electrons are trans-
ported to oxygen by a reduction potential gradient, forming a O2

•− [19]. When a 
disorder occurs in NADPH oxidase, phagocytes are defective in the ROS produc-
tion, resulting in repeated life-threatening microbial infections [20].

Myeloperoxidase (MPO) is an iron-containing heme protein present in neu-
trophilic granulocyte azurophilic granules and lysosomes of monocytes [21]. 
MPO has a catalytic activity to form HOCl from H2O2 and chloride ions, generat-
ing substances with strong antimicrobial activity. It plays a role in the killing of 
several microorganisms including bacteria, fungi, viruses, red cells, and malig-
nant and nonmalignant nucleated cells [16, 22–26]. Although MPO seems to be 
not essential for host defense due to low frequency of infections in MPO-deficient 
individuals, hypohalous acids (HOCl)) dramatically improves microbicidal 
activity with H2O2 by increasing susceptibility to fungal species like Candida 
[27, 28].

Microbial infection and mitochondrial ROS have been also connected to innate 
immune responses. NLRX1, which contains a nucleotide-binding domain (NBD) 

Fig. 1.1 ROS production in phagocyte against pathogenic microorganisms

S. Kim and D. G. Lee



7

and a Leucine-rich repeat (LRR)-containing family member receptor (NLR), alerts 
the presence of intracellular intruders [29, 30]. NLRX1 stimulates the production of 
ROS, allowing ROS to interact directly with the pathogen as well as acting as a 
secondary signaling molecule [31–33]. ROS induced by NLRX1 is important in 
terms of infection, especially its signaling ability. The elevated ROS levels enhance 
the downstream signaling of NF-κB and Jun amino-terminal kinases-dependent 
(JNK), which demonstrate that ROS mediates pro-inflammatory gene transcription 
and cytokine-based signal responses caused by microbial invasion [34, 35]. It is 
important to understand the ROS signaling for the host response as a feature of 
innate immunity during infection. Colonizing microorganisms are efficiently pre-
vented by ROS, thus the study of mechanism of correlation between oxygen radi-
cals and innate immune responses is crucial for pathogen elimination [4].

1.4  Modulations of Host ROS Level by Pathogenic Microbes

ROS plays a large role in immune cells by killing phagocytosed microorganisms or 
involving in immune and inflammatory signaling cascades. However, a wide range 
of microorganisms modulate ROS and increase the persistent infectivity [36]. 
Control of ROS levels seems to be a conserved strategy utilized by various microor-
ganisms. Through inducing or inhibiting oxygen radicals, pathogens reduce ROS- 
mediated host responses to infection and facilitate colonization. Prevention of 
NADPH oxidase assembly is the direct method to interfere with ROS accumulation 
in pathogens. Francisella tularensis directly prevented recruitment of gp91phox/
p22phox and p47/p67phox to the phagosome during infection. Thereby the bacte-
rium attenuates the assembly of NADPH oxidase and keeps neutrophils from oxida-
tive burst mechanism [37]. Anaplasma phagocytophilum has the  ability of 
attenuating NADPH oxidase activity by averting p22 and gp91phox incorporation 
into microbial-containing phagosomes [38, 39]. The transient increase in ROS 
within macrophages could be a way to suppress oxidatvie bursts [40]. Chlamydia 
trachomatis incorporate a subunit of NADPH oxidase, Rac, to the Chlamydia- 
containing vacuole to suppress oxidative bursts. Chlamydia adjusts the intracellular 
ROS level back to normal state, thus avoiding their immune sensors and inflamma-
tory reactions and obscuring their presence [40].

Microorganisms present outside immune cell also have the ability to regulate 
intracellular ROS to persist infection. In neutrophils, these microorganisms primar-
ily form exopolysaccharide, thereby inhibiting ROS production. Regardless of their 
intracellular origination, they directly scavenge free oxygen radicals by producing 
the exopolysaccharides [41]. Another case reported that phagocytic engulfment of 
apoptotic cells is interfered by production of pathogen’s secondary metabolite. This 
secondary metabolite reduces intracellular Rho GTPase activities and ROS levels in 
host cells, enhancing inflammation at the infection site owing to failure of phagocy-
tosis [42].

Unlike described organisms above, Entamoeba histolytica activates NADPH oxi-
dase to increase ROS, leading to apoptosis in host cells [43]. This parasite utilizes 
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ROS molecules as a secondary signaling messenger, derived from NADPH oxidase. 
ROS stimulate extracellular signal-related kinase (ERK) 1/2 signaling to cause host 
cell death [44–46]. Other pathogens may induce host cell death using proliferating 
ROS and may contribute to pathogen spread through cell apoptosis. Japanese 
encephalitis virus (JEV) mediates intracellular ROS accumulation and activates pro-
apoptotic signaling, resulting in apoptosis in host cells. Therefore, the virus pro-
motes the spread of virions and persists the viral infection [47]. Trypanosoma cruzi, 
the causative agent of Chagas’ disease, can infect humans and remains in the incuba-
tion period, but it causes chronic inflammation at the time of re-emergence and dam-
ages organs. T. cruzi optimally persist infection by elevating ROS generation owing 
to pathogen-induced mitochondrial membrane potential perturbation [48].

1.5  Enzymatic Antioxidant System in Microbes Against ROS

Bacteria, fungi, and parasites exhibit enzymatic activity to avoid oxidative protec-
tion of the host during the immune response to the infection process. Pathogens 
induce several genes encoding enzymes which serve maintenance of cellular redox 
environment and thus can endure the high levels of ROS [49]. Superoxide dismutase 
(SOD) is the first line of defense against O2

•−, which catalyze dismutation of O2
•− in 

H2O2 [50]. Catalases (Cat) then degraded H2O2 into water and oxygen. Other enzy-
matic systems that detoxify hydroperoxide radicals are glutathione and thioredoxin 
systems. Glutathione peroxidases, glutathione reductases, and glutaredoxins belong 
to glutathione system [51–53]. Thioredoxin system is composed of peroxiredoxin, 
thioredoxin, and thioredoxin reductase [54–56]. There are other antioxidant 
enzymes, cytochrome C peroxidase and the chloroperoxidase that reduce organic 
hydroperoxide [57, 58].

Since SOD acts first as bacterial enzyme to detoxify ROS, these enzymes are 
important for microorganisms to combat oxidative stresses. Staphylococcus aureus 
encoded two genes of SOD [50, 59]. During stationary phase or superoxide anion 
generation, SodA gene was expressed to a Mn-SOD [53]. Phagocytic cells such as 
macrophage also increase the activity of SOD in bacteria [60, 61]. It has been dem-
onstrated that ΔSodA and ΔSodM strains are more vulnerable to the oxidative stress 
[59, 62]. Likewise, Cat is also involved in ROS detoxification. Cat catalyzes the 
reduction of H2O2 to water and oxygen. Only one Cat (kat A) was found in S. aureus 
and it is activated when being phagocytized by macrophages. There is no effect on 
survival in kat A gene deletion strains, but the nasal colonization drastically 
decreased compared to the wild-type strain. Thus, kat A appears to be important in 
the colonization process, but it is not essential to the occurrence of the compensa-
tory systems [50, 62]. The Cat of Escherichia coli, katE and katG, can detoxify the 
H2O2 [63, 64], but their significance for virulence is unclear due to compensatory 
mechanisms [63]. In Streptococcus spp., no Cat existed, so the catalysis of H2O2 
must be dependent on other thioredoxin system enzymes. In Streptococcus pneu-
moniae, thiol peroxidase named TpxD is induced in response to oxidative stress. 
TpxD increases the survival rate of bacteria and also helps intranasal infection [65, 
66]. Furthermore, the peroxiredoxin AhpC of S. aureus is involved in its resistance 
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against external oxidative stress and is crucial for its survival, persistence, and nasal 
colonization [51, 67]. The effect on the virulence of AhpC in E. coli has not been 
proven, but H2O2 can be detoxified [60, 61, 68]. S. aureus does not encode 
glutathione- based enzymes but expresses genes corresponding to thioredoxin and 
thioredoxin reductase, which are induced in response to chemical oxidants [69].

Contrary to bacteria, the function of the enzyme antioxidant system in relation to 
the virulence of the fungi has not been clearly elucidated. ROS, produced by the 
host owing to fungi and thereafter in fungal virulence, can be detoxified by SODs. 
SOD1 and SOD5 are considered as virulent factors in Candida albicans because 
they protect yeast and hyphal cells from oxidative stress produced by macrophages 
[51, 67–69]. Cu/Zn-SOD (sod1) and Mn-SOD (sod2), the only SOD enzymes in 
Cryptococcus neoformans, are associated with virulence [70, 71]. Likewise, three 
Cat have been discovered in C. albicans. They are involved in the H2O2 detoxifica-
tion and leukocyte resistance [72, 73]. Aspergillus fumigatus also has three Cat, 
which are all involved in the degradation of H2O2, but it was not known whether 
CatA is involved in virulence [74–76]. Recent studies indicate that glutathione sys-
tems could also participate in ROS detoxification. The glutaredoxin GRX2 which 
was shown to be associated with virulence in systemic infection participates in the 
defense to chemical oxidative stress and macrophages [51, 77]. Glutathione peroxi-
dases GPX1 and GPX2 are responses to chemical oxidative stress and protect cells 
from ROS, but are not necessary for virulence in C. neoformans [52]. Another anti-
oxidant enzyme, thioredoxin reductase, is capable of degrading ROS produced by 
neutrophils. Also, thioredoxin reductase is concerned with resistance in C. albicans 
strains isolated from recurrent candidiasis of vagina [54, 78, 79]. In C. neoformans, 
there are two thiol peroxidases called TSA1 and TSA3 that are overexpressed in the 
presence of H2O2. Further, TSA1 is considered as a virulence factor [80]. The thio-
redoxins TRX1 and TRX2 play a role in the oxidative and nitrosative stress defense 
expressed under stressful conditions, but TRX1 is not required for fungal virulence 
[55, 81]. Asp f 3 allergen in A. fumigatus is presumed to be a potential thioredoxin 
peroxidase [82] and has been shown to be an immunogenicity marker of allergic 
bronchial aspergillosis [83, 84]. It is found that H2O2 induces this protein strongly 
[82]. Other peroxidases also participate in antioxidant activity, particularly cyto-
chrome C peroxidase, which is used to survive macrophages in response to oxida-
tive stress and participates in the virulence of fungi [57, 85]. Likewise, the 
chloroperoxidase plays a role in oxidative stress response  in various microbial 
strains including A. flavus, Caldariomyces fumago, Sinirhizobium meliloti, and 
Streptomyces coelicolor [58, 86–88].

1.6  Intracellular Response by Oxidative Stress

Although the product of the reaction is O2
•− catalyzed by the phagocyte oxidase 

complex, subsequent reactions of O2
•− can result in production of additional inter-

mediates. Such intermediates like H2O2, •OH, singlet oxygen (1O2), and HOCl have 
different reactivity, stability, compartmentalization, and biological activity [89]. 

1 Role of Reactive Oxygen Species in the Correlation Between Host and Microbes



10

The generation and high  concentrations of oxygen radicals  can induce oxidative 
stress by causing imbalance between the production of oxidants and the antioxidant 
defenses. When ROS exceed those of antioxidants, cell responses such as apoptosis, 
tumorgenesis, and immune-response are potentiated [4, 90, 91]. The overproduction 
of ROS disturbs the prooxidant/antioxidant balance, resulting in damage of the cel-
lular components, such as lipids, proteins, and DNA (Fig. 1.2). Many of the chemi-
cal modifications reflect the evolutionary transformation of these molecules from 
signaling mediators to cytotoxic species [92].

Lipid peroxidation is a universal impairment of ROS in polyunsaturated lipid- 
rich eukaryotes [93]. The membrane lipids present in the subcellular organelles are 
sensitive to free radical damage [12]. Lipids can cause direct and indirect effects by 
reacting with free radicals through producing highly damaging chain reaction of 
lipid peroxidation [12, 94]. The peroxidative sequence is initiated by abstracting a 
hydrogen atom from a methylene group, leaving behind an unpaired electron on the 
carbon atom of the cell [12]. It inhibits the membrane assembly and thus perturbs 
the membrane fluidity and permeability [94]. Lipid peroxidation of bacteria has 
been observed after ingestion by neutrophils [95]. However, it has not been proven 
that this affects bacterial killing. Chain-peroxidation reactions are limited by the 
saturated and monounsaturated fatty acids in bacterial membranes, but membrane 
lipids may be important part of oxidative damage only in eukaryotic pathogens. 
Yeast cells cannot synthesize unsaturated fatty acids, but when grown in a culture 
medium enriched with polyunsaturated fatty acids, they are easily incorporated into 
the membrane structure which eventually increase the possibility of lipid peroxida-
tion to oxidative stress [96]. Indeed, yeast cells with polyunsaturated fatty acid-rich 
yeast membranes were hypersensitive to cadmium toxicity through lipid peroxida-
tion [97]. Lipid peroxidation has also been reported in yeast cells undergoing 

Fig. 1.2 Oxidative damage site induced by ROS in microorganisms
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autophagy induced by rapamycin and H2O2- and menadione-induced oxidative 
stress [98–100].

Oxidative damage of the protein adversely affects the homeostatic function of 
the cell and rapidly lowers the cell viability [101]. Most oxidized proteins that are 
functionally inactivated are rapidly eliminated, but some are accumulated slowly, 
contributing to a various diseases [12]. Protein carbonyl is formed through oxida-
tion of arginine, proline, or lysine and is readily identified after oxidative injury 
[102]. Protein carbonyl is an irreversible product and is therefore susceptible to 
proteolytic degradation. When E. coli was treated with H2O2, proteins (e.g., alcohol 
dehydrogenase E, DnaK, OppA, F0F1 -ATPase) are oxidized [102]. As a tendency to 
form large protein aggregates that cannot be degraded by cells through normal pro-
tein degradation pathways, prompt removal of protein carbonyl is important. 
Without effectively destroying these aggregates, the carbonyl accumulation will be 
further strengthened and cell homeostasis will eventually be disturbed [103]. In 
addition, dysfunctional protein can be synthesized by ROS, such as mRNA mis-
translation. For example, oxygen-dependent chromate ion Cr (VI) in Saccharomyces 
cerevisiae induces mistranslation of mRNA and causes accumulation of insoluble 
and toxic protein carbonyl aggregates containing inappropriately synthesized inac-
tive proteins. This is regarded as a major means of toxicity to Cr (VI) in yeast [104].

Nucleic acid can cause mutations in various forms due to ROS [105]. DNA damage 
rely on the presence of iron, thus the hydroxyl or peryl radical is a toxic intermediate 
generated from the Fenton reaction [106]. Because of sensitivity to attack by •OH, the 
C4–C5 double bond of pyrimidine generates a spectrum of oxidative pyrimidine dam-
age products, including thymine glycol, uracil glycol, urea residue, 5-hydroxydeoxy-
uridine, 5-hydroxydeoxycytidine, hydantoin, and others. Similarly, •OH oxidizes 
purines bases into 8-hydroxydeoxyguanosine, 8- hydroxydeoxyadenosine, and for-
mamidopyrimidines, a well-characterized marker of oxidative DNA damage [12, 105]. 
ROS damage creates lesions that produce cross-linking of DNA to other molecules and 
block replication. It also induces single and double strand breaks in the backbone 
[105]. Studies in E. coli show that the major mechanism of ROS-dependent antimicro-
bial activity at low concentrations of H2O2 is DNA damage, while the mortality rate at 
high concentrations of H2O2 is due to ROS-mediated damage to multiple cellular tar-
gets [107, 108].

1.7  Natural Antimicrobial Agent for Controlling Microbial 
Infection

Secondary metabolites extracted from the edible, medicinal, and herbal plants and 
their derived essential oils could be natural antimicrobials [109]. Plant-produced 
secondary metabolites are promising healthy ingredients or human disease control-
ling agents. Secondary metabolites are of great interest because of their many ben-
efits including antimicrobial properties against pathogenic microbes [110]. Many 
chemical antimicrobials still threaten our health; thus more attention has been 
given toward the potential antimicrobial activities of natural products. Natural 
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products of dietary components such as medicinal plants and herbs are known to 
have potent antioxidant activity and free radical scavenging activity [111, 112]. 
Nevertheless, antioxidants also have prooxidant activity under certain conditions 
[111], leading to cause oxidative damage on biomolecules such as lipids, proteins, 
and DNA [112, 113]. The paradoxical role of antioxidants is also directly related 
to redox signaling of antioxidants [111]. Flavonoids, well-known phytochemicals, 
induce detoxifying enzymes by exerting prooxidant activity to enhance their abil-
ity to promote health and thus have a beneficial effect in toxic chemical reactions 
[112, 114]. Their prooxidant activity was related to the structural characteristics of 
the flavonoids in a concentration-dependent manner [112, 115]. The total number 
of hydroxyl groups in the flavonoid molecule is thought to be proportional to the 
prooxidant activity [112]. Flavonoid quinones can be stabilized by conjugation 
with nucleophiles such as GSH, cysteine, or nucleic acids which is responsible for 
one of the prooxidant effects of flavonoids (Fig. 1.3) [116]. Rapid NADH oxidiza-
tion by phenoxyl radicals is shown to the flavonoids apigenin, naringenin, and 
naringin as prooxidant properties, resulting in extensive oxygen uptake and 
hydroxyl radical formation [112].

1.8  Conclusion

ROS is produced by a variety of physiological systems such as aerobic metabolism 
and plays an important role in host immune defense against pathogenic microorgan-
isms as well as cellular signaling pathways. The role of phagocytes is to recognize 

Fig. 1.3 An effect on thiol toxicity of prooxidant chemistry of flavonoid

S. Kim and D. G. Lee



13

microbes through their many molecular patterns and to engulf them. Once a micro-
organism is phagocyted, it determines the treatment that is enacted within the 
phagosome by the molecule recognized on the surface of the microorganism. 
NADPH oxidase generates ROS in response to pathogens and contributes to get rid 
of many pathogens. Microorganisms can avoid engulfment through a number of 
methods including avoidance of recognition by phagocytic receptors and destruc-
tion of the phagocytic signaling pathway. Bacteria and fungi also exhibit enzymatic 
activities to avoid host-induced oxidative defense. To maintain ROS levels at a non-
toxic concentration, cellular antioxidants coordinate the balance between produc-
tion and degradation. SOD, catalase, glutathione system, thioredoxin, peroxidase, 
and glutathione systems which represent the prominent enzymatic antioxidants are 
used to scavenge excess ROS. ROS, which is involved in cellular signaling or physi-
ological processes at low concentrations, have a harmful effect when the concentra-
tion is too high. Excessive ROS level has deleterious effects due to destruction of 
cell structure, lipid, DNA, and protein, ultimately leading to cell death. Natural 
products have enormous potential as effective antimicrobial agents and can be 
employed to incorporate antimicrobial agents to generate ROS. These prooxidant 
properties are related to cell signaling and allow the flavonoids to contribute to the 
regulation of cell function (Fig. 1.4). To provide greater therapies under different 
conditions, unraveling the signaling events related to the oxidative free radicals at 
the cellular level as well as the physiological response to such stress needs to be 
conducted. Moreover, discovery of the mechanisms and roles of ROS during infec-
tion can also help to find new strategies to increase the antimicrobial potential of 
currently available antimicrobials.

Fig. 1.4 Regulation of cell functions induced by prooxidant property of phytochemicals
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Abstract
Leishmaniosis includes a set of diseases produced by protozoan parasites of the 
genus Leishmania by invasion of the mononuclear phagocyte system of mam-
malian hosts. Different studies performed in human and canine leishmaniosis 
have reported that there is an increase in the biomarkers of oxidant status and a 
decrease in the biomarkers of antioxidant defense, causing an imbalance among 
oxidants and antioxidants and thus showing that the oxidative damage plays an 
important role in both diseases. In this chapter the main changes in blood bio-
markers of oxidative stress occurring in human and canine leishmaniosis are 
discussed. 
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2.1  General Importance of Leishmaniosis

Leishmaniosis includes a set of diseases produced by protozoan parasites of the 
genus Leishmania by invasion of the mononuclear phagocyte system of mammalian 
hosts. They are transmitted primarily by female phlebotomine sand flies belonging 
to the genera Lutzomyia (new world) and Phlebotomus (old world); hence sand flies 
are responsible for spreading the disease [1]. These neglected diseases are prevalent 
in at least 98 countries and 3 territories on 5 continents, of which the majority are 
underdeveloped countries [2, 3].

Most of the leishmaniases are zoonoses, though anthroponotic forms also exist, 
and in these cases humans are the sole reservoir. The reservoir hosts are several 
mammal species (around 70 species), including canines, rodents, and marsupials, 
and they are responsible for the long-term conservation of Leishmania in nature [4, 
5]. The majority of the reservoir hosts suffer subclinical or only mild infections that 
may keep for years. However, the dog is an important exception, since it may 
develop a generalized and fatal disease [6].

The diversity of clinical manifestations, epidemiology, and immunopathology 
makes leishmaniosis a complex disease to study [7]. Human leishmaniosis (HuL) is 
a compound disease causing an extensive variety of clinical forms ranging in sever-
ity from self-healing cutaneous leishmaniosis (CL) to fatal disseminated visceral 
leishmaniosis (VL) [8]. Among the recognized clinical forms of the disease in 
humans, kala-azar, or VL, is the most severe and progressive form, as it is almost 
always fatal if untreated [9]. Canine leishmaniosis (CaL) is a systemic disease that 
leads to a broad range of clinical signs that may culminate to death [10, 11].

2.2  Oxidative Stress in the Pathogenesis 
of the Leishmaniosis

When Leishmania spp. is recognized, macrophages are activated and become so- 
called effector cells that can phagocytose and destroy the unwanted guest. After the 
activation of the macrophage, different cellular processes start, such as production 
of phagolysosomal degradation enzymes (e.g., proteases, nucleases, phosphatases, 
lipases, and esterases), oxidative burst, and nitric oxide (•NO) production [12]. The 
generation of these cytokines, reactive oxygen species (ROS), and •NO derivatives 
usually eliminates the phagocytosed microorganism; however, Leishmania spp. can 
survive and propagate in this hostile environment [13]. Leishmania parasite, after 
entering the macrophage, can protect itself against the macrophage oxidative out-
break. This can be achieved by stimulating the synthesis of antioxidants and at the 
same time inhibiting superoxide anion radical (O2

•−) and •NO generation in the mac-
rophage. Different forms of Leishmania during its cycle have various suppressing 
effects, and in general, the effects of the parasite on the macrophage increase with 
time [12]. Parasite persistence inside the macrophages depends on the balance 
between the capacity of the immune response to adequately activate Leishmania-
infected macrophages and the ability of the parasite to combat cytotoxic mecha-
nisms of macrophage activation [14].
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On the other hand, the higher levels of reactive species (ROS, and •NO 
derivatives), that are produced primarily to attack the invading parasite, may 
destabilize the oxidant-antioxidant balance; leading to a potential  damage to the 
tissues or host cells and contributing to the progression of the disease [15].

In this chapter, we aimed to show and describe the main changes in blood 
biomarkers of oxidative stress that have been reported to occur in human and canine 
leishmaniosis. In each biomarker the changes occurring will be indicated; as well, 
when this information is available, the possible explanation of its physiopathologi-
cal mechanism and their possible clinical applications.

2.3  Biomarkers of Oxidative Stress in Human Leishmaniosis

The presence of intracellular Leishmania amastigotes in mononuclear phagocytes 
may impair the oxidant-antioxidant balance [15]. Therefore, to evaluate the impact 
of the host-parasite interaction on the host oxidants and antioxidant defense system, 
different indicators have been investigated in human cutaneous leishmaniosis.

2.3.1  Biomarkers of Oxidant Status

2.3.1.1  Erythrocyte/Plasma Lipid Peroxidation (LPO)
The assay most frequently used to evaluate products of lipid peroxidation is the 
malondialdehyde (MDA) formation, while other products such as lipid hydroperox-
ides have been measured in human CL.

Increased erythrocyte and serum/plasma LPO levels (1.5-fold) according to 
MDA formation have been reported in patients with active cutaneous leishmaniosis 
with no effect on age and sex (Table 2.1) [15–21]. These increases could be attrib-
uted to different causes, like the respiratory burst that occurs due to the presence of 
amastigotes in the phagocytes which originate excess of free radicals, and, as a 
consequence, lead to peroxidation of polyunsaturated fatty acids of the membrane 
lipids [15]. In addition, LPO levels decreased in healed patients, reaching similar 
values to those of healthy controls [15, 18].

Interestingly, a close relationship has been found between MDA and DNA 
damage, indicating that oxidants generated during CL cause a DNA damage in these 
patients [19].

A significant increase in erythrocyte MDA has also been reported in kala-azar 
patients in comparison with controls [27, 28]. In addition, an inverse relationship of 
MDA with hemoglobin content that suggested a lipid peroxidation increases when 
the anemia progressed in VL patients [27].

2.3.1.2  Plasma Total Peroxides (TP)
Levels of TP were significantly increased in CL patients when measured with the 
FOX2 method [19].

2 Blood Biomarkers of Oxidative Stress in Human and Canine Leishmaniosis



24

2.3.1.3  Plasma Carbonyl Content (PCC)
No significant differences could be seen in PCC in patients with CL comparing with 
healthy controls [19].

2.3.1.4  Nitrite and Nitrate Concentrations
Nitrite and nitrate concentrations were found to be higher in CL patients when 
compared to healthy controls [18, 29, 30]. Both analytes reflect the NO production, 
which has been reported to have antimicrobial and leishmanicidal activity; and their 
increase showed that reactive nitrogen intermediates metabolism is altered in 
patients with CL [29]. In addition, a significant decrease in NO levels was found 
after the treatment [18]. Moreover, Cabrera et al. [30] showed that chronic forms of 
the disease (intermediate or chronic cutaneous leishmaniosis) had significantly 
lower concentrations of nitrate and nitrite than localized or diffuse forms; therefore, 
NO may have a different role in different forms of the disease.

2.3.2  Biomarkers of Antioxidant Status

2.3.2.1  Total Antioxidant Status (TAS)
A significant decrease in TAS of CL patients have been reported indicating that the 
antioxidant defense of these patients was impaired [19] probably due to an excess 
amount of reactive species.

2.3.2.2  Superoxide Dismutase Activity (SOD)
Contradictory results have been found in SOD in different studies performed in 
erythrocytes versus serum samples. Erel et al. [29] and Kocyigit et al. [16] found 

Table 2.1 LPO levels according to malondialdehyde (MDA) formation reported in patients with 
active cutaneous leishmaniosis

Authors Method Region Sample
Mean in 
control group

Mean in 
diseased 
group

Kocyigit et al. 
[16]

Jain et al. 
[22]

Anatolia, 
Turkey

Erythrocytes 4.16 nmol/g 
Hb

8.68 nmol/g 
Hb

Vural et al. 
[15]

Jain et al. 
[23]

Anatolia, 
Turkey

Erythrocytes 1.56 nmol/g 
Hb

2.44 nmol/g 
Hb

Ozbilge et al. 
[17]

Jain [24] Anatolia, 
Turkey

Serum 0.25 nmol/mL 0.46 nmol/mL

Serarslan 
et al. [18]

Esterbauer 
et al. [25]

Iskenderun, 
Turkey

Serum 1.3 nmol/mL 1.7 nmol/mL

Kocyigit et al. 
[19]

Kocyigit 
et al. [16]

Anatolia, 
Turkey

Plasma 3.06 nmol/mL 4.85 nmol/mL

AbdulGhani 
et al. [20]

Fong et al. 
[26]

Taiz, Yemen Serum 1.38 nmol/mL 3.4 nmol/mL

Asmaa et al. 
[21]

Fong et al. 
[26]

Taiz, Yemen Serum 1.38 nmol/mL 3.4 nmol/mL
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increased SOD activity in erythrocytes of patients suffering CL in comparison with 
controls. However, Serarslan et al. [18] reported that SOD activity in serum of CL 
patients was lower than controls.  Biswas et  al. have also observed  significantly 
reduced values of SOD in kala-azar patients [27]. Upon treatment of CL patients, sig-
nificantly higher SOD  activities were observed  [18].  Most isoforms of SOD are 
located intracellularly which could be the source of the different activity observed 
by the previous studies.

Increased SOD activity results in increased conversion of superoxide anion into 
hydrogen peroxide (H2O2). Other studies have also demonstrated that SOD can effec-
tively accentuate vascular relaxation and the half-life of NO [31, 32], and that the 
addition of SOD to macrophages raised leishmanicidal activity [32]; hence it could be 
a mechanism of defense induced by cytokines like IL-1 and TNF alpha [16].

2.3.2.3  Reduced Glutathione (rGSH), Glutathione Peroxidase 
(GSH-Px), and Glutathione Reductase (GR)

Glutathione plays an essential role in protecting cells exposed to oxidative stress. 
The glutathione redox cycle is a major protection system for detoxification of ROS 
within the red cells [33].

Glutathione peroxidases catalyze the reduction of H2O2 in the presence of 
rGSH [34]. Increased rGSH concentrations were observed in erythrocytes of CL 
patients [15]. High rGSH concentrations were also found in erythrocytes of 
patients diagnosed with VL with a positive correlation with MDA [28]; however, 
the increase was not significant in comparison with control patients. Conversely, 
significantly decreased values of whole blood rGSH were found in patients with 
VL compared to controls, and it has been suggested that it could be due to oxida-
tive stress and overutilization of GSH by the cells. In addition, its levels remain 
decreased after the treatment probably due to an involvement of GSH in drug 
metabolism [28].

Decreased GSH-Px activities have been found in CL patients compared with 
controls both in erythrocytes [15, 16, 29] and serum [18]. In addition, a decrease in 
rGSH and an increase in GSH-Px activity were observed after the treatment [15, 
18]. A significant decrease in GSH-Px has been reported also in VL [27]. 
Significantly decreased values of GR were found in kala-azar patients compared 
with controls [27].

Results found in human CL showed that although the reducing potential is 
increased partially as a result of accumulation of rGSH, a marked decrease of the 
enzyme GSH-Px is observed during the active CL infection [15]. This could indi-
cate a poor utilization of rGSH in erythrocytes and therefore, sparse efficacy and 
participation of the glutathione redox cycle in detoxification of radical-mediated 
damage [15]. Furthermore, it has been suggested that as a result of increased ROS 
and reactive nitrogen species (RNS) generation in CL patients, GSH-Px could be 
consumed during ROS scavenging, and thus the activity and/or levels of the enzyme 
decrease during CL [18].
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2.3.2.4  Catalase
Similar to GSH-Px, catalase activity was reported to be decreased in erythrocytes 
of CL patients by Erel et al. [29] and Kocyigit et al. [16] as well as in VL patients 
by Biswas et al. [27]. Contrarily, other authors such as AbdulGhani et al. [20] and 
Asmaa et al. [21] did not find a significant decrease in serum catalase activity in 
their studies. Catalase, like GSH-Px, uses H2O2 as substrate; therefore decrease in 
catalase activity enables H2O2 to stay in the medium for a long time and at higher 
concentrations [29]. The nonsignificant decrease in catalase activity found by some 
authors could be due to either a protection mechanism of the parasite itself from 
the toxic oxygen metabolites or differences in the methods or type of sample used 
for the measurement [20, 21]. Effect of age or sex on catalase activity was not 
found [21].

2.3.2.5  Uric Acid
Higher levels of uric acid has been reported in CL patients compared to controls 
[20, 21]. Uric acid is an important contributor to total antioxidant capacity; it pro-
vides a significant antioxidant defense against nitration by nitroperoxynitrite; hence 
it could represent a mechanism of defense against oxidative stress caused by leish-
maniosis infection [21, 35].

2.3.2.6  Vitamin C
Vitamin C was found to be significantly decreased in CL patients, and an increase 
was observed in healed patients [15]. This antioxidant is expected to be consumed 
in situations of increased formation of oxygen-derived free radicals and is often low 
in infections where it could be a direct inducer of the cellular immune response [36].

2.4  Biomarkers of Oxidative Stress in Canine Leishmaniosis

The interest on the biomarkers of oxidative stress in blood canine leishmaniosis has 
increased in the last years. Although there is variability in the findings of different 
authors, in general, in canine leishmaniosis, there is an increase in the biomarkers of 
oxidant status and a decrease in the biomarkers of antioxidant defense. This would 
indicate that the oxidative damage plays an important role also in this disease.

2.4.1  Biomarkers of Oxidant Status

2.4.1.1  Total Oxidant Status(TOS)
TOS has been reported to be increased in dogs with canine leishmaniosis, though 
contradictory results have been found about changes observed regarding the sever-
ity of the disease [37, 38]. In addition, TOS was not found to be a suitable biomarker 
to monitor treatment in canine leishmaniosis [39].
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2.4.1.2  Erythrocyte/Plasma Lipid Peroxidation (LPO)
As indicated before, the product of lipid peroxidation  frequently measured  to 
evaluate oxidative damage to lipids  is the MDA.  MDA has been reported to be 
increased in canine leishmaniosis, indicating the presence of an oxidative damage in 
this disease. MDA and other products of lipid peroxidation are accompanied 
by degradation of cellular membranes and altered membrane permeability which 
produce cell damage and could be one of the causes of anemia that occurs in canine 
leishmaniosis [40]. In addition, increase in MDA in dogs seropositive to 
leishmaniosis has been associated with the presence of clinical signs and correlated 
positively with urea and creatinine that would indicate that MDA can be involved in 
the kidney damage associated to leishmaniosis [41].

2.4.2  Biomarkers of Antioxidant Status

2.4.2.1  Total Antioxidant Status (TAS)
Trolox equivalent antioxidant capacity (TEAC), ferric ion reducing ability of plasma 
(FRAP), and cupric ion reducing antioxidant capacity (CUPRAC) are different 
assays that can be used to determine TAS of a sample and have been reported in 
canine leishmaniosis by different authors. Changes in TAS were not detected in 
dogs with canine leishmaniosis with the TEAC method by Gultekin et al. [37]; how-
ever, Almeida et al. [38] detected significantly reduced values of TEAC. However, 
when TAS was evaluated by FRAP, dogs with canine leishmaniosis showed lower 
values of FRAP than healthy dogs [42], and when TAS was analyzed with a com-
mercial assay, dogs seropositive to canine leishmaniosis showed lower values of 
TAS compared to healthy dogs, and the appearance of clinical signs was associated 
to lower TAC values [41].

On the other hand, TEAC and FRAP were not useful for monitoring leishmaniosis 
treatment [39]. However, CUPRAC did show a significant increase in dogs that 
showed a successful response to the treatment. These differences could be due to the 
analytes that evaluate each assay. For example, FRAP evaluates mainly uric acid 
[43] that could be not so important as a marker of oxidative stress in the serum of 
the dog compared to humans. However, CUPRAC evaluates ascorbic acid, carotene, 
thiol, and blood GSH that are decreased in dogs affected by leishmaniosis [38, 40]. 
This raises the importance of using an appropriate substrate and assay for the evalu-
ation of the total antioxidant status in canine leishmaniosis.

2.4.2.2  Paraoxonase-1 (PON-1)
PON-1 is an enzyme that prevents low density lipoprotein (LDL) oxidation, and it 
has been reported to decrease in experimentally induced and naturally occurred 
canine leishmaniosis [44]. In the experimentally induced leishmaniosis, PON-1 
reached its minimum values at 2  months postinfection, time that was 2  months 
before the appearance of clinical signs. Therefore, it could be considered as an early 
marker of leishmaniosis. In addition, lower values of PON-1 have been reported in 
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dogs with canine leishmaniosis and proteinuria; therefore, it could also be a marker 
of disease severity.

The minimum value of PON-1 in experimental infection appeared at the same 
time when there was an increase in acute phase proteins such as C-reactive protein 
(CRP), thus showing a significant negative correlation with this marker. Therefore, 
the inflammation could be a cause of decrease in PON-1 in this disease. In addition, 
other reports have indicated that the increased oxidative stress could be another 
reason for the decrease in PON-1 in canine leishmaniosis [40, 41].

PON-1 showed increases and return to similar values of those observed in healthy 
dogs when the dogs were successfully treated. Therefore, it can be considered as a 
biomarker of treatment although its response is slow in comparison with acute phase 
proteins such as CRP or ferritin [44].

2.4.2.3  Thiols
Thiols are a class of organic compounds that contain a sulfhydryl group  and 
have critical roles in protect cells from oxidative damage by the degradation of elec-
trophilic groups of ROS [45, 46]. It has been demonstrated that thiols increase after 
a successful treatment for canine leishmaniosis and are correlated with PON-1 [39].

2.4.2.4  Superoxide Dismutase (SOD)
SOD in canine leishmaniosis has a very interesting role. It is involved in the decrease 
of the oxidant response in the leishmania-infected macrophages and therefore is 
found to be increased in these macrophages.

However, in serum it is increased in dogs with clinical signs of leishmaniosis, 
having a possible protecting role against the oxidant products produced in the 
inflammation associated with the process. When the dogs have a very high clinical 
score, the activity of this enzyme decreases, possibly due to previous consumption 
trying to compensate the increased oxidant concentrations during this disease [47].

2.5  Conclusions

The following statements can be concluded:

 – In both human and canine leishmaniosis, there is an increase in oxidant 
biomarkers and a decrease in the biomarkers of the antioxidant defense.

 – The biomarkers of oxidative stress could have a potential application mainly in 
the evaluation of the severity of the disease and also for monitoring the 
treatment.

These conclusions are limited because usually the studies in this topic involve a 
reduced number of biomarkers, and also employ different assays that can result in 
contradictory results. It would be desirable the development of studies in which a 
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wide panel of various biomarkers both of the oxidant and antioxidant response will 
be measured in order to get a broad view of the process. In addition, the use of stan-
dardized and validated assays in order to get results that could be applied in differ-
ent laboratories would be recommended.
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3Reactive Oxygen and Nitrogen Species 
in the Oral Cavity

Peng Zhou, Jessica Scoffield, and Hui Wu

Abstract
In the oral cavity, reactive oxygen and nitrogen species are continuously gener-
ated by bacterial metabolism and host-mediated cellular factors. These reactive 
species facilitate a critical function that regulates the outcomes of both oral and 
systemic diseases, such as dental caries, periodontitis, and the maintenance of 
blood pressure. As a result, the protective effects of ROS and RNS are being 
explored for future therapeutic applications.

Keywords
Reactive oxygen species (ROS) · Reactive nitrogenous species (RNS) · 
Microbiome · Oral cavity

3.1  Introduction

Hundreds of microbial species reside in the oral cavity. For many species, the oral 
cavity can be a hostile environment due to the consistent production of reactive 
oxygen and nitrogen species. Exposure to oxidative and nitrosative stress impacts 
the survival of oral microbes, bacterial competition, and the development of 
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bacteria-associated oral diseases. This chapter deals with four relevant topics: (1) 
sources of oxidative and nitrosative stress in the oral cavity and (2) their influence 
on oral diseases, (3) the interplay between oral bacteria and reactive oxygen and 
nitrogen intermediates in maintaining systemic health, and (4) development of oxy-
gen and nitric oxide-based therapeutics.

3.2  Reactive Oxygen and Nitrogen Species in the Oral 
Cavity

3.2.1  Reactive Oxygen Species (ROS)

The generation of ROS in the oral cavity can be host- or bacteria-induced, or both, 
and functions as a source of oxidative stress or an antioxidant defense [1, 2]. There 
are several forms of ROS, which are reactive species containing the diatomic oxy-
gen molecule O2, whereas O2 itself is relatively inert in contrast to its radical forms 
[1, 3]. Highly reactive O2 molecules can attack numerous biological macromole-
cules, e.g., DNA, RNA, lipids, and proteins, thus leading to abnormal cellular pro-
cesses such as tumorigenesis, aging, and the development of many diseases [1, 2]. 
Hydrogen peroxide (H2O2) is a form of ROS that can be readily reduced to hydroxyl 

Fig. 3.1 Schematic diagram of generation of reactive oxygen species (ROS) and reactive nitrogen 
species (RNS) in the oral cavity. Superoxide (O2

·−), generated by the electron transport chain, can 
be dismutated by superoxide dismutase (SOD) to hydrogen peroxide (H2O2). Commensal bacteria 
also produce H2O2. In bacteria, H2O2 can be eliminated by two important antioxidant enzymes: (1) 
catalase decomposes H2O2 to O2 and H2O; (2) rubrerythrin reduces H2O2 to two water molecules. 
In the presence of transition metals, such as Fe2+ and Cu+, H2O2 can be easily reduced to hydroxyl 
radicals (OH·−) by the Fenton reaction. Dietary nitrate (NO3) is converted to nitrite (NO2) by nitrate 
reductase, and NO2 is converted to nitric oxide (NO) by nitrite reductase. NO can react with O2

·− to 
generate peroxynitrite (ONOO−)
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radicals (OH·-) (Fig. 3.1), which nondiscriminatively damage all biological macro-
molecules, e.g., DNA, RNA, lipids, carbohydrates, and proteins [1, 2]. This Fenton 
reaction is catalyzed by the transition metals, ferrous and copper ions (Fig. 3.1) [1, 
2]. Due to its high energy and reactivity, hydroxyl radicals can quickly oxidize and 
damage biological macromolecules. Moreover, the half-life of hydroxyl radicals 
in vivo is short lived (approximately 10−9 s), and no enzymatic reaction can effi-
ciently capture and remove this dangerous compound [4]. Thus, this makes hydroxyl 
radicals a notorious and detrimental chemical to living organisms. Elimination of 
H2O2 and blockage of the Fenton reaction is a crucial antioxidant defense in most 
cells. In prokaryotes, H2O2 is usually converted to O2 or H2O by the catalytic activity 
of two important antioxidant enzymes, catalase and rubrerythrin (Fig. 3.1) [5, 6]. 
Catalase, present in most living organisms, can decompose H2O2 to oxygen and 
water, while rubrerythrin, normally found in anaerobic bacteria, is a non-heme iron 
enzyme responsible for reducing H2O2 to two water molecules (Fig. 3.1) [5, 6]. Both 
enzymes are crucial for protecting cells from oxidative damage by H2O2.

Superoxide (O2
·−) is another form of ROS generated from the electron chain 

in vivo and is considered a key radical leading to the oxidation of proteins [3]. Once 
produced, O2

·− is quickly dismutated by superoxide dismutase (SOD) to generate 
H2O2 and O2; thus SOD is recognized as an important enzyme in cellular antioxidant 
defenses [7]. Singlet oxygen (1O2) is an inorganic compound in gaseous state, kinet-
ically unstable but with a low decay rate [8]. 1O2 is generated via irradiation of 
oxygen in the presence of organic dye or photochemical materials. Due to its highly 
reactive olefins (also known as alkene, which is an unsaturated hydrocarbon with 
carbon-carbon double bond), singlet oxygen can readily peroxidize lipids [3] and 
becomes detrimental to living cells.

3.2.2  Reactive Nitrogen Species (RNS)

Ecological niche in the oral cavity is often dynamic and modulated by interactions 
between the host immune response, the microbial community, and dietary factors. 
The impact of oxidative stress (mainly H2O2) on the physiology of oral microbes has 
been well documented [9]; however, reactive nitrogen species (RNS) are not well 
characterized despite that they are generated at physiologically meaningful levels in 
the oral cavity and play a prominent role not only in oral health and dysbiosis but 
are highly relevant to overall systemic health.

Dietary nitrate is the primary precursor for intermediates that produce reactive 
nitrogen species in the oral cavity. Leafy green vegetables provide approximately 
85% of dietary nitrate [10], which is accumulated and circulated by the salivary 
glands and reduced by oral commensal bacteria by the process of denitrification. 
Although the oral cavity harbors approximately 700 bacterial species [11], the pro-
cess of denitrification requires specific enzymes that are unique to a select few gen-
era of oral commensal bacteria, mainly Prevotella, Veillonella, and Actinomyces 
spp. [12]. During denitrification, nitrate (NO3) is reduced to nitrite (NO2) by nitrate 
reductase, and nitrite is reduced to nitric oxide (NO) by nitrite reductase, 
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collectively known as the nitrate-nitrite-nitric oxide pathway (Fig. 3.1). NO is a free 
radical and signaling molecule produced by endogenous commensal bacteria and 
the host immune response (neutrophils) to defend against invasion by microbial 
pathogens [13]. In addition, NO can react with superoxide to form peroxynitrite 
(ONOO−) (Fig. 3.1), a highly reactive nitrogen species that has antimicrobial activ-
ity and mediates the nitration of tyrosine residues, thus damaging proteins and cells 
[14]. Salivary nitrate and nitrite levels can exceed 1 mM under nitrate-rich diets 
[15], and these precursors can facilitate the generation of various RNS that modu-
late oral health and disease.

3.2.3  Oxidative and Nitrosative Stress in Oral Microbial Diseases

The human oral cavity typically maintains a homeostatic biofilm community; how-
ever, the disruption of this balance leads to the development of diseases [16]. Dental 
caries, endodontic infections, and periodontitis are three main infectious diseases 
that are initiated by changes in composition of bacterial communities in the oral 
cavity. Moreover, the ability of the microorganisms to trigger diseases is heavily 
dependent on their ability to deal with environmental stress, such as ROS and RNS.

Dental caries is the decay of the tooth surface due to acids produced by bacteria 
and is the most prevalent and costly oral health issue in children and adults [17]. 
Dental caries can lead to a number of symptoms including pain, tooth loss, and 
inflammation or infection of the surrounding tissues [17]. In the past five decades, 
studies have demonstrated that mutans streptococci, such as Streptococcus mutans 
and Streptococcus sobrinus, and lactobacilli are the most common pathogens asso-
ciated with dental caries [18]. S. mutans, a gram-positive cocci bacterium, can pro-
duce abundant lactic acid by fermenting dietary carbohydrates to lower pH and 
demineralize teeth [19]. Lactic acid can also be used as a chemical weapon to out-
compete with other oral bacterial species [19]. For instance, commensal streptococ-
cal species, such as Streptococcus oligofermentans, can inhibit the growth of S. 
mutans by oxidizing lactate to generate H2O2, a lethal chemical to S. mutans [20]. In 
contrast to H2O2-generating streptococcal species, S. mutans does not produce H2O2 
and is more sensitive to H2O2. Other oral microbes like Mycoplasma salivarium can 
scavenge ROS and reduce oxidative stress by employing different antioxidant sys-
tems, thus promoting the growth of cariogenic pathogens [21]. In addition, enzy-
matic strategies (catalase and superoxide dismutase) and nonenzymatic antioxidant 
systems, such as uric acid, can potentially reduce oxidative stress in the saliva of 
patients with dental caries [22].

Periodontitis affects about 11% of the population around the world and is a main 
cause of alveolar bone resorption, tooth loss, and halitosis [23]. The pathogenicity 
of periodontitis is multifactorial, and a large number of studies have shown that 
dysbiosis between the host and oral microbiota leads to the development of peri-
odontitis [24]. The red complex pathogens (Porphyromonas gingivalis, Tannerella 
forsythia, and Treponema denticola) as well as Fusobacterium nucleatum have been 
implicated in the development of periodontal diseases [25]. Periodontal pathogens 
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trigger an inflammatory response in host cells or tissues, which causes the destruc-
tion of the periodontium and induces bone resorption [26]. The presence of a dysbi-
otic biofilm is key to the pathogenesis. The development of human oral biofilms is 
a sequential process, which starts with initial colonizers adhering to the tooth sur-
face, followed by the incorporation of early, middle, and late colonizers to form a 
mature biofilm [27]. All periodontal pathogens are considered middle to late bacte-
rial colonizers and often colonize the subgingival, which is anaerobic and consistent 
with the fact that these pathogens are strict anaerobes and extremely susceptible to 
oxygen stress. On the other hand, initial colonizers, such as Streptococcus sangui-
nis, produce copious amounts of H2O2 in oral biofilms [28]. This oxygen stress 
should inhibit the growth of these strict anaerobic pathogens; however, P. gingivalis 
and F. nucleatum are often isolated and identified in the early biofilm community 
with streptococcus [29]. Antioxidant mechanisms have been reported in P. gingiva-
lis and F. nucleatum. P. gingivalis uses rubrerythrin to reduce H2O2, which partially 
explains their increased tolerance to oxygen. In addition, F. nucleatum can support 
the growth of P. gingivalis in oxygenated environments [30]. Furthermore, catalase- 
positive bacteria, such as V. parvula, can remove H2O2 and reduce oxidative stress 
in their microniche which supports the growth of these anaerobic periodontal patho-
gens [31]. Aggregatibacter actinomycetemcomitans is another periopathogen that is 
associated with localized aggressive periodontitis. During coculture with the H2O2- 
producing commensal, S. gordonii, A. actinomycetemcomitans displays H2O2- 
dependent tolerance to human serum [32], suggesting that H2O2 production by 
commensal bacteria can protect this pathogen against host immunity. Interestingly, 
H2O2 production by the oral commensal, Streptococcus parasanguinis, restricts A. 
actinomycetemcomitans from integrating into dual species biofilms while promot-
ing S. parasanguinis’ biofilm and reducing A. actinomycetemcomitans survival 
[33]. Overall, these studies demonstrate that ROS produced by the oral biofilm com-
munity mediates dynamic bacterial interactions within polymicrobial communities 
and plays a crucial role in the development and pathogenicity of periodontitis.

3.2.4  Regulation of Systemic Homeostasis and Dysbiosis by Oral 
Reactive Oxygen and Nitrogen Species

Current evidence suggests that oral diseases can have a profound effect on systemic 
health by enhancing the circulation of ROS and RNS. Specifically, periodontitis has 
been shown to be a significant source of systemic ROS, especially during coloniza-
tion with the periopathogens P. gingivalis and A. actinomycetemcomitans. P. gingi-
valis and A. actinomycetemcomitans induce a systemic inflammatory response that 
is associated with an increase of systemic ROS [34]. Systemic ROS induced by 
periopathogens is suspected to promote atherosclerosis, lipid oxidation, and organ 
damage [35]. In contrast, coordinated metabolic activities between nitrogenous 
intermediates and commensal bacteria have been demonstrated to have beneficial 
outcomes on overall systemic health. The generation of NO by oral nitrate-reducing 
bacteria has been shown to provide a systemic health benefit. In an animal model of 
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infection, dietary nitrate supplementation has been shown to decrease blood pres-
sure and heart rate but increase plasma NO and the abundance of bacterial nitrate 
reducers (Haemophilus spp.) [36]. Moreover, direct supplementation of NO 
improves blood pressure, endothelial function, and vascular compliance in hyper-
tensive patients [37]. NO lowers blood pressure by inducing vasodilation [38]. 
However, the blood pressure lowering benefits of NO are abolished following the 
use of mouthwash because the antiseptic drastically lowers the number of nitrate- 
reducing bacteria [39]. Once considered toxic to human body or having no signifi-
cant role in mammalian physiology, recent studies exploring the role of the 
nitrate-nitrite-nitric oxide pathway now point to new avenues of potential therapeu-
tic benefits.

In addition to modulating cardiovascular health through NO production, there is 
evidence that oral commensal streptococci disseminate to lung infections in cystic 
fibrosis (CF) patients and stabilize lung infections by generating RNS.  CF is a 
genetic disorder caused by a defect in the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) protein. Defects in the CFTR protein inhibit proper muco-
ciliary clearance of microbes from the lung, and as a result, the lung is chronically 
colonized with recalcitrant polymicrobial infections [40]. Historically, Pseudomonas 
aeruginosa has been recognized as the major contributor of morbidity and mortality 
in CF lung disease [40]. However, recent microbiome analysis of CF sputum reveals 
that oral commensals, particularly S. parasanguinis and Streptococcus salivarius, 
are abundantly present in clinically stable CF patients compared to patients who 
experienced acute lung exacerbations [41]. Studies that have explored mechanisms 
of how oral commensal streptococci promote CF lung stability have discovered that 
these streptococci are capable of inhibiting P. aeruginosa, the major CF pathogen. 
H2O2-producing oral streptococci can inhibit P. aeruginosa in a nitrite-dependent 
manner by generating peroxynitrite (ONOO−) [42, 43]. Moreover, a functional 
nitrite reductase is required by P. aeruginosa to resist inhibition of oral streptococci 
H2O2 production [42]. Similar to RNS and ROS, peroxynitrite damages DNA, pro-
teins, and lipids and can be formed from reactions with NO and superoxide or NO2 
and H2O2 at an acidic pH [14]. The ability of nitrite to work in concert with H2O2 to 
potentially produce peroxynitrite or other RNS in the CF lung suggests that RNS 
may be generated in the oral cavity as a consequence of denitrification and the pres-
ence of H2O2-producing oral commensals.

3.3  ROS- and RNS-Based Therapeutics

Due to a wide spectrum of antimicrobial activity, H2O2 mouthwashes have been 
used to control plaque and prevent periodontal disease in dentistry [44]. New strate-
gies for controlling oral infections are based on the antimicrobial activity of 
ROS. Antimicrobial photodynamic therapy (aPDT) is a concept that utilizes visible 
light to activate a photosensitizer to generate ROS [45]. aPDT has been shown to be 
effective for inhibiting cariogenic, endodontic, and periodontal pathogens [45]. 
Recently, much attention has been focused on exploring the efficacy of nitrogenous 
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intermediates as potent antimicrobials for oral infectious diseases. Both clinical and 
experimental observations highlight the possible utility of these compounds as ther-
apeutic agents. For instance, elevated concentrations of salivary NO have been asso-
ciated with a decreased prevalence of dental caries [46]. S. mutans establishes sticky 
biofilms on the tooth surface and produces acid that promotes the demineralization 
of tooth enamel. NO is a potent antimicrobial that is used as a host defense mecha-
nism. Due to the association of increased NO with a lower incidence of dental car-
ies, NO-releasing nanoparticles are being considered as potential therapeutics for 
caries prevention. At a low pH, NO-releasing nanoparticles are effective against S. 
mutans growth and biofilm formation [47]. Moreover, NO-releasing nanoparticles 
induce self-killing and inhibit biofilm formation by the oral fungal pathogen, 
Candida albicans [48]. Furthermore, dietary consumption of nitrate-rich beet juice 
correlates with increased salivary nitrite and nitric oxide, in addition to an increase 
in salivary pH, which provides an unfavorable environment for caries development 
[49]. Nitrogenous intermediates are also being used to target periodontal pathogens 
A. actinomycetemcomitans and P. gingivalis [50]. The occurrence of elevated sali-
vary nitrates and nitrites in periodontal disease patients is hypothesized to be a 
mechanism of defense against periodontal microbes. Taken together, the develop-
ment of NO-based therapeutics appears to be promising for treating bacterial- 
induced oral diseases.

References

 1. Zhou P, Liu L, Tong H, Dong X (2012) Role of operon aaoSo-mutT in antioxidant defense 
in Streptococcus oligofermentans. PLoS One 7(5):e38133. https://doi.org/10.1371/journal.
pone.0038133. PubMed PMID: 22666463; PubMed Central PMCID: PMC3364214

 2. Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O (2012) Oxidative stress 
and antioxidant defense. World Allergy Organ J  5(1):9–19. https://doi.org/10.1097/
WOX.0b013e3182439613. PubMed PMID: 23268465; PubMed Central PMCID: 
PMCPMC3488923

 3. Halliwell B, Gutteridge JMC (2007) Free radicals in biology and medicine, 4th edn. University 
Press, Oxford/New York, xxxvi, 851 p

 4. Sies H (1993) Strategies of antioxidant defense. Eur J  Biochem 215(2):213–219. PubMed 
PMID: 7688300

 5. Andrews SC (2010) The ferritin-like superfamily: evolution of the biological iron store-
man from a rubrerythrin-like ancestor. Biochim Biophys Acta 1800(8):691–705. https://doi.
org/10.1016/j.bbagen.2010.05.010. PubMed PMID: 20553812

 6. Zamocky M, Furtmuller PG, Obinger C (2008) Evolution of catalases from bacteria to humans. 
Antioxid Redox Signal 10(9):1527–1548. https://doi.org/10.1089/ars.2008.2046. PubMed 
PMID: 18498226; PubMed Central PMCID: PMCPMC2959186

 7. Touati D (1989) The molecular genetics of superoxide dismutase in E. coli. An approach to 
understanding the biological role and regulation of SODS in relation to other elements of the 
defence system against oxygen toxicity. Free Radic Res Commun 8(1):1–9. PubMed PMID: 
2684801

 8. Rosenthal I (1976) Recent developments in singlet molecular oxygen chemistry. Photochem 
Photobiol 24(6):641–645. PubMed PMID: 798214

 9. Lamont RJ (2016) Hydrogen peroxide is a central determinant of oral polymicrobial synergy. 
Environ Microbiol. https://doi.org/10.1111/1462-2920.13537. PubMed PMID: 27654314

3 Reactive Oxygen and Nitrogen Species in the Oral Cavity

https://doi.org/10.1371/journal.pone.0038133
https://doi.org/10.1371/journal.pone.0038133
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1016/j.bbagen.2010.05.010
https://doi.org/10.1016/j.bbagen.2010.05.010
https://doi.org/10.1089/ars.2008.2046
https://doi.org/10.1111/1462-2920.13537


40

 10. van Velzen AG, Sips AJ, Schothorst RC, Lambers AC, Meulenbelt J (2008) The oral bioavail-
ability of nitrate from nitrate-rich vegetables in humans. Toxicol Lett 181(3):177–181. https://
doi.org/10.1016/j.toxlet.2008.07.019. PubMed PMID: 18723086

 11. Aas JA, Paster BJ, Stokes LN, Olsen I, Dewhirst FE (2005) Defining the normal bacterial flora of 
the oral cavity. J Clin Microbiol 43(11):5721–5732. https://doi.org/10.1128/JCM.43.11.5721-
5732.2005. PubMed PMID: 16272510; PubMed Central PMCID: PMCPMC1287824

 12. Burleigh MC, Liddle L, Monaghan C, Muggeridge DJ, Sculthorpe N, Butcher JP et  al 
(2018) Salivary nitrite production is elevated in individuals with a higher abundance of oral 
nitrate-reducing bacteria. Free Radic Biol Med 120:80–88. https://doi.org/10.1016/j.freerad-
biomed.2018.03.023. PubMed PMID: 29550328

 13. Mariano FS, Campanelli AP, Nociti Jr FH, Mattos-Graner RO, Gonçalves RB (2012) 
Antimicrobial peptides and nitric oxide production by neutrophils from periodontitis subjects. 
Braz J Med Biol Res 45(11):1017–1024. https://doi.org/10.1590/s0100-879x2012007500123

 14. Radi R (2013) Peroxynitrite, a stealthy biological oxidant. J  Biol Chem 288(37):26464–
26472. https://doi.org/10.1074/jbc.R113.472936. PubMed PMID: 23861390; PubMed Central 
PMCID: PMCPMC3772193

 15. Pannala AS, Mani AR, Spencer JPE, Skinner V, Bruckdorfer KR, Moore KP et al (2003) The 
effect of dietary nitrate on salivary, plasma, and urinary nitrate metabolism in humans. Free 
Radic Biol Med 34(5):576–584. https://doi.org/10.1016/s0891-5849(02)01353-9

 16. Marsh PD (2006) Dental plaque as a biofilm and a microbial community – implications for 
health and disease. BMC Oral Health 6(Suppl 1):S14. https://doi.org/10.1186/1472-6831-6-
S1-S14. PubMed PMID: 16934115; PubMed Central PMCID: PMC2147593

 17. Selwitz RH, Ismail AI, Pitts NB (2007) Dental caries. Lancet 369(9555):51–59. https://doi.
org/10.1016/S0140-6736(07)60031-2. PubMed PMID: 17208642

 18. Beighton D, Manji F, Baelum V, Fejerskov O, Johnson NW, Wilton JM (1989) Associations 
between salivary levels of Streptococcus mutans, Streptococcus sobrinus, lactobacilli, and car-
ies experience in Kenyan adolescents. J Dent Res 68(8):1242–1246. https://doi.org/10.1177/0
0220345890680080601. PubMed PMID: 2632612

 19. Loesche WJ (1986) Role of Streptococcus mutans in human dental decay. Microbiol Rev 
50(4):353–380. PubMed PMID: 3540569; PubMed Central PMCID: PMCPMC373078

 20. Tong H, Chen W, Merritt J, Qi F, Shi W, Dong X (2007) Streptococcus oligofermentans inhib-
its Streptococcus mutans through conversion of lactic acid into inhibitory H2O2: a possible 
counteroffensive strategy for interspecies competition. Mol Microbiol 63(3):872–880. https://
doi.org/10.1111/j.1365-2958.2006.05546.x. PubMed PMID: 17302806

 21. Kornspan JD, Ginsburg I, Rottem S (2013) The oxidant scavenging capacity of the oral myco-
plasma salivarium. Arch Oral Biol 58(10):1378–1384. https://doi.org/10.1016/j.archoral-
bio.2013.05.001. PubMed PMID: 23735812

 22. Silva PVD, Troiano JA, Nakamune A, Pessan JP, Antoniali C (2016) Increased activity of the 
antioxidants systems modulate the oxidative stress in saliva of toddlers with early childhood 
caries. Arch Oral Biol 70:62–66. https://doi.org/10.1016/j.archoralbio.2016.06.003. PubMed 
PMID: 27328152

 23. Marcenes W, Kassebaum NJ, Bernabe E, Flaxman A, Naghavi M, Lopez A et al (2013) Global 
burden of oral conditions in 1990-2010: a systematic analysis. J  Dent Res 92(7):592–597. 
https://doi.org/10.1177/0022034513490168. PubMed PMID: 23720570; PubMed Central 
PMCID: PMCPMC4484374

 24. Darveau RP (2010) Periodontitis: a polymicrobial disruption of host homeostasis. Nat Rev 
Microbiol 8(7):481–490. https://doi.org/10.1038/nrmicro2337. PubMed PMID: 20514045

 25. Hajishengallis G, Lamont RJ (2012) Beyond the red complex and into more complexity: 
the polymicrobial synergy and dysbiosis (PSD) model of periodontal disease etiology. Mol 
Oral Microbiol 27(6):409–419. https://doi.org/10.1111/j.2041-1014.2012.00663.x. PubMed 
PMID: 23134607; PubMed Central PMCID: PMCPMC3653317

 26. Kinane DF, Preshaw PM, Loos BG (2011) Working group 2 of seventh European workshop 
on P. host-response: understanding the cellular and molecular mechanisms of host- microbial 
interactions--consensus of the seventh European workshop on periodontology. J  Clin 

P. Zhou et al.

https://doi.org/10.1016/j.toxlet.2008.07.019
https://doi.org/10.1016/j.toxlet.2008.07.019
https://doi.org/10.1128/JCM.43.11.5721-5732.2005
https://doi.org/10.1128/JCM.43.11.5721-5732.2005
https://doi.org/10.1016/j.freeradbiomed.2018.03.023
https://doi.org/10.1016/j.freeradbiomed.2018.03.023
https://doi.org/10.1590/s0100-879x2012007500123
https://doi.org/10.1074/jbc.R113.472936
https://doi.org/10.1016/s0891-5849(02)01353-9
https://doi.org/10.1186/1472-6831-6-S1-S14
https://doi.org/10.1186/1472-6831-6-S1-S14
https://doi.org/10.1016/S0140-6736(07)60031-2
https://doi.org/10.1016/S0140-6736(07)60031-2
https://doi.org/10.1177/00220345890680080601
https://doi.org/10.1177/00220345890680080601
https://doi.org/10.1111/j.1365-2958.2006.05546.x
https://doi.org/10.1111/j.1365-2958.2006.05546.x
https://doi.org/10.1016/j.archoralbio.2013.05.001
https://doi.org/10.1016/j.archoralbio.2013.05.001
https://doi.org/10.1016/j.archoralbio.2016.06.003
https://doi.org/10.1177/0022034513490168
https://doi.org/10.1038/nrmicro2337
https://doi.org/10.1111/j.2041-1014.2012.00663.x


41

Periodontol 38(Suppl 11):44–48. https://doi.org/10.1111/j.1600-051X.2010.01682.x. PubMed 
PMID: 21323703

 27. Kolenbrander PE, Palmer RJ, Jr., Rickard AH, Jakubovics NS, Chalmers NI, Diaz PI. Bacterial 
interactions and successions during plaque development. Periodontol 2000 42:47–79. doi: 
https://doi.org/10.1111/j.1600-0757.2006.00187.x. PubMed PMID: 16930306

 28. Chen L, Ge X, Dou Y, Wang X, Patel JR, Xu P (2011) Identification of hydrogen peroxide 
production-related genes in Streptococcus sanguinis and their functional relationship with 
pyruvate oxidase. Microbiology 157(Pt 1):13–20. https://doi.org/10.1099/mic.0.039669-0. 
PubMed PMID: 20847003; PubMed Central PMCID: PMC3069532

 29. Periasamy S, Kolenbrander PE (2009) Mutualistic biofilm communities develop with 
Porphyromonas gingivalis and initial, early, and late colonizers of enamel. J  Bacteriol 
191(22):6804–6811. https://doi.org/10.1128/JB.01006-09. PubMed PMID: 19749049; 
PubMed Central PMCID: PMC2772475

 30. Diaz PI, Zilm PS, Rogers AH (2002) Fusobacterium nucleatum supports the growth of 
Porphyromonas gingivalis in oxygenated and carbon-dioxide-depleted environments. 
Microbiology 148(Pt 2):467–472. https://doi.org/10.1099/00221287-148-2-467. PubMed 
PMID: 11832510

 31. Zhou P, Li X, Huang IH, Qi F (2017) Veillonellae catalase protects the growth of fusobacte-
rium nucleatum in microaerophilic and Streptococcus gordonii-present environments. Appl 
Environ Microbiol. https://doi.org/10.1128/AEM.01079-17. PubMed PMID: 28778894

 32. Ramsey MM, Whiteley M (2009) Polymicrobial interactions stimulate resistance to host 
innate immunity through metabolite perception. Proc Natl Acad Sci U S A 106(5):1578–
1583. https://doi.org/10.1073/pnas.0809533106. PubMed PMID: 19164580; PubMed Central 
PMCID: PMCPMC2629492

 33. Duan D, Scoffield JA, Zhou X, Wu H (2016) Fine-tuned production of hydrogen perox-
ide promotes biofilm formation of Streptococcus parasanguinis by a pathogenic cohabitant 
Aggregatibacter actinomycetemcomitans. Environ Microbiol. https://doi.org/10.1111/1462-
2920.13425. PubMed PMID: 27348605

 34. Wang Y, Andrukhov O, Rausch-Fan X (2017) Oxidative stress and antioxidant system in peri-
odontitis. Front Physiol 8:910. https://doi.org/10.3389/fphys.2017.00910. PubMed PMID: 
29180965; PubMed Central PMCID: PMCPMC5693842

 35. Kurita-Ochiai T, Jia R, Cai Y, Yamaguchi Y, Yamamoto M (2015) Periodontal disease- 
induced atherosclerosis and oxidative stress. Antioxidants (Basel) 4(3):577–590. https://
doi.org/10.3390/antiox4030577. PubMed PMID: 26783845; PubMed Central PMCID: 
PMCPMC4665422

 36. Hyde ER, Luk B, Cron S, Kusic L, McCue T, Bauch T et al (2014) Characterization of the rat 
oral microbiome and the effects of dietary nitrate. Free Radic Biol Med 77:249–257. https://
doi.org/10.1016/j.freeradbiomed.2014.09.017. PubMed PMID: 25305639

 37. Houston M, Hays L (2014) Acute effects of an oral nitric oxide supplement on blood pres-
sure, endothelial function, and vascular compliance in hypertensive patients. J Clin Hypertens 
(Greenwich) 16(7):524–529. https://doi.org/10.1111/jch.12352. PubMed PMID: 24962851

 38. Goto C, Nishioka K, Umemura T, Jitsuiki D, Sakagutchi A, Kawamura M et  al (2007) 
Acute moderate-intensity exercise induces vasodilation through an increase in nitric oxide 
bioavailiability in humans. Am J Hypertens 20(8):825–830. https://doi.org/10.1016/j.amjhy-
per.2007.02.014. PubMed PMID: 17679027

 39. Kapil V, Haydar SM, Pearl V, Lundberg JO, Weitzberg E, Ahluwalia A (2013) Physiological 
role for nitrate-reducing oral bacteria in blood pressure control. Free Radic Biol Med 55:93–
100. https://doi.org/10.1016/j.freeradbiomed.2012.11.013. PubMed PMID: 23183324; 
PubMed Central PMCID: PMCPMC3605573

 40. Filkins LM, O'Toole GA (2015) Cystic fibrosis lung infections: Polymicrobial, complex, and 
hard to treat. PLoS Pathog 11(12):e1005258. https://doi.org/10.1371/journal.ppat.1005258. 
PubMed PMID: 26719892; PubMed Central PMCID: PMCPMC4700991

 41. Filkins LM, Hampton TH, Gifford AH, Gross MJ, Hogan DA, Sogin ML et  al (2012) 
Prevalence of streptococci and increased polymicrobial diversity associated with cystic 

3 Reactive Oxygen and Nitrogen Species in the Oral Cavity

https://doi.org/10.1111/j.1600-051X.2010.01682.x
https://doi.org/10.1111/j.1600-0757.2006.00187.x
https://doi.org/10.1099/mic.0.039669-0
https://doi.org/10.1128/JB.01006-09
https://doi.org/10.1099/00221287-148-2-467
https://doi.org/10.1128/AEM.01079-17
https://doi.org/10.1073/pnas.0809533106
https://doi.org/10.1111/1462-2920.13425
https://doi.org/10.1111/1462-2920.13425
https://doi.org/10.3389/fphys.2017.00910
https://doi.org/10.3390/antiox4030577
https://doi.org/10.3390/antiox4030577
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1111/jch.12352
https://doi.org/10.1016/j.amjhyper.2007.02.014
https://doi.org/10.1016/j.amjhyper.2007.02.014
https://doi.org/10.1016/j.freeradbiomed.2012.11.013
https://doi.org/10.1371/journal.ppat.1005258


42

 fibrosis patient stability. J Bacteriol 194(17):4709–4717. https://doi.org/10.1128/JB.00566-12. 
PubMed PMID: 22753064; PubMed Central PMCID: PMCPMC3415522

 42. Scoffield JA, Wu H (2016) Nitrite reductase is critical for Pseudomonas aeruginosa survival 
during co-infection with the oral commensal Streptococcus parasanguinis. Microbiology 
162(2):376–383. https://doi.org/10.1099/mic.0.000226. PubMed PMID: 26673783; PubMed 
Central PMCID: PMCPMC4766596

 43. Scoffield JA, Wu H (2015) Oral streptococci and nitrite-mediated interference of Pseudomonas 
aeruginosa. Infect Immun 83(1):101–107

 44. Kobayashi Y, Hayashi M, Yoshino F, Tamura M, Yoshida A, Ibi H et  al (2014) Passive 
ultrasonic irrigation in the presence of a low concentration of hydrogen peroxide enhances 
hydroxyl radical generation and bactericidal effect against Enterococcus faecalis. J Oral Sci 
56(1):35–39. https://doi.org/10.2334/josnusd.56.35

 45. Cieplik F, Tabenski L, Buchalla W, Maisch T (2014) Antimicrobial photodynamic therapy 
for inactivation of biofilms formed by oral key pathogens. Front Microbiol 5:405. https://
doi.org/10.3389/fmicb.2014.00405. PubMed PMID: 25161649; PubMed Central PMCID: 
PMCPMC4130309

 46. Syed M, Sachdev V, Chopra R (2016) Intercomparison of salivary nitric oxide as a biomarker 
of dental caries risk between caries-active and caries-free children. Eur Arch Paediatr Dent 
17(4):239–243. https://doi.org/10.1007/s40368-016-0234-z. PubMed PMID: 27357363

 47. Backlund CJ, Worley BV, Schoenfisch MH (2016) Anti-biofilm action of nitric oxide-releasing 
alkyl-modified poly(amidoamine) dendrimers against Streptococcus mutans. Acta Biomater 
29:198–205. https://doi.org/10.1016/j.actbio.2015.10.021. PubMed PMID: 26478472; 
PubMed Central PMCID: PMCPMC4695967

 48. Ahmadi MS, Lee HH, Sanchez DA, Friedman AJ, Tar MT, Davies KP et al (2016) Sustained 
nitric oxide-releasing nanoparticles induce cell death in Candida albicans yeast and hyphal 
cells, preventing biofilm formation in  vitro and in a rodent central venous catheter model. 
Antimicrob Agents Chemother 60(4):2185–2194. https://doi.org/10.1128/AAC.02659-15. 
PubMed PMID: 26810653; PubMed Central PMCID: PMCPMC4808184

 49. Hohensinn B, Haselgrubler R, Muller U, Stadlbauer V, Lanzerstorfer P, Lirk G et al (2016) 
Sustaining elevated levels of nitrite in the oral cavity through consumption of nitrate-rich beet-
root juice in young healthy adults reduces salivary pH.  Nitric Oxide 60:10–15. https://doi.
org/10.1016/j.niox.2016.08.006. PubMed PMID: 27593618

 50. Backlund CJ, Sergesketter AR, Offenbacher S, Schoenfisch MH (2014) Antibacterial efficacy 
of exogenous nitric oxide on periodontal pathogens. J Dent Res 93(11):1089–1094. https://
doi.org/10.1177/0022034514529974. PubMed PMID: 25139363; PubMed Central PMCID: 
PMCPMC4293763

P. Zhou et al.

https://doi.org/10.1128/JB.00566-12
https://doi.org/10.1099/mic.0.000226
https://doi.org/10.2334/josnusd.56.35
https://doi.org/10.3389/fmicb.2014.00405
https://doi.org/10.3389/fmicb.2014.00405
https://doi.org/10.1007/s40368-016-0234-z
https://doi.org/10.1016/j.actbio.2015.10.021
https://doi.org/10.1128/AAC.02659-15
https://doi.org/10.1016/j.niox.2016.08.006
https://doi.org/10.1016/j.niox.2016.08.006
https://doi.org/10.1177/0022034514529974
https://doi.org/10.1177/0022034514529974


43© Springer Nature Singapore Pte Ltd. 2019
S. Chakraborti et al. (eds.), Oxidative Stress in Microbial Diseases, 
https://doi.org/10.1007/978-981-13-8763-0_4

B. Dam (*) · A. Misra 
Microbiology Laboratory, Department of Botany, Institute of Science, Visva-Bharati  
(A Central University), Santiniketan, West Bengal, India
e-mail: bomba.dam@visva-bharati.ac.in 

S. Banerjee 
Microbiology Laboratory, Department of Botany, Institute of Science, Visva-Bharati  
(A Central University), Santiniketan, West Bengal, India 

Department of Environmental Studies, Institute of Science,  
Visva-Bharati (A Central University), Santiniketan, West Bengal, India

4Role of Gut Microbiota in Combating 
Oxidative Stress

Bomba Dam, Arijit Misra, and Sohini Banerjee

Abstract
We are at a fascinating junction of medical microbiology, witnessing a paradigm 
shift in the basic understanding of diseases and their treatment strategies. Here, 
we have summarized different diseases that induce oxidative stress like patho-
physiological, metabolic, neurodegenerative, and microbial infectious diseases 
and the role of gut microbiota correspondingly to alleviate the toxic state. The 
concepts of oxidative stress, gastrointestinal tract, and healthy gut microbiota are 
briefly introduced followed by an elucidated account of their relationships in dif-
ferent diseased conditions. Almost all diseases are linked to, or lead to gut dys-
biosis, particularly characterized by an overall decline in gut microbial diversity; 
reduction in number of beneficial microbial members like Lactobacillus, 
Bifidobacterium, and anaerobic short-chain fatty acid producers (e.g., 
Bacteroidetes and Faecalibacterium prausnitzii); and altered proportions of 
Firmicutes and Bacteroidetes members. This is accompanied by an increase in 
aerotolerant or facultative anaerobic opportunistic pathogens like the Gram- 
negative proteobacterial members of Enterobacteriaceae and Enterococcaceae. 
Thus, future therapeutic interventions must be directed towards maintaining or 
restoring the gut microbiota composition to its healthy state to overcome the 
oxidative stress generated in different diseased conditions.
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4.1  Introduction

Intracellular production of reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) at low concentrations as a byproduct of normal oxidative cellular metab-
olism plays a fundamental role in different life processes [1]. They are extremely 
reactive with one or more unpaired electrons like nitric oxide (•NO), hydroxyl radi-
cal (•OH), superoxide (O2

•−), alkoxyl radicals (RO•), and hydrogen peroxide (H2O2). 
Elevated levels of ROS/RNS that host defense mechanisms cannot counterbalance 
lead to disturbances in cellular redox potential. This in turn could damage cellular 
components (like proteins, DNA, and membranes), alter enzyme functions, and also 
act as signaling molecules leading to a number of diseases [1, 2]. The gastrointesti-
nal (GI) tract or gut is a major source of ROS [3]. Apart from the host itself, gut 
microorganisms, particularly in an altered diseased state produce ROS which facili-
tates disease development [2, 4]. Oxidative stress is responsible for various patho-
physiological diseases of the gut like inflammatory bowel disease (IBD), 
gastro-duodenal ulcers, and GI malignancies [5, 6]. Recent studies extended this list 
to metabolic disorders and infectious, neurodegenerative, and immunodegenerative 
diseases as well [7–10].

Defense arsenal against oxidative stress includes enzymatic and non-enzymatic 
components (Fig. 4.1). The first line of indispensable defense is provided by endog-
enously produced antioxidant enzymes like superoxide dismutase (SOD), catalase, 
and glutathione peroxidase that help to remove free radicals [11]. Among non- 
enzymatic antioxidants, some are again produced by the host, like glutathione, 
coenzyme Q, melatonin, or metal-binding proteins like transferrin, ferritin, and 
albumin [12]. The remaining are exogenously acquired as nutrient supplements like 
vitamin E (tocopherols), vitamin C, polyphenols, vitamin A (carotenoids), and trace 
minerals such as manganese, copper, selenium, and zinc that function as cofactors 
in catalytic activities to remove ROS and reinstate the redox balance [13].

A large number of studies have been performed during the last few years to 
understand the relationship between altered gut microbiota or dysbiosis and dis-
eased conditions (Fig. 4.2). Here, we have tried to bring together all major groups 
of diseases that induce oxidative stress and comprehend them based on a common 
parameter, i.e., dysbiosis as compared to healthy gut microbiota that include bacte-
ria and other minor components like fungi, archaea, and viruses. In addition, we 
have tried to provide the recent developments in microbiome studies and the contin-
ued progress in this area that can enable more precision diagnostics and future 
medicine.
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4.2  Gastrointestinal Tract: Its Influence on Gut Microbiota

The GI tract is the large tubular organ that starts from mouth and terminates at anus, 
where muscle movements and release of hormones and enzymes facilitates proper 
digestion followed by removal of waste products. It has four distinct sections, namely, 
the esophagus, stomach, small intestine, and large intestine, which varies in their 
substrate availability, digestive enzymes, pH, and oxygen tension that result in con-
trasting microbial loads and composition [14]. Direct influence of pH was revealed 
in previous studies where slightly acidic pH (<5.5) maintained by adding short-chain 
fatty acids (SCFAs) in the media inhibited growth of pathogenic Bacteroides mem-
bers but not butyrate-producing Eubacterium rectale [15, 16]. Lumen of healthy 
colon is strictly anoxic (Eh  =  ~250  mV) and thus any oxidative stress can shift  
the equilibrium of gut microflora from anaerobic to aerotolerant or facultative 

Fig. 4.1 The fine balance between oxidants and antioxidants and its relation to gut eubiosis or 
dysbiosis. In healthy individuals, a delicate balance is maintained between the endogenous and 
exogenous oxidants produced/accumulated in the gut and their detoxification by antioxidant sys-
tems. Any misbalance in this homeostatic condition increases the oxidative stress and leads to 
diseased state with an altered gut microbial composition called dysbiosis. Cartoons represent the 
eubiosis and dysbiosis condition, respectively, in healthy and diseased states, with the major 
microbial players and their physiological responses listed below them
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anaerobic groups [17]. Microbial load in gut segments increases from the anterior to 
posterior end. While secretion of bile salt and acidic pH in the stomach restricts the 
number to only 103 bacteria per ml, it increases a bit to 104–106 in the small intestine 
(with pancreatic secretions), and eventually goes up to 1012 in the large intestine. 
Near-neutral to slightly acidic pH, slow nutrient flow rates, and abundant protective 
antioxidant enzymes in the intestine selectively favors colonization of metabolically 
diverse obligate anaerobic groups like bacteroides, bifidobacteria, lactobacilli, sul-
fate reducers, methanogens, and SCFA producers [18–22].

4.3  Gut Microbiota: Health and Diseases

Humans have evolved to co-exist with microbes and in this process the latter have 
learnt to perform important functions in the body, eventually succeeding as a symbi-
ont that colonize mostly in the gut mucosal surface [20, 23]. This “gut microbiota” as 
commonly referred comprises a dense and diverse community of bacteria and some 
members of fungi, archaea, protozoa, and even viruses. In fact, it is now acknowl-
edged that the relationship between host and its gut microbiota is much deeper and 
the same was beautifully titled in a recent editorial preface as “we are married to our 

Fig. 4.2 Publication trends that refer the role of gut microbiota and SCFAs in diseases involving 
oxidative stress. The “Advance search tool” in PubMed with three field combinations was used, 
namely, “name of the disease,” “year of publication from 01/01/2011 to 30/08/2018,” and either of 
the key words “oxidative stress,” “microbiome/microbiota,” or “short-chain fatty acids/SCFA.”. 
(Adapted from Refs. [14, 19, 25])
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gut microbiota” [24]. Our body is made of around 1013 human cells, and recent enu-
merations predict that it also harbors at least 1014 microbial cells, an obvious outnum-
ber of 10 to 1 [25]. In total, these microbial cells may weigh up to 1–2 kg, which is 
approximately the weight of human brain, thereby leading to a belief that gut micro-
biota is perhaps an extrasensory organ in the body [24].

4.3.1  Early Colonization

Until recently, newborns were presumed to be sterile but studies suggest that mother 
to fetus microbial transmission and even potential in utero colonization is common 
and is influenced by the nature of birth [26]. While Lactobacillus and Prevotella, 
which reside in the vagina, colonize normal born babies, C-section-delivered ones 
have skin representatives like Staphylococcus, Corynebacterium, and 
Propionibacterium. Feeding habit also determines the colonization pattern. 
Compared to infants bottle-fed with formula milk, breastfeeding favors colonization 
of Lactobacillus, Bifidobacterium, and Enterococcus members that help in diges-
tion of sugars present in breast milk [27]. Subsequent introduction of solid food 
increases microbial richness until a stabilized core gut microflora is developed. The 
environment and diet during the first 3–5  years of the child have a long-lasting 
impact on its adult gut microbiota composition that in turn influences development 
of the immune and neurologic systems. For example, early colonization by 
Lactobacilli and Bifidobacterium reduces subsequent allergy development, while 
Bacteroides fragilis reduces lipopolysaccharide (LPS) responsiveness signifying 
induction of immune tolerance [28].

4.3.2  Healthy Gut Microbiota

Despite the huge diversity in gut microbial population, certain members are repeat-
edly detected in high numbers irrespective of their geographical, ethnic, or socio-
economic status. At the phylum level, Firmicutes, Bacteroidetes, and Actinobacteria 
are the most dominant followed by Proteobacteria and Verrucomicrobia [25, 29] 
(Fig. 4.1). Firmicutes are Gram-positive bacteria with low G + C content and com-
monly include the large class of Clostridia and lactic acid bacteria. Actinobacteria 
are also Gram-positive but with a high G + C content and include Bifidobacterium. 
Bacteroidetes members form the most diverse group comprising of Gram-negative, 
nonspore-forming, anaerobic or aerobic, rod-shaped bacteria and include three 
large heterogenous classes namely Bacteroides, Prevotella, and Porphyromonas 
[20, 23]. Bacteroidetes members can utilize diverse polysaccharides and their 
genomes encode a proportionally higher number of carbohydrate- active enzymes 
than any other gut phylum [30]. Moreover, they can adapt quickly to changes in 
ecological niches as evident from the highly plastic nature of their genome with 
frequent gene duplications, rearrangements, and horizontal gene transfers [31].
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Healthy gut is comprised of more than 1000 different species distributed over 70 
genera like Bacteroides, Clostridium, Faecalibacterium, Bifidobacterium, 
Ruminococcus, Eubacterium, Peptococcus, and Lactobacillus [18, 29, 32]. Among 
them, Bacteroides is the most predominant contributing ~25% of the total gut mem-
bers and include several SCFA producers [33]. Bifidobacteria and Lactobacillus are 
the two major autochthonous healthy gut colonizers from birth [34].

These highly stable healthy gut microorganisms, acts as the first line of defense 
against foreign invaders by preventing their colonization on the intestinal mucosal 
layer and activate several immune functions [35, 36]. In fact, the collective genomes 
of all gut microbes, called “microbiome,” also outnumber the host genomic content 
by at least 100–150 times and encode proteins that facilitate several metabolic func-
tions not imparted by those encoded from the human genome [37]. This includes 
fermentation of complex dietary polysaccharides, vitamins, hormones, and neu-
rotransmitter production, absorption of ions, and regulation of different host meta-
bolic and immune functions [38, 39]. They also help in the overall brain health and 
control several of its function [40].

4.3.3  Leaky Gut and Dysbiosis

“Gut dysbiosis” and “leaky gut” are real physiological conditions associated with 
several chronic diseases. The relation between these two conditions in combating 
oxidative stress is illustrated in Fig. 4.3. The intestinal lumen is separated from the 
adjoining tissues by a single layer of cells called the mucosal barrier and helps in 
nutrient exchange with blood vessels. Sealing of the paracellular space of these cells 
by tight junctions allows selective permeability and prevents entry of most large 
molecules and pathogens [41]. Several pathophysiological conditions like psycho-
logical or oxidative stress can result in increased permeability of this epithelial bar-
rier or make it “leaky,” thereby facilitating translocation of intact pathogens, their 
endotoxins, and other antigens like LPS to the bloodstream, and provide them 
access to the enteric nerves and immune cells [42]. This eventually results in an 
imbalance of gut microbial equilibrium or “dysbiosis,” particularly reflected by 
reduced microbial richness and decreased abundance of beneficial anaerobes along 
with increased aerotolerant or facultative anaerobic opportunistic pathogens [38, 
43] (Fig. 4.1). The “leaky gut syndrome” leads to a number of diseased conditions 
like GI inflammations, autoimmunity, metabolic syndromes, and even neurodegen-
erative and infectious diseases [43].

4.3.4  F/B Ratio: An Important Determinant of Gut Health

Members of Firmicutes and Bacteroidetes are the two major bacterial domains com-
monly identified in gut environments and account for at least 50–70% of the total 
microbiota. While the colonic microbiota of the former domain mostly includes the 
Clostridium cluster XIVa (commonly termed as Clostridium coccoides- Eubacterium 
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rectale group) and Clostridium cluster IV (C. leptum including Faecalibacterium 
prausnitzii), the latter is represented by the Bacteroides-Prevotella-Porphyromonas 
group. Diseased conditions like obesity, diabetes mellitus, Crohn’s disease, autism, 
and depression have all been linked to the differential levels of these groups 
(Table 4.1). While the diversity of Firmicutes normally reduce in pathological states 
like IBD and Crohn’s diseases, patients suffering from obesity and type 2 diabetes 
(T2D) have lower Firmicutes and/or higher Bacteroidetes members, which lead to 
an elevated F/B ratio (Table 4.1). Not only in humans, a higher F/B ratio can also be 
correlated to better feed conversion ratio, growth performance, and increased body 
weight in farm animals like poultry birds [44]. The ratio was low in infants and aged 
people as compared to the normal middle-aged healthy subjects [45]. In centenari-
ans (>100 years), the ratio reduced even further [46]. This has resulted into a com-
mon saying by dieticians worldwide that “to be firm and cute, reduce Firmicutes, 
and increase number of Bacteroidetes in your gut.”

4.3.5  Microbial SCFAs in Combating Oxidative Stress

SCFAs are straight-chain saturated fatty acids composed of two to six carbon 
atoms and named accordingly as acetic, propionic, butyric, valeric, and carpoic 
acids. Healthy gut microbiota produce up to 50–100 mmol·L−1 per day of these 
volatile organic acids with the first three being the most common and present at a 
molar ratio of approximately 60:20:20 [15, 47, 48]. They were detected as the 
major anions in the human colon, as early as in 1878, and subsequently identified 
in gut of both herbivore and omnivore animals like horse, kangaroo, rabbit, dog, 
and pig [49]. SCFAs have been directly used as a therapeutic agent for diseases like 
metabolic syndrome, bowel disorders, autism [50, 51], colitis [48, 52], and cancer 
[53–55].

SCFAs have a significant role on colonic health and its energy metabolism [48]. 
Butyrate, the most studied SCFA is transported by gut epithelial cells as a preferred 
energy source and influences several functions of the colonic mucosal layer such as 
enhanced visceral perception and appetite, inhibition of inflammation and carcino-
genesis, reduced oxidative stress, and revival of intestinal barrier function [56]. In 
addition, SCFAs in colonic lumen lower the pH thereby determining microbial col-
onization pattern [15]. Several receptors for SCFAs have been recently discovered 
on the surface of immune cells, intestinal epithelial cells, and even on adipocytes, 
thereby making them the strongest contender for signaling biomolecules between 
host and gut microbiota [57] (Fig. 4.3). In fact they are associated with two major 
signaling mechanisms, namely, inhibition of histone deacetylases (HDACs) and 
activation of transmembrane G-protein-coupled receptors (GPR) like GPR41, 
GPR43, and GPR109A [58, 59]. Reduced production of SCFAs in the gut or a lower 
representation of the producing microorganism and/or their corresponding genes in 
metagenome sequences has been positively correlated to several diseased states like 
IBD, obesity, type 1 diabetes (T1D) and T2D [60], autism [61], major depression 
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[62], colon cancer [53], Alzheimer’s disease [63], kidney diseases, Clostridium dif-
ficile infections [64], and even altered circadian rhythm [65] (Table 4.1).

SCFAs are produced by anaerobic fermentation of indigestible fibers mostly by 
bacteria belonging to the phylum Bacteroidetes and Firmicutes with acetate and 
propionate being produced by the former, and butyrate by the latter members [66]. 
Some key SCFA-producing genera include the Clostridium cluster IV member, F. 
prausnitzii, and Clostridium cluster XIVa representatives like E. rectale, E. ramu-
lus, and Roseburia cecicola [67]. F. prausnitzii has been consistently detected in 
amplicon libraries and also isolated as pure cultures particularly in healthy individu-
als but depleted in diseased conditions (Table 4.1) and thus is the most targeted 
biomarker to diagnose dysbiosis [68].

4.4  Understanding the Secret World of Microbes: 
Technological Advancements

The GI tract is a complex environment facilitating growth of microorganisms with 
several unique physiological and biochemical competences making it difficult to 
formulate a mimicking culture media to support growth of all the microbial compo-
nents. In spite of that, several attempts have been made to grow them in pure cul-
tures using different selective media [44, 69]. Limited success with culture-based 
studies has paved the way for several molecular techniques to understand gut micro-
bial population dynamics and behavior in different model systems.

4.4.1  Molecular Techniques

To understand the overall community composition in any environment, several 
culture- independent molecular techniques are used which includes fluorescence in 
situ hybridization (FISH), density gradient gel electrophoresis (DGGE), or quanti-
tative PCR (qPCR). Success of all these techniques relies on efficient identification 
of specific regions of the 16S rRNA gene or any other functional gene to design 
probes for FISH, or primers for DGGE or qPCR. FISH probes have been used to 
monitor total eubacteria or specific groups in gut samples of patients suffering from 
ulcerative colitis [70] and obesity [71, 72]. Genus specific primers have been effec-
tively used in DGGE for monitoring T1D [73]. SYBR Green- or TaqMan probe- 
based real-time qPCR assays have been used frequently either as an independent 
tool or to validate amplicon sequence results in patients with obesity [71, 74, 75], 
T1D [76], T2D [77], coeliac disease [78], metabolic endotoxemia [79], and aging 
[45, 46]. Primer pairs designed against important gut microbial groups like total 
eubacteria, Bacteroides-Prevotella-Porphyromonas, Clostridium cluster XIVa and 
Lactobacilli, or specific genus/species like Bifidobacterium, Lactobacillus acidoph-
ilus, Eubacterium rectale, F. prausnitzii, and even the archaeal genera 
Methanobrevibacter have been efficiently used in qPCR to enumerate these mem-
bers in fecal or gut samples (Table 4.1).

B. Dam et al.
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4.4.2  Sequence-Based Metagenomics

The advent of high-throughput next-generation sequencing (NSG) technologies 
during the last decade has revolutionized microbial population studies by providing 
an alternative approach to analyze the community composition and their gene con-
tent in any environment by metagenomics. Major technological advancement of 
these platforms like 454, Illumina, and Ion Torrent over the till date gold standard 
Sanger sequencing is that they facilitate massively parallel sequencing runs in a 
single tube, a concept referred as “polony sequencing” [80]. This is possible because 
of techniques like emulsion PCR or bridge amplification reactions carried out in 
nano- or pico-reaction centers either in tubes or on surfaces of flow cells as used, 
respectively, in Ion Torrent and Illumina platforms [81]. The basics of different 
sequencing platforms, like the chemistry or technology used, read length and major 
advantages are summarized in Table 4.2.

Presently, construction of 16S rRNA gene amplicon libraries and their high 
depth sequencing on NGS platforms is a faster, reliable, cost-effective, and thus the 
most preferred choice for microbial population studies. Several primer pairs 
designed against different hypervariable regions of 16S rRNA gene have been used 
by scientists worldwide to generate libraries with V3-V4 region being the most 
preferred (Table 4.1). However, different regions must be tried as few recent reports 
have shown that the amplicon libraries generated from the V1-V2 [44] or V1-V3 
region [82] yield much higher resolution at least for gut samples. In addition, false 
amplification of eukaryotic 18S rDNA was detected using primers against the V3, 
V3-V5, and V6-V8 regions [83].

4.4.3  Choice of Samples and Model System

The most important factor that influences the outcome in any population-based 
study is sample source. For studying gut microbiota, fecal samples are the preferred 
choice due to its ease in collection and handling (Table 4.1). Several studies have 
claimed fecal microflora to be similar to that of the rumen and almost a true repre-
sentation of the entire colon [49]. Also, reports suggest that fecal samples stored for 
up to 3 days at room temperature do not alter (only 10% deviation) the microbial 
community structure [84]. However, some studies claim otherwise, like in patients 
with onset of Crohn’s disease, mucosal dysbiosis was feebly deciphered in stool, but 
the biopsy samples could accurately trace the shift in gut microbiota [85].

As model system, although humans remain the best choice, it cannot be used 
ethically in all situations. Instead, mouse, due to its phylogenetic relatedness to 
human and similar GI tract anatomy and microbial compositions [86], is the pre-
ferred organism to understand disease onset, progression and its response to differ-
ent treatment regimens [10, 65, 70, 79, 87–91] (Table 4.1). Various strains of mice 
have been constructed, out of which the germ-free mice (e.g., Swiss-Webster) has 
really paved the way for gut population studies [91, 92]. Scientists can introduce the 
gut content of different group of human subjects in mice and study the fluctuation 
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with corresponding disease manifestation and observe the  response to different 
treatments [70, 93].

4.4.4  Modern High-Throughput Techniques

Complete metagenomics or sequencing the entire gene content of gut microbiota is 
now used frequently to understand their overall metabolic capabilities and how they 
help in combating oxidative stress, as done for Crohn’s disease (CD), IBD [85, 94], 
T2D [95], and symptomatic atherosclerosis [96]. However, use of direct metatran-
scriptomics, metaproteomics, or even metabolomics (particularly estimation of 
SCFAs) on a regular basis would be rewarding.

Combinatorial approaches including culture-dependent and culture-independent 
molecular techniques yield better results. A recent high-throughput culture-enriched 
molecular profiling study that combines microbial cultivation techniques with 16S 
rRNA gene sequencing suggests that contrary to our common understanding a large 
number of human gut microorganisms are in fact cultivable [97]. Even the recently 
introduced “culturomics” approach on human gut samples has successfully cultured 
and simultaneously identified a total of 1057 prokaryotic species, adding 531 new 
members to the existing human gut repertoire, of which 187 bacterial and 1 archaeal 
species had never been previously isolated from humans [98]. This new technical 
advancement combines high-throughput multiple culture conditions, matrix- 
assisted laser desorption/ionization-time of flight (MALDI-TOF), and 16S rRNA 
gene sequencing for identification [98]. Meticulous use of these modern techniques 
in coming days will surely pace the development in this arena.

4.5  Diseases Inducing Oxidative Stress: Role of Microbiota

Representative case studies of different classes of diseases that are known to induce 
oxidative stress and are influenced by gut microbial community structure and func-
tion are summarized in Table 4.1 and discussed in brief below.

4.5.1  Metabolic Diseases

Incidences of metabolic or lifestyle-induced diseases like obesity, diabetes, hyper-
tension, and aging are increasing due to alterations in modern lifestyle patterns.

4.5.1.1  Obesity
Obesity was recognized as a health problem as early as the fifth century BC by the 
famous physician Hippocrates. The World Health Organization in its latest report 
(Feb 2018) has claimed 39% adults above 18 years to be obese worldwide with the 
prevalence tripling between 1975 and 2016. Obesity occurs due to excessive adi-
pose tissue deposition, which leads to release of pro-inflammatory cytokines like 
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tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), and IL-6 resulting in 
oxidative stress and production of ROS [99].

Obesity is controlled by shifts in gut microbial composition whereby microor-
ganisms vary in their efficiency to harvest energy from the same diet resulting in 
energy imbalance and overweight. Studies show that germ-free mice have 40% less 
fat deposition in their body when compared to normal mice, keeping both diets 
constant [100]. An array of studies have demonstrated a positive correlation between 
weight gain and SCFA-producing bacteria, F/B ratio, and oxidative stress 
[100–102].

4.5.1.2  Diabetes
Diabetes is a group of metabolic disorder illustrated by high levels of blood sugar or 
hyperglycemia. It is presently the most prevalent diseased condition with its first 
mentions dating back to 1552 BC in the ancient Egyptian “Ebers Papyrus” [103]. 
Paul Langerhans in 1869 was the first to correlate the role of pancreas with diabetes 
[104]. The disease is now known to be caused by a myriad of factors like defects in 
insulin production and/or its action and reduced ability to metabolize carbohydrates, 
lipids, and proteins, resulting in malfunction of kidneys, eyes, nerves, heart, and 
blood vessels [105]. While the rare (5–10% individuals) and hereditary T1D results 
from autoimmune destruction of the pancreatic β-cells that secrete insulin, T2D is 
more widespread and is due to nonresponsiveness to insulin action and also lack of 
its production in later stages [106]. Several studies have revealed that progression of 
diabetes and its complications is due to oxidative stress imparted by changes in 
energy metabolism patterns resulting in elevated levels of glycoxidation and lipoxi-
dation products in plasma and tissues [107, 108]. This is accompanied by decreased 
antioxidants like reduced glutathione, vitamin E, and activities of SOD and catalase 
[109, 110].

Progression of T1D and T2D has now been associated with oxidative stress and 
alterations in the GI tract microbiota and their metabolic functions [60, 95, 111–
113]. Lower values of SCFAs in the diabetic gut due to decline in their producers 
like E. rectale, F. prausnitzii, and Roseburia intestinalis can reduce the production 
of glucagon-like peptide-1 (GLP-1) leading to impaired insulin sensitivity [114]. In 
addition, diabetic GI tracts have enriched Gram-negative opportunistic pathogens 
belonging to Bacteroidetes and Proteobacteria that leads to inflammatory response 
due to their endotoxins or LPS layers [115].

4.5.1.3  Aging
Harman in 1956 proposed that oxidative stress-induced free radicals are responsible 
for age-related damage and are still considered the most important cause of this 
metabolic downfall [116, 117]. ROS generated by mitochondria or from any other 
cellular or external sites damages the organelle and leads to the aging process [118]. 
A gut microbiota-dependent metabolite, trimethylamine N-oxide (TMAO), gener-
ated from dietary choline, betaine, and carnitine, by several families of bacteria like 
Prevotellaceae, Deferribacteraceae, Anaeroplasmataceae, and Enterobacteriaceae, 
has been associated with several geriatric diseases including endothelial cell 
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senescence, vascular inflammation, atherosclerosis, multiple sclerosis, and other 
cardiovascular diseases [51, 119, 120].

The microbial composition in the intestine undergoes transformation from birth 
to adulthood that gets altered again with aging [45]. Aged person has higher abun-
dance of Proteobacteria and Bacteroidetes and an overall decrease in total bacterial 
diversity, particularly that of Firmicutes members like Bifidobacterium, 
Lactobacillus, and Clostridium cluster IV [119, 121]. The deterioration of the gut 
microbial composition is even severe in centenarians (>100 years) with an enriched 
population of facultative anaerobes, mostly belonging to Bacilli and Proteobacteria 
like E. coli, Klebsiella pneumoniae, Haemophilus, Proteus, Pseudomonas, Serratia, 
Vibrio, and Yersinia. F/B ratio was also lower in them (3.6) as compared to the 
elderly people (5.1) along with a sharp decrease in number of F. prausnitzii [46].

Skeletal muscle that helps in locomotion and correct posture comprises 40% of 
total body mass, and any degenerative loss of its strength and function mostly in 
aged individuals leads to sarcopenia. Gut microbiota, particularly those capable of 
producing compounds like folate, vitamin B12, tryptophan, glycine betaine, and 
SCFA, have roles in determining muscle structure and function and improving its 
anabolism [122]. Decrease in SCFA-producing genera like Faecalibacterium and 
Clostridium has been associated with age-related loss of muscle mass and subse-
quent development of sarcopenia. Even the gut microbiota in patients of atheroscle-
rotic cardiovascular disease had an increased abundance of Enterobacteriaceae 
members and a decrease in butyrate-producing bacteria like Roseburia intestinalis 
and F. prausnitzii [123].

Other metabolic syndromes that have been linked to oxidative stress and dysbio-
sis include high blood pressure, dyslipidemia, fibrosis, non-alcoholic fatty liver dis-
ease, cirrhosis, and even hepatocellular carcinoma [17, 117, 124–129].

4.5.2  Inflammatory Diseases

Inflammatory bowl (IBD) and irritable bowel syndrome (IBS) are common diseases 
associated with gut inflammation and bowel dysfunction respectively. In IBD, 
chronic inflammation and sores/ulcers occurs in the colon and small intestine as in 
ulcerative colitis, or in the digestive tract lining as in Crohn’s disease. IBS on the 
other hand does not cause inflammation and thus is less severe but is characterized 
by alterations in bowel habits and abdominal or visceral pain, accompanied by anxi-
ety and depression [130]. Although no definite pathogen has been associated with 
these diseases that would fulfill Koch’s postulates, the involvement of oxidative 
stress has been highly advocated [5]. ROS, NOS, and pro-inflammatory cytokines 
are both the cause and effect of IBD [131, 132]. Similarly, lipid peroxidation and 
disturbance in the oxidant- antioxidant homeostasis are recognized to be associated 
with pathogenesis of IBS [6, 133].

IBD is also reported to be associated with reduced intestinal microbial diversity, 
particularly within the phylum Firmicutes and a relative increase in Proteobacteria 
[132]. Major depleted genera include members of Clostridium cluster XIVa, F. 
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prausnitzii, Lactobacillus, Bacteroides, and Bifidobacterium [134]. In new CD 
patients, oxidative stress in gut led to shifts from anaerobic to a pathobiont-like 
auxotrophy with higher proportions of aerotolerant or facultative anaerobic taxa 
[85]. The archaeal members also shift from methanogen to acetogen to reduce the 
accumulated hydrogen, and their metagenomes have higher representation of ben-
zoate degradation pathway and glycerophospholipid and LPS metabolism [85]. The 
diseased state was exclusively associated with dysbiosis and an increase in F/B ratio 
[135].

4.5.3  Neurodegenerative Diseases

High metabolic rate in the brain contributes to an elevated oxidative stress resulting 
in neurodegenerative diseases like Parkinson’s and Alzheimer’s disease, mostly 
prevalent in aged individuals who develop dementia with distorted memory and loss 
of other cognitive functions. They are directly controlled by “leaky gut” condition 
[136] and depressive disorder signal induced by the altered gut microbiota which is 
transmitted to the brain via vagus nerve of the enteric nervous system, together 
known as gut microbiota-brain axis [130, 137]. Terminals of these widely distrib-
uted nerves in the gut also function as receptors for inflammatory cytokines like 
IL-1 and prostaglandins. Proper brain function by neurotransmitters like serotonin, 
epinephrine, dopamine, glutamate, and γ-aminobutyric acid are influenced by spe-
cific gut microbiota by either modulating their levels and availability or affecting 
immunological functions and hormonal signals [92, 138].

A number of factors contribute to the development of Parkinson’s disease like 
low dopamine levels, accumulation of alpha-synuclein, or Lewy bodies in the brain. 
In addition, increased local inflammation in the gut leads to oxidative stress due to 
reduction in putative anti-inflammatory butyrate- and hydrogen-producing gut bac-
teria and an altered F/B ratio. Affected individuals have reduced number of 
Lachnospiraceae, Prevotellaceae, Bacteroidetes, F. prausnitzii, and Clostridium, 
but higher Enterobacteriaceae members and Akkermansia [139, 140].

Alzheimer’s disease that involves irreversible progressive memory loss is caused 
either by genetic mutations or by amyloid cascade, oxidative stress, inflammation, 
and alterations in gut microbiota. In case-control studies, amplicon libraries from 
patients were found to have lower representation of Firmicutes particularly from the 
families, Ruminococcaceae, Turicibacteraceae, Peptostreptococcaceae, and 
Clostridiaceae, and higher abundance of Bacteroidaceae and Rikenellaceae mem-
bers from Bacteroidetes, indicating tipping off of F/B ratio [141, 142].

4.5.4  Microbial Infectious Diseases

Apart from the pathophysiological, metabolic, and neurodegenerative diseases, 
several viral and bacterial infectious diseases also induce oxidative stress and 
have a direct correlation to gut microbiota, viz., infections by human 
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immunodeficiency virus (HIV), hepatitis B virus (HBV), Clostridium difficile, 
or Helicobacter pylori [32].

HIV infection results in significant reduction of mature CD4 T-cells in the gut- 
associated lymphoid tissues that constitutes a crucial part of immunological net-
work in the GI tract and can recognize the indigenous gut microbiota after being 
instructed by the T-regulatory cells (Treg) [143]. Interestingly, abundance of 
Lactobacillales members correlated negatively to CD4 cell count that gets reversed 
following anti-retroviral therapy [144]. Similarly, in another study on AIDS patients, 
gut microbial diversity was found to be considerably reduced with an increase in 
aerotolerant members that exerts higher oxidative stress, but the same was not 
restored even after antiviral treatments [145].

C. difficile is an anaerobic, Gram-positive, spore-forming bacillus and is the most 
common cause of antibiotic-associated diarrhea in adults. This opportunistic patho-
gen is a normal microflora of the human gut but at very low numbers. Treatments 
with wide-spectrum antibiotics like fluoroquinolones, cephalosporins, and penicil-
lins disrupt gut microbial homeostasis and reduce overall diversity that favors rapid 
colonization of C. difficile [64]. The bacteria then produce toxins, like TcdA and 
TcdB, that disrupt the mucosal cell lining and increase oxidative stress leading to 
symptoms like watery diarrhea to life-threatening colon inflammation [64, 146]. 
The infection results in a decrease of butyrate producers and an increase in opportu-
nistic pathogens [64].

H. pylori is an autochthonous member of the gastric niche at low numbers and its 
enhanced colonization induces a range of infections like peptic disease, gastritis, 
periodontitis, duodenal ulcers, and even gastric cancer with direct proofs of 
increased oxidative stress in these conditions along with reduced gut microbiota 
richness and altered composition [147–149].

4.6  Gut Microbiota: Rare Components

Gut microbiota “in toto” comprise not only bacteria but also members of fungi, 
archaea, and viruses albeit at much lower proportions and are also referred as the 
“rare biosphere” [86]. Several studies have highlighted the involvement of these 
minor populations in host health and disease.

4.6.1  Fungi

Existence of commensal fungal members has been known for years, but it was only 
during the start of this decade that attempts to characterize the mycobiome compo-
nent consisting of a mere ~0.1% of the total gut population were made [150]. 
Although a core set of fungal species (similar to core microbiome) could not be 
demarcated in healthy guts, a few members have been frequently identified, viz., 
Candida, Saccharomyces, Aspergillus, Penicillium, Rhodotorula, Torulopsis, and 
Blastomyces [150], with the first two being most prevalent. Several members have 
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been almost always reported in some diseases, like Rhodotorula in patients with 
IBD, and Candida with chronic hepatitis B [150, 151]. The microbiota and myco-
biota are proposed to work in sync for disease manifestation. For example, in 
Crohn’s disease, an elevated level of the fungus C. tropicalis is usually associated 
with higher proportions of E. coli and Serratia marcescens, and the three together 
are proposed to form strong biofilms that aggravate intestinal inflammation [152].

4.6.2  Archaea

Archaea, although constituting a separate domain, have been completely ignored 
as a component of gut microbiota. However, recent studies have identified them as 
important players, particularly the methanogenic group, that can produce methane 
by reducing hydrogen released from anaerobic fermentation of carbohydrates, 
thereby facilitating growth of the latter. These have been identified in feces of 
healthy individuals belonging to all age groups except infants, and include 
Methanobrevibacter smithii, Methanosphaera stadtmanae, and 
Methanomassiliicoccus luminyensis, with the first member present in incredibly 
high proportions (up to 94% of total Archaea) and also isolated as a pure culture 
from gut/fecal samples [153]. Absence of archaeal members in infants suggests 
their colonization from environmental exposures and as a proof M. smithii was 
identified in raw milk products suggesting its possible route of introduction in 
children [154]. In a recent survey on West African children, M. smithii was 
detected in 40–75% of healthy controls but not in any of the 20 stool samples of 
those with acute malnutrition, a diseased state with high oxidative stress, thereby 
making the gut lumen oxic and unfavorable for the growth of these anaerobic 
methanogens [22].

4.6.3  Virus

The virome community is now considered as decisive components in the gut eco-
system and includes bacteriophages (~90%) and very low proportion of eukaryotic 
viruses [155]. In fact, lysis of specific host bacteria by these viral communities can 
dictate the diversity of gut bacterial population [86]. A proper understanding of the 
dynamics of gut virome and the factors affecting them might help to fine-tune bacte-
rial population toward a healthy state in the future [156]. In a recent study using 
fecal viral metagenome sequences of 12 individuals, a novel bacteriophage genome 
(named “crAssphage”) was bioinformatically assembled, and its host was predicted 
to be a member of the genus Bacteroides based on a unique region present on the 
phage genome that can encode a carbohydrate-binding domain [157]. In fact, its 
unique ~97 kb genome has six-fold higher abundance in metagenome databases as 
compared to all other known phages taken together and surprisingly comprises 
almost 1.68% of sequence reads generated from human fecal metagenomic studies 
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[157]. Thus, explorations of gut microflora must include dynamics of these least 
studied microbial groups  in addition to bacteria for deciphering their function in 
maintaining healthy state of an individual.

4.7  Retaining or Regaining Healthy Gut Microbiota: 
Possible Interventions

How best we can manage our gut microbiota will determine the ability to combat 
oxidative stress in diseased state and maintain a good health. Treatments aimed at 
restoration of healthy gut microbiota, instead of manipulating the host, are poten-
tially attractive as microbes are relatively accessible and can be controlled with 
ease. They can be either directly administered through the safest passage, i.e., oral 
routes as probiotics, or modulated by food supplements like prebiotics, polyphe-
nols, and antibiotics. Thus, diet is the most important factor that can efficiently 
modulate and help in restoration of gut microbial community structure and function 
to its healthy state as has been described in studies performed in human and other 
vertebrate animals, apes, and reptiles [71, 136, 158–163]. 

4.7.1  Probiotics

Probiotics are live bacteria used as food supplements that can help to restore the gut 
microbial composition to a healthy state after dysbiosis. Traditionally, man has 
understood the importance of fermented foods like yogurt, sauerkraut, kefir, tem-
peh, kimchi, and kombucha and has consumed them without knowing that the 
microbes therein helps to maintain the healthy state [164]. These classical food 
products are now known to be enriched with several healthy gut colonizers. Probiotic 
strains prescribed presently to cure different diseases mostly belong to the genera 
Lactobacillus and Bifidobacterium [34, 164–168]. However, they are either aerobic, 
aerotolerant, or facultative anaerobes. This suggest that we have not yet exploited 
the most beneficial and perfect probiotic strain(s), as healthy gut microbes are 
mostly strict anaerobes (Fig. 4.1, Table 4.1). Several of these anaerobic, SCFA pro-
ducers are now targeted as potential new/next-generation probiotic strains [169]. F. 
prausnitzii is the most promising candidate with some successful attempts being 
made in this direction [68, 170]. This genus has been universally identified in 
healthy individuals, which diminishes in patients suffering from gastrointestinal 
disorders, obesity, diabetes, aging, Parkinson’s disease, and even AIDS (Table 4.1). 
Archaeal strains like M. smithii have also been proposed as future probiotic [171], 
and fungal strains like Saccharomyces boulardii are already being effectively used 
against several gastrointestinal diseases [172].
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4.7.2  Prebiotics

Prebiotics are specific food products like fibers, glycans, or nondigestible carbohy-
drates that our digestive system cannot utilize but have a stimulating effect on the 
growth of certain microbial groups like SCFA producers that use these complex 
substances as substrate [173]. They are present in plenty in whole grains, legumes, 
beans, bananas, asparagus, oats, and fruits like apple, pear, and kiwi. Their health 
benefits have long been acknowledged and recommended for several gastroentero-
logical disorders without knowing its mode of action. However, recent studies have 
shown that dietary intakes of prebiotics hugely determine the gut microbial compo-
sition both in the short and long term and specifically promote healthy members like 
Bifidobacteria and inhibit colonization of opportunistic pathogens like E. coli [19, 
87, 163]. In fact, in vitro production of SCFAs by pure cultures has been found to 
be strongly influenced by the prebiotic used, like starch is strongly butyrogenic, but 
pectin favors propionate and acetate production [47]. Prebiotic supplements have 
been successfully used to alleviate diseases like Crohn’s disease [174], T2D [60], 
and Alzheimer’s disease [87] and also for circadian clock adjustments [65].

On a usability scale, prebiotics are a better and easier option compared to the 
next-generation probiotics like F. prausnitzii that is very difficult to administer as a 
normal supplement due to its extreme oxygen sensitivity [170]. To resolve this prob-
lem, a New Zealand-based company (Anagenix) has recently launched a natural 
prebiotic supplement derived from gold kiwifruit that they claim to facilitate growth 
of F. prausnitzii and its restoration in the gut.

4.7.3  Polyphenols

Polyphenols, mostly the plant-derived ones with flavonoid structure, are known to 
have immense antioxidant activity and are present in plenty in red wine, dark choco-
late, green tea, grape seed, and olive oil [175]. A diet rich in polyphenols can regu-
late the intestinal microbiota and help in reducing body weight [162]. Human 
intervention studies or those performed on rat models or in  vitro fermentation 
experiments indicate that consumption of polyphenol-rich food(s) helps in either 
retaining or significantly increasing the number of good anaerobic commensal 
members, like Bacteroides, Lactobacillus, Bifidobacterium, Prevotella, Blautia 
coccoides, and Eubacterium rectale, while reducing or inhibiting the pathogenic 
genera [161, 175–179].

4.7.4  Antibiotics

Compared to the first three food supplements, antibiotics functions the other way 
round and is now categorized as an exogenous oxidant. Antibiotics were considered 
to be miracle drugs that can cure almost all diseases and were indiscriminately used 
not only as a human medicine but also as a growth-promoting agent in different 
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poultry and farm animals [44]. Although they are prescribed to kill the bad bugs in 
our body, they also target many good bacteria and alter the normal gut microbial 
composition mostly resulting in weight gain and emergence of antibiotic resistance 
[180]. For example, antibiotic exposure amplified the microbial dysbiosis and 
increased the chance of Crohn’s disease [85]. In another report, IBS-associated 
Bifidobacterium and Bacteroides spp. were found to be sensitive to antibiotic use 
[135]. Thus, it is recommended to follow a healthy lifestyle with regulated natural 
food and sleep, with minimum antibiotics to maintain friendly intestinal microbiota 
and normal rhythm.

4.8  Future Directions

We are presently at a very exciting juncture in our understanding of human health 
and medicine. A massive surge in the gut microbiome studies particularly due to 
recent advancements in sequencing techniques and efficient bioinformatic pipelines 
have enriched our knowledge about human body and its interaction with the micro-
bial world. Capturing microbial diversity at much higher sequencing depth leads to 
better understanding of these functional interactions, particularly involving the 
minor taxa or those with relatively lesser shifts. Experimental designs that compare 
the diseased cases versus controls, using large cohorts of samples covering wide 
geographical locations, diverse age groups, and ethnicity, are getting popular and 
have been attempted for the healthy individuals [181], and patients of Crohn’s dis-
ease [85], T2D [95], obesity [100], aging [46], and pediatric asthma [182] (Table 4.1). 
Results generated from such large multicenter studies yield databases that can aug-
ment the resolution and would be able to pinpoint specific group(s) or genera to a 
healthy or diseased state. With improved understanding of the gut microflora, future 
therapeutic strategies would surely be more personalized, accurate, and focused to 
restore the microbiota as closely as possible to its native state [183].

However, till date, there is no single dependable and reproducible method that 
specifically aims at enriching the gut microbes of interest. Monitoring disturbed gut 
microbiome in the normally sterile blood plasma is another major area that can help 
in quick detection of a diseased state as already done for a variety of inflammatory 
diseases [184]. One major treatment option that has been used infrequently for over 
50 years and has immense hope to restore gut microbiota is fecal microbiota trans-
plant (FMT) from tested healthy donors [185]. FMT for patients with multiple 
recurrences of C. difficile enterocolitis even after antibiotic treatments has been par-
ticularly promising and is now acknowledged as a safe and efficient (>90% success 
rates) alternative to standard drug therapy [186–188]. FMT can efficiently restore 
the normal colonic flora both in human and in mouse models and has been proposed 
to be effective in several other disorders like IBD, IBS, obesity, diabetes, neurode-
generative disorders, autoimmune diseases, and allergy [185]. If we can get over the 
uncomfortable thought of being fed with fecal material then perhaps FMT may 
prove useful as a single medicine for all diseased states, albeit its efficacy as a treat-
ment option for different disorders need to be validated. Moreover, the microbial 
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diversity present in the administered material and their potential long-term effects 
also needs to be properly evaluated and the process must be legislated like any other 
organ donation, scrutinizing the regulations to be imposed on both the donor and 
recipient before FMT is prescribed on a regular basis. However, the easiest approach 
to have a healthy gut, free of oxidative stress, is to maintain a regulated and healthy 
lifestyle and judicially use the three “P”s in our daily diet, i.e., probiotics, prebiot-
ics, and polyphenols [189].

Acknowledgments Financial assistance from DST-SERB [No.SB/YS/LS-16/2013], CSIR [No. 
38(1410)/15/ EMR-II)], UGC MRP [No. 43-462/2014(SR)] and WB-DST [No. 
ST/P/S&T/5G-18/2017] is thankfully acknowledged. Sohini Banerjee is grateful to CSIR [No. 
38(1410)/15/EMR-II] for her fellowship.

References

 1. Di Meo S, Reed TT, Venditti P, Victor VM (2016) Role of ROS and RNS sources in physi-
ological and pathological conditions. Oxid Med Cell Longev 2016:44

 2. Jones RM, Mercante JW, Neish AS (2012) Reactive oxygen production induced by the gut 
microbiota: pharmacotherapeutic implications. Curr Med Chem 19:1519–1529

 3. Bhattacharyya A, Chattopadhyay R, Mitra S, Crowe SE (2014) Oxidative stress: an essential 
factor in the pathogenesis of gastrointestinal mucosal diseases. Physiol Rev 94:329–354

 4. Neish AS (2013) Redox signaling mediated by the gut microbiota. Free Radic Res 47:950–957
 5. Balmus IM, Ciobica A, Trifan A, Stanciu C (2016) The implications of oxidative stress and 

antioxidant therapies in inflammatory bowel disease: clinical aspects and animal models. 
Saudi J Gastroenterol 22:3–17

 6. Choghakhori R, Abbasnezhad A, Hasanvand A, Amani R (2017) Inflammatory cytokines and 
oxidative stress biomarkers in irritable bowel syndrome: association with digestive symptoms 
and quality of life. Cytokine 93:34–43

 7. Liu Z, Zhou T, Ziegler AC, Dimitrion P, Zuo L (2017) Oxidative stress in neurodegenera-
tive diseases: from molecular mechanisms to clinical applications. Oxid Med Cell Longev 
2017:11

 8. Uttara B, Singh AV, Zamboni P, Mahajan RT (2009) Oxidative stress and neurodegenera-
tive diseases: a review of upstream and downstream antioxidant therapeutic options. Curr 
Neuropharmacol 7:65–74

 9. Maritim AC, Sanders R, Watkins Iii JB (2003) Diabetes, oxidative stress, and antioxidants: a 
review. J Biochem Mol Toxicol 17:24–38

 10. Qiao Y, Sun J, Ding Y, Le G, Shi Y (2013) Alterations of the gut microbiota in high-fat diet 
mice is strongly linked to oxidative stress. Appl Microbiol Biotechnol 97:1689–1697

 11. Ighodaro OM, Akinloye OA (2018) First line defence antioxidants-superoxide dismutase 
(SOD), catalase (CAT) and glutathione peroxidase (GPX): their fundamental role in the 
entire antioxidant defence grid. Alexandria Med J 4:287–293

 12. Mironczuk-Chodakowska I, Witkowska AM, Zujko ME (2018) Endogenous non-enzymatic 
antioxidants in the human body. Adv Med Sci 63:68–78

 13. Bouayed J, Bohn T (2010) Exogenous antioxidants--double-edged swords in cellular redox 
state: health beneficial effects at physiologic doses versus deleterious effects at high doses. 
Oxid Med Cell Longev 3:228–237

 14. Miranda-Bautista J, Banares R, Vaquero J  (2017) Chapter 1 – the gastrointestinal system: 
anatomy and sources of oxidative stress. In: Gracia-Sancho J, Salvado J (eds) Gastrointestinal 
tissue. Academic, Cambridge, MA, pp 3–20

4 Role of Gut Microbiota in Combating Oxidative Stress



74

 15. Duncan SH, Louis P, Thomson JM, Flint HJ (2009) The role of pH in determining the species 
composition of the human colonic microbiota. Environ Microbiol 11:2112–2122

 16. Walker AW, Duncan SH, Leitch ECM, Child MW, Flint HJ (2005) pH and peptide supply can 
radically alter bacterial populations and short chain fatty acid ratios within microbial com-
munities from the human colon. Appl Environ Microbiol 71:3692–3700

 17. Dapito DH, Mencin A, Gwak GY, Pradere JP, Jang MK et al (2012) Promotion of hepatocel-
lular carcinoma by the intestinal microbiota and TLR4. Cancer Cell 21:504–516

 18. Xu J, Gordon JI (2003) Honor thy symbionts. Proc Natl Acad Sci 100:10452–10459
 19. Flint HJ, Scott KP, Louis P, Duncan SH (2012) The role of the gut microbiota in nutrition and 

health. Nat Rev Gastroenterol Hepatol 9:577–589
 20. Backhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI (2005) Host-bacterial mutual-

ism in the human intestine. Science 307:1915–1920
 21. Louis P, Flint HJ (2009) Diversity, metabolism and microbial ecology of butyrate-producing 

bacteria from the human large intestine. FEMS Microbiol Lett 294:1–8
 22. Million M, Tidjani Alou M, Khelaifia S, Bachar D, Lagier J-C et al (2016) Increased gut 

redox and depletion of anaerobic and methanogenic prokaryotes in severe acute malnutrition. 
Sci Rep 6:26051

 23. Johnson EL, Heaver SL, Walters WA, Ley RE (2017) Microbiome and metabolic disease: 
revisiting the bacterial phylum Bacteroidetes. J Cell Mol Med 95:1–8

 24. Ray K (2012) Gut microbiota: married to our gut microbiota. Nat Rev Gastroenterol Hepatol 
9:555

 25. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R et al (2007) The human 
microbiome project. Nature 449:804

 26. Kundu P, Blacher E, Elinav E, Pettersson S (2017) Our gut microbiome: the evolving inner 
self. Cell 171:1481–1493

 27. Madan JC, Hoen AG, Lundgren SN, Farzan SF, Cottingham KL et al (2016) Association of 
cesarean delivery and formula supplementation with the intestinal microbiome of 6-week-old 
infants. JAMA Pediatr 170:212–219

 28. Sjogren YM, Tomicic S, Lundberg A, Bottcher MF, Bjorksten B et  al (2009) Influence 
of early gut microbiota on the maturation of childhood mucosal and systemic immune 
responses. Clin Exp Allergy 39:1842–1851

 29. Khanna S, Tosh PK (2014) A clinician's primer on the role of the microbiome in human 
health and disease. Mayo Clin Proc 89:107–114

 30. Kaoutari AE, Armougom F, Gordon JI, Raoult D, Henrissat B (2013) The abundance and 
variety of carbohydrate-active enzymes in the human gut microbiota. Nature Rev Microbiol 
11:497

 31. Thomas F, Hehemann JH, Rebuffet E, Czjzek M, Michel G (2011) Environmental and gut 
Bacteroidetes: the food connection. Front Microbiol 2:93

 32. Wang B, Yao M, Lv L, Ling Z, Li L (2017) The human microbiota in health and disease. 
Engineering 3:71–82

 33. Wexler HM (2007) Bacteroides: the good, the bad, and the nitty-gritty. Clin Microbiol Rev 
20:593–621

 34. Wang Y, Guo Y, Chen H, Wei H, Wan C (2018) Potential of Lactobacillus plantarum 
ZDY2013 and Bifidobacterium bifidum WBIN03  in relieving colitis by gut microbiota, 
immune, and anti-oxidative stress. Can J Microbiol 64:327–337

 35. Faith JJ, Guruge JL, Charbonneau M, Subramanian S, Seedorf H et al (2013) The long-term 
stability of the human gut microbiota. Science 341:1237439

 36. McDermott AJ, Huffnagle GB (2014) The microbiome and regulation of mucosal immunity. 
Immunology 142:24–31

 37. Ursell LK, Haiser HJ, Van Treuren W, Garg N, Reddivari L et al (2014) The intestinal metab-
olome: an intersection between microbiota and host. Gastroenterology 146:1470–1476

 38. Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E (2017) Dysbiosis and the immune system. 
Nat Rev Immunol 17:219

 39. Galland L (2014) The gut microbiome and the brain. J Med Food 17:1261–1272

B. Dam et al.



75

 40. Quigley EM (2017) Microbiota-brain-gut axis and neurodegenerative diseases. Curr Neurol 
Neurosci Rep 17:94

 41. Odenwald MA, Turner JR (2013) Intestinal permeability defects: is it time to treat? Clin 
Gastroenterol Hepatol 11:1075–1083

 42. Gareau MG, Silva MA, Perdue MH (2008) Pathophysiological mechanisms of stress-induced 
intestinal damage. Curr Mol Med 8:274–281

 43. Houser MC, Tansey MG (2017) The gut-brain axis: is intestinal inflammation a silent driver 
of Parkinson’s disease pathogenesis? NPJ Parkinsons Dis 3:3

 44. Banerjee S, Sar A, Misra A, Pal S, Chakraborty A, Dam B (2018) Increased productivity in 
poultry birds by sub-lethal dose of antibiotics is arbitrated by selective enrichment of gut 
microbiota, particularly short chain fatty acid producers. Microbiology 164:142–153

 45. Mariat D, Firmesse O, Levenez F, Guimaraes V, Sokol H et  al (2009) The Firmicutes/ 
Bacteroidetes ratio of the human microbiota changes with age. BMC Microbiol 9:123

 46. Biagi E, Nylund L, Candela M, Ostan R, Bucci L et al (2010) Through ageing, and beyond: 
gut microbiota and inflammatory status in seniors and centenarians. PLoS One 5:e10667

 47. Cummings JH, Pomare EW, Branch WJ, Naylor CP, Macfarlane GT (1987) Short chain fatty 
acids in human large intestine, portal, hepatic and venous blood. Gut 28:1221–1227

 48. den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud DJ et al (2013) The role of 
short chain fatty acids in the interplay between diet, gut microbiota, and host energy metabo-
lism. J Lipid Res 54:2325–2340

 49. Cummings JH (1981) Short chain fatty acids in the human colon. Gut 22:763–779
 50. MacFabe DF, Cain DP, Rodriguez-Capote K, Franklin AE, Hoffman JE et  al (2007) 

Neurobiological effects of intraventricular propionic acid in rats: possible role of short chain 
fatty acids on the pathogenesis and characteristics of autism spectrum disorders. Behav Brain 
Res 176:149–169

 51. Burakoff R (1998) Less commonly used therapies for IBD or treatments on the fringe. 
Inflamm Bowel Dis 4:308–317

 52. Tian Y, Xu Q, Sun L, Ye Y, Ji G (2018) Short chain fatty acids administration is protective in 
colitis-associated colorectal cancer development. J Nutr Biochem 57:103–109

 53. Blouin JM, Penot G, Collinet M, Nacfer M, Forest C et al (2011) Butyrate elicits a metabolic 
switch in human colon cancer cells by targeting the pyruvate dehydrogenase complex. Int 
J Cancer 128:2591–2601

 54. Brady LJ, Gallaher DD, Busta FF (2000) The role of probiotic cultures in the prevention of 
colon cancer. J Nutr 130:410S–414S

 55. Fung KY, Cosgrove L, Lockett T, Head R, Topping DL (2012) A review of the potential 
mechanisms for the lowering of colorectal oncogenesis by butyrate. Br J Nutr 108:820–831

 56. Hamer HM, Jonkers D, Venema K, Vanhoutvin S, Troost FJ et al (2008) Review article: the 
role of butyrate on colonic function. Aliment Pharmacol Ther 27:104–119

 57. Morrison DJ, Preston T (2016) Formation of short chain fatty acids by the gut microbiota and 
their impact on human metabolism. Gut Microbes 7:189–200

 58. Ohira H, Tsutsui W, Fujioka Y (2017) Are short chain fatty acids in gut microbiota defensive 
players for inflammation and atherosclerosis? J Atheroscler Thromb 24:660–672

 59. Tan J, McKenzie C, Potamitis M, Thorburn AN, Mackay CR et al (2014) The role of short 
chain fatty acids in health and disease. Adv Immunol 121:91–119

 60. Zhao L, Zhang F, Ding X, Wu G, Lam YY et al (2018) Gut bacteria selectively promoted by 
dietary fibers alleviate type 2 diabetes. Science 359:1151–1156

 61. MacFabe DF (2012) Short chain fatty acid fermentation products of the gut microbiome: 
implications in autism spectrum disorders. Microb Ecol Health Dis 23:19260

 62. Kelly JR, Borre Y, OBrien C, Patterson E, El Aidy S et  al (2016) Transferring the blues: 
depression-associated gut microbiota induces neurobehavioural changes in the rat. J Psychiatr 
Res 82:109–118

 63. Ho L, Ono K, Tsuji M, Mazzola P, Singh R et al (2017) Protective roles of intestinal micro-
biota derived short chain fatty acids in Alzheimers' disease-type beta-amyloid neuropatho-
logical mechanisms. Expert Rev Neurother 18:83–90

4 Role of Gut Microbiota in Combating Oxidative Stress



76

 64. Gu S, Chen Y, Zhang X, Lu H, Lv T et al (2016) Identification of key taxa that favor intes-
tinal colonization of Clostridium difficile in an adult Chinese population. Microbes Infect 
18:30–38

 65. Tahara Y, Yamazaki M, Sukigara H, Motohashi H, Sasaki H et  al (2018) Gut microbiota- 
derived short chain fatty acids induce circadian clock entrainment in mouse peripheral tissue. 
Sci Rep 8:1395

 66. Macfarlane S, Macfarlane GT (2003) Regulation of short chain fatty acid production. Proc 
Nutr Soc 62:67–72

 67. Barcenilla A, Pryde SE, Martin JC, Duncan SH, Stewart CS et  al (2000) Phylogenetic 
relationships of butyrate-producing bacteria from the human gut. Appl Environ Microbiol 
66:1654–1661

 68. Lopez-Siles M, Duncan SH, Garcia-Gil LJ, Martinez-Medina M (2017) Faecalibacterium 
prausnitzii: from microbiology to diagnostics and prognostics. ISME J 11:841

 69. Madsen KL, Doyle JS, Jewell LD, Tavernini MM, Fedorak RN (1999) Lactobacillus species 
prevents colitis in interleukin 10 gene-deficient mice. Gastroenterology 116:1107–1114

 70. Ghosh S, Dai C, Brown K, Rajendiran E, Makarenko S et al (2011) Colonic microbiota alters 
host susceptibility to infectious colitis by modulating inflammation, redox status, and ion 
transporter gene expression. Am J Physiol Gastrointest Liver Physiol 301:G39–G49

 71. Duncan SH, Lobley GE, Holtrop G, Ince J, Johnstone AM et al (2008) Human colonic micro-
biota associated with diet, obesity and weight loss. Int J Obes 32:1720

 72. Nadal I, Santacruz A, Marcos A, Warnberg J, Garagorri M et al (2009) Shifts in Clostridia, 
Bacteroides and immunoglobulin-coating fecal bacteria associated with weight loss in obese 
adolescents. Int J Obes 33:758

 73. Murri M, Leiva I, Gomez-Zumaquero JM, Tinahones FJ, Cardona F et al (2013) Gut micro-
biota in children with type 1 diabetes differs from that in healthy children: a case-control 
study. BMC Med 11:46

 74. Schwiertz A, Taras D, Schafer K, Beijer S, Bos NA et al (2009) Microbiota and SCFA in lean 
and overweight healthy subjects. Obesity 18:190–195

 75. Santacruz A, Marcos A, Warnberg J, Marti A, Martin-Matillas M et  al (2009) Interplay 
between weight loss and gut microbiota composition in overweight adolescents. Obesity 
17:1906–1915

 76. Roesch LF, Lorca GL, Casella G, Giongo A, Naranjo A et al (2009) Culture-independent 
identification of gut bacteria correlated with the onset of diabetes in a rat model. ISME 
J 3:536–548

 77. Larsen N, Vogensen FK, van den Berg FWJ, Nielsen DS, Andreasen AS et al (2010) Gut 
microbiota in human adults with type 2 diabetes differs from non-diabetic adults. PLoS One 
5:e9085

 78. Collado MC, Donat E, Ribes-Koninckx C, Calabuig M, Sanz Y (2008) Imbalances in faecal 
and duodenal Bifidobacterium species composition in active and non-active coeliac disease. 
BMC Microbiol 8:232

 79. Cani PD, Rodrigo B, Knauf C, Waget A, Neyrinck AM et al (2008) Changes in gut microbiota 
control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and 
diabetes in mice. Diabetes 57:1470–1481

 80. Buermans H, Den Dunnen J (2014) Next generation sequencing technology: advances and 
applications. Biochim Biophys Acta 1842:1932–1941

 81. Quail MA, Smith M, Coupland P, Otto TD, Harris SR et al (2012) A tale of three next genera-
tion sequencing platforms: comparison of ion torrent, Pacific biosciences and Illumina MiSeq 
sequencers. BMC Genomics 13:341

 82. Huse SM, Ye Y, Zhou Y, Fodor AA (2012) A core human microbiome as viewed through 16S 
rRNA sequence clusters. PLoS One 7:e34242

 83. Huys G, Vanhoutte T, Joossens M, Mahious AS, De Brandt E et al (2008) Coamplification of 
eukaryotic DNA with 16S rRNA gene-based PCR primers: possible consequences for popu-
lation fingerprinting of complex microbial communities. Curr Microbiol 56:553–557

B. Dam et al.



77

 84. Roesch LF, Casella G, Simell O, Krischer J, Wasserfall CH et al (2009) Influence of fecal 
sample storage on bacterial community diversity. Open Microbiol J 3:40–46

 85. Gevers D, Kugathasan S, Denson Lee A, Vazquez-Baeza Y, Van Treuren W et al (2014) The 
treatment-naive microbiome in new-onset Crohn’s disease. Cell Host Microbe 15:382–392

 86. Hillman ET, Lu H, Yao T, Nakatsu CH (2017) Microbial ecology along the gastrointestinal 
tract. Microbes Environ 32:300–313

 87. Chen D, Yang X, Yang J, Lai G, Yong T et al (2017) Prebiotic effect of fructooligosaccha-
rides from Morinda officinalis on Alzheimer’s disease in rodent models by targeting the 
microbiota- gut-brain axis. Front Aging Neurosci 9:403

 88. Minter MR, Zhang C, Leone V, Ringus DL, Zhang X et al (2016) Antibiotic-induced pertur-
bations in gut microbial diversity influences neuro-inflammation and amyloidosis in a murine 
model of Alzheimer's disease. Sci Rep 6:30028

 89. Desbonnet L, Clarke G, Traplin A, OSullivan O, Crispie F et al (2015) Gut microbiota deple-
tion from early adolescence in mice: implications for brain and behaviour. Brain Behav 
Immun 48:165–173

 90. Liu Z, Liu HY, Zhou H, Zhan Q, Lai W et  al (2017) Moderate-intensity exercise affects 
gut microbiome composition and influences cardiac function in myocardial infarction mice. 
Front Microbiol 8:1687

 91. Gareau MG, Wine E, Rodrigues DM, Cho JH, Whary MT et al (2014) Bacterial infection 
causes stress-induced memory dysfunction in mice. Gut 60:307–317

 92. Gareau MG (2014) Microbiota-gut-brain axis and cognitive function. Adv Exp Med Biol 
817:357–371

 93. Cheng M, Zhang X, Zhu J, Cheng L, Cao J et al (2018) A metagenomics approach to the 
intestinal microbiome structure and function in high fat diet-induced obesity mice fed with 
oolong tea polyphenols. Food Funct 9:1079–1087

 94. He Q, Gao Y, Jie Z, Yu X, Laursen JM et al (2017) Two distinct metacommunities character-
ize the gut microbiota in Crohn's disease patients. GigaScience 6:1–11

 95. Qin J, Li Y, Cai Z, Li S, Zhu J et al (2012) A metagenome-wide association study of gut 
microbiota in type 2 diabetes. Nature 490:55–60

 96. Karlsson FH, Fak F, Nookaew I, Tremaroli V, Fagerberg B et al (2012) Symptomatic athero-
sclerosis is associated with an altered gut metagenome. Nat Commun 3:1245

 97. Lau JT, Whelan FJ, Herath I, Lee CH, Collins SM et al (2016) Capturing the diversity of the 
human gut microbiota through culture-enriched molecular profiling. Genome Med 8:72

 98. Lagier JC, Khelaifia S, Alou MT, Ndongo S, Dione N et  al (2016) Culture of previously 
uncultured members of the human gut microbiota by culturomics. Nat Microbiol 1:16203

 99. Marseglia L, Manti S, DAngelo G, Nicotera A, Parisi E et al (2014) Oxidative stress in obe-
sity: a critical component in human diseases. Int J Mol Sci 16:378–400

 100. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A et al (2009) A core gut 
microbiome in obese and lean twins. Nature 457:480–484

 101. Ley RE, Turnbaugh PJ, Klein S, Gordon JI (2006) Microbial ecology: human gut microbes 
associated with obesity. Nature 444:1022–1023

 102. Abdallah Ismail N, Ragab SH, Abd Elbaky A, Shoeib AR, Alhosary Y et al (2011) Frequency 
of Firmicutes and Bacteroidetes in gut microbiota in obese and normal weight Egyptian chil-
dren and adults. Arch Med Sci 7:501–507

 103. Lakhtakia R (2013) The history of diabetes mellitus. Sultan Qaboos Univ Med J 13:368–370
 104. Barach JH (1952) Paul Langerhans, 1847-1888. Diabetes 1:411–413
 105. American Diabetes Association (2010) Diagnosis and classification of diabetes mellitus. 

Diabetes Care 33(Suppl 1):S62–S69
 106. Asmat U, Abad K, Ismail K (2016) Diabetes mellitus and oxidative stress- a concise review. 

Saudi Pharm J 24:547–553
 107. Baynes JW, Thorpe SR (1999) Role of oxidative stress in diabetic complications: a new per-

spective on an old paradigm. Diabetes 48:1–9

4 Role of Gut Microbiota in Combating Oxidative Stress



78

 108. Vistoli G, De Maddis D, Cipak A, Zarkovic N, Carini M et al (2013) Advanced glycoxidation 
and lipoxidation end products (AGEs and ALEs): an overview of their mechanisms of forma-
tion. Free Radic Res 47:3–27

 109. Haskins K, Bradley B, Powers K, Fadok V, Flores S et al (2003) Oxidative stress in type 1 
diabetes. Ann N Y Acad Sci 1005:43–54

 110. Giacco F, Brownlee M (2010) Oxidative stress and diabetic complications. Circ Res 
107:1058–1070

 111. Han H, Li Y, Fang J, Liu G, Yin J et al (2018) Gut microbiota and type 1 diabetes. Int J Mol 
Sci 19:995

 112. Moreno-Indias I, Cardona F, Tinahones FJ, Queipo-Ortuno MI (2014) Impact of the gut 
microbiota on the development of obesity and type 2 diabetes mellitus. Front Microbiol 5:190

 113. Walton EL (2017) Oxidative stress and diabetes: glucose response in the cROSsfire. Biomed 
J 40(5):241–244

 114. Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM et al (2012) Short chain fatty acids 
stimulate glucagon-like peptide-1 secretion via the G-protein-coupled receptor FFAR2. 
Diabetes 61:364–371

 115. Utzschneider KM, Kratz M, Damman CJ, Hullarg M (2016) Mechanisms linking the gut 
microbiome and glucose metabolism. J Clin Endocrinol Metab 101:1445–1454

 116. Harman D (2006) Free radical theory of aging: an update. Ann N Y Acad Sci 1067:10–21
 117. Aron-Wisnewsky J, Gaborit B, Dutour A, Clement K (2013) Gut microbiota and non- 

alcoholic fatty liver disease: new insights. Clin Microbiol Infect 19:338–348
 118. Bonomini F, Rodella LF, Rezzani R (2015) Metabolic syndrome, aging and involvement of 

oxidative stress. Aging Dis 6:109–120
 119. Ke Y, Li D, Zhao M, Liu C, Liu J  et  al (2018) Gut flora-dependent metabolite 

 trimethylamine-N-oxide accelerates endothelial cell senescence and vascular aging through 
oxidative stress. Free Radical Bio Med 116:88–100

 120. Kumar M, Babaei P, Ji B, Nielsen J (2016) Human gut microbiota and healthy aging: recent 
developments and future prospective. Nutr Healthy Aging 4:3–16

 121. Anderson KE, Ricigliano VA, Mott BM, Copeland DC, Floyd AS et al (2018) The queen’s 
gut refines with age: longevity phenotypes in a social insect model. Microbiome 6:108

 122. Ticinesi A, Lauretani F, Milani C, Nouvenne A, Tana C et al (2017) Aging gut microbiota at 
the cross-road between nutrition, physical frailty, and sarcopenia: is there a gut-muscle axis? 
Nutrients 9

 123. Jie Z, Xia H, Zhong SL, Feng Q, Li S et al (2017) The gut microbiome in atherosclerotic 
cardiovascular disease. Nat Commun 8:845

 124. Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD et al (2005) Obesity alters gut 
microbial ecology. Proc Natl Acad Sci U S A 102:11070–11075

 125. Yang T, Santisteban MM, Rodriguez V, Li E, Ahmari N et al (2015) Gut dysbiosis is linked 
to hypertension. Hypertension 65:1331–1340

 126. Davis CD (2016) The gut microbiome and its role in obesity. Nutr Today 51:167
 127. Hoen AG, Li J, Moulton LA, Otoole GA, Housman ML et al (2015) Associations between 

gut microbial colonization in early life and respiratory outcomes in cystic fibrosis. J Pediatr 
167:138–147.e133

 128. Ridlon JM, Alves JM, Hylemon PB, Bajaj JS (2013) Cirrhosis, bile acids and gut microbiota: 
unraveling a complex relationship. Gut Microbes 4:382–387

 129. Qin N, Yang F, Li A, Prifti E, Chen Y et al (2014) Alterations of the human gut microbiome 
in liver cirrhosis. Nature 513:59

 130. Foster JA, Rinaman L, Cryan JF (2017) Stress & the gut-brain axis: regulation by the micro-
biome. Neurobiol Stress 7:124–136

 131. Seril DN, Liao J, Yang GY, Yang CS (2003) Oxidative stress and ulcerative colitis-associated 
carcinogenesis: studies in humans and animal models. Carcinogenesis 24:353–362

 132. Matsuoka K, Kanai T (2015) The gut microbiota and inflammatory bowel disease. Semin 
Immunopathol 37:47–55

B. Dam et al.



79

 133. Mete R, Tulubas F, Oran M, Yilmaz A, Avci BA et al (2013) The role of oxidants and reactive 
nitrogen species in irritable bowel syndrome: a potential etiological explanation. Med Sci 
Monit 19:762–766

 134. Loh G, Blaut M (2012) Role of commensal gut bacteria in inflammatory bowel diseases. Gut 
Microbes 3:544–555

 135. Jeffery IB, OToole PW, Ohman L, Claesson MJ, Deane J et al (2011) An irritable bowel syn-
drome subtype defined by species-specific alterations in faecal microbiota. Gut 61:997–1006

 136. Caracciolo B, Xu W, Collins S, Fratiglioni L (2014) Cognitive decline, dietary factors and 
gut-brain interactions. Mech Ageing Dev 136-137:59–69

 137. Oriach CS, Robertson RC, Stanton C, Cryan JF, Dinan TG (2016) Food for thought: the role 
of nutrition in the microbiota-gut-brain axis. Clin Nutr Exper 6:25–38

 138. Dinan TG, Cryan JF (2017) Gut instincts: microbiota as a key regulator of brain development, 
ageing and neurodegeneration. J Physiol 595:489–503

 139. Unger MM, Spiegel J, Dillmann KU, Grundmann D, Philippeit H et al (2016) Short chain 
fatty acids and gut microbiota differ between patients with Parkinson’s disease and age- 
matched controls. Parkinsonism Relat Disord 32:66–72

 140. Gerhardt S, Mohajeri M (2018) Changes of colonic bacterial composition in Parkinson’s 
disease and other neurodegenerative diseases. Nutrients 10:708

 141. Vogt NM, Kerby RL, Dill-McFarland KA, Harding SJ, Merluzzi AP et al (2017) Gut micro-
biome alterations in Alzheimer’s disease. Sci Rep 7:13537

 142. Kohler CA, Maes M, Slyepchenko A, Berk M, Solmi M et  al (2016) The gut-brain axis, 
including the microbiome, leaky gut and bacterial translocation: mechanisms and pathophys-
iological role in Alzheimer's disease. Curr Pharm Des 22:6152–6166

 143. Shulzhenko N, Morgun A, Hsiao W, Battle M, Yao M et al (2011) Crosstalk between B lym-
phocytes, microbiota and the intestinal epithelium governs immunity versus metabolism in 
the gut. Nat Med 17:1585–1593

 144. Perez-Santiago J, Gianella S, Massanella M, Spina CA, Karris MY et  al (2013) Gut 
Lactobacillales are associated with higher CD4 and less microbial translocation during HIV 
infection. AIDS 27:1921–1931

 145. Dubourg G, Lagier JC, Hue S, Surenaud M, Bachar D et al (2016) Gut microbiota associ-
ated with HIV infection is significantly enriched in bacteria tolerant to oxygen. BMJ Open 
Gastroenterol:3

 146. Heinlen L, Ballard JD (2010) Clostridium difficile infection. Am J Med Sci 340:247–252
 147. Gao JJ, Zhang Y, Gerhard M, Mejias-Luque R, Zhang L et al (2018) Association between gut 

microbiota and Helicobacter pylori related gastric lesions in a high-risk population of gastric 
cancer. Front Cell Infect Mi 8:202

 148. Sheh A, Fox JG (2013) The role of the gastrointestinal microbiome in Helicobacter pylori 
pathogenesis. Gut Microbes 4:505–531

 149. Noto JM, Peek RM Jr (2017) The gastric microbiome, its interaction with Helicobacter 
pylori, and its potential role in the progression to stomach cancer. PLoS Pathog 13:e1006573

 150. Cui L, Morris A, Ghedin E (2013) The human mycobiome in health and disease. Genome 
Med 5:63–63

 151. Chen Y, Chen Z, Guo R, Chen N, Lu H et al (2011) Correlation between gastrointestinal 
fungi and varying degrees of chronic Hepatitis B virus infection. Diagn Microbiol Infect Dis 
70:492–498

 152. Hager CL, Ghannoum MA (2017) The mycobiome: role in health and disease, and as a poten-
tial probiotic target in gastrointestinal disease. Digest Liver Dis 49:1171–1176

 153. Nkamga VD, Henrissat B, Drancourt M (2017) Archaea: essential inhabitants of the human 
digestive microbiota. Hum Microbiome J 3:1–8

 154. van de Pol JA, van Best N, Mbakwa CA, Thijs C, Savelkoul PH et al (2017) Gut colonization 
by methanogenic archaea is associated with organic dairy consumption in children. Front 
Microbiol 8:355

 155. Reyes A, Semenkovich NP, Whiteson K, Rohwer F, Gordon JI (2012) Going viral: next gen-
eration sequencing applied to human gut phage populations. Nat Rev Microbiol 10:607–617

4 Role of Gut Microbiota in Combating Oxidative Stress



80

 156. Scarpellini E, Ianiro G, Attili F, Bassanelli C, De Santis A et al (2015) The human gut micro-
biota and virome: potential therapeutic implications. Digest Liver Dis 47:1007–1012

 157. Dutilh BE, Cassman N, McNair K, Sanchez SE, Silva GGZ et al (2014) A highly abundant 
bacteriophage discovered in the unknown sequences of human faecal metagenomes. Nat 
Commun 5:4498

 158. Vital M, Gao J, Rizzo M, Harrison T, Tiedje JM (2015) Diet is a major factor governing 
the fecal butyrate-producing community structure across mammalia, aves and reptilia. ISME 
J 9:832–843

 159. Givens CE, Ransom B, Bano N, Hollibaugh JT (2015) Comparison of the gut microbiomes 
of 12 bony fish and 3 shark species. Mar Ecol Prog Ser 518:209–223

 160. Bourassa MW, Alim I, Bultman SJ, Ratan RR (2016) Butyrate, neuroepigenetics and the gut 
microbiome: can a high fiber diet improve brain health? Neurosci Lett 625:56–63

 161. Valdes L, Cuervo A, Salazar N, Ruas-Madiedo P, Gueimonde M et al (2015) The relationship 
between phenolic compounds from diet and microbiota: impact on human health. Food Funct 
6:2424–2439

 162. Rastmanesh R (2011) High polyphenol, low probiotic diet for weight loss because of intesti-
nal microbiota interaction. Chem Biol Interact 189:1–8

 163. David L, Maurice CF, Carmody RN, Gootenberg DB, Button JE et al (2014) Diet rapidly and 
reproducibly alters the human gut microbiome. Nature 505:559

 164. Heller KJ (2001) Probiotic bacteria in fermented foods: product characteristics and starter 
organisms. Am J Clin Nutr 73:374s–379s

 165. Sengul N, Isık S, Aslım B, Ucar G, Demirbag AE (2011) The effect of exopolysaccharide- 
producing probiotic strains on gut oxidative damage in experimental colitis. Digest Dis and 
Sci 56:707–714

 166. Morrow LE, Kollef MH, Casale TB (2010) Probiotic prophylaxis of ventilator- associated pneu-
monia: a blinded, randomized, controlled trial. Am J Respir Crit Care Med 182:1058–1064

 167. Amar J, Chabo C, Al W, Klopp P, Vachoux C et al (2011) Intestinal mucosal adherence and 
translocation of commensal bacteria at the early onset of type 2 diabetes: molecular mecha-
nisms and probiotic treatment. EMBO Mol Med 3:559–572

 168. Bordalo Tonucci L, Dos Santos KMO, De Luces Fortes Ferreira CL, Ribeiro SMR, De 
Oliveira LL et al (2015) Gut microbiota and probiotics: focus on diabetes mellitus. Crit Rev 
Food Sci Nutr 57:2296–2309

 169. Endo H, Niioka M, Kobayashi N, Tanaka M, Watanabe T (2013) Butyrate-producing probiot-
ics reduce nonalcoholic fatty liver disease progression in ats: new insight into the probiotics 
for the gut-liver axis. PLoS One 8:e63388

 170. Martin R, Miquel S, Benevides L, Bridonneau C, Robert V et al (2017) Functional character-
ization of novel Faecalibacterium prausnitzii strains isolated from healthy volunteers: a step 
forward in the use of F. prausnitzii as a next-generation probiotic. Front Microbiol 8:1226

 171. Brugere JF, Ben Hania W, Arnal ME, Ribiere C, Ballet N et al (2018) Archaea: microbial 
candidates in next-generation probiotics development. J Clin Gastroenterol 52:S71

 172. McFarland LV, Bernasconi P (1993) Saccharomyces boulardii: a review of an innovative 
biotherapeutic agent. Microb Ecol Health Dis 6:157–171

 173. Scott KP, Martin JC, Duncan SH, Flint HJ (2014) Prebiotic stimulation of human colonic 
butyrate-producing bacteria and Bifidobacteria. In Vitro FEMS Microbiol Ecol 87

 174. Walters SS, Quiros A, Rolston M, Grishina I, Li J et al (2014) Analysis of gut microbiome 
and diet modification in patients with Crohn’s disease. SOJ Microbiol Infect Dis 2:1–13

 175. Dolara P, Luceri C, Filippo CD, Femia AP, Giovannelli L et al (2005) Red wine polyphenols 
influence carcinogenesis, intestinal microflora, oxidative damage and gene expression pro-
files of colonic mucosa in F344 rats. Mutat Res Fundam Mol Mech Mutagen 591:237–246

 176. Cardona F, Andres-Lacueva C, Tulipani S, Tinahones FJ, Queipo-Ortuno MI (2013) Benefits 
of polyphenols on gut microbiota and implications in human health. J  Nutr Biochem 
24:1415–1422

B. Dam et al.



81

 177. Queipo-Ortuno MI, Boto-Ordonez M, Murri M, Gomez-Zumaquero JM, Clemente-Postigo 
M et al (2012) Influence of red wine polyphenols and ethanol on the gut microbiota ecology 
and biochemical biomarkers. Am J Clin Nutr 95:1323–1334

 178. Cueva C, Sanchez-Patan F, Monagas M, Walton GE, Gibson GR et al (2013) In vitro fermen-
tation of grape seed flavan-3-ol fractions by human faecal microbiota: changes in microbial 
groups and phenolic metabolites. FEMS Microbiol Ecol 83:792–805

 179. Lee HC, Jenner AM, Low CS, Lee YK (2006) Effect of tea phenolics and their aromatic fecal 
bacterial metabolites on intestinal microbiota. Res Microbiol 157:876–884

 180. Bailey LC, Forrest CB, Zhang P, Richards TM, Livshits A et al (2014) Association of antibi-
otics in infancy with early childhood obesity. JAMA Pediatr 168:1063–1069

 181. Huttenhower C, Gevers D, Knight R, Abubucker S, Badger JH et al (2012) Structure, function 
and diversity of the healthy human microbiome. Nature 486:207

 182. Arrieta MC, Stiemsma LT, Dimitriu PA, Thorson L, Russell S et  al (2015) Early infancy 
microbial and metabolic alterations affect risk of childhood asthma. Sci Transl Med 
7:307ra152–307ra152

 183. Dubourg G, Surenaud M, Levy Y, Hue S, Raoult D (2017) Microbiome of HIV-infected peo-
ple. Microb Pathogen 106:85–93

 184. Potgieter M, Bester J, Kell DB, Pretorius E (2015) The dormant blood microbiome in chronic, 
inflammatory diseases. FEMS Microbiol Rev 39:567–591

 185. Borody TJ, Khoruts A (2011) Fecal microbiota transplantation and emerging applications. 
Nat Rev Gastroenterol Hepatol 9:88–96

 186. Brandt LJ (2013) Intestinal microbiota and the role of fecal microbiota transplant (FMT) in 
treatment of C. difficile infection. Am J Gastroenterol 108:177–185

 187. Petrof EO, Gloor GB, Vanner SJ, Weese SJ, Carter D et  al (2013) Stool substitute trans-
plant therapy for the eradication of Clostridium difficile infection: ‘RePOOPulating’ the gut. 
Microbiome 1:3

 188. Rao K, Young VB (2015) Fecal microbiota transplantation for the management of Clostridium 
difficile infection. Infect Dis Clin N Am 29:109–122

 189. Marchesi JR, Adams DH, Fava F, Hermes GD, Hirschfield GM et al (2015) The gut micro-
biota and host health: a new clinical frontier. Gut 65:330–339

 190. Lathrop SK, Bloom SM, Rao SM, Nutsch K, Lio CW et al (2011) Peripheral education of the 
immune system by colonic commensal microbiota. Nature 478:250

 191. Blacher E, Levy M, Tatirovsky E, Elinav E (2017) Microbiome-modulated metabolites at the 
interface of host immunity. J Immunol Res 198:572–580

 192. Mayer EA, Tillisch K, Gupta A (2015) Gut/brain axis and the microbiota. J  Clin Invest 
125:926–938

 193. Ramezani A, Massy ZA, Meijers B, Evenepoel P, Vanholder R et al (2016) Role of the gut 
microbiome in uremia: a potential therapeutic target. Am J Kidney Dis 67:483–498

 194. Sun M, Wu W, Liu Z, Cong Y (2017) Microbiota metabolite short chain fatty acids, GPCR, 
and inflammatory bowel diseases. J Gastroenterol Hepatol 52:1–8

 195. Tremaroli V, Backhed F (2012) Functional interactions between the gut microbiota and host 
metabolism. Nature 489:242

 196. Ahmad R, Sorrell MF, Batra SK, Dhawan P, Singh AB (2017) Gut permeability and mucosal 
inflammation: bad, good or context dependent. Mucosal Immunol 10:307

 197. Jumpertz R, Le DS, Turnbaugh PJ, Trinidad C, Bogardus C et al (2011) Energy-balance stud-
ies reveal associations between gut microbes, caloric load, and nutrient absorption in humans. 
Am J Clin Nutr 94:58–65

 198. Giongo A, Gano KA, Crabb DB, Mukherjee N, Novelo LL et al (2011) Toward defining the 
autoimmune microbiome for type 1 diabetes. ISME J 5:82–91

 199. Wu X, Ma C, Han L, Nawaz M, Gao F et al (2010) Molecular characterisation of the faecal 
microbiota in patients with type II diabetes. Curr Microbiol 61:69–78

 200. Gupta SS, Mohammed MH, Ghosh TS, Kanungo S, Nair GB et al (2011) Metagenome of the 
gut of a malnourished child. Gut Pathog 3: 7

4 Role of Gut Microbiota in Combating Oxidative Stress



82

 201. Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte RS et al (2012) Transfer of intestinal 
microbiota from lean donors increases insulin sensitivity in individuals with metabolic syn-
drome. Gastroenterology 143:913–916.e917

 202. Keshavarzian A, Green SJ, Engen PA, Voigt RM, Naqib A et  al (2015) Colonic bacterial 
composition in Parkinson's disease. Mov Disord 30:1351–1360

 203. Wang T, Cai G, Qiu Y, Fei N, Zhang M et al (2011) Structural segregation of gut microbiota 
between colorectal cancer patients and healthy volunteers. ISME J 6:320

B. Dam et al.



83© Springer Nature Singapore Pte Ltd. 2019
S. Chakraborti et al. (eds.), Oxidative Stress in Microbial Diseases, 
https://doi.org/10.1007/978-981-13-8763-0_5

L. O. Andrade (*) · P. P. Dias 
Departamento de Morfologia, Universidade Federal de Minas Gerais, Minas Gerais, Brazil
e-mail: lucianaandrade@ufmg.br

5Role of ROS in T. cruzi Intracellular 
Development

Luciana O. Andrade and Patrícia Pereira Dias

Abstract
Chagas disease, caused by the protozoan Trypanosoma cruzi, presents a variable 
clinical course ranging from asymptomatic cases to more severe forms with car-
diac, digestive, or cardio-digestive impairment. The factors involved in this clini-
cal heterogeneity are not completely understood, but certainly both host and 
parasite genetic variability are important in this process. In the vertebrate host, 
the establishment of the infection depends on parasite host cell invasion and 
intracellular multiplication, as well as the host immune response to parasite colo-
nization. T. cruzi is able to invade different cell types, but macrophages as a first 
defense cell and muscle cells (specially cardiomyocytes) are considered key dur-
ing the establishment of infection in the host. Many factors regulate parasite 
invasion and intracellular development. Reactive oxygen species (ROS) have 
been shown to be important during parasite host cell infection. Although in many 
cases ROS is seen as detrimental to parasite development, recent evidences from 
the literature have shown that ROS may actually have a dual role during infec-
tion. While in some circumstances it could work in parasite control, in other 
scenarios, it may act to potentiate parasite intracellular multiplication. Here, we 
present a brief background of the disease and parasite genetic structure in order 
to discuss this dual role of ROS during parasite host cell colonization.
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5.1  Introduction

Chagas disease or American trypanosomiasis is a chronic endemic malady, caused 
by the protozoan parasite Trypanosoma cruzi. According to the World Health 
Organization (WHO), about eight million people worldwide are infected with this 
parasite, with the majority of them living in Latin America [1, 2], due to the distribu-
tion of its insect vector. Under natural conditions, the parasite is transmitted to 
humans and other mammals, by insects belonging to the Reduviidae family 
(reviewed by [1, 3]), which are endemic of the American continent, mostly Central 
and South America. It is estimated that each year 10,000 people die as a result of the 
symptoms of this disease, and more than 25 million people are at risk of acquiring 
American trypanosomiasis [4]. There are also other forms of parasite transmission, 
such as blood transfusion, oral or congenital, through laboratory accidents and 
organ transplantation. Those alternative forms of transmission have become impor-
tant forms of contamination with T. cruzi in recent years [3]. From those, outbreaks 
of oral transmission have been identified in several countries of Latin America in the 
last decade, the most significant in Caracas, Venezuela, with international repercus-
sion [5–8]. These other alternative forms of transmission, together with the recent 
waves of people migration in a more globalized world, have allowed countries 
where the disease is not endemic, due to the absence of the transmitting insect, such 
as Canada, France, Spain, Switzerland, Japan, and Australia, to present cases of T. 
cruzi infection, making Chagas disease also a global health problem [9–13]. The 
migration of infected people to countries where Chagas disease is not endemic has 
been mainly due to sociocultural and political factors [14].

5.2  T. cruzi Life Cycle, Disease Development, and Parasite 
Population Structure

T. cruzi life cycle begins when the insect vector, a triatomine from Reduviidae fam-
ily, while feeding on the blood from the host, releases in its feces and urine the 
metacyclic trypomastigote form of the T. cruzi, an elongated and flagellated form of 
the parasite, infective for the vertebrate host. These metacyclictrypomastigotes are 
capable of penetrating into the vertebrate host through the injured insect bite site or 
when in contact with mucous and connective membranes from the host [15].

Once inside the organism, the metacyclic  trypomastigote form may invade a 
wide variety of nucleated cell types, including professional phagocytic cells, such as 
tissue macrophages, or nonprofessional phagocytic cells, such as striated and 
smooth muscle cells and fibroblasts, among others. Within the host cell, the trypo-
mastigote form transforms into an aflagellate round-shaped form, called amastigote, 
which is able to replicate by binary fission inside the host cell. After successive 
divisions, the amastigote form transforms back into the flagellate trypomastigote 
form, which breaks the host cell due to its large numbers and intense movement. 
Once outside the cell, these forms can invade neighboring cells or fall into the 
bloodstream and infect other host cells, causing lesions that may induce the 
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development of the disease. The cell cycle is closed when the insect vector ingests 
the trypomastigote forms present in the blood of the vertebrate host when doing the 
blood repast. Once in the digestive tract of the invertebrate host, the trypomastigote 
form transforms into the epimastigote form, a flagellated and infective form for the 
vector. Epimastigotes multiply and migrate to the insect’s posterior gut, differentiat-
ing into the metacyclic trypomastigote form, which is eliminated in feces and urine 
during blood repast [15–17].

Infection in man is defined by two distinct clinical phases. The acute phase, cor-
responding to the initial period of infection, characterized by high parasitemia and 
tissue parasitism, followed by the chronic phase of the infection, which  persists 
throughout the host’s life and is characterized by lower tissue and blood parasitism 
[18]. While in the acute phase parasite is found in many tissues, upon the interven-
tion of an immune response triggered during infection, not only parasitemia but also 
tissue parasitism is significantly reduced, and patients enter the chronic phase of 
infection [19]. Chronic infection has a variable clinical course. Initially, when 
patients enter the chronic phase of infection, they usually do not present any symp-
toms of the disease, which is called the asymptomatic or indeterminate form of the 
chronic infection. However, some of these patients, around 30–40% and usually 
10–30 years after the initial infection, will develop clinical symptoms, characteristic 
of Chagas disease, which include heart (cardiac form) and/or digestive tract (mega-
colon or megaesophagus – digestive form) disorders. This is a consequence, not 
only of the persistence of the parasite in these organs but also of the inflammatory 
process generated upon parasite colonization [19].

It has been extensively shown in the literature that this clinical variability depends 
not only on genetic factors of the parasite, whose population structure is quite vari-
able, but also on genetic factors of the host [20, 21]. Together, they would define a 
differential tissue distribution of parasite populations that would interfere with the 
development of the distinct clinical forms. In fact, previous studies performed by 
our group have shown that distinct populations of the parasite are found in different 
organs of infected patients [22], reinforcing data on the existence of a differential 
tissue tropism, related to the development of clinical forms [23].

Studies of T. cruzi population structure, through biochemical and most 
importantly at the genetic level, have revealed a very heterogeneous pattern, 
but parasite strains could be clustered into six groups or discrete typing units 
(DTUs), called TcI to TcVI. Into these groups, parasite populations are consid-
ered genetically more related to each other, allowing their identification by 
molecular or genetic markers [20]. TcI harbor populations of parasites usually 
related to the wild-type transmission cycle, as well as TcIII and TcIV [24]. The 
populations belonging to TcI exhibit a wide geographical distribution, which 
passes through the United States to Northern Chile and Argentina [24–26]. In 
Brazil, it is commonly found in the Amazon basin [27]. In some countries, such 
as Colombia, TcI is associated with chagasic cardiomyopathy, while in other 
countries, they show low pathogenesis [26, 28]. TcII, TcV, and TcVI groups 
were identified further south of South America, associated with human infec-
tions. TcII, in particular, is predominant in the central and southern regions of 
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South America. TcII representatives present high diversity among them and are 
found to be more involved in the domestic cycle and also in the more severe 
cases of Chagas disease [29–31].

5.3  T. cruzi Intracellular Life Cycle

Regardless from which T. cruzi group, the parasite subverts the mechanism that 
eukaryotic cells use to repair small insults in their plasma membrane in order to 
invade the host cell [32]. For this, infective trypomastigote forms adhere to the sur-
face of the host cell and stimulate them through parasite surface proteins or secreted 
factors, which then lead to the release of calcium from host cells’ intracellular stores 
[33–41]. It has been shown in the literature that trypomastigotes from different T. 
cruzi groups will differ in the expression of these factors and therefore induce dif-
ferent levels of calcium signaling in the host cell, which may influence their ability 
to invade the host cell [42, 43]. In addition to the calcium signals triggered by para-
site factors, T. cruzi may also cause small ruptures in the plasma membrane while in 
contact with cells, provoking the influx of calcium from the extracellular to the 
intracellular milieu [32]. In both cases, the increase of intracellular calcium leads to 
recruitment and exocytosis of lysosomes, which in turn leads to a compensatory 
endocytosis process through which the parasite is carried into the host cell [32, 44]. 
The parasite is then internalized into a vacuole containing lysosomal and plasma 
membrane [35, 45]. More Lysosomes fuse with this initial vacuole until the whole 
vacuolar membrane is covered with lysosomal markers.

Subsequently, the trypomastigote escapes from the vacuole and falls into the 
cytoplasm of the cell, where it transforms into the replicative amastigote form and 
successively divides in the host cell cytoplasm until they differentiate back into the 
trypomastigote form [45–47]. Calcium signaling induced during parasite entry as 
well as changes through different environments during parasite cellular coloniza-
tion process certainly can directly or indirectly influence T. cruzi host cell and para-
site behavior.

5.4  Host Cell ROS Response to T. cruzi Infection

Infected cells are able to respond to the infection by activating several genes, which 
could interfere with the parasite’s intracellular behavior [48–52]. It is important to 
note that some of the genes differentially expressed by the cell during the infection 
period may vary depending on the type of cell used for the infection, while other 
genes are common to different cell types [49]. Houston-Ludlam and coworkers 
(2016) analyzed HFF (human foreskin fibroblasts) transcripts 24 hours after infec-
tion with distinct T. cruzi populations belonging to TcI and TcII [53]. These cells 
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showed increased expression of genes for interferon type I responses and also of a 
member of the tumor necrosis factor linker superfamily, associated with the induc-
tion of apoptosis in tumor cells. Other studies analyzing the transcriptome of HFF 
cells at the initial moments after infection with the T. cruzi Y strain showed that 
genes for the host cell cycle and immune response were also positively regulated 
[52]. Moraes and coworkers [54] also showed that upon infection with T. cruzi, 
H9C2, cardiomyocytes increase the production of interleukin 1β and cyclooxygen-
ase 2, important inducers of inflammatory mediators [54].

Infection of cells with T. cruzi has also shown to induce the production of reac-
tive oxygen species (ROS). Among the changes that occur during T. cruzi cell infec-
tion, there are important alterations in the metabolic activity of the cell that include 
increased fatty acid metabolism and β-oxidation that appear to be important for 
parasite growth [51]. It is known that increased fatty acid oxidation may be a con-
tributing factor for increased production of reactive oxygen species (ROS) by mito-
chondria [55]. To the best of our knowledge, the first report of the induction of ROS 
by T. cruzi infection was in 1990 by Cardoni and coworkers [56]. In this work, the 
authors showed that 3–4 weeks after the infection of BALB/c mice with Tulahuen 
strain, an increase in ROS production was observed for spleen and peritoneal cells. 
Much later, it was shown that the oxidative stress generated upon T. cruzi infection 
led to oxidative modifications in the mitochondrial respiratory complexes in hearts 
of mice infected with the parasite, possibly contributing to disease outcome [57]. In 
a following work, they showed that the myocardium of mice was also able to pro-
duce ROS upon infection with T. cruzi as a consequence of mitochondrial electron 
leakage at complex III, inducing the formation of superoxide [58]. Additionally, in 
a related study, they showed that different organs also respond with ROS production 
upon T. cruzi infection, with high rates at the peripheral blood [59]. Those results 
led to the conclusion that host cell immune response would be contributing to this 
process. Later, they showed that T. cruzi infection of a lineage of mouse atrial car-
diomyocytes (HL-1 cells), as well as primary cardiomyocytes of adult mice, could 
directly disturb mitochondrial function, inducing electron leakage and the produc-
tion of superoxide anion by these cells, without the participation of the host immune 
system, although the latter was able to potentiate T. cruzi-induced cardiomyocyte 
ROS response [60]. Further, they showed that this induction of ROS in cardiomyo-
cytes was dependent on the presence of intracellular parasites, since neither parasite 
lysate nor secreted proteins had the same effect [60]. On the other hand, Guiñazu 
and coworkers showed that for splenocytes, the exposure to T. cruzi cruzipain alone, 
a highly immunogenic glycoprotein, was able to induce ROS production by these 
cells [61]. Ba et  al. (2010) also showed in human cardiomyocytes that the ROS 
produced by mitochondria contribute to the expression of cytokine genes in response 
to the infection of these cells with T. cruzi [62]. In the heart, it is common sense that 
the production of ROS is extremely detrimental to the organ, contributing to tissue 
damage and most certainly to the development of the clinical symptoms of the dis-
ease [63–65].
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5.5  Dual Role of ROS in T. cruzi Infection of Macrophages

Although possibly cytotoxic to host cell and tissue components, ROS production 
has been long considered as a powerful resource against pathogen infection. ROS is 
one of the first responses produced by innate immune cells to pathogen invaders. 
Many examples are found in the literature. Macrophages’ oxidative bursts, for 
example, have been shown to have a key role in controlling many bacterial infec-
tions (reviewed by [66]). ROS production by plants has also been shown to have an 
important role in pathogen resistance [67–69]. ROS controlling of parasitic infec-
tions has also been reported as an important resource for infection control [70, 71]. 
In this line, it has been described that many parasites use ROS scavenging systems 
as important resistance factors during host infections [71, 72].

In the case of T. cruzi, ROS has also been identified as a source of parasite con-
trol [60, 73, 74]. In the early stages of infections, it has been shown that macro-
phages play a key role in controlling parasite infection [75, 76]. Phagocytosis of the 
parasite by naive macrophages leads to the activation of NADPH oxidase that in 
turn generates superoxide radicals, which contribute to parasite control [77]. 
Macrophages primed with cytokines will then elicit a nitric oxide response, which 
will react with the superoxide radical, boosting the control of intraphagosomal T. 
cruzi parasites [78]. T. cruzi, on its turn, possesses a network of antioxidant enzymes, 
localized at different compartments (cytosol, mitochondria, and endoplasmic reticu-
lum) and capable of dealing with and fighting the endogenous as well as reactive 
oxygen and nitrogen species produced during host cell infection. Among those anti-
oxidant enzymes are trypanothione (TSH), tryparedoxin (TXN), ascorbate peroxi-
dase (TcAPX), glutathione, mitochondrial peroxiredoxin (TcMPX), and superoxide 
dismutase (SOD), among others (reviewed by [79]). Some of them have been shown 
to be upregulated during metacyclogenesis, which could indicate a potential role to 
face the oxidative cell environment [80, 81]. These data altogether reinforce a role 
of ROS in controlling T. cruzi infection.

Recently though, an opposite effect of ROS has been described, suggesting that those 
molecules may also be present as positive regulators during T. cruzi infection. Paiva and 
coworkers (2012) demonstrated that the production of ROS contributes to the intracel-
lular growth of the parasite in macrophages [82]. They showed that the endogenous 
expression of the nuclear factor, erythroid2-related factor 2 (NRF2), which orchestrates 
antioxidant defenses, such as expression of the enzyme heme- oxygenase- 1 (HO-1), 
reduces parasitism in macrophages infected with T. cruzi Y strain. On the other hand, 
treatment of infected macrophages with pro-oxidant substances, such as tin protopor-
phyrin (SnPP), an inhibitor of HO-1 activity, promoted parasite growth [82]. They also 
showed that treatment of infected mice with this antioxidant components also increases 
parasite burden in infected tissues. Another example of a positive effect of ROS in T. 
cruzi intracellular development in macrophages came from the work of Goes and col-
laborators (2016) [83]. In this work, the authors showed a detriment in intracellular 
proliferation of T. cruzi Y strain in macrophages from mice deficient in the gp91phox 
subunit of NADPH oxidase (Phox KO), essential for the generation of the oxidative 
stress in these cells, when compared to wild-type mice [83]. They also evaluated the 
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effect of gp91phox deficiency in infection of macrophages by a recombinant strain of T. 
cruzi that superexpresses MutT (an enzyme involved in DNA repair). DNA lesions are 
one of the main consequences of oxidative stress, and guanine is the most easily oxi-
dized nucleotide, forming 8-oxo-GTP that, when incorporated to the DNA during repli-
cation, may cause DNA lesions [84]. This enzyme catalyzes the degradation of 
8-oxo- GTP (8-oxo-2′-deoxy-guanosine −5′-triphosphate) in 8-oxo-GMP (8-oxo-2′-
deoxy-guanosine-5′-monophosphate), preventing 8-oxo-GTP incorporation to the DNA 
[85, 86]. T. cruzi MutT superexpressors have been shown to be more efficient in cell 
colonization compared to wild parasites, meaning a higher parasite intracellular multi-
plication rate, suggesting that 8-oxo-GMP, generated by MutT, could serve as signaling 
molecule to produce parasites more adapted to the intracellular environment [87]. When 
Goes infected macrophages derived from Phox KO mice with T. cruzi MutT strain, 
parasite replication rate was much higher when compared to the wild-type strain, rein-
forcing a possible signaling role for role 8-oxo-GMP to boost parasite replication during 
oxidative stress [83].

5.6  Role of ROS in T. cruzi Intracellular Development 
in Cardiomyocytes

As mentioned previously, a couple of cells other than macrophages have also been 
shown to be able to induce a ROS response upon T. cruzi infection, including cardio-
myocytes, considered a key cell during host infection [57, 88]. Although it has been 
suggested that ROS would be deleterious to parasite development in cardiomyocytes, 
most of the work was focused on the role of ROS in tissue damage during parasite 
infection [62, 89–91]. Our group has then investigated the role of ROS signaling in 
T. cruzi intracellular multiplication rates in cardiomyocytes. For this, we used two 
distinct T. cruzi monoclonal populations, JG strain (TcII) and a clone from Colombian 
strain, Col1.7G2 (TcI). In a former work, we had shown that for BALB/c mice in the 
chronic phase of infection with both JG and Col1.7G2, simultaneously, there was a 
predominance of JG in the heart, with very low levels of Col1.7G2 in this organ [92]. 
This result suggested that JG was more adapted to the heart of these mice. 
Histopathological analyses corroborated these data, since the inflammation profile 
found for heart from mice submitted to mixed infection was similar to the pattern 
seen for this same organ obtained from mice infected with JG only [92]. In vitro stud-
ies using primary cultures of cardiomyocytes, isolated from BALB/c mice embryos, 
when infected with Col1.7G2 or JG reproduced the in vivo data [93]. In this study, it 
was shown that although the number of infected cardiomyocytes for cultures exposed 
to JG strain was lower when compared to cultures exposed to Col1.7G2, the number 
of intracellular parasites per cell was much higher for cultures infected with JG, 
when compared to those infected with Col1.7G2 [93]. In addition, we showed that 
these isolated cardiomyocytes, when submitted to mixed infections (JG + Col1.7G2), 
showed a greater proportion of JG in relation to Col1.7G2 over time of infection. 
Thus, in this case, the intracellular multiplication rate was directly related to the tis-
sue selection process. Moreover, it was shown that this behavioral profile was 
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dependent on the cell type studied, reinforcing that not only the parasite but also host 
cell participates in the differential tissue tropism of T. cruzi. Based on these results, 
we tested whether ROS could be influencing these differences in intracellular devel-
opment of JG and Col1.7G2 in cardiomyocytes. We showed that primary cardiomyo-
cytes of BALB/c mice, as well as pluripotent human cells induced in cardiomyocytes, 
after infection with the T. cruzi JG strain, presented greater intracellular multiplica-
tion of the parasites over time of infection, concomitant to a higher production of 
reactive oxygen species when compared to the same conditions of infection with 
clone Col1.7G2 [94]. Inhibition of reactive oxygen species, by treatment with cata-
lase, an enzyme that metabolizes hydrogen peroxide, was able to inhibit the growth 
of JG, but not Col1.7G2 [94]. In parallel, it was demonstrated that JG strain pre-
sented lower expression of enzymes of the antioxidant machinery in comparison to 
Col1.7G2, strongly suggesting that, as it was demonstrated for macrophages, ROS 
may also fuel parasite intracellular development in cardiomyocytes.

5.7  How Does ROS Signal to Parasite Intracellular 
Development?

How ROS may signal to parasite intracellular development is still not known. In our 
work we have demonstrated that JG exposure to ROS led to the production of a 
higher level of signaling molecules such as calcium and superoxide anion (O2

•−), 
which is not observed for Col1.7G2 [94]. Calcium has been shown to be important 
for multiplication and metacyclogenesis in epimastigotes [95]; therefore, it could be 
working as a signaling molecule for T. cruzi intracellular multiplication. Additionally, 
it has been demonstrated that low levels of ROS production induced by heme in T. 
cruzi epimastigotes favor parasite proliferation via a Ca2+ calmodulin kinase II 
(CaMKII)-like pathway [96]. With respect to O2

•−, although there is data in the lit-
erature showing that its increase may induce programmed cell death in T. cruzi [74], 
there are also reports showing that it could work as a signal for increased cell pro-
liferation and as an inhibitor of apoptotic pathways [97, 98]. As mentioned previ-
ously, another signaling molecule could be the generation of 8-oxo-GMP during T. 
cruzi oxidative stress exposure. Boldogh and coworkers (2012) showed that excised 
8-oxoG, during the DNA repair pathway, binds back to the excision enzyme OGG1 
(outside the catalytic site) and interacts with the RasGTPase enzyme, acting as a 
guanine nucleotide exchange factor [99]. This interaction enables this GTPase to 
activate signaling pathways, including those involved in oxidative stress response.

5.8  Conclusion

What would determine whether ROS is responsible for death or proliferation would 
most likely be related to the amount to which parasites are exposed and the ability 
of the parasite to sense and trigger the intracellular signaling. In our studies with JG 
and Col1.7G2 T. cruzi infections in cardiomyocytes, it was not possible to 
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determine whether only some strains are sensitive to ROS signaling or whether the 
ROS level produced is responsible for the effects of cell proliferation observed. 
Recently, Vilar-Pereira and colleagues studied the role of antioxidant agents in car-
diac function during T. cruzi infection in mice [100]. For this, they evaluated the 
production of ROS in the hearts of BALB/c mice in the chronic phase of infection 
with the Colombian strain of T. cruzi. In this study, the authors showed that infection 
with the Colombian strain was able to induce high amounts of ROS in the hearts of 
mice in the chronic phase of infection, as well as an electrical and mechanical dys-
function of infected hearts. Treatment with different antioxidant agents was able to 
improve heart function, but only the treatment with resveratrol was able to reduce 
the burden of parasites. This may present at first, in contrast to our data and other 
data from the same group showing that the cardiac parasite load decreases in 
response to treatment with antioxidant agents [82]. However, in the work of 2012, 
the strain of T. cruzi used was Y strain. The Colombian strain and Y, as the clone of 
the Colombian strain (Col1.7G2) and JG used in our study, belong to two different 
DTUs of T. cruzi, TcI and II, respectively. It is possible that parasites from different 
DTUs respond differently to ROS. In this case, for TcII strains, ROS might not have 
an effect on control or signaling and that the effect of resveratrol could be on another 
signaling pathway, whereas TcI strains would respond to ROS. Our data support this 
hypothesis, since the treatment affects the population of TcI, but not TcII. Whether 
T. cruzi TcII strains do not really respond to ROS or whether this response depends 
on the amount or type of response triggered by ROS production is a question that 
still needs to be elucidated.
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Abstract
Arginase is a manganese metalloenzyme that regulates the intracellular avail-
ability of L-arginine through its hydrolysis to urea and L-ornithine. Arginine is a 
common substrate for both nitric oxide synthase (NOS) and arginase. L-Arginine 
converted to nitric oxide (NO) and L-ornithine by nitric oxide synthase. Nitric 
oxide (NO) initiates the immunomodulatory effects within host and imparts 
defense by inducing microbicidal activity against invading pathogens within the 
cellular microenvironment. Therefore, the competition between arginase and 
nitric oxide synthase for arginine plays a determinant role in immune response 
against microbial pathogenesis. It was reported that depletion of arginine by 
myeloid cells expressing arginase 1 leads to suppression of T-cell immune 
response. Pathogens themselves were found to synthesize arginase to escape host 
immune response. Recent research has identified that reactive oxygen species 
(ROS) plays a significant role in the regulation of arginase activity and expres-
sion during microbial infection. Pathogen survival within the host system 
depends on the inclination to arginase pathway. Moreover, arginase participates 
in arginine metabolism which provides an essential route for sustainability of 
pathogen survival and reproduction within the host by negotiating host defense 
response. Researchers currently have shown that arginase modulates the host 
immune response and infection pathology in many ways during microbial, para-
sitic, and also viral infections. In this chapter, we have discussed about the 
involvement of arginase in the modulation of NO during inflammatory response 
coined by host upon encounter to pathogen. We have highlighted the involve-
ment of arginase in the modulation of host immune response during bacterial, 
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viral, and parasitic infection. The current and potential therapeutic approaches 
against microbial diseases by targeting arginase function were discussed.

Keywords
Arginases · iNOS · Polyamines · Macrophages · Immune response · Host- 
pathogen interactions

6.1  Introduction

Arginase (EC 3.5.3.1) is a manganese-based ureohydrolase enzyme which converts 
L-arginine to L-ornithine and urea [1]. The arginase enzymes were found to main-
tain their existence throughout evolution starting from the early life forms like bac-
teria. It is present in almost all life forms like yeasts, plants, invertebrates, and 
vertebrates [2, 3]. There are two major isoforms of arginase, namely, arginase-1 
(A1) and arginase-2 (A2). A1 is a cytosolic enzyme expressed mainly in the liver 
and to a lesser extent in the kidneys in the majority of animals to remove surplus 
nitrogen produced by the metabolism of amino acids and nucleotides through urea 
cycle [4, 5], whereas A2 is a mitochondrial protein found predominantly in the kid-
neys, small intestine, brain, monocytes, and macrophages. Interestingly, most of the 
microorganisms, plants, and invertebrates were found to possess only A2 [3–5]. 
Endothelium cells are found to possess both the isoforms of arginase. The isoforms 
are expressed differentially under specific stimulations. In human, the A1 isoform is 
composed of 322 amino acids, and A2 is composed of 354 amino acids [4, 5]. Each 
of these arginases is produced from distinct genes (ARG1 and ARG2) located on 
different chromosomes in humans. ARG1 is located in chromosome 6 in human and 
chromosome 10 in mouse. ARG2 is located in chromosome 14 in human and chro-
mosome 12 in mouse. The regulation of ARG1 and ARG2 gene expression are inde-
pendent of each other [4, 5]. Both the arginase isoforms exhibits similar pattern of 
action, as both of them requires manganese as a cofactor and arginine as substrate. 
The expression of these two isoforms of arginases in different cell types can be 
regulated by a wide range of mediators and conditions. Variability in tissue and spe-
cies also leads to changes in arginase activity [6].

The expression of arginases is regulated by several factors including derivatives 
of oxidative stress [such as hydrogen peroxide, H2O2; superoxide (O2

−)], reactive 
nitrogen species [such as nitric oxide (NO); peroxynitrite, (ONOO−)], hypoxia, 
inflammatory mediators (such as lipopolysaccharides (LPS)), several cytokines 
[such as interleukins-(IL)-4, IL-10, IL-13, IL-6, tumor necrosis factor (TNF-α)], 
and angiotensin II [5, 7–12]. Several intracellular signaling pathways lead to stimu-
lation of expression and enzyme activity of arginase. The increase in arginase activ-
ity under oxidative stress is reported to be mediated through PKC-activated RhoA/
Rho kinase (ROCK) pathway. Induction of AII in LPS-stimulated macrophages is 
found to be dependent on intracellular signaling pathways associated with mitogen- 
activated protein kinases [such as extracellular signal-related kinases (ERK) and 
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p38 kinases]. Inhibition of ERK in RAW 264.7 cells was found to suppress the 
expression of A2 in macrophages; on the contrary, it heightened the expression of 
iNOS. The expression of A1 is regulated by several transcription factors including 
(1) CCAAT/enhancer-binding protein β (C/EBPβ); (2) signal transducer and activa-
tor of transcription (STAT)-3/6; (3) Kruppel-like factor 4 (KLF4); (4) liver X recep-
tor α (LXRα); (5) purine box factor 1 (PU.1); (6) c-Fos; and (7) peroxisome 
proliferator-activated receptors (PPARs γ and δ) [5, 7–12]. All of these transcription 
factors modulate the A1 expression by binding with distinct and specific sites of 
ARG1 gene. The expression of A2 was reported to be regulated by poly(ADP- 
ribose) polymerase 1 (PARP-1) in endothelial cells [5, 7–12].

Arginase plays two major functions: first, to detoxify the body from ammonia 
through its conversion to urea, and second, to form ornithine from arginine. The 
cellular concentration of L-ornithine is regulated by arginase in addition to other 
enzymes like ornithine decarboxylase, ornithine aminotransferase, and ornithine 
transcarbamylase. L-ornithine is a precursor of polyamines (e.g., spermine and 
spermidine) and proline. Spermine and spermidine are important for cell division, 
growth, differentiation, and survival, whereas proline, produced as a metabolic by 
product of L-ornithine, plays an important role in wound healing and tissue repair-
ing as it is an important component of collagen and fibrin [5, 13, 14].

Arginine, the substrate of arginase, is also hydrolyzed by nitric oxide synthases. 
Nitric oxide synthases (NOSs) convert arginine to L-citrulline and nitric oxide. 
Nitric oxide synthases are present in three different isoforms, which are denoted as 
neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). 
Inducible NOS can be expressed in many cell types in response to LPS, cytokines, 
or other agents. Generation of NO by inducible NOS has cytostatic effects on target 
cells [4, 5, 15, 16]. Induction of NO in infected macrophages results in strand breaks 
and fragmentation of DNA. These result in NO-mediated cytotoxic and cytostatic 
effects on invading pathogens. Interestingly, NO produced by iNOS of nonimmune 
cells can also participate in generating the host-protective immune response. 
Inducible form of nitric oxide synthase, through the production of NO, is involved 
in healing of skin, killing of bacteria, regulation of T-cell proliferation and differen-
tiation (TH1/TH2), etc. [4, 5, 15, 16].

The balance activity of arginase and nitric oxide synthases (NOS) regulates the 
cellular level of arginine. Increased concentration of extrahepatic arginase reduces 
the availability of L-arginine for NOS. Thus, reciprocal regulation of arginase and 
NOS appear to be responsible for the production of nitric oxide during immune 
response. The Km value of arginase is in the range of mM, whereas that of NOS is 
in μM range. Interestingly, the pattern of substrate usage by these two enzymes is 
found to be similar due to 1000 times higher Vmax of arginase in comparison to NOS 
at body pH [6, 17]. Downregulation of NO synthesis by arginase leads to tissue 
regeneration and induction of fibrosis. Regulation of arginine metabolism under the 
influence of environmental factors and immune modulators results in the elimina-
tion of intracellular parasites through NO synthesis (in presence of NOS) or in the 
multiplication of parasite through synthesis of L-ornithine and polyamine (in pres-
ence of arginase). NO produced by nNOS is also involved in neuronal signaling and 
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synaptic plasticity. Reaction of NO with superoxide results in the production of 
peroxynitrite (ONOO−). This in turn decreases the levels of NO and increases the 
generation of a potent oxidant (i.e., ONOO−). Both superoxide and peroxynitrite 
increase oxidative stress, which in turn induces the level of arginase expression [5, 
6, 17, 18].

Arginase is also an important marker for the M1 and M2 type of macrophages. 
Macrophages play an important role in immune homeostasis during inflammation- 
associated diseases and infectious diseases. The enzymes associated with nitric 
oxide synthesis, i.e., NOS and arginase, were found to be related to the phenotypic 
responses of pro-inflammatory type (M1) and anti-inflammatory type (M2) of mac-
rophages [19, 20]. In response to LPS stimulation, M1 macrophages generate NO 
from arginine through NOS, whereas M2 macrophages produce ornithine from argi-
nine through arginase. NO produced in M1 macrophages results in the killing of 
intracellular pathogens. Production of ornithine and subsequently its downstream 
metabolites like polyamines and proline in M2 macrophages promotes cell prolif-
eration and supports in repairing of tissue damage [4, 6, 19, 20]. In M1 and M2 
macrophages, these types of responses are regulated by specific cytokines. PAMP 
(pathogen-associated molecular patterns) or IFNγ stimulates M1 macrophages to 
produce NO. In contrast, M2 activity is amplified by IL-4, IL-13, and TGFβ. In M2 
macrophages, anti-inflammatory cytokines (i.e., IL-4, IL-13, and TGF-β), cAMP, 
and LPS are reported to enhance the expression of AI [4, 6, 19, 20]. Accumulated 
evidences reveal that the main function of M2 macrophages is tissue repair and 
wound healing by involvement of arginase activity. Alternatively, M1 macrophages 
are well suited to function as key effector cells for the eradication of intracellular 
pathogens and tumor cells due to the presence of nitric oxide. Enhanced arginase 
activity may also contribute to altered immune function in conditions of trauma, 
infection, transplantation, autoimmunity, and cancer due to impairment of NOS2 
function [4, 6, 19, 20].

The present book chapter aims to summarize the involvement of arginase in oxi-
dative stress response during microbial pathogenesis. Modulation of arginase by 
different pathogens during infection and its effect on host response are illustrated in 
detail. Finally, the therapeutic approach to combat the modulation of arginase path-
way during dreadful pathogenic invasion and consequent generation of oxidative 
stress will also be summarized as they hold a great potentiality for the treatment of 
these deadly diseases.

6.2  Arginase in Immune Response

The expression and activity of arginases are regulated by a range of immunomodu-
lators. Anti-inflammatory cytokines like IL-4, IL-10, TGF-β, and IL-13 were 
reported to induce the expression of A1 in myeloid cells. Among these cytokines 
IL-4 and IL-13 were found to stimulate transcription factors like STAT3, STAT6, 
and CCAAT/enhancer-binding protein β (C/EBPβ) [7–12]. Most of these transcrip-
tion factors upregulated the expression of A1 by binding to an enhancer in the ARG1 
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locus. The expression of A1 also regulated by several other immunomodulators like 
granulocyte-macrophage colony-stimulating factor (GM-CSF), prostaglandin E2 
(PGE2), cyclic adenosine monophosphate (cAMP), and agonists of toll-like recep-
tor (TLR) [5, 6, 21]. The expression of arginase was found to be inhibited by nitric 
oxide (NO) in macrophages. NO is produced in macrophages as an antimicrobial 
and tumoricidal agent during immune response. In case of M1 macrophages, NO 
plays the key role in the eradication of intracellular pathogens. Conversely, genera-
tion of excessive nitric oxide results in undesirable cytotoxic effect to host. 
Macrophages use A1 to regulate the unwanted nitric oxide production by limiting 
the accessibility of arginine to iNOS. Moreover, it was found that in M2 macro-
phages, A1 plays a crucial role in generating immune response against pathogens. 
In M2 macrophages, A1 controls the immune responses by utilizing arginine away 
from iNOS and further metabolizing it through ornithine pathways [22]. It was 
reported that A1 in M2 macrophages plays a pivotal role in inhibiting inflammation 
and fibrosis following recovery from infection with S. mansoni [23]. Pesce et al. in 
2009 showed that deletion of A1 in macrophages resulted in increased mortality in 
mice due to uncontrolled inflammatory response [24]. A1 was also found to modu-
late the T-cell response by suppressing the multiplication of T cell and augmentation 
of T regulatory (Treg) cells. Activation of A1 in macrophages was found to protect 
the host by inhibiting the generation of IL-12/IL-23p40 along with the suppression 
of Th17 and Th1 differentiation during schistosomiasis [24, 25]. Conversely, A1 in 
macrophages is not found to be crucial in murine models of asthma and lung inflam-
mation. Therefore, it may be suggested that the regulation of inflammatory responses 
by macrophage A1 varies from one organ to another organ [6].

6.3  Arginase in Bacterial Infection

The pathogenic bacteria modulate arginases to maintain their survivability within 
the host. H. pylori is a common gastric pathogen responsible for the induction of 
prolonged inflammatory response in the stomach. These result in the occurrence of 
peptic ulcer and/or gastric adenocarcinoma [26]. It has been reported that arginase 
in H. pylori is encoded by rocF gene. H. pylori utilizes arginase to metabolize 
L-arginine into L-ornithine and urea. The latter acts as a substrate for synthesizing 
NH3 for neutralization of the acidic pH in the stomach. Thus, the bacterium is 
shielded from the high acidic environment of the stomach and colonizes within the 
gastric niche without any obstacle [27]. H. pylori induces the expression of A2 in 
macrophages in order to induce the apoptosis. Along with its role in acid resistance 
in the stomach, H. pylori arginase can diminish the bactericidal property of macro-
phages by suppressing the generation of NO [28, 29]. L-arginine is reported to be an 
essential amino acid for the activation of T cell. H. pylori arginase alters the CD3ζ 
expression and T-cell multiplication by depleting L-arginine concentration. 
Therefore, these characteristics of Helicobacter arginase allow the bacteria to 
encounter the host immune response in order to maintain their survivability on the 
mucous layer. A2 knockout in mice resulted in enhanced Th1/Th2 response which 
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in turn resulted in reduced bacterial load and augmented gastritis pathology in com-
parison to their wild-type counterpart [30]. The apoptosis of host macrophages is 
attributed to H. pylori arginase activity, which further supports them to escape the 
host immune response [31]. H. pylori arginase utilizes the host arginine to produce 
polyamines, and the oxidation of polyamines like spermine generates H2O2 by using 
the enzyme spermine oxidase. It may lead to the induction of apoptosis in macro-
phages. Spermine is also reported to reduce the expression of iNOS and pro- 
inflammatory cytokines in H. pylori-infected macrophages [32].

Staphylococcus aureus-associated infections resulted in serious health-care 
threat due to increased incidence of antibiotic tolerance. S. aureus biofilms in host 
were found to enhance the expression and activity of myeloid A1 resulting in anti- 
inflammatory and profibrotic activities [33]. Recruitment of myeloid-derived sup-
pressor cells (MDSCs) during S. aureus infection promotes the anti-inflammatory 
characteristics of macrophage [33].

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis, was 
found to evade the host immune response by altering the macrophage-mediated 
metabolism of L-arginine through increased arginase expression. L-arginine metab-
olism by arginase limits the generation of free radicals like nitric oxide (NO), which 
is one of the potent antimicrobial strategies conferred by host macrophages against 
Mtb [34]. Upregulation of A1 expression during Mtb infection requires the involve-
ment of the TLR2-MyD88-mediated signaling pathway and the transcription factor 
C/EBPβ. Induction of IL-10, IL-6, and G-CSF (granulocyte-colony stimulatory fac-
tor) by TLR2-MyD88-C/EBPβ pathway in infected macrophages increases the 
expression of A1 through the transcription factor STAT3. In Mtb-infected patients, 
A1 produced by polymorphonuclear granulocytes (PMNs) was found to suppress 
the expression of CD3 in T cells [35]. A1 has also been reported to inhibit the pro-
liferation of T cells and their ability to release the cytokines in Mtb patients. NO 
produced in granuloma macrophages is a key immune response to protect against 
Mycobacterium infection. Other reports suggest that the induction of arginase dur-
ing Mycobacterium infection is dependent on IL-10 [6, 35]. A1 has been found to 
limit the availability of L-arginine and polyamine concentration in hypoxic granu-
lomas during Mtb infection. A current report depicts that Mycobacterium marinum 
infection leads to M1 polarization through the upregulation of iNOS and inhibition 
of arginase. In arginase knocked out mice infected with BCG reported to exhibit 
heightened nitrotyrosine in the liver granuloma. It was found that the increased 
production of NO in the Arg-1-deficient mice resulted in the generation of peroxyni-
trite during infection with M. tuberculosis [6, 35, 36].

Another intracellular pathogen, Salmonella typhimurium, causes a range of 
infections in human. The types of infections caused by Salmonella include food 
poisoning, enteric fever, typhoid fever, and gastroenteritis. The host cell cationic 
amino acid transporter (mCAT1) was found to assist the Salmonella-containing 
vacuole to utilize cytosolic arginine reservoir during infection. Salmonella was 
found to induce the expression and activity of A1 and diminish the host arginine 
pool for iNOS which leads to significant reduction in the NO production in macro-
phages of the infected host [6, 37, 38]. It allows the bacteria to secure its 
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pathogenesis in host by avoiding nitric oxide toxicity. It was found that intact LPS 
(lipopolysaccharide) or other surface pathogen-associated molecular patterns 
(PAMPs) which are present on S. typhimurium cell membrane stimulate the expres-
sion of A2 in host cells [37, 38].

Extracellular bacteria like Streptococcus pneumoniae also target host arginase 
for their survivability within host organism [39]. S. pneumonia infection of alveolar 
macrophages increases the expression of A1 in an IL-13-dependent manner, result-
ing in attenuated host defense against this pathogen during lung infection [39]. 
Likewise, an increase in arginase activity in Pseudomonas pneumonia-infected 
lungs was reported to be associated with a decrease in iNOS activity and inhibition 
in NO production [40].

6.4  Arginase in Viral Infection

Human immunodeficiency virus (HIV) the causative agent of acquired immune defi-
ciency syndrome (AIDS) successfully escapes host immune response in numerous 
ways. In HIV-infected host, arginase was found to be upregulated in myeloid cells, 
and this in turn reduces the bioavailability of L-arginine in the microenvironment. 
Since L-arginine is essential for T-cell development, this reduction in the bioavail-
ability of L-arginine causes impaired T-cell responses [6, 41]. Limiting the 
L-arginine was found to arrest the infected cell in the G0-G1 phase of the cell cycle 
[42]. The higher arginase activity during HIV infection also results in the lower 
expression of CD 3ζ in T cells which further decreases T-cell response. In addition 
to the impaired T-cell functions, arginase also favors HIV replication in macro-
phages because arginase catabolizes L-arginine into polyamines which are essential 
for HIV replication [6, 42].

In the case of hepatitis C virus (HCV) infection, the expression of A1 was found 
to be increased at both mRNA and protein level which helps in viral growth in host 
cells. It was reported that siRNA-mediated eradication of arginase restricts the 
hepatocellular growth during HCV infection. It was also observed that inhibition of 
arginase leads to the induction of cell (HCV-infected) death through heightened NO 
response. Therefore, A1 plays a determinant role in the maintenance of intracellular 
growth of HCV along with the regulation of hepatocellular growth [43].

6.5  Arginase in Parasitic Infections

Trypanosoma cruzi is a protozoan parasite and the causative organism responsible 
for Chagas disease. It has been reported that during Trypanosoma cruzi infections, 
growth of parasites is supported by the induction of A1 and A2 enzymes which 
compete with host iNOS for the utilization of common substrate L-arginine [44]. 
Stempin et  al. (2002) reported that “Cruzipain” a parasitic antigen enhances the 
arginase activity through the induction of type 2 cytokines like IL-4, IL-10, IL-13, 
and TGF-β. These type 2 cytokines shift arginine metabolism in macrophages 
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toward arginase pathway [45]. Subsequently, arginase induces the polyamine syn-
thesis specifically spermidine, spermine, and putrescine from ornithine. These poly-
amines support the growth of Trypanosoma in infected macrophages since they 
provide essential growth factors for synthesizing DNA and the antioxidant trypano-
thione [46]. Chang et  al. in 2000 reported that type 2 cytokines induce arginase 
activity through tyrosine kinase, protein kinase A, and p38MAPK pathways [47]. It 
is also found that A1 and A2 mRNA expression and their catalytic activity were 
higher in the susceptible mouse strain (i.e., BALB/c), compared to the resistant 
mouse strain C57BL/6. Thus, arginase might be considered as a host marker for 
susceptibility to Trypanosoma infection.

Malaria is a spectrum of disease caused by protozoan parasite plasmodium. 
Malarial parasite severely modifies the host metabolism for its own survival. It was 
reported that during Plasmodium infection, parasite arginases play an important 
role in depleting extracellular L-arginine pool, thereby restricting the production 
NO by iNOS. However, it has been observed that in vivo growth of plasmodium 
does not depend on the parasite A1, which is unlikely to other parasites like 
Trypanosoma and Leishmania [6, 46].

Another protozoan parasite leishmania resides within mammalian macrophages 
by inhibiting the host-protective immune responses including the escaping of pha-
golysosomal fusion [6]. It is well documented that macrophages regulate the intra-
cellular growth of Leishmania by induction of pro-inflammatory response. NO is 
the major leishmanicidal agent produced during heightened inflammatory response. 
Numerous studies have depicted that the pathogenesis of Leishmania within the 
host organisms can be attributed to the activity of arginase. It is interesting to men-
tion that restricting the availability of L-arginine at the site of pathology results in 
immunosuppression and leads to noncurative forms of cutaneous and visceral leish-
maniasis. Leishmania parasite was also found to alter the host arginase pathway for 
the synthesis of polyamines by ornithine decarboxylase (ODC) from ornithine [6, 
46]. Polyamines provide essential growth support for the proliferation of parasite 
within the host microenvironment. It is reported that the polyamines like spermidine 
and spermine suppress host pro-inflammatory cytokine response [46]. Anti- 
inflammatory cytokines like IL-10, IL-4, and TGF-β play a major role in inducing 
the expression of A1 during leishmanial infection. It is found that L. donovani trans-
ports L-arginine through a high affinity amino acid permease called LdAAP3 which 
binds selectively to L-arginine. Interference of arginine metabolism in infected 
macrophages due to the presence of LdAAP3 in parasites allows the multiplication 
of leishmania promastigote within the hostile environment [6, 48]. Suppression of 
L. major arginase reported to restrict the intracellular growth of parasite by reducing 
the accessibility of ornithine for the generation of polyamines. Interestingly, it is 
found that concurrent suppression of both host A1 and L. major arginase are unable 
to enhance the NO level or inflammatory responses during infection. It was found 
that Leishmania devoid of arginase enzyme can survive within the hostile environ-
ment by utilizing the polyamines produced by the host [6, 41, 46].

Arginase was found to play an important role in Schistosoma infection. 
Macrophages isolated from S. mansoni-infected mice showed an increased 
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expression of A1. A1 was shown to enhance the availability of proline for collagen 
synthesis to help the parasite survivability within host macrophages [49].

6.6  Arginase in Fungal Infection

Candida albicans is a human commensal fungus which is a natural component of 
human skin, gastrointestinal, and genitourinary flora. It causes lethal systemic infec-
tion if the microorganism reaches out to bloodstream in the case of immunocompro-
mised patients. It is the fourth leading cause of nosocomial bloodstream infection. 
Upon ingestion within macrophages, the survival of the pathogen and further dis-
ease progression were found to be dependent on arginine metabolism where intra-
cellular arginase plays a pivotal role [6, 50].

Internalization of C. albicans inside the Mϕ was found to be associated with the 
upregulation of the genes responsible for L-arginine biosynthesis. The rate of 
metabolism of L-arginine was reported to be induced during C. albicans infection. 
Moreover, Sims (1986) and Bahn and Muhlschlegel in 2006 showed that elevated 
level of CO2 triggered hyphal growth. It was found that urea was produced from 
arginine by the action A1 in C. albicans-infected macrophages. Urea amidolyase 
metabolized urea to CO2 and NH3. Further, bicarbonate produced from CO2 acti-
vates cAMP-dependent protein kinase A which triggers the formation of yeast- 
hypha inside Mϕs [51–53]. Yeast-hypha switching was found to be dependent on 
the biosynthesis of arginine. The germ tube formation acts as a virulence factor 
which is required to escape from macrophages. It was found that C. albicans express 
three putative arginases which are (encoded by CAR1, ORF19.3418, and ORF 
19.5862) strongly induced inside macrophages [51]. Among them, CAR supports 
successful escape from macrophages, whereas the other two arginases are excreted. 
The excreted arginases utilize L-arginine of host macrophage and limit the avail-
ability of substrate for iNOS and abrogate NO production which is another survival 
strategy of C. albicans. It was found that ROS (reactive oxygen species) produced, 
during oxidative burst of macrophages following phagocytosis of C. albicans, 
induces arginine biosynthesis to promote filamentous growth inside macrophages 
for survival [51].

6.7  Therapeutic Strategies by Targeting Arginase

Arginase can be targeted to develop therapeutic strategies against microbial patho-
genesis. Inhibition of arginase and its downstream polyamine synthesis provides 
protection from infectious diseases like leishmaniasis and African sleeping sickness 
[54]. The availability of proline for cell proliferation and collagen deposition is 
regulated by arginase isoforms in diseases like asthma and cancer. Hence, disease 
progression in such cases can be delayed by inhibiting arginase by N(omega)-
hydroxy-nor-l-arginine (nor-NOHA) [55, 56]. It was found that A1-specific siRNA 
can prevent the HCV virus-associated liver carcinoma [43]. DFMO 
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(α-difluoromethylornithine), an inhibitor of ODC (ornithine decarboxylase), and 
cyclohexylamine, an inhibitor of spermidine biosynthesis, were reported to be used 
successfully in the treatment of trypanosomiasis and H. pylori infection. Polyamine 
synthesis inhibitor has been proved to be useful in the treatment of leishmaniasis 
and sleeping sickness in human [57, 58]. Since arginase is a crucial factor for the 
survival of many pathogens, attempts of making new and more specific arginase 
inhibitors can be an emerging field. Glucocorticoids were reported to inhibit the 
activity of arginase in the presence of LPS stimulation and therefore contribute in 
the treatment of inflammatory airborne diseases [59].

However, stimulation of arginase expression and enzyme activation were found 
to aid the host by interfering with the detrimental effect of NO. Increased activity of 
arginase was found to support the cellular multiplication by contributing poly-
amines as downstream metabolites. The upregulation of arginase expression 
enhanced the conversion of arginine to proline for collagen synthesis. Arginase 
appeared as an important determinant in the functioning of mammalian immune 
system as the enzyme is involved in different aspects of immune functions like acti-
vation of T lymphocytes and inflammation [5, 6, 55]. Therefore, intervention with 
different aspects of arginase activity specifically L-arginine metabolism holds great 
potential for the therapy of immunosuppressive infectious diseases.

6.8  Conclusions

The equilibrium between arginase and iNOS expression and enzyme activity con-
trols the pro-inflammatory and anti-inflammatory responses. Different pathogens 
employ strategies to neutralize host immune responses by interfering with arginine 
metabolism. Therefore, targeting specific components of the arginase/NOS pathway 
is a promising therapeutic approach against infectious diseases through the regula-
tion of NO levels. Arginase is also involved in normal physiological responses like 
cell growth, collagen synthesis, tissue repairing, etc. Therefore, inhibition of argi-
nase activity may lead to interference with these physiological processes. More spe-
cific studies are needed to characterize the involvement and regulation of different 
isoforms of arginase in normal physiological processes and during disease condi-
tion. This will help us to design more effective therapeutic strategies by targeting 
arginase activity.
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7Oxidative Stress as a Determinant 
of Antimicrobial Action, Resistance, 
and Treatment

Satabdi Banerjee, Suman K. Nandy, and Sajal Chakraborti

Abstract
Multidrug resistance of bacterial strains due to inappropriate use of antibiotics is 
a great concern of current healthcare management. In the last century, the antibi-
otic research was mainly focused toward synthesis of new drugs for the tradi-
tional targets such as cell wall, protein, and DNA synthesis as well as 
understanding the bacterial counter strategies, namely, target modification, inac-
tivation of drug, alteration of membrane permeability, active efflux of drug, etc. 
The shift of the paradigm of antibiotics research toward bacterial response to 
antibiotic action has recognized a common pathway of bactericidal antibiotic- 
induced oxidative stress-mediated cell killing. All bactericidal antibiotics, but 
not the bacteriostatic one, hyperactivate the citric acid cycle and electron trans-
port chain and open the flood gate of reactive oxygen species (ROS) generation 
including the formation of highly toxic hydroxyl radical through Fenton reac-
tion. ROS causes severe cellular damage to the biomolecules by lipid peroxida-
tion, carbonylation of protein, and DNA strand breakage eventually leading to 
cell death. Bacterial stress response mechanisms counter the oxidative stress 
through active drug efflux, metabolic pathway modifications, synthesis of anti-
oxidants, and SOS repair network, which additionally help microorganisms to 

Authors Satabdi Banerjee and Suman K. Nandy have been contributed equally to this chapter.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8763-0_7&domain=pdf
mailto:sumanknandy@nehu.ac.in


112

acquire and propagate resistance. New treatment strategies are devised on 
pathogen- to-pathogen basis to overturn the resistance and potentiate the bacteri-
cidal action of antibiotics by targeting the SOS response regulatory proteins as 
well as increasing the ROS level at the site of infection by delivery of localized 
species-specific metabolites and antimicrobial agents.

Keywords
Drug resistance · Antibiotic · Bactericidal · Oxidative stress · ROS

7.1  Introduction

Throughout our life, we remain associated symbiotically to numerous bacteria – 
harmless, beneficial, neutral, or pathogenic. In terms of number of cells present in 
human body, only 10% are of human and 90% are microbes. Pathogens represent an 
extremely small part of this microbiota responsible for a number of diseases in 
human. Discovery of modern antibiotics in the early twentieth century has revolu-
tionized the treatment of pathogenic infection and becomes an important part of 
contemporary healthcare management. After mere 17  years of the discovery of 
penicillin in 1945, while receiving the Nobel Prize in Medicine, Sir Alexander 
Fleming cautioned mankind from the threat of antibiotic resistance of bacteria 
caused by the misuse of antibiotics [1, 2]. Nowadays, the exponential growth of 
multiple antibiotic-resistant strains of bacteria poses an increasingly significant risk 
to public health.

Bacterial stress response mechanism enables bacteria to adapt in the adverse and 
fluctuating environmental conditions. Antibiotics elicit a huge selection pressure in 
bacterial population, while the plasticity of prokaryotic genetic material triggers 
diverse but specific responses leading to a rapid genetic evolution through adaptive 
mutations, horizontal gene transfer, modification of gene expression pattern, and 
alteration of cellular physiology ultimately producing bacterial population with het-
erozygous level of antibiotic resistance. In the past 60 years, most efforts are cen-
tered to determine the advancement of the antibiotics’ direct effect on microorganisms 
such as modification of membrane permeability, inhibition of protein, DNA synthe-
sis, etc. and manifestation of bacterial countermeasures, to wit modification of anti-
biotic structure, cellular target, and drug-target interaction, variation in membrane 
permeability, and active efflux of drug across bacterial membrane [3, 4]. The bacte-
rial physiological response to antibiotic treatments leading to cell death occurs via 
oxidative stress (OS) response [4, 5], SOS DNA stress response [4, 6], heat-shock 
protein stress response [4, 7], and their role in drug resistance, which recently 
grabbed the attention of researchers. Understanding the rationale behind the antibi-
otic resistance will surely lay foundation for the new therapeutic avenues and boost 
the scope of development of new drugs.
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In this review, we primarily concentrate on the antibiotic resistance in response 
to OS. Exposure of antibiotics induces different kinds of stress in bacterium and 
host, where oxidative immune response is one of the most prominent aspects in this 
scenario. Various studies have suggested that treatment with bactericidal antibiotics 
may result an increase in OS. Thus, increased antioxidant capacities may, therefore, 
protect a bacterium from both the host immune response and antibiotic therapy. So, 
to understand the tripartite relationship between OS, antibiotic action, and bacterial 
resistance mechanisms, one should start with how the antibiotics work and will 
gradually move to answer the question why they have stopped working and look for 
the possible remedies to get them back on track.

7.2  Antibiotics: Mode of Action

In general, antibiotics are used either to kill bacteria, i.e., the bactericidal effect, 
or to stop their growth, the bacteriostatic strategy, by selectively interfering with 
the essential biological pathways of the pathogens without bothering the host. 
Mostly, the goal is achieved by exploiting the relative biochemical differences 
between the prokaryotic and the eukaryotic molecular machineries, i.e., regulat-
ing or inhibiting enzymes of microbial protein synthesis or DNA replication and 
repair, or through inhibition of any nonhomologous enzyme of essential micro-
bial metabolic pathways or by perturbing cell wall/membrane organization [8]. 
To disrupt the first three machineries, antibiotics are needed to enter into cell 
through one or more membranes, i.e., required to be capable of travel both hydro-
philic and hydrophobic space.

7.2.1  Cell Wall/Membrane Organization

Bacterial cell wall biosynthesis was the first well-proved target utilized historically. 
Bacterial cell walls are composed of peptidoglycan scaffolds, covalently cross- 
linked meshworks of muramyl pentapeptide and glycans, that provide the mechani-
cal strength to withstand osmotic lysis and harsh environmental conditions. 
Antibiotics utilize the advantageous absence of peptidoglycan in mammalian cells 
and selectively interfere at different levels of peptidoglycan synthesis (e.g., lipo-
sidomycins, tunicamycin, vancomycin), delivery (e.g., bacitracin), and cross- linking 
(e.g., β-lactam antibiotics/penicillin) in bacteria, resulting in weak cell walls that 
fail to survive the osmotic pressure and eventually burst [8–10]. Further antimicro-
bial peptides are used to perturb the integrity of cell membranes. Polymyxins are 
used as topical antibiotics as they disrupt integrity of the inner and outer cell mem-
branes of both bacterial and eukaryotic cells by binding to the lipopolysaccharides. 
Ionophore antibiotics (e.g., daptomycin, monensin, and valinomycin) cause rapid 
depolarization of membrane potential by leaking ions, and that eventually destabi-
lizes catabolic and anabolic pathways [11].
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7.2.2  Protein Biosynthesis

Bacterial protein synthesis inhibitors form the broadest class of antibiotics, functions 
by interfering any of the three primary stages of bacterial protein translation, to wit 
(1) constitution of initiation complex comprises of small 30S ribosomal subunit 
(30S), mRNA, tRNA and initiation factors; (2) formation of 70S ribosome by the 
initiation complex and large 50S ribosomal subunit (50S); and (3) elongation and 
termination of polypeptide chains.

These antibiotics are mainly divided into two distinct categories considering 
their site of action, i.e., either as the 30S inhibitors or as the 50S inhibitors. 
Aminoglycosides (e.g., streptomycin, hygromycin) often show better result when 
used in combination with β-lactams, interact with 16S rRNA of 30S, and cause a 
conformational change leading to either misreading of tRNA or early termination of 
protein chain extension. Mistranslated proteins are known to be incorporated in cell 
membrane and subsequently compromise the membrane permeability and contrib-
ute to increase in uptake of aminoglycosides [12]. Tobramycin and kanamycin, on 
the other hand, inhibit the of 70S ribosome formation by blocking the binding site 
of 30S. Tetracyclines are also able to block the tRNA-binding site in both prokary-
otic and eukaryotic ribosomes, but they show higher affinity toward the prokaryotic 
counterpart. Amphenicols (e.g., chloramphenicol), macrolides (e.g., erythromycin, 
azithromycin), lincosamides (e.g., lincomycin, clindamycin), and oxazolidinones 
(e.g., linezolid, radezolid) bind at conserved regions of peptidyl transferase center 
of 23S rRNA of 50S and either stop the initiation of translation or block the access 
of tRNA and/or terminate the elongation process prematurely by blocking the poly-
peptide export tunnel in 50S. All these antibiotics are generally bacteriostatic except 
aminoglycosides, although they are able to show bactericidal effects on treatment in 
species-specific manner [13, 14].

7.2.3  Nucleic Acid Synthesis

Quinolone class of antimicrobials, derivatives of nalidixic acid, is known to 
intervene with the preservation of chromosomal topology by binding to type II 
topoisomerases, e.g., bacterial DNA gyrases in Gram-negative bacteria, and 
topoisomerase IV in Gram-positive bacteria. Both enzymes share a highly similar 
structure and functional mechanism, principally introduce transient double-strand 
nick, relax the supercoiling, and again ligate them. Quinolones, viz., ciprofloxacin, 
and fluoroquinolones arrest bacterial topoisomerases between DNA strand breakage 
and joining i.e. at DNA relegation stage. Accumulation of permanent double-strand 
breaks blocks DNA replication, mRNA transcription, protein translation, and cell 
division, ultimately leading to the initiation of SOS repair and cell death [15]. 
Prevention of SOS response not only improves the bactericidal effects of quinolones 
but also nullifies the development of antibiotic resistance [16, 17]. Therapeutic 
strategies were also developed to stop the bacterial RNA synthesis by utilizing the 
conserved structure of DNA-dependent bacterial RNA polymerase. Rifamycins are 
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the most popular member of the family rifampin/rifampicin that bind to RNA 
polymerase and impose a physical blockage in the way of nascent oligonucleotide 
elongation. Therefore if the transcription process is already executed beyond a 
certain number of steps, rifamycins fail to inhibit. The broad-spectrum antibiotic 
rifamycins efficaciously work against Gram-negative, Gram-positive, and obligate 
intracellular bacteria including mycobacterial infections such as leprosy and 
tuberculosis but show distinctly lower sensitivity for mammalian RNA polymerase 
[18].

7.2.4  Metabolic Pathway

Targeting the central metabolic pathways in bacteria still remains as a prospective 
but largely unexplored area [19]. Folic acid is essential for nucleic acid synthesis 
and metabolism of amino acids. While human manage the uptake of folic acid from 
dietary supplements, microorganisms synthesize it on their own. Thus, disruption of 
bacterial folic acid synthesis pathway will lead to cessation of growth and cell divi-
sion of bacteria. A combination of sulfonamides (such as sulfamethoxazole, sulfa-
cetamide, sulfisomidine, sulfathiazole) and diaminopyrimidines (e.g., trimethoprim, 
tetroxoprim, brodimoprim, iclaprim) is often used successfully against Gram- 
negative and Gram-positive microorganisms. Sulfonamides competitively inhibit 
the early enzyme dihydropteroate synthase by mimicking its substrate para- 
aminobenzoic acid, whereas trimethoprim inhibits the enzyme dihydrofolate reduc-
tase at the final step of the pathway [20].

7.3  Contribution of Reactive Oxygen Species (ROS) 
in Antibiotic Action

Apart from the well-documented mechanism of actions of antibiotics against 
microorganisms, recent studies on the microbial response to bactericidal antibiotics 
point toward a possible ROS-mediated common mechanism involving metabolic 
pathways that further boost the antibiotic action. The antibiotic activity of gramicidin 
A is generally attributed to the alteration of membrane permeability and composition; 
the new findings with Staphylococcus aureus point toward hydroxyl radical forma-
tion coupled with the disruption of TCA cycle and momentary reduction of NADH 
level [21]. Similar increase in ROS production is observed in wild-type 
Staphylococcus epidermidis in response to β-lactams, while the tolerant strains 
depicted TCA cycle dysfunction and cell surface modifications [22]. Duan et  al. 
[23] have evidenced that in the presence of exogenous bacterial growth inhibitor 
l-serine, even the fluoroquinolone-resistant E. coli strains became susceptible to 
fluoroquinolones. The combinatorial treatment showed markedly higher efficacy 
against the resistant strains along with increased production of NADH, disruption of 
iron-sulfur clusters, and stimulation of bacterial ROS production. Further antibiotic- 
mediated ROS generation was directly documented by single-cell real-time 
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fluorescence assay, chemiluminescence, and electron paramagnetic resonance in 
various studies [22, 24, 25]. Mutational and inhibitory studies involving triggered 
dysfunction of electron transport chain (ETC) and aerobic respiration have suggested 
reduced aminoglycoside susceptibility in E. coli and Pseudomonas aeruginosa [26, 
27]. The varying antibiotic tolerance of superoxide dismutase (SOD)-deficient 
Enterococcus faecalis with the variation of energy resources provides additional 
support for the reliance of antibiotic action on metabolic pathways. Utilization of 
hexoses has shown the highest killing, followed by pentoses, whereas glycerol has 
failed to pose any threat for enterococcus survival. The above portrayed the impor-
tance of glycolysis pathway [28].

7.4  The Common Pathway of ROS-Mediated Antibiotic 
Killing

Endogenous ROS generation is the inevitable fallout of oxidative respiration in 
living organisms. Molecular oxygen (O2) diffuses through the microorganisms and 
undergoes single-electron reduction by ETC flavoprotein complexes and generates 
superoxide radical (O2

•− ). In steady state, bacterial Mn-SOD or Fe-SOD provides 
protection from O2

•− -based damages ( 2 22 2 2 2O H H O O• )− ++ → + but also generates 
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Fig. 7.1 Common mechanism of antibiotic induced ROS mediated cell killing [5]
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another toxic product, hydrogen peroxide (H2O2), and that reduced to water by 
catalases/peroxidase [29]. On the other hand, exposure of all major classes of 
bactericidal antibiotics in lethal doses, irrespective of their specific mode of action, 
induces CpxAR two-component envelope stress response system and successively 
redox responsive two-component regulatory system ArcA.  ArcA, being a potent 
transcriptional regulator of energy metabolism and respiratory systems, hyperacti-
vates the TCA cycle and ETC, thereby increasing both the ROS generation and 
demand of reducing equivalents, namely, NADH and FADH2 (Fig. 7.1) [30, 31]. 
The increase in the levels of O2

•−  and H2O2 overcomes the dismutase/peroxidase 
defense mechanism and generates lethal hydroxyl radicals (OH•) via Fenton reaction 
(H2O2  +  Fe2+ →  OH−  +  OH•  +  Fe3+). Unlike O2

•−  and H2O2, there is no known 
mechanism for in vivo OH• detoxification. Rather OH• can induce cytotoxic and 
mutagenic damage to biomolecules, namely, lipid peroxidation, loss of function, or 
structural integrity of protein and DNA breakage either by itself or via generation of 
other ROS. ROS can induce nick in single-strand or double-strand DNA, physically 
damage the nucleotide bases and phosphodiester backbone, as well oxidize the 
deoxynucleotide pool causing further damage to nucleic acids that subsequently 
leads to antibiotic-induced cell death [5, 32, 33]. The supply of ferrous iron (Fe2+) 
in Fenton reaction is maintained by O2

•−  either through oxidation of available free 
ferric ions (Fe3+) or by destabilization of iron-sulfur clusters of bacterial redox 
proteins causing disruption of iron regulation through Haber-Weiss reaction 
( Fe O Fe O .3

2
2

2
+ − ++ → +• )  Thus, during oxidative stress, Haber-Weiss and Fenton 

reactions can be coupled to start a vicious cycle of OH• and other ROS production 
and thereby damage various components of the cell [5, 29].

7.5  Counter Evidences of ROS-Mediated Antibiotic Killing

The evidence discussed in Sect. 7.3 points toward the involvement of TCA cycle 
and other metabolic pathways in antibiotic-mediated ROS formation. But, there are 
some counter reports questioning the quantification of antibiotic contribution in 
bacterial ROS generation. Wild-type and OS mutant strains of Listeria monocyto-
genes, a human pathogen with acyclic TCA cycle lacking α-ketoglutarate dehydro-
genase, upon exposure to bactericidal antibiotics did not show any difference toward 
antibiotic sensitivity. The absence of α-ketoglutarate dehydrogenase ceases the for-
mation of NADH [34]. But bactericidal antibiotic-mediated redox alterations as 
well as ROS-induced increase in the efficacy of antibiotic is acknowledged in a later 
study with Streptococcus pneumoniae, a bacterium deficient of ETC – the specula-
tive source of ROS, indicate toward the contribution from some alternative source 
of ROS generation [35].

Antibiotics work with twin strategy: firstly, the important bacterial functional 
components that are also the major energy consumer are targeted and simultane-
ously the metabolic state of the microbes is modified. While the growth inhibition 
by bacteriostatic antibiotics is associated with downregulation of cellular respiration 
and metabolic pathways, the killing effect of bactericidal antibiotics is connected 

7 Oxidative Stress as a Determinant of Antimicrobial Action, Resistance…



118

with the acceleration of respiration. Hence, the combinatorial application or use of 
growth/metabolic activity inhibitors such as OH• scavenger and/or antioxidants 
(e.g., thiourea) or iron chelators (e.g., dipyridyl) decreases the efficacy of bactericidal 
antibiotics as reflected in many studies that question ROS contribution [36, 37] 
Conversely, addition of specific metabolites boosts the bactericidal cell killing in 
both aerobic and anaerobic conditions. Further, the physiological state of 
microorganisms is another important factor to decide their response to antibiotics. 
For example, nonavailability of nutrients may induce stringent response and illus-
trate antibiotic tolerance [38]. Therefore, the early reports of indifferent survival of 
E. coli in presence of a variety of antibiotics in lethal concentrations under aerobic 
and anaerobic conditions as well as ineffectiveness of thiourea to produce any pro-
tective effect on bacterial endurance [36, 37] are now in contrast to several later 
reports [21–23, 32, 39, 40]. However, the direct real-time evidences of antibiotic- 
mediated ROS generation are simply beyond any doubt [22, 24, 25].

Antibiotic-mediated ROS formation might not be a universal effect for 
bactericidal antibiotics. For example, the bactericidal effects of colistin, an 
antibacterial peptide, on P. aeruginosa are independent of OH• generation [41]. 
Additionally, the genetic background of the strains also plays an important role in 
the antibiotic- induced ROS generation as well as the antibiotic concentration as 
seen in different strains of S. aureus and S. pneumoniae. As a result, antibiotics that 
have shown bactericidal effect in certain strains may act as a bacteriostatic in other 
strains of the same species [42, 43].

7.6  Bacterial Management of Antibiotic-Mediated OS

Microorganisms have portrayed diverse protective responses to all known 
bactericidal antibiotic-mediated ROS generation. Bacterial genetic response to the 
antibiotic exposure has formulated several different strategies to overcome 
antibiotic-induced OS.  Overexpression of resistance determinants such as multi-
drug efflux pumps and their regulatory proteins is widely documented among bac-
teria. Continuous exposure of increasing concentrations of bactericidal antibiotics 
has shown indole production, which consecutively turn on the efflux pumps in the 
resistant strains of E. coli [44]. Additionally, the SoxR-controlled induction of 
acrAB multidrug efflux in E. coli, MgrA- and SarZ-mediated regulation of efflux 
genes in S. aureus, and mexAB-oprM drug efflux operon regulation by MexR in P. 
aeruginosa are also known to be sensitive to OS and boost bacterial survival against 
antibiotics [45–48].

Sub-lethal concentrations of antimicrobials are known to affect bacterial 
physiology and metabolism in more than one way resulting in the alteration in 
antibiotic sensitivity. Lower concentrations of antibiotics induce low level of ROS, 
which is unable to produce enough cellular damage to kill the bacteria, but stimulate 
the protective responses and become beneficial for bacteria in acquiring resistance. 
Pre- treatment with sub-optimal inhibitory concentrations of metabolic generators of 
superoxide induces SoxR-mediated multidrug efflux systems in E. coli and reduces 
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aminoglycoside susceptibility [49]. Treatment with sub-lethal concentrations of 
tobramycin and gentamicin is found to decrease ROS generation in P. aeruginosa 
by partially bypassing the TCA cycle and downregulating Fe uptake to avoid the 
Fenton reaction [50]. Similar modifications of TCA cycle resulting in OS tolerance 
against β-lactum antibiotics through alteration of cell surface charge distribution 
and prevention of autolysis are also reported in clinical isolates of S. epidermidis, a 
normal inhabitant of human skin [22]. Burkholderia cepacia and P. aeruginosa also 
opt for an alternative pathway, the glyoxylate shunt, to control the antibiotic-induced 
ROS generation bypassing the decarboxylation steps involving reducing equiva-
lents (NADH, FADH2) production (Fig. 7.1) and thus decoupling ETC form TCA 
cycle [51, 52]. Sub-inhibitory concentrations of antibiotics such as tetracycline, 
ampicillin, cotrimoxazole, and gentamycin are known to induce differential gene 
expression in Listeria monocytogenes ensuring a shift toward anaerobic metabolism 
to avoid ROS formation [53]. Production of toxic molecules like hydrogen sulfide 
also exerts protective effect against the OS induced by wide range of bactericidal 
antibiotics in Bacillus anthracis, S. aureus, E. coli, and P. aeruginosa [54]. Sub- 
lethal doses of bactericidal antibiotics can also produce multidrug resistant micro-
organisms through ROS-mediated mutagenesis by multiple mechanisms such as 
clash between replication and transcription machinery for highly transcribed genes, 
downregulation of mismatch repair system, and direct DNA damage as elaborated 
in Sect. 7.4 [33, 55, 56].

DNA damage caused by ROS eventually activates the SOS co-regulator RecA, 
which successively inactivates the SOS steric repressor protein LexA and initiates 
SOS gene expression. Depending upon the nature and frequency of lesions, the 
repair process may involve nucleotide base excision, recombination, and error- 
prone DNA synthesis by translesion DNA polymerases, e.g., DNA polymerases II, 
IV, and V.  DNA polymerase V is mainly engaged in the repair of ROS-inflicted 
DNA damages. The lack of proofreading activity in translesion polymerases further 
contributes to its lower sequence fidelity resulting in increased mutation rate during 
SOS repair [57, 58]. ROS-mediated oxidation of most susceptible nucleotide gua-
nine produced extremely mutagenic 8-oxo-deoxyguanine, which can form base pair 
with adenine and promotes mutagenesis through error-prone SOS repair system 
[33]. SOS response has been shown to be stimulated in E. coli by β-lactum antibiot-
ics ensuing brief cessation of the cell division as a protective measure since the 
β-lactums are only active in growing cells [59]. In S. aureus, β-lactum-induced SOS 
repair even promotes horizontal transfer of virulence factors [60]. Activation of con-
served SOS regulatory network by β-lactum-like nongenotoxic antibiotics can 
accentuate antibiotic-induced ROS generation. Further treatment with an antibiotic 
has been illustrated to gain multidrug resistance through SOS repair-mediated muta-
tions. Ceftazidime resistance has been reported in P. aeruginosa, which results from 
metronidazole-mediated SOS response causing genetic rearrangement in integron 
gene cassette [61]. The importance of SOS response in resistance development and 
the special role of RecA have been recognized in E. coli, although the magnitude of 
the effect is highly dependent on the particular antibiotic class and associated opti-
mal or stressed growth conditions [62].
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7.7  Futuristic Treatment Strategies

Metabolism plays a guiding role in bactericidal antibiotic-mediated killing and 
inducing antibiotic resistance. Hyperactivation of TCA cycle and ETC generates 
ROS and boosts the antibiotic action, while low ROS concentrations are advanta-
geous to microorganisms in gaining resistance through endogenous ROS-protective 
response. Hence, boosting bactericidal antibiotic action with appropriate supple-
ments and perturbing the ROS defense mechanism of bacteria arise in two much- 
speculated avenues for treatment [63].

Metabolic models can be used to predict the ROS generation hotspots and to 
design species-specific therapeutic strategies to counter antibiotic tolerance. 
Increase in the susceptibility of S. aureus and P. aeruginosa is observed against 
aminoglycosides with fructose and fumarate supplementation, respectively, owing 
to the amplified electro chemical gradient across the bacterial membrane inducing 
enhancement of antibiotic uptake. Quinolone lethality could be improved against E. 
coli bacterial load by stimulating bacterial respiration through the addition of glu-
cose and fumarate as metabolites [64, 65]. Site-specific delivery of metabolites at 
the site of infection may further boost the antibiotic activity. Cooperative action of 
interferon-gamma-induced ROS formation and application of ceftazidime antibiotic 
illustrated increased susceptibility of Burkholderia pseudomallei in infected macro-
phages [66]. L-serine has been reported to enhance ofloxacin activity against E. coli 
by increasing the ROS level through Fenton reaction [23]. Combinatorial treatment 
of isoniazid and artemisinin proved successful against dormant M. tuberculosis 
strains [65].

Hypothetical speculation of regulating the SOS gene network or inhibiting the 
key gene products to improve the efficacy of all bactericidal antibiotics is a long- 
standing postulate in the world of antibiotic design. Recently, reversal of quinolone 
activity has been demonstrated in a series of E. coli phenotypes of varying antibiotic 
tolerance through the suppression of SOS response [67]. Suppression of SOS 
response by targeting the major regulators, RecA and LexA, is a well-accepted 
strategy of restoring bacterial vulnerability and minimizing the emergence of resis-
tance. Considering the presence of human homologues of RecA, the Rad51 family 
can form active quaternary structure with RecA, i.e., the RecA oligomerization 
interface comes out as a potent target. Bacteriophage-mediated delivery and expres-
sion of uncleavable LexA variants provide promising results, while combinatorial 
use of quinolones further increases the bacterial sensitivity [5, 68, 69]. Targeting 
auto-proteolysis of LexA is considered a difficult target until recently, but Mo et al. 
[70] came up with a solution through academia-industry partnership. Among the 
alternative approaches, bacteriophage-mediated species-specific delivery of antimi-
crobial peptides, gene networks promoting antibiotic effectiveness, or repressing 
repair mechanisms could be the next-generation treatment without affecting the 
human microbiota [6, 71]. Targeted and combination therapies with nanoantibiotics, 
nanomaterials loaded with antibiotics, will probably explore the advantage of both 
worlds and might be another promising approach toward future treatment [72].
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Abstract

Diseases caused by trypanosomatids include leishmaniasis (Leishmania spp.), 
Chagas disease (Trypanosoma cruzi), and sleeping sickness (Trypanosoma bru-
cei) that affect millions of people, especially low-income populations, being 
classified as neglected tropical diseases. Limitations in the clinical treatment, 
associated with the huge number of cases, make these infections a health and 
socioeconomic problem worldwide. To complete their life cycle, trypanosoma-
tids survive to environmental changes in different hosts, including oxidative 
stress. A paradoxal role of reactive oxygen species (ROS) has been proposed, 
such as signaling as a proliferation regulator or even presenting cytotoxic activ-
ity, depending on the concentration. Mitochondrial electron transport chain, 
especially complex III, is figured as one of the most important ROS resources in 
trypanosomatids. In relation to antioxidant defenses, trypanothione pathway 
plays a crucial role, being a peculiar thiol-redox system responsible for the main-
tenance of protozoa functions mediated by thiol-dependent processes. In this 
chapter, we discuss the biological aspects of oxidative stress in trypanosomatids 
and its implications for the success of the infection. The possible ROS resources 
in these protozoa and their consequent antioxidant machinery involved in detoxi-
fication were also focused in this review, including alternative strategies for the 
development of new drugs for these diseases based on oxidative stress 
modulation.
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8.1  Introduction

The World Health Organization (WHO) defined neglected tropical diseases (NTDs) 
as a group of illnesses that affects low-income populations in tropical and subtropi-
cal areas, without the adequate sanitary conditions, reaching over than a billion 
people worldwide. These conditions which are far from the ideal, together with 
severe limitations in the current chemotherapy, led to high mortality and morbidity 
rates of these diseases in developing countries [1]. Trypanosomatid parasites are 
responsible for some of the most important NTDs. Leishmania species, Trypanosoma 
cruzi, and Trypanosoma brucei cause leishmaniasis, Chagas disease, and sleeping 
sickness, respectively [2], and the implication of oxidative metabolism in the suc-
cess of these infections is the focus of this review.

8.1.1  Leishmania spp. and Leishmaniasis

Leishmaniasis is a complex of diseases caused by over 20 species of parasites of the 
genus Leishmania [3]. This disease is endemic in 98 countries, with more than 12 
million people infected and 350 million in risk areas [4]. The parasite life cycle is 
digenetic, with two hosts: an invertebrate host (sandfly), being also the transmitter of 
the disease, and the vertebrate host (mammalian), including humans and animals 
such as rodents, canines, marsupials, primates, and others [5–8]. Leishmania is 
responsible for two major clinical manifestations, tegumentary and visceral leish-
maniasis. The tegumentary form can be divided into cutaneous, diffuse, and mucocu-
taneous; however, it is the visceral form which can lead to death by affecting internal 
organs, such as the liver and spleen [9]. Leishmaniasis chemotherapy has been based 
over seven decades on pentavalent antimonials; however, even being the first choice 
of treatment in several countries, its side effects and longstanding therapy added to 
all the resistance reports led to alternative drug choices, such as amphotericin B, 
pentamidine, paramomycin, and miltefosine [10, 11]. Amphotericin B and its lipid 
formulation, which reduces side effects but has a higher cost, is the first-line therapy 
in some countries and an alternative in cases of antimonial failure. Nevertheless, 
along with pentamidine and paramomycin, there is a vast report of failure cases, with 
side effects, longstanding treatment, and resistance reports [9]. Miltefosine, the first 
oral drug for leishmaniasis, has been emerging in leishmaniasis therapeutic scenario, 
but the resistance case reports and teratogenic effects limit its use [12].

Leishmania biological cycle presents two major hosts and two forms. When the 
hematophagous sandfly host bites the infected mammal, it ingests a mixture of 
blood and phagocytic cells infected with amastigote forms, which are released upon 
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cellular rupture. Inside the insect gut (midgut or hindgut, depending on the 
Leishmania subgenus), amastigotes differentiate as procyclic promastigotes and 
develop in the sandfly. Promastigotes migrate to the proboscis and differentiate into 
metacyclic promastigotes, the mammalian infective form. When the infected sand-
fly bites a mammalian host, it regurgitates promastigotes, which are phagocytized 
by mononuclear phagocytic cells. Once, inside these cells, promastigotes transform 
into amastigotes, that proliferates up to host cell rupture, being phagocytized by 
other phagocytic cells, disseminating the infection [13].

8.1.2  Trypanosoma cruzi and Chagas Disease

Chagas disease, which is caused by the hemoflagellate protozoa T. cruzi, is typically 
a Latin American endemic illness. With the reduction in the transmission by triato-
minae vector, other transmission routes emerge, such as contaminated food or liquid 
ingestion in Brazil and transfusional transmission in Europe and North America, 
due to an increase in the migratory flux of infected people [14, 15]. In relation to 
clinical manifestations, Chagas disease presents an acute phase defined by high 
parasitemia in the patient bloodstream and a chronic phase where severe cardiac 
and/or digestive alterations are observed in 30–40% of the infected individuals 
decades after the acute infection [16, 17]. Up to now, benznidazole and nifurtimox 
are the clinical options for Chagas disease chemotherapy, being strongly effective 
on acute cases. On the other hand, both nitroderivatives show severe side effects as 
well as important activity limitations in the symptomatic chronic patients, particu-
larly. Differences in the susceptibility of the parasite stocks isolated from distinct 
areas to these drugs also emphasize the necessity of the development of alternative 
compounds [18, 19].

The complexity of T. cruzi biological cycle, with different parasite evolutive 
stages and two hosts, also contributes for the delay in the development of novel 
active trypanocidal compounds. During the bloodmeal, triatomines ingest trypo-
mastigotes with blood of the infected host. Reaching the midgut, bloodstream forms 
differentiate into proliferative epimastigotes that colonizes the insect digestive tract. 
The migration of epimastigotes to the low nutrient and acid environment of the tri-
atomine posterior rectum triggers a new differentiation process in the parasite, and 
nonreplicative metacyclic trypomastigotes present in the insect feces will infect the 
vertebrate, invading host cells. In the intracellular environment, metacyclic forms 
differentiate into amastigotes that proliferates quickly. A new intracellular differen-
tiation occurs to trypomastigotes that disrupt host cell and disseminate the infection 
by bloodstream [20, 21].

8.1.3  Trypanosoma brucei and Sleeping Sickness

Sleeping sickness, which is caused by the trypanosomatid T. brucei rhodesiense or 
T. brucei gambiense, is a disease restricted to sub-Saharan Africa, where the vector 
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tsetse flies (Glossina spp.) is present. The transmission occurs by the insect bite, 
being T. b. gambiense the most abundant infection (98% of all cases), which is espe-
cially distributed in the Democratic Republic of Congo [22]. An estimation of WHO 
pointed to 70 million people under risk of infection and about 20,000 new cases per 
year [23–25]. Clinical manifestations of sleeping sickness mainly involve cognitive 
impairment, including mental confusion, personality alterations, and seizures, 
among others, deriving from the direct injury caused by the parasite presence in 
central nervous system of the host, being present for many years or months in T. b. 
gambiense or T. b. rhodesiense infections, respectively [26]. Unfortunately, this dis-
ease progression can lead to the patient death, if untreated. Due to the variety of 
illness stages and parasite subspecies, adaptations in chemotherapy approach are 
critical. Suramin and pentamine are the first-line drugs for early phase of T. b. rho-
desiense and T. b. gambiense infections, respectively. On the other hand, the treat-
ment of later stages is more complicated, once the compounds need to cross the 
blood-brain barrier. Melarsoprol and eflornithine (only for T. b. gambiense) are the 
current drugs for this stage, sometimes in combination with nifurtimox; however, 
their high toxicity associated with difficulties in the administration encourages the 
search for alternative therapies [27–29].

The evasion of the host immune system by the parasite represents a crucial chal-
lenge for the efficacy of novel drugs. Variant surface glycoproteins (VSGs) of T. 
brucei mammalian stages are produced constantly, varying the composition of the 
protozoa surface coat and hampering their recognition by host phagocytic cells [30]. 
The biological cycle of T. brucei starts during the tsetse fly foraging, when metacy-
clic trypomastigotes are inoculated after the insect bite, reaching the mammalian 
bloodstream. The first differentiation step takes place, and long slender forms pro-
liferate, maintaining the infection. Central nervous system, as well as different other 
tissues, are infected when this stage crosses the endothelia. In order to guarantee the 
parasite survival in the tsetse environment, long slender forms differentiate into 
short stumpy forms that will be ingested by the insect. In the midgut, a new differ-
entiation process occurs, and procyclic trypomastigotes will colonize the digestive 
tract of the flies. The migration of procyclic forms to the salivary glands takes place, 
tissue where the last parasite differentiation step will occur. Infective metacyclic 
trypomastigotes presented in the insect saliva will reach vertebrate host during tse-
tse bloodmeal [31].

8.2  Oxidative Stress

The harmful consequences of free radicals production for biological systems and its 
implications in aging and diseases were proposed only half century after the first 
description of these species by Moses Gomberg [32]. Curiously, many years later, it 
was demonstrated that free radicals can also present a beneficial role for the cells and 
tissues, and it was postulated their involvement in the killing of pathogens, and help 
in the immune system [33, 34]. So, the participation of these molecules has been 
demonstrated in a great variety of biochemical pathways, acting as regulators [35].
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Even today, the terms “reactive species” and “free radicals” are employed as 
synonyms, generating a little confusion. Free radicals are instable and represent 
reactive molecules with an unpaired electron in their orbital [36, 37]. Some reactive 
species does not present an unpaired electron, being not considered a free radical 
[38]. Reactive nitrogen species (RNS) comprehend nitric oxide (NO), nitrogen 
dioxide (NO2), peroxynitrite (ONOO–), and nitroxyl (HNO) that participate in many 
crucial cellular processes [39], while also reactive oxygen species (ROS) include 
superoxide anion (O2

•–), hydrogen peroxide (H2O2), and hydroxyl radical (HO–). 
Here, we only focused on the mechanisms of oxidative stress and their detoxifica-
tion in pathogenic trypanosomatids and also its implications for the infection 
success.

In oxidative conditions, antioxidant machinery is highly expressed in order to 
downregulate the reactive species to physiological levels. Indeed, when such bal-
ance is broken, the concentration of ROS and/or RNS becomes higher, defining the 
oxidative stress condition that presents different biological implications, depending 
on molecular targets oxidized and the efficacy of antioxidant defenses, among other 
factors [40, 41]. The increase in ROS generation usually promotes this disbalance; 
however, the decrease in levels of antioxidant enzymes, due to reduction in expres-
sion or inactivation, also contributed for the oxidative regulation [42]. Regardless of 
the causes, the availability of reactive species scavengers strongly modulates almost 
all of biochemical pathways [43].

In the oxidative context, among all organelles and cellular structures, the mito-
chondrion stands out. Nobel Prize winner, Peter Mitchel, in 1961, described the 
co-dependency of cellular respiration and oxidative phosphorylation, being the oxy-
gen metabolism and the ATP production causes of each other [44–46]. In the mito-
chondrial cristae, oxidative phosphorylation takes place, being the proton 
electrochemical gradient generated by electron transport through the complexes, 
leading to ATP synthesis [47, 48]. In aerobic conditions, the great majority of the 
oxygen directly reduced to water by complex IV (cytochrome c oxidase) in an elec-
tron transport chain (ETC) [49]. The partial reduction of oxygen by ETC electrons 
leakage represents one of the main ROS sources in eukaryotic cells, usually occur-
ring in complexes I and III, as well as in coenzyme Q [50]. Alternatively to ETC, 
other enzymatic reactions, such as those catalyzed by oxidases, also can represent 
important ROS resource. In ETC, coenzyme Q shows an oxidized (UQ) or a reduced 
state (partially reduced UQ– or fully reduced UQH2), becoming one of the largest 
ROS generators in the mitochondrion. It is directly associated with its role in oxida-
tive phosphorylation, where coenzyme Q reduction by complexes I and II allows the 
electrons targeting to complex III, in a step dependent of the full reduction of ubi-
quinone. This process includes oxidized ubiquinone that is partially reduced to 
semiquinone (transference of only one electron). During the return to stable state, 
coenzyme Q needs to be reduced again, and such reduction occurs with the semiqui-
none formation. This reaction is not so quick; many molecules including oxygen 
could be also reduced by semiquinone, producing mitochondrial ROS [51–53]. 
Chronologically, O2

•– is the first ROS generated during ETC electron leakage, 
derived from oxygen reduction by only one electron. Due to its unstability, 
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superoxide anion is detected in low concentrations in cells under physiological con-
ditions, situation where superoxide dismutase (SOD) and other specific antioxidant 
enzymes are expressed in order to detoxify these free radicals [41, 52].

After superoxide anion production, the next ROS generated is H2O2 by the O2
•– 

reduction with two protons accepted, concomitantly. H2O2 does not present an 
unpaired electron, being more stable and less reactive than O2

•–. Once such molecule 
is still more reactive than molecular oxygen, it is called ROS but it is not considered 
a free radical. Peroxidases and catalases are specific antioxidant enzymes involved 
in H2O2 removal [41]. In a new reduction step, HO– is produced from H2O2, a highly 
reactive free radical that interacts with more protons and electrons, generating water 
as a product from Fenton reaction [54]. For sure, HO– is the most damaging ROS, 
impairing a great variety of biological processes; however, due to its high instability, 
this molecule presents low half-life in cells compared to other ROS [41, 55, 56]. In 
summary, cellular physiology is directly affected by the consequences of these spe-
cies production, damaging macromolecules, organelles, and structures, which can 
lead to phospholipids peroxidation, including in the plasma membrane, and causing 
subsequent cell rupture [57] (Fig. 8.1).

8.2.1  Oxidative Metabolism in Pathogenic Trypanosomatids

The mitochondrial metabolic processes that occur in the majority of the organisms 
are also present in trypanosomatids, despite some specific peculiarities of this 
organelle [58] (Fig. 8.1). ETC exhibits unique features when comparing their enzy-
matic complexes to the canonical system. In higher eukaryotes, the complex I 
(NADH: ubiquinone oxidoreductase) contains up to 30 accessory subunits whose 
function remains largely unknown [59–61]. It catalyzes the transfer of electrons 
from NADH to ubiquinone, restoring the NAD+, with the concomitant translocation 
of four protons across the mitochondrial inner membrane [62]. In trypanosomatids, 
this complex consists in 19 subunits which were determined by proteomic analysis 
or deduced from genome sequence searches [63]. However, the functionality of 
complex I in these protozoa has been debated. Among the described subunits, all 
molecules known to participate in electron transfer are present, but four membrane 
subunits supposedly involved in proton translocation are missing. Indeed, NADH- 
dependent substrates are not able to stimulate ATP production in isolated mitochon-
drion [64]. Natural T. cruzi mutants which showed deletions in ND4, ND5, and ND7 
genes coding for complex I subunits presented no significant differences in oxygen 
consumption, respiratory control ratio, and mitochondrial membrane potential in 
the presence of NADH-dependent substrates or FADH2-generating succinate. In 
mammals, the complex I is also a site of ROS production; however, H2O2 formation 
induced by different substrates was not associated to complex I subunit deletions, 
demonstrating that these mutations are not important for the control of oxidative 
burst in trypanosomatids [65]. In T. brucei, NADH-induced respiration is sensitive 
to the complex I inhibitor rotenone, at a higher concentration than that dose required 
for inhibiting this complex in other models [66, 67], which is suggestive of the 
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inhibition of other electron carriers [68] or even a characteristic of an atypical com-
plex I. Besides that, previous findings pointed to an increased mRNA levels of sev-
eral kDNA encoded complex I subunits in bloodstream compared to T. brucei 
procyclic forms [69, 70], suggesting a more important role for complex I in this 
parasite stage. Nevertheless, RNAi knockdown of three subunits indicates that com-
plex I is not required for normal culture growth of T. brucei procyclic forms [71], 
the same phenotype was observed in T. cruzi natural knockouts [65].

Trypanosomatids, as many other organisms, have alternative pathways to trans-
fer electrons without concomitant proton translocation, such as type-II NAD(P)H 
dehydrogenases and alternative oxidases [57]. The contribution of the alternative 
NADH oxidizing enzymes to the entry point of electrons into the respiratory chain 
is not completely established. Type-II NAD(P)H dehydrogenases are single poly-
peptides that catalyze the transfer of two electrons from NAD(P)H to ubiquinone 
without coupled proton pumping [72, 73]. These enzymes are able to oxidize both 
NADH and NADPH produced either in cytosol or in the mitochondrial matrix, 
depending on the orientation of NADH binding site. In trypanosomatids, the alter-
native NADH dehydrogenase was first described in T. brucei, where a rotenone- 
insensitive NADH oxidation activity and superoxide production in procyclic forms 
were reported [74, 75]. Contrasting to the lack of phenotype observed for complex 
I mutants, the knockdown of type-II NAD(P)H dehydrogenases affects parasite 
growth and decreases mitochondrial membrane potential [71, 76, 77].

In most trypanosomatids, succinate is the major end product of glucose metabo-
lism. This substrate of complex II (succinate:ubiquinone oxidoreductase) is pro-
duced in the glycosome and/or in the mitochondrial matrix by NADH-dependent 
fumarate reductases. These enzymes oxidize NADH generating succinate from 
fumarate [78–81]. The excretion of succinate probably indicates that the respiratory 
chain is not able to deal with the input of reducing equivalents, supporting the exclu-
sive occurrence of oxidative phosphorylation from complex II to complex IV in 
trypanosomatids. Some data suggest that malonate, an inhibitor of complex II, 
impaired oxygen consumption when complex I and II substrates were added [64, 
65, 82]. Complex II of T. cruzi epimastigotes and L. donovani promastigotes pro-
duce ROS after the treatment with thenoyltrifluoroacetone (TTFA), another inhibi-
tor of complex II [83, 84].

The ubiquinol:cytochrome c oxidoreductase, or complex III, works similarly in 
trypanosomatids and other eukaryotes. This complex carries the electrons flow to 
cytochrome c, which reduces the complex IV. As well as in other organisms, try-
panosomatid complex III is usually the major source of mitochondrial ROS, being 
responsible for O2

•– formation in L. donovani promastigotes and T. cruzi epimasti-
gotes induced by antimycin A, a classical inhibitor of this enzyme [83]. The only 
exception was T. brucei, in which this complex is not considered a potential ROS 
producer site [75]. Trypanosomatids possess two terminal oxidases: a classic com-
plex IV KCN-sensitive and a KCN-insensitive alternative oxidase (AOX) [85–87]. 
The classic complex IV is similar to mammalian cytochrome c oxidase, transferring 
electrons from cytochrome c to the final acceptor, an oxygen molecule. This com-
plex is important to mitochondrial functions, causing a decrease in this organelle 
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membrane potential, reduced ATP production via oxidative phosphorylation, and 
redirected oxygen consumption to AOX when their indispensable subunits were 
repressed in T. brucei procyclic stage [88]. The impairment of cytochrome c oxidase 
also resulted in other severe mitochondrial phenotypes. Without active complex IV, 
the electrons flow through complex III is not able to completely reduce the oxygen. 
Therefore, the electrons flow from cytochrome-mediated pathway can be deviated 
to AOX. Gnipová et al. [88] also showed that knockdown of T. brucei complex IV 
subunits affects the complex III activity, suggesting that these subunits are respon-
sible for the signaling mechanism that allows communication between these two 
sequential respiratory complexes. It can contribute to ROS production detected 
when cytochrome c oxidase was repressed in these parasites.

AOX, the second terminal oxidase in trypanosomatids, is restricted to the inner 
mitochondrial membrane of both T. brucei bloodstream and procyclic forms, not 
exhibiting proton translocation capacity and subsequent contribution to proton gra-
dient that drives ATP formation. In bloodstream forms, the complex IV can be com-
pletely replaced by AOX, while in the insect stage, the enzyme coexists with this 
complex. Interestingly, KCN, a complex IV inhibitor, does not completely abolish 
T. cruzi and L. donovani respiratory rates, suggesting the existence of an AOX as an 
alternative to cytochrome c oxidase. However, the activity of salicylhydroxamic 
acid, an AOX inhibitor, was observed only in T. cruzi, suggesting a role of this 
enzyme in this parasite energetic metabolism [89, 90]. In L. donovani, the respira-
tion KCN-insensitive still remains unclear, needing further investigation [91]. Fang 
and Beattie [72] showed that the inhibition of AOX by salicylhydroxamic acid stim-
ulates ROS formation in T. brucei, resulting in an increase in oxidation of cellular 
proteins. Besides that, AOX activity increased when parasites were incubated in the 
presence of H2O2 and antimycin A, which leads to high ROS levels. These data sug-
gested that the excess of reducing equivalents was removed by AOX in T. brucei 
transferring these equivalents to oxygen, preventing ROS production.

Kinetoplastid parasites have a complex life cycle in which they transit between 
invertebrate and vertebrate hosts. During the cycle, the protozoa change their mor-
phology and metabolic profile, adaptating to diverse environmental conditions [92, 
93]. In T. cruzi, the comparison between the energetic and oxidative metabolisms of 
bloodstream trypomastigotes and epimastigotes showed more active complex II–III 
and a restriction in electron flux to complex IV, reducing oxygen consumption and 
resulting in increased H2O2 generation in bloodstream forms [94]. These findings 
can be explained by the access to glucose at constant concentration that trypomasti-
gotes have in vertebrate bloodstream. Similar results were found in T. brucei blood-
stream stage that is essentially glycolytic, also living in an environment that presents 
high glucose levels. Besides that, these protozoa also lack many tricarboxylic acid 
cycle enzymes and cytochromes, affecting energy production [95–97]. In this 
regard, the invertebrate environment is glucose poor but is rich in amino acids 
released from intense digestion of blood proteins [92, 98, 99], resulting in high 
hemolymphatic levels of histidine [100, 101]. Several groups have discussed the 
possibility of oxidative environment as a stimulus to trypanosomatid growth. In T. 
cruzi epimastigotes, an increase in parasite proliferation was observed in response 
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to H2O2 incubation, mediated by calmodulin kinase II activation. The exposure of 
epimastigotes to different redox-state molecules including heme, a pro-oxidant 
molecule derived from the insect blood digestion, increased mitochondrial ROS 
production and parasite replication, whereas mitochondrion-targeted antioxidant 
reduces ROS generation, impairing protozoa proliferation and increasing metacy-
clogenesis [102–104].

8.2.2  Oxidative Metabolism in the Hosts

Both invertebrate and vertebrate hosts of trypanosomatids share a common machin-
ery of oxidative metabolism, which occurs in the mitochondrion. After decades of 
research in this field, critical proteins and molecules involved in the oxidative 
metabolism were described. The sequenced mitochondrial genome and uncoupling 
proteins (UCP) assays were extremely important for the overall comprehension of 
this process [105–107]. As described above for trypanosomatids, ETC is presented 
in the mitochondrial inner membrane, being the complexes I, II, III, IV, and ATP 
synthase functional [46]. The electrons entry in ETC occurs in complexes I or II, 
passing to complex III through coenzyme Q. Having received the electrons from 
complexes I or II, complex III uses cytochrome c to pass the electrons to complex 
IV, responsible for the reduction reaction that generates H2O from O2 [108]. As in 
trypanosomatids, hosts mitochondria are the main source of cellular ROS. To date, 
11 sites of superoxide and/or hydrogen peroxide in mammalian mitochondria have 
been described, depending on the substrate metabolism, electron transport, and oxi-
dative phosphorylation. The majority of these site-specific mitochondrial ROS pro-
duction has been studied, measuring the maximum capacities of these sites under 
optimal conditions [52, 109]. As described above, complexes II and IV are not 
important ROS sources in mammals. Here, these two complexes are the main ROS- 
generating enzymes.

Differently of trypanosomatids, in mammals, complex I is the only entry point of 
electrons from NADH into the respiratory chain. This enzyme presents two domains: 
a hydrophilic portion located into mitochondrial matrix and a hydrophobic one, 
embedded in the inner mitochondrial membrane. All the known redox centers of 
complex I, the flavin mononucleotide cofactor (FMN), and eight FeS clusters are 
located in the hydrophilic domain [110]. The complex I has been recognized for a 
long time as one of the main sources of ROS production by the mammalian mito-
chondrial respiratory chain. This process was previously demonstrated, where the 
reduction of coenzyme Q pool and the generation of a large ΔΨm by succinate led 
to H2O2 production [111]. Subsequently, other authors showed that isolated com-
plex I, in the presence of NADH, produces O2

•– and that this production is enhanced 
by rotenone [112]. The mechanism of O2

•– generation by isolated complex I is well 
understood, by the reaction of O2 with the fully reduced FMN (set by NADH/NAD+ 
ratio), which explains the enzyme inhibition by rotenone [113, 114]. During stress 
conditions, as ETC inhibition by damage, loss of cytochrome c, or low ATP demand 
and consequent low cellular respiration, the ratio of NADH/NAD+ increases, 
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leading to O2
•– production [52]. The overexpression of a yeast NADH dehydroge-

nase in mammalian mitochondria reduces O2
•– generation through the NADH/NAD+ 

decrease [115]. As described previously to trypanosomatids, in mammals, the ROS 
production by complex III is dependent of coenzyme Q-cycle and semiquinone for-
mation [116].

The oxidation of energetic substrates generates reducing cofactors, as NADH 
and FADH2, which donate electrons to ETC. During the electron flow between the 
mitochondrial complexes, the dissipated energy is used by complexes I, III, and IV 
to translocate protons to intermembrane space, generating an ΔΨm across the inner 
membrane. Protons return to the mitochondrial matrix through ATP synthase, 
decrease the electrochemical gradient, and promote ATP synthesis [44]. However, 
the oxidative phosphorylation is partially coupled since protons can return to the 
mitochondrial matrix independently of ATP synthase and thereby without ATP syn-
thesis [44, 117]. The energy-dissipating process (proton translocation to intermem-
brane space followed by the proton re-entry in mitochondrial matrix) apparently is 
present in all eukaryotic cells in a high proportion of cellular metabolic rates (up to 
25% of the basal metabolic rate in the rats) and could prevent the oversupply of 
electrons to ETC, minimizing the probability of electron leak and O2

•– production 
[118, 119]. Some authors showed the close relationship between the proton leakage 
and ROS production: uncoupler molecules and ADP, which increase respiration 
rate, stimulate ATP synthesis, and decrease ΔΨm, are known for impaired ROS 
production in isolated mitochondria [120, 121].

There are at least two types of proton leakage: a basal and an inducible. The basal 
proton leak is unregulated and depends only on the presence but not on the activity 
of carrier proteins. In this case, the proton return to mitochondrial matrix occurs 
through the lipid bilayer and has low impact. The inducible proton leakage is a 
protein-mediated process that is regulated and could be reversibly activated and/or 
inhibited. Among the inner mitochondrial membrane carriers, the UCPs, proteins 
belonging to mitochondrial anion carrier protein (MACP) family, are the mitochon-
drial carriers whose participation in ROS production is better understood [122, 
123]. In the late 1970s, the first UCP was described in mammalian brown adipose 
tissue and was designated UCP1; afterwards, UCP1 homologues were found in 
mammalian tissues (UCP1-5) [124–127]. While proton leakage mediated by UCP1 
is crucial for adaptative thermogenesis in the cold [124, 128], the function of these 
protein homologues is not yet fully elucidated. One of the differences between 
UCP1 and their homologues is the abundance in individual cells and nonthermo-
genic tissues, influencing the oxidative phosphorylation and ROS production [129]. 
The role of UCP in H2O2 generation was first demonstrated in 1997, showing that 
the inhibition of UCP2 by GDP results in higher ΔΨm and ROS production [130]. 
Studies with UCP2 knockout mice demonstrated an oxidative burst in macrophages 
and liver and also improved resistance to Toxoplasma gondii. In contrast, UCP2 
overexpression decreased ROS generation. In addition, O2

•– and lipid peroxidation 
products (4-hydroxy-2-nonenal (HNE)) have been described to activate UCPs [131, 
132]. Chemical uncouplers, such as 2,4-dinitrophenol (DNP) and FCCP (carbonyl 
cyanide p-tri-fluoromethoxyphenylhydrazone), also had a protector effect, where 
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they contributed to a decrease in oxidative stress in the skeletal muscle, heart, and 
brain [133–135].

8.3  Antioxidant Machinery

As discussed above, mitochondrion is one of the major ROS sources. It is well- 
known that the reactions involving ATP synthesis are able to release toxic products 
such as ROS and RNS. ROS accumulation led to severe biological consequences, 
and a machinery to regulate oxidative stress is essential to minimize its deleterious 
effects [136]; therefore, eukaryotic cells, among them, trypanosomatids and their 
hosts, possess enzymatic and nonenzymatic antioxidant defenses. Antioxidants are 
molecules responsible for the prevention of substrates oxidation (or delay), decreas-
ing the intensity of the characteristic oxidative phenotype that includes genotoxicity 
and injury in crucial molecules such as proteins and lipids, among others [137]. 
Eukaryotic cells use two distinct strategies against the oxidative stress described up 
to now: the blockage of radical formation by antioxidant molecules (enzymes or 
not) or even the increase in the expression of specific enzymes that remove oxidized 
biomolecules [138, 139].

Considering the molecular mass, antioxidants are classified into (i) high molecu-
lar mass antioxidants (≥10  KDa), which include antioxidant enzymes, such as 
transferrin, albumin, and ferritin, which strongly bind to metal ions, among other 
pro-oxidant molecules with high oxidizing potential [43], and (ii) low molecular 
mass antioxidants (≤1 KDa), such as tocopherol (vitamin E), ascorbic acid (vitamin 
C), anthocyanins, carotenoids, uric acid, and polyphenols, which are obtained dur-
ing the alimentation of almost all organisms [43, 138].

8.3.1  Antioxidant Defenses in Pathogenic Trypanosomatids

8.3.1.1  Trypanothione/Trypanothione Reductase
The antioxidant system of trypanosomatids is based on trypanothione/trypanothi-
one reductase, an alternative system to glutathione/glutathione reductase, absent in 
these protozoa [140] (Fig. 8.2). The trypanothione [N1, N8-bis (glutathionyl) sper-
midine] is well-characterized, being formed by the binding of two glutathiones 
(GSH) and one spermidine (SPD) molecule in the cytosol [141–145]. Trypanothione 
biosynthesis is divided into three different steps, including GSH and SPD synthesis, 
similar to the pathway in other organisms.

GSH synthesis begins with the formation of γ-glutamylcysteine from the binding 
of L-glutamate and L-cysteine, catalyzed by γ-glutamylcysteine synthase (GCS). 
Such step is a limiter of the reaction in mammals and trypanosomatids. Previous 
studies showed that low GCS levels in L. infantum reduce the resistance to oxidative 
stress and consequently parasite survival in activated macrophages [146–149]. In T. 
brucei, the reduction in GCS levels resulted in a decrease in GSH and trypanothione 
concentrations; however, GCS knockdown led to an increase in GSH uptake, 
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reversing trypanothione levels in this parasite [145, 150]. Once human blood has 
low GSH levels, the GSH uptake is not the primary source of these molecules in T. 
brucei bloodstream forms [151]. Curiously, GSH transporters were not described in 
Leishmania spp. and T. cruzi [145]. For GSH synthesis, it is necessary the presence 
of cysteine, an amino acid with a thiol group, that confers its redox capacity. In 
trypanosomatids, cysteine can be taken and/or biosynthesized, although, despite 
Leishmania spp. and T. cruzi express cysteine   carriers, the uptake levels are much 
lower than in T. brucei, which expressed highly efficient transporters [152–155]. 
Alternatively, Leishmania spp. and T. cruzi have two biosynthetic pathways, also 
present in other eukaryotes, de novo or cysteine assimilatory pathway (CAP) and 
trans-sulfuration pathway (TSP). Increased levels of protein expression and activity 
of cysteine synthase and cystathionine β-synthase in L. braziliensis, key enzymes of 
these pathways, led to elevated thiol concentrations in response to oxidative and 
nitrosative stresses, confirming the association between cysteine biosynthesis and 
stress response. Promastigotes and amastigotes expressed differently these path-
ways, with TSP pathway increased in insect form and higher de novo synthesis in 
mammalian form [156]. T. brucei possesses gene sequences only of TSP pathway; 
nevertheless, this parasite does not synthesize cysteine [145, 152–155]. The stage/

Fig. 8.2 The trypanothione is formed by the binding of two glutathione (GSH) molecules and one 
spermidine molecule in a reaction catalyzed by trypanothione synthetase (TryS). In this system, 
the maintenance of reduced trypanothione [dihydrotrypanothione – T(SH)2] is dependent on try-
panothione reductase (TryR) action by NADPH consumption. T(SH)2 directly reduces trypare-
doxin (TXN), dehydroascorbate (dhASC) to ascorbate (ASC), and glutathione disulfide (GSSG) to 
GSH. Trypanothione disulfide (TS2); 2-Cys peroxiredoxin (2-Cys PRX); non-selenium glutathione 
peroxidase-like enzymes (nsGPx); ascorbate peroxidase (APx); hydroperoxides (ROOH)
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species-specific regulation of cysteine biosynthetic pathways may be due to com-
plex life cycle and exogenous nutrients, which differ considerably between inverte-
brate and mammalian hosts. The de novo pathway occurs predominantly in the 
mammalian intracellular form, while the TSP is present in insect form. These obser-
vations are consistent with the fact that T. brucei and Trypanosoma rangeli, para-
sites without an intracellular stage, possess only TSP pathway [155–159].

Polyamines are simple aliphatic compounds that are found in all mammalian tis-
sues and also in microorganisms. These molecules are essential for cell growth and 
differentiation and have several biological roles. In trypanosomatids, SPD is one of 
the most important polyamines, being involved in crucial cellular processes includ-
ing synthesis of trypanothione. Polyamines could be obtained by de novo synthesis 
from ornithine and in some cases from arginine, or by the uptake from the extracel-
lular medium [160]. T. brucei synthesize SPD through the ornithine decarboxyl-
ation mediated by ornithine decarboxylase, which generates putrescine, a substrate 
for spermidine synthase, while Leishmania spp., beyond de novo synthesis, can also 
uptake this molecule [161, 162]. In T. cruzi, enzymes of putrescine biosynthetic 
pathway are absent, being this parasite auxotrophic for polyamines [163, 164]. An 
increase in T. cruzi polyamine transport improves the resistance to oxidative stress 
in this protozoa, which can be generated by incubation with H2O2 or trypanocidal 
drugs, such nifurtimox and benznidazole [165].

The last step in trypanothione biosynthesis is the binding of GSH and SPD. This 
process is exclusive of few organisms, including trypanosomatids [145]. 
Trypanothione biosynthesis consists in an ATP-dependent addition of two GSH 
molecules to SPD amino groups by different pathways, depending on the protozoa. 
In pathogenic trypanosomatids, trypanothione is synthesized by trypanothione syn-
thetase (TryS) in two steps: first this enzyme catalyzes the binding of one GSH 
molecule and SPD, forming glutathionylspermidine (intermediate product). After 
this, the same enzyme added a second GSH, forming the trypanothione molecule. In 
addition, TryS presents amidase function, hydrolyzing trypanothione and glutathio-
nylspermidine to form GSH and SPD, suggesting an involvement in polyamine lev-
els [145, 166–169].

In trypanosomatids, trypanothione can be found in reduced form dihydrotrypano-
thione (T(SH)2) and/or in the oxidized form trypanothione disulfide (TS2). T(SH)2 is 
more reactive than GSH, being a dithiol, which favors the reduction of disulfides 
(different pKa values: 7.4 and 8.4 to trypanothione and GSH, respectively) [170–
172]. Depending on the reactive species, T(SH)2 can suffer one- or two-electron 
oxidation, forming thiyl radicals (RS–) or sulfenic acid (RSOH), respectively. The 
thiyl radicals are formed in the reactions with peroxyl and hydroxyl radicals, nitro-
gen dioxide, and others, whereas the sulfenic acid is formed during the reactions 
with H2O2 and peroxynitrite [145]. Moreover, T(SH)2 participate in many antioxi-
dant pathways, reducing intermediate molecules which transfer electrons to peroxi-
dases [173].

The T(SH)2 levels are maintained by NADPH-dependent flavoenzyme trypano-
thione reductase (TryR). TryR has 40% identity with mammalian glutathione reduc-
tase and shares several physical and chemical characteristics with host enzyme, 
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being their specificity of disulfides the main difference. The enzyme reduces posi-
tively charged oxidized forms of glutathionyl-polyamine conjugates, such as try-
panothione, glutathionylspermidine, and others [174], whereas glutathione reductase 
only accepts negatively charged oxidized glutathione as a substrate. This character-
istic is determined by the presence of five amino acid residues in the catalytic site, 
make this part wider, more hydrophobic and negatively charged when compared 
with glutathione reductase [175]. TryR distribution is still discussed, but some pre-
vious data suggested cytosolic and mitochondrial locations, while other reports pro-
posed a glycosome localization [176–178]. T. cruzi and T. brucei have a 
carboxy-terminal extension with a tripeptide segment that would direct the enzyme 
to glycosome [179–181]. TryR is a potential drug target due to its importance for the 
survival of trypanosomatids. L. donovani mutants that presents only 15% of the 
wild-type TryR activity presented a normal growth in culture, but also showed an 
increased susceptibility to oxidative stress and a reduced viability inside macro-
phages. Similarly, the depletion of this enzyme in T. brucei led to an increase in 
sensitivity to H2O2 of the parasite, which then cannot successfully infect mice 
[182–184].

8.3.1.2  Tryparedoxin, a Trypanothione-Dependent Peroxidase 
System

Catalase and glutathione peroxidase (GPx) are absent in pathogenic trypanosoma-
tids, making these parasites more susceptible to high concentrations of hydroper-
oxides [185, 186]. For many years, the elimination of low H2O2 concentrations 
was attributed to trypanothione [187, 188]. Recent studies showed the presence of 
three different classes of peroxidases; however, trypanothione remains essential 
for hydroperoxide removal (Fig.  8.2). Among these peroxidases, tryparedoxin 
(TXN) is a member of thioredoxin superfamily (Trx) that transfers reducing 
equivalents to different thiol proteins, which are found exclusively on 
Kinetoplastida [189, 190]. In contrast to classical thioredoxins, TXN is not 
directly reduced by a NADPH- dependent flavoprotein; however, these molecules 
are reduced by T(SH)2/TryR system at the expenses of NADPH in the parasite 
[191–193]. Experimental analyses pointed cytosol as the localization of TXN in 
different trypanosomatids, but in silico approaches also suggested the mitochon-
drion and endoplasmic reticulum as possible target organelles to the enzyme in 
Leishmania spp. and T. cruzi [173, 177, 191–195]. TXN depletion in L. infantum 
and T. brucei promoted the impairment of the antioxidant metabolism, compro-
mising the parasite survival [195, 196]. Studies with L. infantum and L. donovani 
showed that TXN is essential for promastigotes and amastigotes stages, particu-
larly during the establishment of infection [195, 197, 198].

Tryparedoxin peroxidase (TXNPx) is a class of enzymes that use TXN as elec-
tron donor. This process occurs in two steps: (1) T(SH)2 reduces TXN, being con-
sidered a regulatory reaction in the pathway; and (2) TXNPx is reduced by TXN 
[199]. The TXNPx includes two types of peroxidases, the peroxiredoxins (PRXs) 
and non-selenium glutathione-like enzymes (nsGPx). PRXs are a family of antioxi-
dant enzymes that are present in several organisms, detoxifying hydroperoxides and 
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peroxynitrite through cysteine (Cys) residues. These enzymes are divided in two 
categories, depending on the quantity of Cys residues involved in the reaction. The 
enzyme of trypanosomatids is a typical 2-Cys peroxiredoxin (2-Cys PRX) distrib-
uted in cytosol and mitochondrion, although, in Leishmania spp., one of the genes 
that encode this protein has a glycosomal signal sequence [190, 200]. The 2-Cys 
PRX has two identical reactions centers, being the substrate reduced by one of the 
Cys residues present in these centers, forming a cysteine sulfenic acid (Cys-SOH). 
Then, this residue is attacked by a Cys residue, forming a stable disulfide bond that 
is removed by TXN oxidoreductase [201]. 2-Cys PRX overexpression in Leishmania 
spp. and T. cruzi increased the resistance to hydroperoxides and peroxynitrite; how-
ever, the excess of substrate can reduce the enzyme activity in T. cruzi [202–205].

The second class of TNXPx, the nsGPxs, is structurally similar to glutathione 
peroxidase, but the selenocysteine residue in the active site of this enzyme was 
replaced for Cys residue [206]. These enzymes are classified as nsGPx-AI-III and 
nsGPx-B with different localizations. In T. cruzi, nsGPx-A1 is found in glycosome 
and cytosol, while nsGPX-AII-III are restricted to the cytoplasm. Interestingly, 
nsGPx-B is exclusively located in the endoplasmic reticulum in this parasite [177, 
207]. In T. brucei and Leishmania spp., nsGPX-AI-II exhibit cytosolic localization, 
but on the other hand, nsGPx-AIII shows glycosomal and mitochondrial signal 
peptides [181, 208]. The nsGPx mechanism of action is similar to 2-Cys PRX, with 
the two Cys residues in the active site being responsible for substrate oxidation. 
The affinity of nsGPxs to substrates is a peculiarity of these enzymes. The deple-
tion and/or mutation of amino acid residues in the catalytic site is responsible for a 
decrease in glutathione-binding capacity [207]. In this way, nsGPx-A uses TXN 
during substrate reduction, while nsGPx-B shows low affinity to both molecules 
[177, 209, 210].

8.3.1.3  Ascorbate Peroxidase
Despite the first description by Clark et al. [211], the biological relevance of ascor-
bic acid (vitamin C) in trypanosomatids was demonstrated almost a decade later 
[212]. This molecule acts as a cofactor for a wide range of enzymes involved in 
distinct metabolic processes, among them the antioxidant system [213]. The ascor-
bate peroxidase (APx), an antioxidant enzyme that uses ascorbic acid as a reductor 
agent, is a heme-containing peroxidase that catalyzes H2O2 reduction [209]. This 
enzyme has an endoplasmic reticulum localization in T. cruzi and Leishmania spp., 
whereas in T. brucei, there are no reports about this existence [185, 214, 215]. APx 
acts by cleaving O-O bound in H2O2 through the reaction between heme and reac-
tive species, producing water. This process generates an intermediate that is reduced 
by ascorbate in two sequential electron transfer, restoring APx. Dehydroascorbate, 
the oxidized molecule, returns to the reduced form in two nonenzymatic reactions 
that may include T(SH)2 and TXN [212, 216, 217]. Taylor et al. [218] showed that 
APx overexpression in T. cruzi confers protection against H2O2 exposure, whereas 
its depletion results in enhanced sensitivity. The enzyme activity is not required to 
parasite fundamental processes, such as replication and virulence.
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8.3.1.4  Fe-Superoxide Dismutase
The SOD is an antioxidant enzyme described in most eukaryotes, being responsible 
for O2

•– dismutation in H2O2 and O2 [219]. This enzyme action is dependent on a 
metallic cofactor, such as Cu/ZnSOD and MnSOD, which are found in mammalian 
cytosol and mitochondria, respectively. In trypanosomatids, in silico analyses 
showed four SOD genes that use iron as cofactor. These isoforms are expressed in 
different organelles; FeSOD-B is distributed between cytoplasm and glycosomes of 
T. cruzi and T. brucei, whereas FeSOD-A and FeSOD-C are found in T. brucei mito-
chondrial matrix and intermembrane space, while only the first isoform was 
described in T. cruzi [220–223]. FeSOD-D was described in the three pathogenic 
trypanosomatids, being its activity related with apoptotic-like death in T. cruzi and 
L. donovani, while in T. brucei, it is considered nonessential [57, 224, 225]. The 
downregulation of FeSOD-A in Leishmania spp. increased the parasite sensitivity 
to menadione, a O2

•– producer, whereas this enzyme overexpression protects the 
parasite from the oxidative stress. Furthermore, the SOD expression is related to 
differentiation and replication processes in Leishmania spp. Promastigotes in sta-
tionary phase showed increased resistance to oxidative stress and higher SOD activ-
ity during amastigote differentiation. In contrast, low SOD activity and ROS 
accumulation were found during promastigote logarithmic phase [226, 227]. In T. 
cruzi, the enzyme also has an important role in vertebrate host adaptation, with the 
enzymatic levels increasing during metacyclogenesis [92].

8.3.2  Antioxidant Defenses in the Hosts

8.3.2.1  Glutathione/Glutathione Reductase System
GSH (L-glutamyl-L-cysteine-L-glycine) is the most abundant low molecular mass 
thiol in eukaryotic cells [228, 229]. Its reduced form is also the active form (GSH) 
that is oxidized to glutathione disulfide (GSSG) in the oxidative stress. GSH is 
synthesized in cytosol and is transported into mitochondrion by dicarboxylate car-
rier protein and 2-oxoglutarate carrier protein [230]. Glutathione reductase (GR) is 
the enzyme responsible for maintain glutathione in its reduced form since the 
abundance of its oxidized form leads to a decrease in GSH/GSSG ratio, which 
serves as a warning of oxidative stress [229]. GR has been found in all organisms 
analyzed thus far, being a highly conserved enzyme in highly divergent organisms, 
such as Homo sapiens and E. coli [231]. GR has two cysteines in the catalytic 
domain and two other domains that bind to FAD and NADPH. Glutathione is found 
in cytoplasm, nucleus, mitochondria, and endoplasmic reticulum, as well as it 
seems to be present in lysosomes [232]. The formation of disulfides between GSH 
and protein cysteine residues constitutes a protective mechanism for thiols, which 
prevents their further oxidation, protecting cells from oxidative stress [233]. 
However, the formation of protein disulfides can alter the function of thiol-based 
proteins, such as receptors, protein kinases, and transcription factors, impairing 
cell signaling. In this context, GSSG is able to play a role in a nonspecific cell 
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signalization [230]. GSH is considered the most important redox molecule present 
in organisms, above all, mammals. This molecule is able to play several roles, such 
as a redox buffer, acting as cofactor scavenger for antioxidant enzymes such as 
GPx. This enzyme is able to detoxify H2O2 and lipid peroxidation products by the 
reaction of selenocysteines (presents in its active site) with peroxide group, form-
ing GSSG and H2O [228, 230, 233, 234].

GSH is not only found in cytosol but also in endoplasmic reticulum, nucleus, and 
intermembrane space. The transport of this molecule to nucleus is thought to bcl-2 
facilitating passive diffusion via nuclear pores [235], and nuclear pool of GSH is 
responsible for regulating the redox state of protein sulfhydryls, in order to prevent 
DNA oxidative damage [229, 230]. The regulation of cytosolic GSH transport to the 
nucleus appears to follow cell cycle progression, balancing the GSH cytosolic/GSH 
nuclear according to cellular proliferation [236]. Reaching the endoplasmic reticu-
lum, GSH is responsible for maintaining the homeostasis and the thiol levels in 
catalytic sites for PDI (protein disulfide isomerase) protein folding. Besides endo-
plasmic reticulum capacity to produce ROS, other oxidative inducers can lead to an 
unbalanced environment, impairing natural protein folding [237, 238]. Inside mito-
chondria, GSH is able to control mitochondria ROS generation by ETC and pre-
serve mitochondrial proteins and lipids integrity [239, 240]. GSH also prevents 
toxic effects of free intracellular metals, such as iron, preventing its reaction with O2 
and Fenton reaction [228].

8.3.2.2  Other Thiol-Dependent Enzymes
Trx is part of a major system called TRX system, which includes, besides the Trx, 
the thioredoxin reductase (TrxR) and NADPH. Trx is a ubiquitous protein with a 
redox-active dithiol/disulfide site [241]. As GSH/GSSG, Trx appears in a reduced 
form [Trx(SH)2], with a dithiol group, and in an oxidized form (TrxS2), with a disul-
fide bound. Trx contains a conserved site Cys-Gly-Pro-Cys found in all organisms. 
In mammalian cells, Trx is described by having two isoforms, known as Trx-1 and 
Trx-2. Trx-1 is localized in cytosol, being transported to the nucleus during oxida-
tive stress [229], while Trx-2 is the exclusive mitochondrial Trx isoform, regulating 
mitochondrial homeostasis. As in GSH/GSSG system, the maintenance of reduced 
and oxidized Trx ratio is extremely important in TRX system. TrxR is an oxidore-
ductase, responsible for regulating Trx(SH)2/TrxS2 [241, 242].

PRXs are ubiquitous thiol-dependent enzymes, known as an ancient family of 
proteins, being evolutionarily conserved and present in all kinds of organisms [243]. 
This peroxidase was first observed in Saccharomyces cerevisiae, demonstrating an 
antioxidant activity [244]. Unlike GSH and Trx, PRXs are selenium and heme-free 
molecules, with a peroxidatic cysteine (Cp) conserved in N-terminal domain. PRX 
mechanism of action consists in Cp attack to O–O bonds present in peroxide (reac-
tion 3), which is oxidized into cysteine sulfenic acid [245]. PRX uses Trx as a 
hydrogen donor, creating an electron flow. Besides the H2O2, PRXs are able to act 
as a scavenger for peroxynitrite and lipid peroxidation products. The ability to 

A. C. S. Bombaça et al.



145

scavenge peroxides protects prokaryotic and eukaryotic cells from DNA, lipids, and 
proteins oxidative damages, caused by ROS and RNS [243, 245]. Some groups have 
been demonstrating the relation of H2O2 signaling with PRX inactivation, describ-
ing new roles for this protein. Low concentrations of H2O2 appear to generate PRX 
inactivation by hyperoxidation, a reversible reaction promoted by sulfiredoxin [246, 
247]. This reaction appears to follow a circadian rhythm, whereas the H2O2 signal-
ing is required for different cell functions [248]. In structural terms, PRXs are 
divided in two subcategories: 1-Cys and 2-Cys peroxiredoxins, depending on the 
quantity of Cys residues involved in the reaction. There are six PRX isoforms pres-
ent in mammalian: PRX I, II, III, and IV (2-Cys PRX), PRX V (atypical 2-Cys 
PRX), and PRX VI (1-Cys PRX) [242, 243, 245, 249]. PRX I and II are found in 
cytosol and nucleus. PRX III has an affinity to mitochondria, while PRX IV is found 
at endoplasmic reticulum. PRX V has been already detected at cytosol, mitochon-
dria, and peroxisomes [250].

Glutaredoxin (GRX) is a small dithiol protein, also known as thioltransferase, 
required at the redox system. GSH is able to reduce GRX, and it has been described 
the potential role of its sensing changes in GSH/GSSG ratio [251]. GRX has the Trx 
family motif Cys-X-X-Cys, and it is able to form a disulfide bond within GSH. GRXs 
are also under two forms, an oxidized and a reduced form, and its reduction reaction 
is done by GSH, GR, and NADPH [249]. GRX is also found inside the intermem-
brane space, endoplasmic reticulum, and cytosol. It has been described that GRX 
can also display a sensing role at GSH-dependent glucose deprivation, as its interac-
tions result in mediated cell death [251]. GRX-GSH is extremely important when 
TRX system decreases its activity under circumstances such as lack of selenium or 
Trx/TrxR inhibition, acting as a backup redox system [252, 253]. It has been 
described that mitochondrial GRX serves as TrxR substrate, maintaining mitochon-
drial redox homeostasis.

8.3.2.3  Superoxide Dismutase and Catalase
In the enzymatic redox system, SOD and catalase appear as the main enzymes in 
cellular detoxification. SOD is the first defense against superoxide, converting 
O2

•– in H2O2 and O2. This enzyme is dependent on metal as a cofactor, and in 
mammals, there are three different isoforms: SOD1, a Cu/ZnSOD found in cyto-
plasm, nucleus, and plasma membrane; SOD2, a MnSOD found in mitochondrial 
matrix; and SOD3, a Cu/ZnSOD found in extracellular compartments, scavenging 
O2

•– released in inflammatory cascades [254, 255]. High H2O2 concentrations are 
very dangerous for the cells, being necessary its elimination. Catalase is an 
enzyme that works directly connected with SOD, in order to complete O2

•– detoxi-
fication, converting H2O2 into H2O and O2 [256]. The catalase types include Fe 
(heme)/Mn dependent [257]. These enzymes are largely found in all mammalian 
tissues, especially in red blood cells, and have been described as a cardiac and 
neural aging protectors [255, 258, 259].
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8.4  Role of Oxidative Metabolism in Hosts/Trypanosomatid 
Infection

These parasites must thrive endogenous toxic metabolites produced by its aerobic 
metabolism and deal with the oxidative burst derived from the host immune system, 
which include ROS production. Once some antioxidant machinery in trypanosoma-
tids such as catalase and classical GSH/GPx system is lacking, many authors sug-
gested that ROS production by the hosts is a defense against parasite infection. 
However, it is well described the ability of trypanosomatids to overcome this situa-
tion, using ROS and RNS as important signaling molecules for their survival 
[260–262].

Both Leishmania spp. and T. cruzi have an intracellular stage inside the verte-
brates. Macrophages and neutrophils are phagocytic cells, responsible for recogniz-
ing, internalizing, and destroying pathogens, being the first contact of infective 
metacyclic forms, performing a key role in infection control [263, 264]. For a suc-
cessful infection, T. cruzi metacyclic trypomastigotes must invade macrophages and 
survive to oxidative burst found inside the phagosome. Previous data showed that 
cruzipain, an immunogenic glycoprotein, induces an increase in ROS production in 
murine cells during parasite invasion [265]. O2

•– is produced by an associated- 
membrane NADPH oxidase, contributing to the formation of an oxidative environ-
ment during phagocytosis [266]. Besides that, the increase in H2O2 formation is also 
related with NADPH oxidase activation, once that spontaneous reactions (enzy-
matic or not) can convert O2

•– in this molecule [267]. When the parasite is phagocy-
tosed, a signaling cascade is triggered, culminating in the oxidative burst. The 
complex NADPH oxidase, known as NOX family, is a transmembrane multimeric 
protein able to transfer electrons to O2 by NADPH oxidation [268, 269]. 
Cytochemical data demonstrated O2

•– production when the parasite is attached to 
the macrophage surface, due to NADPH oxidase activation [270]. These enzymes 
need calcium or cytosolic proteins to be activated and thus lead to ROS production. 
In early stages of infection, NADPH oxidase is activated and its subunits are directed 
to phagosome membrane. Seven NADPH oxidase homologues have been identified 
in several cells types, being the NADPH oxidase 2 (NOX 2) the homologue present 
in phagocytic cells [269, 271].

Other important reactive species found during macrophages infection is NO. This 
RNS is a highly reactive free-radical produced by the oxidation of L-arginine by 
nitric oxide synthase (NOS) [272], participating in trypanosomatids killing, both 
directly or through the interaction with other free radicals, such as O2

•–, forming 
ONOO– [273, 274]. NO is not a strong reactive species by itself, being unlikely to 
account for a direct damage to the parasite. The NO can inhibit the respiratory chain 
in mammalian via interactions with cytochrome c oxidase, which is accompanied 
by a steady-state level of reduced respiratory complexes, which favors intramito-
chondrial O2

•– formation [275–277]. Proinflammatory cytokine production by mac-
rophages, such as IL-12, INF-γ, and TNF-α, activates the inducible nitric oxide 
synthase (iNOS), generating high amounts of NO, which is maintained by 24 h 
during infection [264, 278]. The upregulation of iNOS expression in BALB/c mice 
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is protected from infection by Leishmania major. Furthermore, T. cruzi infection- 
resistant C57BL/6 mice produced larger amounts of NO, which is correlated with a 
better control of acute-phase parasitemia [279, 280]. In addition to NADPH oxi-
dases and iNOS, myeloperoxidase (MPO) is another enzyme present in phagocytic 
cells, mainly neutrophils, which is pointed out as responsible for oxidative burst. 
MPO is able to catalyze the reaction of hypochlorite production, one of the major 
neutrophil antimicrobial responses [269]. This enzyme is a lysosomal hemoprotein, 
member of cyclooxygenase superfamily, stored in neutrophils azurophilic granules 
[281, 282]. When neutrophils are activated, the MPO is released in cytoplasm dur-
ing degranulation, which also releases H2O2. The MPO-H2O2 system is able to con-
vert halide ions such as Cl– , Br–, and I–, producing their oxidized forms of hypohalous 
acids (HOX), potent antimicrobial molecules [283, 284].

The levels of parasite antioxidant defenses during macrophage invasion may 
improve pathogen survival [285]. Chronic chagasic cardiomyopathy is character-
ized by the presence of pseudo cysts of amastigotes nests in the cardiac fiber. During 
T. cruzi invasion in cardiomyocytes, there is an increase in the production of inflam-
matory mediators, such as TNF-α and IL-1β, and the induction of iNOS, with sub-
sequent NO generation [286, 287]. The biochemical and genetic heterogeneity 
among T. cruzi strains is, in part, responsible for the diverse clinical manifestations 
of the disease, controlling several pathogenesis aspects [288]. Taking into account 
the establishment of a nitroxidative stress during the acute and chronic stages of 
Chagas disease, T. cruzi antioxidant enzymes are important virulence factors and 
become decisive for the infection success. In this context, several proteomic analy-
ses showed an overexpression of T. cruzi antioxidant machinery in the infective 
metacyclic trypomastigotes compared with noninfective epimastigotes [92]. Such 
increase, found during metacyclogenesis of different T. cruzi strains, may act as a 
general preadaptation process to allow the parasite survival in the nitroxidative envi-
ronment found in the vertebrate host. Piacenza et al. [289] showed a positive asso-
ciation between parasite virulence and levels of antioxidant enzymes in vivo.

In Leishmania spp. infection, some strategies to escape the oxidative burst pres-
ent in phagocytic cells were demonstrated. Lipophosphoglycan (LPG), a molecule 
widely distributed in promastigotes surface, plays an important role in intracellular 
survival of these parasites. The protective effect of LPG is restricted to the establish-
ment of infection during differentiation of promastigotes into amastigotes. In vitro 
experiments showed that LPG decreased oxidative burst in activated monocytes 
through inhibition of p67phox and p47phox recruitment to NADPH oxidase com-
plex in phagosomes [290, 291]. LPG is also able to reduce NO• production, regulat-
ing the iNOS expression in macrophages [292]. Additionally, O2

•– generation after 
the infection by promastigotes and amastigotes is substantially different [272]. The 
hypothesis for this difference is the deficiency of NADPH oxidase activity after 
amastigote infection. Monocytes of patients with visceral leishmaniasis produce 
lower levels of O2

•– and H2O2 and have a decreased NADPH activity when com-
pared with healthy controls [293, 294]. To accomplish the successful NADPH oxi-
dase complex assembly, the maturation of gp91phox is necessary, which is 
dependent on heme availability. During the infection, Leishmania pifanoi 
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amastigotes induces the heme oxygenase-1 expression, an enzyme responsible for 
heme degradation, thereby blocking gp91phox maturation and preventing NADPH 
activity [295, 296]. Amastigotes also induced lower levels of p47phox phosphoryla-
tion mediated by protein kinase C, decreasing the phagosomal recruitment of 
p67phox and p47phox to NADPH oxidase complex. Interestingly, unlike promasti-
gotes, such effect is not attributed to LPG in amastigotes and remains unclear [291, 
297, 298].

Although ROS are expected to be responsible for pathogen elimination during 
oxidative burst as described above, evidences suggest that ROS production could 
also have a beneficial role to T. cruzi macrophage infection. Oxidative stress mobi-
lizes iron from host intracellular storages, which is an essential for amastigote rep-
lication. Such process occurs by the regulation of elF2α kinase. In the absence of 
heme, elF2α kinase is active and promotes cell growth arrest, leading to the differ-
entiation of proliferative amastigotes into nonproliferative trypomastigotes [299]. 
ROS also participate in Leishmania spp. differentiation in a process dependent on 
iron availability. In this case, changes in intracellular iron levels activate a ROS- 
dependent signaling pathway that induces promastigotes differentiation into infec-
tive amastigotes [300]. Trypanosomatids also have contact with ROS and RNS 
inside the invertebrate host, in which the blood digestion, derived from the hema-
tophagic behavior, causes an increase of heme concentration and an oxidative burst 
[260, 301]. Heme-induced and mitochondrial ROS stimulates epimastigote prolif-
eration, being the contribution of mitochondrial ROS in epimastigote growth con-
firmed by the use of mitochondrial-targeted antioxidant that impairs parasite 
proliferation [103, 104]. The contribution of mitochondrial ROS to epimastigote 
growth was confirmed using the mitochondrion-targeted antioxidant MitoTEMPO 
that decreased ROS and ATP production induced by heme, strongly impairing the 
cell proliferation.

8.5  Oxidative Mechanisms of Action of Anti- 
trypanosomatid Drugs

Considering all mechanistic studies of preclinical compounds performed in try-
panosomatids, mitochondrion stands out among the most recurrent targets in these 
parasites, and mitochondrial damage has been described as part of the mode of 
action of distinct drugs classes [83, 84, 149, 302–311]. Surprisingly, the compo-
nents and molecular events involved in the mitochondrial susceptibility to drugs, 
usually detected by phenotypes such as swelling and/or depolarization of the organ-
elle, are completely undescribed [312]. Such scarcity of molecular information 
about the mechanisms of action of the great majority of the compounds makes hard 
to prove the mitochondrial direct effect. The specificity of this organelle as a target 
is very controversial, representing its injury a secondary target, derived from pri-
mary effects on another biochemical processes in different cellular structures. 
Independently of the origin or intensity, the mitochondrial damage caused by drugs 
regularly promotes a calcium homeostasis and/or ROS production [313].
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Additionally, the activity of mitochondrial-specific inhibitors has been evaluated 
in trypanosomatid parasites, essentially targeting ETC complexes. Due to the fact 
that the biological activity of complex I had not been demonstrated in trypanosoma-
tids up to now, the effect of the classical inhibitor of NADH dehydrogenase, rote-
none, is very debatable [68, 77, 83, 314]. On the other hand, ROS generation was 
stimulated in parasites treated with complexes II and III inhibitors (noyltrifluoroac-
etone and antimycin A, respectively), being correlated to the mitochondrial depolar-
ization and an apoptotic-like events in some cases [66, 75, 83, 94, 315]. Interestingly, 
the inhibition of complex II promoted a potentialization of leishmanicidal effect of 
the clinical drug pentamidine in  vitro [83]. In L. donovani, 4,4′-bis((tri-n- 
pentylphosphonium)methyl)benzophenone dibromide and sitamaquine, complex II 
inhibitors, led to a ROS production and deep mitochondrial alterations, including 
reduction in oxygen consumption and ATP levels as well as the remarkable swelling 
of the organelle and consequent cell cycle arrestment [316, 317]. Similar alterations 
could also be observed after treatment of L. donovani with tafenoquine and miltefo-
sine, which inhibited complexes III and IV, respectively [318, 319]. Furthermore, in 
almost all pathogenic trypanosomatids, complex IV activity was, at least partially, 
inhibited by KCN, a classical cytochrome c oxidase inhibitor in higher eukaryotes 
[84, 91, 94, 320–322]. The absence of AOX in humans makes this oxidase another 
interesting mitochondrial drug target [323]. In T. brucei, it was demonstrated that 
ascofuranone affects ubiquinol oxidase activity in vitro, producing an apoptotic-like 
phenotype [323–326]. The alkyl lysophospholipid analogue edelfosine interferes in 
ATP synthase activity in Leishmania, being suggested a correlation between this 
biological effect to the leishmanicidal mechanism of action [327].

It is well-established that some chemical characteristics confer high redox poten-
tial to some compounds, leading to ROS generation [328, 329]. In this context, 
structural differences presented in the quinoidal nucleus directly influenced the oxi-
dative capacity of quinones [330]. The effect of naturally occurring quinones and 
derivatives has been investigated in different Leishmania spp., T. cruzi, and T. bru-
cei, and a promising activity was observed [331–339]. The first description of the 
oxidative effect of a quinone in trypanosomatids was performed in the late 1970s, 
demonstrating that beta-lapachone induced ROS generation in T. cruzi epimasti-
gotes [340, 341]. More recently, other naphthoquinones also showed similar mode 
of action, producing considerable amounts of reactive species in this parasite [321, 
342–344]. Almost a decade ago, a mechanistic proposal was raised by our research 
group, in order to explain the anti-T. cruzi effect of naphthofuranquinones. In 2009, 
our data pointed to the mitochondrial depolarization, derived from electron flow 
impairment, probably due to the electrons deviation from ubiquinone to the com-
pounds. It compromises electron flux, producing ROS, leading to the impairment of 
the mitochondrial function, reflected by the reduction in respiratory rates, com-
plexes I–III activity, and the dilation of the organelle [321]. Natural products also 
promoted mitochondrial damage/ROS production on different species of 
Leishmania. Quercetin, apigenin, and epigallocatequin-3-gallate are flavonoids 
working as potent ROS inductors in both Leishmania forms, causing mitochondrial 
dysfunction such as a decrease in ATP levels by altering mitochondrial membrane 
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potential [345–349]. Thiosemicarbazones, 1,3,4-thiadiazole, and triazoles deriva-
tives, or even other classes of drugs such as LQB-118, Flau-A, clioquinol, and pyra-
zyl/pyridylhydrazones derivatives, also induced morphological injury in the 
mitochondrion and ROS production, suggesting the trigger of parasite cell death 
[350–356]. Interestingly, a trypanothione reductase inhibitor, cyclobenzaprine also 
increased ROS levels, which may be the mechanism of the antileishmanial effect 
caused by this compound [357].

After half century of the development of nifurtimox and benznidazole, the avail-
able clinical options for Chagas disease, their mode of action is still debatable. The 
first mechanistic hypothesis for the trypanocidal activity of both compounds was 
proposed in early 1980s, indicating O2

•– and H2O2 generation induced by nifurti-
mox; however, such production was not observed after the treatment with benznida-
zole [358–361]. In this way, the effect of nifurtimox depends on the type-II 
nitroreductases activity that transforms nitroanion radical, producing ROS and their 
subsequent biological consequences such as lipids peroxidation [359, 362, 363]. 
Unfortunately, Boiani et al. [364] showed no correlation between anti-T. cruzi effect 
of nifurtimox and ROS production, which was demonstrated by the absence of 
redox cycling at trypanocidal concentrations together with low molecular weight 
thiol reduction. Recently, the trypanocidal activities of nifurtimox and also benzni-
dazole were associated with type-I nitroreductase in oxygen-independent way, and 
nitroso and hydroxylamine intermediates would generate amine, using NADH as a 
cofactor [365–367]. Based on the nitroderivative, different reactions of these inter-
mediates would take place. For example, furane ring would be cleaved, producing a 
highly reactive unsaturated open chain nitrile in case of nifurtimox [367, 368]. For 
benznidazole, such cleavage led to glyoxal and other metabolites production, which 
directly interacts with DNA [367].

Moreover, despite the current clinical drugs for sleeping sickness or leish-
maniasis have not been associated with oxidative stress, a great variety of com-
pounds leads to the mitochondrial functional impairment, increasing ROS 
production during the treatment. The molecular targets of anti-trypanosomatid 
drugs involved in these protozoa oxidative stress events reported experimentally 
were described in Fig. 8.3.

8.6  Conclusions

During the macrophage/parasite interaction, the host cell triggers a signaling cas-
cade, recruiting immune cells to combat the infection. Macrophages induce NO 
production via iNOS and O2

., which is also required in initial phagocytic steps; 
therefore, an oxidative burst against the parasites is developed [262, 369, 370]. Both 
superoxide and NO can also generate peroxynitrite, a toxic-free radical for patho-
gens [371]. Neutrophils, the first-line defense at pathogen infection, are also able to 
induce NO production in order to kill parasites, but in a smaller scale than macro-
phages [371, 372]. However, both leishmania and trypanosome parasites developed 
several evasion systems, being able to fool host oxidative burst mechanisms.
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Antioxidant machinery of trypanosomatids, especially trypanothione/trypano-
thione reductase pathway, is considered an interesting drug target, and many efforts 
have been made to the design of novel-specific inhibitors that do not interfere with 
mammalian systems [184]. Trypanothione is the most characterized antioxidant 
system in these parasites, once glutathione/glutathione peroxidase pathway and 
classical enzymes such as catalase are absent [185, 373]. Unfortunately, up to now, 
no promising inhibitors of any antioxidant enzyme of pathogenic trypanosomatids 
were found, despite all the efforts employed [374]. The high susceptibility of these 
protozoa to ROS in relation to their hosts is an old-fashioned concept, due to the 
presence of efficient scavengers in trypanosomatids [51, 57, 375].

Several preclinical studies associated oxidative stress to the mode of action of 
anti-trypanosomatid compounds, being the parasites mitochondrion, the main ROS 
source [98]. Curiously, the participation of this organelle in pathogenic trypanoso-
matids treated with different drugs has been extensively demonstrated, but the 
molecular mechanisms involved are still unknown in a large number of cases. The 
mitochondrial injury could be derived from a randomic outcome of an indirect 
effect (probably in the great majority of the cases) or even resulted from ETC- 
specific inhibition that generates a redox imbalance [312]. Previous data published 

Fig. 8.3 Main mitochondrial molecular targets of anti-trypanosomatid drugs (a) and a recurrent 
morphological phenotype found in treated trypanosomatids are the mitochondrial swelling (b)
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showed high host toxicity of anti-trypanosomatid compounds with redox mode of 
action, suggestive of low drug specificity to these protozoa.

As it was mentioned, the significative role of ROS in cell signaling cannot be 
neglected. The pro-oxidant molecule heme triggers an oxidative stress, leading to 
calmodulin kinase II activation and consequent proliferation of T. cruzi epimasti-
gotes [103]. On the other hand, ROS production also represents a crucial step for the 
success of these parasites in different hosts, and mitochondrial plasticity (morpho-
logical and molecular) has been postulated as an important adaptation, being ETC 
impairment directly associated to oxidative stress and loss of the redox balance [50]. 
The clinical correlation between the efficiency of mitochondrial antioxidant machin-
ery (especially trypanothione synthetase and peroxiredoxins) of trypanosomatids 
and these parasites virulence was proposed, favoring the progression of the disease 
[277]. Studies about the molecular regulation of oxidative stress processes could 
base promising strategies for the development of new drugs.
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9Oxidative Stress: A Boon or Bane 
for Trypanosomatids Diseases?

Dandugudumula Ramu and Shailja Singh

Abstract
Infectious diseases are menace to the mankind, having a major contribution to 
the human morbidity and mortality. Trypanosomatids have a pervasive effect in 
the world, causing devastating but neglected diseases such as leishmaniasis, 
Chagas disease, and African sleeping sickness affecting 27 million people world-
wide with 150,000 deaths annually. Trypanosomatids developing drug resistance 
is the current bottleneck in providing promising chemotherapeutics for these dis-
eases which forces the continuous quest for new drugs and drug candidates. 
Balancing redox homeostasis is crucial for cell survival which has various impli-
cations in the biology of these parasites. Reactive oxygen species (ROS) act as 
signaling molecules, involving in various pathways and crucial for survival. 
Conversely, various chemotherapeutic drugs against trypanosomatids-caused 
ROS induction result in oxidative stress, eventually leading to apoptotic manifes-
tations. Oxidative stress is one of the host defense mechanisms to control the 
infection, while detoxification is one of the crucial counteracts at the parasite 
front for successful host-parasite interaction. Therefore, oxidative stress is a 
good tool for better understanding of parasite biology, pathogenesis, and host- 
pathogen interactions. It is noteworthy that trypanosomatids have divergence 
from all other prokaryotes and eukaryotes at their redox system, majorly 
trypanothione- trypanothione reductase (TR)-based redox metabolism. The 
absence of this system in mammalians and structural/functional differences from 
host enzymes make it a lucrative target for studying its role in oxidative stress 
control and also to develop effective chemotherapeutics. One of the causes for 
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drug resistance of trypanosomatids is due to their action of inducing oxidative 
stress which in turn activates repair mechanisms resulting in the development of 
drug resistance. Hence, studying oxidative stress mechanism of trypanosomatids 
gives insights into drug resistance, which is an impendence in attaining effica-
cious chemotherapy. In this chapter, we have tried to give an outline of the sig-
nificance of redox stress and its role in different cellular metabolisms of 
trypanosomatids, with a special focus on trypanothione-trypanothione reductase 
(TR)-based redox system as a peculiar system to study trypanosomatids oxida-
tive stress mechanism, also for drug designing.

Keywords
Trypanosomatids · Oxidative stress · Trypanothione-trypanothione reductase · 
Reactive oxygen species (ROS) · Drug resistance · Host-pathogen interaction

9.1  Introduction

Protozoan parasites trypanosomatids group comprising Trypanosoma brucei, T. 
cruzi, and Leishmania spp. are etiological agents which cause several neglected 
diseases such as African trypanosomiasis (HAT), Chagas disease and leishmaniasis, 
respectively. These diseases have high morbidity and mortality affecting around 27 
million people globally [1, 2]. In the absence of a licensed vaccine, development of 
drug therapies gave poor translational outcomes which are being a major concern to 
control these NTDs [3].

All of these parasites have complex life cycles, with significant differences in 
biochemistry, morphology, and cell biology between life cycle stages and in some 
cases between species. Interestingly, trypanosomatids show some peculiar charac-
teristics with respect to their biological features, such as kinetoplast DNA, different 
antioxidant and energetic enzymes, different morphological forms in host and vec-
tor etc. In this regard, exploring pathways would be a strategic tool to gain insights 
into their implications in parasite biology and pathogenesis. This strategy is robust 
for drug discovery and design. Several pathways of trypanosomatids are being 
explored for a better understanding of their differences from the mammalian coun-
terpart; these pathways include glycolytic pathway, DNA repairing pathway, sterol 
biosynthesis pathway, folate synthesis pathway, and polyamine synthesis pathway 
[4–8].

An imbalance between the antioxidants and oxidizing agents results in oxidative 
stress. Redox metabolism plays a major role in cell survival through reducing oxida-
tive stress caused by reactive oxygen species (ROS), called as oxidative defense 
system. ROS causes DNA damage leading to apoptosis or death of cells and also has 
a role in pathogenesis of parasites [9]. For instance, protozoan parasite Leishmania 
is able to evade the immune system to perpetuate infection; thus interplay of 
Leishmania and host oxidative stress has a major role in infection. It has been evi-
denced that Leishmania inhibits neutrophil oxidative metabolism during the 
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establishment of infection. However, after the disease establishment, there is an 
induction of oxidative stress by parasite [10]. Trypanosomatids have a unique sys-
tem to maintain the oxidative stress, which is based on trypanothione-trypanothione 
reductase (TR) system. This system is specific to trypanosomatids and differs from 
all other organisms. Trypanosomatids redox system involved four major thiols: try-
panothione, glutathionylspermidine, glutathione, and ovothiol. However, all these 
thiol systems are involved in maintaining the parasite redox homeostasis, but among 
all, trypanothione is the most powerful reducing agent as compared to other thiols. 
Trypanothione is kept in its reduced state by TR [11–13]. Thus, T (SH)2- 
trypanothione reductase-based thiol redox system draws more attention as a tool to 
understand the role of redox metabolism in trypanosomatids biology and pathogen-
esis, also as a candidate for drug/vaccine designing [14, 15]. In this chapter, we 
attempted to give insights into the significance of oxidative stress in trypanosoma-
tids biology with special focus on trypanothione-trypanothione reductase-mediated 
redox homeostasis.

9.2  Oxidative and Antioxidative Metabolisms 
of Trypanosomatids and Their Differences 
from Mammalian System

Oxidative stress (OS) occurs due to the shift in balance between oxidizing agents 
and antioxidant defense. During OS excessive reactive oxygen species (ROS) are 
formed in cells, which could exceed the normal antioxidant capacity. The level of 
ROS is not controlled by internal antioxidants’ defense mechanisms that leads to 
oxidative stress. This oxidative damage affects proteins, lipids, and DNA which 
could lead to cytotoxicity and genotoxicity [16]. In trypanosomatids interplay of 
parasite and host oxidative stress plays a major role during infection and pathogen-
esis. Trypanosomatids have aerobic respiration and survive only in the presence of 
oxygen. In aerobic respiration, energy is produced through molecular oxygen as it 
acts as electron acceptor, which further forms two molecules of water. However, 
partial reduction of molecular oxygen by 1, 2, or 3 electrons results in the formation 
of superoxide anion and hydroxyl radical, respectively. During normal conditions, 
antioxidant mechanism maintains all these reactive oxygen species levels at con-
stant steady-state concentrations; a shift in the balance in these levels results in the 
oxidative stress [17–19].

Trypanosomatids electron transport chain has major differences as com-
pared to the mammalian counterpart. The respiratory chain of African as well 
as in all stages of American trypanosomes has divergence from the mammalian 
counterpart. Previous investigations through inhibitors study demonstrated that 
Complex III is not involved in passing the electrons from NADH to cytochrome 
c. Additionally, trypanosomatids either lack Complex I or have substantial 
functional variation [20–23]. Moreover, even the Krebs cycle of trypanosoma-
tids works in a different fashion with respect to mammalian Krebs cycle. Few 
Krebs cycle enzymes such as α-ketoglutarate dehydrogenase which is involved 
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in NADH production in mammalian system were found missing, while other 
dehydrogenases work in different biochemical ways, like isocitrate dehydroge-
nase reduction of NADP instead of NAD.  Interestingly, NADH-fumarate 
reductase capable of Krebs cycle involves in reduction of fumarate to succinate 
is unique to trypanosomatids and absent in mammalian cells [24, 25]. All these 
variations of oxidative stress machinery from mammalian system make it 
unique to trypanosomatids. Hence, exploring oxidative stress mechanism of 
trypanosomatids is a good tool to gain insights about its role in parasite biology 
and pathogenesis. Enzymes of oxidative metabolism of trypanosomatids could 
be drug agents, but the main disadvantage of this approach is that these enzymes 
are specific to trypanosomatids, but their substrates are key metabolites of the 
mammalian system, and there is a scope of interference of these inhibitors to 
intermediate metabolism of mammalian cells [26, 27].

9.3  Trypanothione-Mediated Metabolism 
in Trypanosomatids

Trypanothione is the form of bis-glutathione conjugated by spermidine that exclu-
sively occurs in kinetoplastids, such as trypanosomes and Leishmania [28]. 
Trypanothione biosynthesis occurs in three steps; after the synthesis of glutathione 
and spermidine individually, two glutathione molecules are conjugated by spermi-
dine to form bis(glutathionyl)spermidine trypanothione [29]. Trypanothione disul-
fide is reduced by a flavoenzyme trypanothione reductase (TR) at the cost of 
NADPH; this resembles the glutathione/glutathione reductase couple of mamma-
lian system [30, 31]. As GR is absent in trypanosomatids, the only connection 
between the NADPH-thiol-based redox systems is TR in these parasites. 
Trypanothione is a reducing agent of thioredoxin tryparedoxin, and dithiol proteins, 
which delivers reducing elements for the synthesis of deoxyribonucleotides, and 
also serves as an electron source for RR, an essential enzyme for DNA precursor 
biosynthesis. UMSBP involves in the replication of kDNA minicircles. TXN system 
reactivates oxidized UMSBP, which further binds to the minicircle origin sequence 
suggesting that in vivo kDNA replication undergoes redox regulation via TXN [32, 
33]. T(SH)2 is the key molecule for hydroperoxides, metals, and drug detoxification 
and thus maintains the redox homeostasis which is important for survival [34, 35]. 
Ascorbic acid is a strong antioxidant and radical scavenger. Trypanothione is an 
effective reducing agent of dehydroascorbate that maintains the ascorbic acid level. 
Many findings suggested that increased levels of trypanothione are required for 
metal and drug extrusion [36, 37]. High level of trypanothione was found to have a 
role in the amplification of PGPA gene which is known to play a role in Leishmania 
drug resistance to trivalent arsenite and antimonite [38, 39]. In Leishmania it is 
reported that T(SH)2 reduction of NO and Fe into nontoxic stable dinitrosyl iron 
complex is 600 times more efficient than mammalian GSH reductase system [32, 
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33]. In conclusion, aside from oxidative stress, trypanothione-mediated oxidative 
metabolism has various implications in trypanosomatids biology.

9.4  Trypanothione-Trypanothione Reductase System

The Leishmania parasite survives in the hazardous environment of macrophage in a 
mammalian host. Reactive nitrogen and oxygen species act as immune effectors as 
a part of host defense against parasite, but parasite fugitive strategy from these reac-
tive oxygen and nitrogen species is yet to be elucidated. Recent investigations 
revealed that Leishmania has unique defense mechanism known as trypanothione/
trypanothione reductase (TR) system to reduce the respiratory burst of macro-
phages. Three antioxidant enzyme cascades of trypanothione metabolism are 
required to counteract the mammalian antioxidant mechanism [40, 41]. 
Trypanothione/trypanothione reductase (TR) system of trypanosomatids is the 
counterpart to the human glutathione/glutathione reductase system [42]. TR has a 
key role in maintaining the redox balance in trypanosomatid parasites by reducing 
trypanothione which connects the thiol-NADPH-based redox systems [43–46]. TR 
disulfide substrate binding site is much wider and more negatively charged with 
respect to GR that accommodates the positively charged trypanothione disulfide and 
thus gives substrate specificity to the enzyme.

9.5  Trypanothione Reductase: A Key Regulator 
of Trypanosomatids Oxidative Stress and Bona Fide 
Antitrypanosomal Drug Agent

Trypanothione reductase is well-characterized enzyme from protein family of FAD- 
dependent NADPH oxidoreductases. TR is a homodimer of two 52 kDa monomers 
with both FAD and NADPH binding sites that regulate the whole thiol pool of try-
panosomatids, thus crucial for the maintenance of redox homeostasis [47]. The 
three-dimensional structure of TR was unraveled in both free form and complex 
forms with substrates and competitive inhibitor mepacrine. The major difference 
between the host and parasite enzymes is fully specific for their respective disulfide 
substrate binding site. TR disulfide substrate binding site is largely and more nega-
tively charged with respect to GR which is specific only to glutathionylspermidine 
conjugates, while glutathione is specific for GR with a net charge of −2. This sub-
strate specificity is due to the substitution of Ala34, Arg37, Ile113, Asn117, and 
Arg347 of human GR with Glu18, Trp21, Ser109, Met113, and Ala343 in TR, mak-
ing active site of the parasite enzyme more negatively charged and hydrophobic. 
Additionally, TR disulfide substrate binding site is wider as compared to GR with 
2.2 × 2.0 × 2.8 nm3 width. Cofactor binding site is another structural difference 
between TR and host GR as Tyr114 and Tyr197 are highly conserved sites in the 

9 Oxidative Stress: A Boon or Bane for Trypanosomatids Diseases?



180

cofactor binding site of human GR. Though these two residues are conserved in TR 
at position 110 and 198, Leu337 and Phe203 are substituted by an ionizable side 
chain Met333 and Met202, respectively. Position 287 has an additional basic side 
chain in TR.  In consideration of all these structural differences of TR from GR, 
designing of structure-based drug with focus on substrate/cofactor binding site 
without affecting GR activity would be a rational approach in drug development of 
trypanosomatids [48].

Along with these differences, TR’s absence in mammalian system and its key 
role in thiol-based redox homeostasis make trypanosomatids’ oxidative metabolism 
a peculiar aspect from other eukaryotes, also making TR as a lucrative agent for 
redox biology study and drug design [49]. Interestingly, overexpression of TR in 
transfected Leishmania donovani promastigotes was found to be insignificant to the 
sensitivity of H2O2, inferring that the formation of T(SH)2 from its disulfide upon 
oxidative stress is not the rate-determining aspect of the defense system. In T. cruzi, 
antisense modulation of TR led to the gene arrangements due to the overexpression 
of TR. In L. donovani, the first allele of TR was successfully deleted, but the second 
allele could not be deleted, due to the third copy generation, thus failing to produce 
null mutants. Additionally, 15% downregulation of TR did not seem sufficient to 
affect the parasite survival, so it is suggested to develop inhibitors to attain >85% 
inhibition to affect parasite survival [50]. However, 15% inhibition was found to be 
adequate to get parasite sensitive to oxidative burst of macrophages, still keeping 
TR as bona fide target to destruct oxidative metabolism of trypanosomatids.

One disadvantage of targeting TR to study the oxidative metabolism of trypano-
somatids is its concentration variation from trypanosomes to Leishmania spp. which 
is ranging from 0.3 mM to 3.0 mM. TR inhibition leads to the accumulation of 
T(S)2. It is necessary to know the level of T(S)2/T(SH)2 parasites can withstand. In 
this case, competitive/irreversible inhibition of TR with Ki values in nM range 
would be a better strategy for studying TR inhibition-mediated oxidative machinery 
of trypanosomatids [51].

9.6  Concluding Remarks

This chapter is a comprehensive review of oxidative stress mechanism and its role 
in trypanosomatids biology. We tried to give insights into oxidative and antioxida-
tive metabolisms of trypanosomatids and their differences from the mammalian sys-
tem. We focused on trypanothione role in various cellular metabolisms of 
trypanosomatids with special emphasis on trypanothione-trypanothione reductase- 
based redox system, a major redox system which is a peculiar feature of trypanoso-
matids. Trypanothione reductase is a key enzyme involved in redox metabolism 
belonging to trypanosomatids. We pictured TR as a lucrative target not only to study 
to oxidative mechanism of trypanosomatids but also as drug agent to develop che-
motherapy against trypanosomatid diseases.
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10Redox Regulatory Circuits as Targets 
for Therapeutic Intervention 
of Bancroftian Filariasis: Biochemical, 
Molecular, and Pharmacological 
Perspectives

Suprabhat Mukherjee, Nikhilesh Joardar, 
and Santi P. Sinha Babu

Abstract
Bancroftian filariasis is one of the oldest human diseases that are still posing a 
myriad threat to mankind with an increasing number of new infections, morbidi-
ties, disabilities, and socioeconomic loss in each year. Wuchereria bancrofti is 
the causative parasite that infects human through vector-mediated transmission 
and parasitizes the human lymphatics leading to incompetence, lymphostasis, 
lymphatic dysfunction (hydrocele and lymphedema), and interstitial fibrosis and 
promotes vulnerability to opportunistic microbial infections resulting in elephan-
tiasis. The worm usually resides for years in the human body and this is due to 
their unique ability to escape from the host defense system. In this connection, 
an efficient and highly versatile redox regulatory system in the filarial parasite is 
considered as the most crucial factor behind their survivability inside the host. 
The redox regulatory circuit is typically composed of enzymatic and nonenzy-
matic antioxidants which ameliorate the lethal effect of the prooxidants (reactive 
oxygen and nitrogen species) generated by the host immune cells. Therefore, 
modern antifilarial research aims to break the shield of the filarial redox regula-
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tory system through targeted chemo- and immunotherapeutic approaches. Due to 
the emergence of the drug resistance against available antifilarials and alterations 
in the pathogenesis, therapeutic intervention of bancroftian filariasis through 
triggering the redox-regulatory circuits usher to be a new hope for the mankind. 
In this chapter, we have discussed the recent advancements and potential of 
redox regulation targeted intervention of lymphatic filariasis by majorly empha-
sizing the biochemical, molecular, and pharmacological perspectives.

Keywords
Bancroftian filariasis · Redox regulatory circuit · Antioxidants · Reactive oxygen 
species · Therapeutic intervention

Abbreviations

AP1 Activator Protein 1
ASK Apoptosis signaling kinase
BNF Bancroftian filariasis
CAMKII Calmodulin Kinase II
CAT Catalase
CED Cell death abnormal
Cys Cysteine
DC Dendritic cell
DEC Diethylcarbamazine citrate
EGL Egg laying normal
GPELF Global Program to Eliminate Lymphatic Filariasis
GPx Glutathione peroxidase
GR Glutathione reductase
Grx Glutaredoxin
GSH Glutathione
GST Glutathione S-transferase
IL-10 Interleukin 10
iNOS Inducible nitric oxide synthase
IVM Ivermectin
LF Lymphatic filariasis
MDA Mass Drug Administration
Mf Microfilaria
Mϕ Macrophage
NF-κB Nuclear factor kappa B
NTD Neglected tropical disease
OSH Ovothiol
PAMP Pathogen-associated molecular pattern
PBMC Peripheral blood mononuclear cell
PDI Protein disulfide isomerase
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Plrx Plasmoredoxin
PRR Pattern recognition receptor
Prx Peroxiredoxin
PTM Posttranslational modification
RNS Reactive nitrogen species
ROS Reactive oxygen species
SOD Superoxide dismutase
Trx Thioredoxin
TrxR Thioredoxin reductase
TSH Trypanothione
TXN Tryparedoxin
WHO World Health Organization

10.1  Introduction

Lymphatic filariasis (LF) is a deforming and disabling human disease caused by the 
mosquito-transmitted nematode parasites, Wuchereria bancrofti, Brugia malayi and 
B. timori. W. bancrofti has been the major causative parasite contributing to 90% of 
the total LF cases, and this form of LF is known as bancroftian filariasis (BNF) [1]. 
Currently, BNF is enlisted in the list of ‘neglected tropical diseases (NTDs) as it is 
mainly prevalent amongst the underprivileged population [1]. Like other NTDs, 
BNF excessively affects the vulnerable populations and the intensely disfiguring 
perceptible outcome of the disease occurs afterward in life and can lead to everlast-
ing disability [2, 3]. Bancroftian filarial patients are not only physically disabled but 
also suffer from mental, social, and financial crises [3–5].

At present, the prevalence map constitutes 947 million people in 54 countries, 
out of which an estimated male population of 25 million display hydrocele and over 
15 million people with lymphedema [1]. In addition to these, at least 36 million 
individuals remain with all of the chronic manifestations of BNF [1]. According to 
the report of the National Vector Borne Disease Control Programme (Directorate 
General of Health Services, Ministry of Health & Family Welfare), in India, pres-
ently 17 states are affected with LF among which Uttar Pradesh, Bihar, Odhisa, and 
Tamil Nadu face the worst scenario [6]. Interestingly, 99.4% of the LF cases in India 
are caused by W. bancrofti and rests are caused by B. malayi. Since 2004, the Health 
Ministry has been carrying out mass drug administration as part of the Hathipaon 
Mukt Bharat (Filaria Free India) program for preventive medication [6].

In its life cycle, W. bancrofti utilizes human as a prime host and mosquito as 
intermediate. The infected mosquito releases the infective larvae (L3) of W. ban-
crofti which invades through the skin, mature into the adults (L5) and adults release 
L1 larvae that enter into circulation [4]. The nematode parasitizes the human lym-
phatics leading to incompetence, lymphostasis, lymphatic dysfunction (hydrocele 
and lymphedema), and interstitial fibrosis and promotes vulnerability to opportunis-
tic microbial infections resulting in elephantiasis [7]. The present treatment regimen 
for treating BNF includes administration of broad-spectrum anthelmintics like 
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albendazole and anti-Wolbachia antibiotic, i.e., doxycycline through mass drug 
administration (MDA) program by WHO and morbidity management [3]. The 
Global Program to Eliminate Lymphatic Filariasis (GPELF) also includes other 
drugs like diethylcarbamazine (DEC) and ivermectin (IVM) [8]. Major drawbacks 
in using these drugs have been their limited efficacies on the adult filarids, systemic 
and inflammatory adverse reactions; multiple rounds of dosing and prolonged treat-
ment duration [9–12]. Alongside these, the emergence of resistance against the 
available anthelmintics and alteration in the mode of pathogenesis are also consid-
ered as added complications [7, 13]. Considering the alarming conditions, new 
approaches are urgently needed to combat the tide.

The most unique feature of the filarial parasite is its ability to cope up with the 
oxidative challenges posed by the host, and this is central behind the prolonged 
survival of the filarial worm inside the human body [14, 15]. Being a blood-borne 
parasite, W. bancrofti has evolved several unique mechanisms of escaping from the 
host defense system that potentially comprises a fascinating and highly versatile 
antioxidant system [15]. Therefore, targeted manipulation of the filarial redox 
machinery is emerging as an effective target to develop antifilarial chemotherapeu-
tics or vaccines. Interestingly, the redox system is not a single-component system 
rather it contains functionally diverse biomolecules [16]. Therefore, triggering such 
components with chemo- and/or immunotherapeutics appears to be effective in con-
trolling the drug-resistant strains. In this chapter, major emphasis is given to present 
a comprehensive view on the promises of the redox regulatory circuits of filarial 
parasites as a therapeutic target for the intervention of bancroftian filariasis based on 
the existing and upcoming approaches up to cellular and molecular level.

10.2  Redox Biology of Filariasis

A unique and versatile redox regulatory circuit is considered to be one of the prin-
cipal reasons behind the long-term survivability of the filarial parasites inside the 
host [17]. Filarial redox system is mainly comprised of enzymatic and nonenzy-
matic components. A list of major redox regulators of filarial parasites has been 
depicted in this section.

10.2.1  Nonenzymatic Antioxidants

10.2.1.1  Low Molecular Weight Thiol Compounds
Cysteine (Cys) with its sulfhydryl group (-SH) is immensely important in filarial 
physiology due to its crucial role in protein folding. Upon donating the hydrogens, 
Cys in coordination with protein disulfide isomerases (PDI) forms disulfide bonds 
in proteins [16, 18]. However, in metazoan parasites, like filarial, covalent post-
translational modifications (PTMs) of the cysteine residues are the major regulators 
of redox homeostasis and signaling by linking the redox state of the antioxidant 
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proteins with their function inside the cell [19]. Interestingly, cysteine modifications 
play vital roles in various cellular functioning in case of human parasites that poten-
tially includes functioning and trafficking of the redox regulatory proteins [19]. On 
the other hand, selenocysteine, a rare amino acid is the manufacturer of an elite 
group of proteins, selenoproteins, is also sharing equal importance in enzyme- 
mediated redox reactions [20]. Biochemically, the presence of selenium atom makes 
significant differences in both functioning and structure of the selenoproteins [16]. 
Intriguingly, free-living nematodes (Caenorhabditis elegans) have been shown to 
contain a single selenoprotein, namely, thioredoxin reductase [21, 22]. However, 
different parasitic nematode species including filarial parasites encode selenopro-
tein with an unusual selenocysteine insertion sequence (SECIS) that possesses a G 
in spite of the canonical A in the conserved region [23].

Glutathione (GSH) is considered being the most studied and most efficacious 
antioxidants of the filarial parasite. GSH is a tripeptide consisting of cysteine, glu-
tamic acid, and glycine, having a gamma-glutamyl peptide bond between the gluta-
mate and cysteine residues, which protects it from peptidase activities [24]. 
Glutathione system plays an important role in cellular antioxidant defense and 
detoxification of reactive oxygen species (ROS), reactive nitrogen species (RNS), 
electrophiles, as well as their toxic metabolites [25]. Interestingly, the entire gluta-
thione system enables the detoxification of xenobiotic compounds and plays a vital 
candidature in drug resistance and pathology [25]. GSH maintain the redox balance 
of the cellular compartments though removal of ROS [26, 27], regeneration of the 
reduced state of ascorbic acid [26, 27], transport of the amino acids through the 
γ-glutamyl cycle [28], the formation of deoxyribonucleotides [29] etc., by acting as 
a reductant [29]. GSH also helps in the removal of the xenobiotic compounds by 
increasing the solubility of the xenobiotic or by covalent conjugation of the xenobi-
otic with that of the glutathione S-transferase [30, 31]. GSH via glutathionylation of 
the protein participates in the cellular signaling process [32]. Interestingly, the ratio 
of the oxidized (GSSG) and the reduced glutathione determines the overall cellular 
redox potential [30]. However, inside the cellular compartments like endoplasmic 
reticulum, vacuoles, and mitochondria, the independent pool of GSH maintain dif-
ferent GSH/GSSG ratio which reveals a difference in the intracellular redox envi-
ronment [27]. Moreover, levels of GSH are crucial for the finest functioning of the 
immune system, T-cell activation, differentiation, and a vital regulator of the cell 
cycle [25]. Reduction in the GSH causes damage by oxidative and nitrosative stress; 
hypernitrosylation; increased levels of proinflammatory mediators and inflamma-
tory potential; dysfunctions of intracellular signaling pathways (p53, NFκB, and 
JNK); decrement of cell proliferation and DNA synthesis and controls several other 
cellular events [25]. Intriguingly, it has been reported earlier by Morris et al., [25] 
that redundancy in the level of GSH results in significant alterations in the homeo-
static control of the immune system, oxidative and nitrosative stress pathways.

Apart from GSH, ovothiol (OSH) and trypanothione (TSH) are also consid-
ered important in redox biology [33, 34]. OSHl, a mercapto-histidine, comprised 
of OSH-A, OSH-B, and OSH-C variants where a methyl group is absent in the 
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OSH- A, and one and two methyl groups are present in the rest two variants 
respectively [16]. This peptide is mainly involved in the H2O2 reduction with a 
consequence of the generation of the disulfide form of the compound [33]. On 
the other side, TSH is a dithiol containing two GSH molecules covalently joined 
through amide bonds to a spermidine molecule [35]. TSH with the help of perox-
iredoxins is the main electron donor to tryparedoxin for the removal of hydroper-
oxides [36, 37].

10.2.2  Thiol-Containing Proteins

Thioredoxin is a low molecular weight protein (~12 kDa) and is present in the cyto-
sol, mitochondria, and nucleus and is even present in the extracellular environment 
of the parasite [38]. Thioredoxin system has a potent role in controlling cellular 
redox equilibria and consequently the cellular fate. The multiple functions of the 
thioredoxin include synthesis of deoxyribonucleotides [39], detoxification of H2O2 
[40], regulation of activities of the transcription factor (AP2, NFκB) [41], regenera-
tion of methionine sulfoxide [42], function as a cytokine in the oxidative stress 
condition [43]. Most interestingly, the active CXXC redox motif present in the Trx 
acts as a “redox rheostat” [44]. Alike others, filarial Trx has the ability to maintain 
the reducing equivalents required for the antioxidant enzymes [45]. Unlike kineto-
plastida apicomplexan parasites, the presence of tryparedoxin (a form of Trx), and 
plasmoredoxin in filarial parasite has not been reported.

Glutaredoxins (Grxs) are another group of low molecular weight redox-active 
proteins that potentially drive disulfide reduction and thiol-disulfide exchange reac-
tions [16] in filarial nematodes. The proteins act in coordination with GSH, gluta-
thione reductase (GR) and glutathione peroxidase (GPx). Alike another 
nematode-specific GPX, filarial GPX (as reported in B. pahangi) is glycosylated 
and it is specifically expressed after infection of the mammalian host and represents 
the major surface protein of adult lymphatic filarial parasites [46]. It has been 
reported that the inactive forms such as the dimeric and tetrameric structures of Grx 
are dependent on the interaction of the iron-sulfur redox centers (2Fe-2S) [47]. As a 
member of redoxin family, it has the ability to reduce the protein disulfides in a 
GSH dependent and/or deglutathionylation process (a process extremely important 
under oxidative stress condition in which a number of proteins become glutathio-
nylated) and maintain the redox homeostasis inside the host body [48]. Thiol 
(disulfide)-based antioxidants are important mediators of redox-regulation in nema-
tode parasites [16]. However, information about thiol-dependent antioxidant sys-
tems in filarids is scarce. In this context, most of the information is based on the 
studies conducted on Onchocerca volvulus and Brugia malayi [25]. So far, thiore-
doxins and glutathione are known as the major thiols that perform antioxidative 
functions.
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10.2.3  Antioxidant Enzymes in Filarial Parasites

The enzymatic components constitute mainly the antioxidant enzymes such as glu-
tathione S-transferases (GST), glutathione peroxidases (GPx), superoxide dis-
mutase (SOD), catalase, and thioredoxin reductase (TrxR). GST (E.C. 2.5.1.18), the 
phase II detoxification enzyme, is a key member of the antioxidant family that con-
trols or directly involved in the survivability of the filarial parasites. It protects the 
parasites from external assaults such as chemotherapeutics, immune effectors, and 
several free radicals generated by the different metabolic pathways of the host. 
Moreover, GST is also capable of combating the endogenous cyto- and xenotoxins 
(e.g., malondialdehyde, the end product of lipid peroxidation) [49]. This enzyme 
acts by catalyzing the nucleophilic addition of the tripeptide glutathione to the target 
moieties [49]. Apart from the aforementioned function, GST also plays a profound 
role in the development of resistance to antibiotics, anthelmintics, and other anti-
parasitic drugs [50, 51]. In parasitic nematodes (including filarids), Nu-class GST is 
known to act as heme-binding ligandins [52]. In particular, GST has been isolated 
and characterized from several filarial parasites that include a recent report [53] on 
Setaria cervi.

Antioxidant enzymes are of immense importance for the survival of long-lived 
parasites, especially the filarial parasites that resides inside the host body where 
ROS-mediated killing of the invading pathogen is of prime choice by the host [54–
56]. These enzymes are important in terms of prolonged survival of the nematodes 
in host resulting in chronic infections. A study conducted by Saxena et  al. [57] 
revealed that filarial parasites are unable to completely oxidize substrate to CO2 and 
H2O however, intriguingly pyruvate is decarboxylated and gives rise to respiratory 
CO2 [58]. Microfilariae (Mf) of Litomosoides carinii, Brugia pahangi, Setaria cervi 
and Acanthocheilonema viteae are reliant to a complimentary oxygen-dependent 
energy-generating system within their mitochondria [57, 59]. In vitro studies have 
established that ROS are injurious for the parasites because they are known to 
induce apoptotic pathway [7, 60–66]. ROS-mediated induction of apoptosis is a 
much-studied aspect in the field of antifilarial drug development [7, 60–68]. Filarial 
parasites are equipped with both aerobic and anaerobic mode of metabolism [69], 
and because of their O2 consumption, they are vulnerable to both self- and host- 
generated ROS [67, 68]. Studies have shown that considerable amounts of glutathi-
one S-transferase, glutathione reductase activities are present in crude S. cervi 
homogenate and SOD, catalase and glutathione peroxidase, glutathione reductase 
and glucose-6-phosphate dehydrogenase are also found to be present in S. cervi, L. 
carinii, and A. viteae as well which glorify their potentials in oxidative stress 
defense [60–68]. L. carinii contained catalase, glucose-6-phosphate dehydrogenase, 
GPx and SOD [70]. In dog heartworm, Dirofilaria immitis Cu/Zn SOD is present in 
both the Mf and adult stages [71]. In filarial parasite particulate type, gamma- 
glutamyltranspeptidase (γ-GT) is present in the intestinal tract and body wall of the 
parasite with comparatively higher activity in cuticle-hypodermis-muscle suggest-
ing that body wall has an important role in antioxidant defense and transport of 
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amino acids [57]. Cytochrome P450 is lacking in helminth parasites and thus GSTs 
are the major detoxification enzymes of this group of parasites [72–75]. Information 
about the antioxidant enzymes in nematodes is very scarce [16]. Interestingly, cata-
lase activity was found to be present in the crude extract of B. malayi [76] although, 
no sequence for CAT from any human filarial parasite was found in the gene data 
bank [76]. On the other hand, a secretory Cys-dependent GPx has been found with 
preferential activity toward fatty acid and phospholipidhydroperoxides in B. malayi 
and D. immitis [77]. The existence of Prx1a and Prx1b in both the larval as well as 
the adult stages of O. volvulus and B. malayi were studied [78, 79]. Trxr and GR are 
the major disulfide reductases found in the nematodes. Although the nematode GR 
is very much similar to that of the mammalian GR in structure and function, GR 
from C. elegans [80], S. digitata [81], A. suum [82], and O. volvulus [83] has been 
elucidated so far, and it has been concluded that differences in response pattern to 
arsenicals are the key feature behind the druggability of filarial GR [16, 81]. 
Presence of TrxR in free-living and parasitic species [84–87] has been reported. 
Selenocysteine-dependent and selenocysteine-independent isoforms in these nema-
todes were found to be present and localized in the cytosol and mitochondrial com-
partments [88–91].

10.2.4  Redox System-Host Immunity Crosstalk: Scope in Drug 
Development

Filarial thiol-dependent redox pathways are mainly operated by thioredoxin (TrX) 
and glutathione (GSH) systems [85, 92]. Particularly, studies in B. malayi (another 
human parasite) have shown constitutive expression of TRX throughout the life 
cycle of the parasite and such an abundance was postulated to play a key role in 
the host immune evasion strategy of the parasite [45, 93]. A unique feature of 
filarial TRXs is their immune regulatory attributes as they promote secretion of 
cytokines from host immune cells and also regulate the DNA-binding activity of 
the immunologically active transcription factors like NF-Κb [45]. In addition, 
filarial nematodes possess another thiol-specific antioxidant protein cluster 
namely thioredoxin peroxidase/thiol-specific antioxidant (TPX/TSA) [92]. In 
accordance with these proteins, TPX can also play a protective role scavenging 
the free radicals generated by the immune cells [79]. In addition, a 25-kDa TPX 
from B. malayi found to exist in all stages of the parasite [79]. In a previous report 
by Mukhopadhyay et al. [94] showed that poorer NF-κB signaling results in sur-
vival of filarids inside the host; therefore, it is evident that oxidative pathways also 
cross talk with the NF-κB axis. However, redox signaling pathways, their cross 
talks and relevance in the host- parasite interaction in the human model has not 
been elucidated in detail to date.
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10.3  Filarial Redox Regulatory Pathways as Potential 
Therapeutic Targets

Being the eukaryotes, human and W. bancrofti possess similar aerobic energy 
metabolism pathways wherein oxygen is the final electron acceptor. ROS is gener-
ated as a byproduct and importantly, a number of important cellular processes. 
However, dysregulation of the generation rather overproduction results in oxidative 
stress. The highly versatile antioxidant machinery is therefore immensely important 
in filarial survival and therefore considered as an efficacious target for chemo- and/
or immunotherapeutic intervention of BNF.

10.3.1  Redox Signaling Pathways for Antifilarial Chemotherapy

Filarial parasites are heme auxotrophs and they require uptake and transport of 
exogenous heme for incorporation in hemoproteins [52], and therefore, GST appears 
to be a meaningful target for antifilarial drugs. The advantage of using filarial GST 
for drug development is the high degree of dissimilarity in the amino acid sequence 
of GST between human and filarial parasites. For example, GST of S. digitata 
shares only 43% homology with human [95]. The mechanistic insights of thiol- 
based redox regulatory system in the filarial parasites have been demonstrated in 
Figs. 10.1 and 10.2.

Fig. 10.1 Thiol-based redox regulatory circuit and its functional significance in the filarial nema-
tode. Filarial antioxidant defense system is majorly operated by the thiol proteins principally com-
prised of glutathione (GSH) and thioredoxin (TRX). These proteins in reduced form contain -SH 
group that maintain the redox homeostasis through providing the H atom to the radicals. After their 
actions, these thiol proteins converted to their reduced state by the action of respective reductase 
enzymes, viz., glutathione reductase (GR) and thioredoxin reductase (TrxR)
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Fig. 10.2 Targeted perturbation of redox-homeostasis as a drug target to trigger filarial infection. 
Efficiency of the redox regulators in the removal of noxious radicals is crucial in determining the 
fate of the infectious filarial parasite inside the host body. Taking the advantage of this, the redox 
regulation circuits have been chosen as efficacious target for the antifilarial chemotherapy. Major 
proportions of currently available antifilarials result impairment in the redox cycling of thiol pro-
teins (TRX and GSH) and/or direct inhibition of their activities
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10.4  Targeted Induction of Oxidative Stress as a Drug 
Designing Approach

Recent research on the development of potential antifilarials from natural sources 
(curcumin, ferulic acid, ursolic acid, acaciaside isomers) and/or synthetic com-
pounds having a core structure of natural compounds (resveratrol analogs, 
quinolone- fused sulfonamide, carbamoyl thiolates, cinnamoyl derivatives) have 
been found to induce oxidative stress. The interaction between the phytochemical(s)/
synthetic moiety and cell membrane of the parasite is considered as the key phe-
nomenon behind eliciting an antifilarial response [7, 54, 60, 65, 96]. Such an inter-
action results in peroxidation of the phospholipids present in the cell membrane and 
generates highly reactive lipid peroxide radicals [7, 54, 60, 65, 67, 68, 96]. Oxidative 
damage of the membrane not only disrupts the membrane integrity but also initiates 
free radical chain reaction through generating lipid peroxide radicals [97]. Cellular 
insights of the induction of lipid peroxidation and subsequent initiation of free radi-
cal chain reaction in filarial parasite after treatment with a diverse group of phyto-
chemicals and synthetic compounds have been presented in Fig. 10.3.

Increased generation of lipid peroxides after treatment of several filarial parasites 
including W. bancrofti is usually inferred from a high level of malondialdehyde 
(MDA), the end product of lipid peroxidation [7, 54, 60, 65, 67, 68, 96, 98]. MDA 
is a neutral molecule generated at the termination reaction of the free radical chain 
reaction but the short-lived and highly reactive lipid peroxide radicals utilize elec-
tron from several important molecules (hydroxyl ion; nitric oxide) from the cells 
and the level of cellular free radicals dramatically enhanced [99]. Intriguingly, these 
free radicals are chemically diverse and can damage all sorts of biomolecules car-
bohydrates, proteins, lipids, nucleic acids as well as other important molecules like 
vitamins). Being the major functional biomolecule of a living cell, oxidative dam-
ages in protein structure is considered as the major cause of cellular dysfunctions 
and death [54, 68]. In this connection, oxidative damages to the cellular antioxidant 
proteins (glutathione, thioredoxins) are the critical parameters. In antifilarial drug 
development research, these proteins have been documented as major cellular tar-
gets [60]. However, a dearth in our knowledge on the biochemistry of such parasitic 
proteins in filarial nematodes, majorly the thiol-based proteins, is considered as a 
major setback. Recently, presence and kinetic characteristics of low molecular 
weight thioredoxin reductase (TrxR) have been reported in a model filarid, Setaria 
cervi [85]. The unique feature of the filarial redox system is the presence of both 
glutathione (GSH)- and thioredoxin (Trx)-based antioxidant systems. In most of the 
available literature, the GSH-based antioxidant system has been studied for their 
role in the context of antifilarial drug-induced induction of oxidative stress. Our 
previous studies deciphering the effect of natural antifilarials and natural-product 
inspired synthetic compound demonstrated depletion of GSH [54–56, 61–64, 96]. 
Due to such depletion in GSH, the parasite is unable to cope up with the oxidative 
milieu and as a result, free radicals start damaging the biomolecules [60, 98]. In 
most of the cases, after exposure to antifilarial compound, levels of the potent anti-
oxidant enzymes (GST, GPX, SOD, and catalase) get upregulated but the level of 
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Fig. 10.3 Manipulation of redox regulatory pathways in filarial nematodes for the development 
of antifilarial agents. Antifilarial compounds from natural sources and/or synthetic compounds 
interact with the parasite membrane and result in induction of lipid peroxidation. Lipid peroxida-
tion not only results damage of the membrane architecture but also causes initiation of the free 
radical chain reactions which damages all sorts of biomolecules. The high prooxidative milieu 
inside the parasite further governs activation of the cell death pathways, i.e., apoptosis and 
autophagy
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oxidative stress is beyond the ameliorative property of the filarial antioxidant sys-
tem. A pictorial representation on the principal mode of actions of the compounds 
on the antioxidant enzymes have been furnished in Fig. 10.3.

However, the molecular synergies with other potential antioxidants like TRX 
and/or cross talk between GSH and TRX system are not yet studied. Considering 
the impact of ROS in inducing worm mortality, chemotherapeutics have now been 
designed to trigger oxidative stress inside the filarial worm [60, 67, 68].

Mechanistic exploration of the induction of parasite death due to ROS revealed a 
direct signaling cross talk between ROS generation and induction of cell death [54–
56, 60–64, 96]. The first and most studied signaling pathway is the programmed cell 
death, i.e., apoptosis. Two principal routes of cell death have been demonstrated to 
be induced in response to ROS. Firstly, ROS can signal increment in the expressions 
of the filarial proapoptotic proteins such as egg-laying defective (EGL-1) and cell 
death abnormal (CED-3 and CED-4) proteins while downregulation of the expres-
sion of CED-9 [54–56, 60, 96]. The induction of egl-1 is considered as a key protein 
behind the decision of a parasitic cell to undergo apoptotic death [100]. Under nor-
mal circumstances, CED-9 blocks apoptosis by inhibiting the activation of CED-4 
[100]. However, during oxidative stress, egl-1 subdues the activity of CED-9 which 
allows CED-4 to activate CED-3 [100]. CED-3 is the effector caspase in nematode 
and executes apoptosis by promoting DNase activation and proteasomal degrada-
tion of important cellular proteins [100]. Secondly, ROS can signal the activation of 
the extrinsic pathway of apoptosis [54]. ROS can directly induce DNA damage, 
often visible as DNA fragmentation, which activates p53 expression [60]. This p53 
activation promotes the release of cytochrome-c from mitochondria that further 
undergoes through the caspase-8/9 pathway to activate caspase-3 [54, 60]. In filarial 
nematodes, the concomitant existence of CED-pathway and caspase-3 [54, 60].

Interestingly, recent observation on ROS-induced activation of death signaling in 
filarial parasites revealed the occurrence of autophagy. Although the exact connec-
tion between ROS and autophagy is unknown, it has been demonstrated that high 
oxidative condition facilitates activation of mTOR which in turn activates beclin1 
following PI3KC3 [101]. Influence of ROS in activation of cell death pathways and 
major regulatory pathways in filarial redox system as targets of antifilarial chemo-
therapy have been depicted in Fig. 10.4.

10.5  Redox Signaling Pathways for the Immunotherapeutic 
Intervention of Filariasis

A study by Veerapathram et al. [102] demonstrated the experimental evidence on 
the vaccine potential of GSTs from human lymphatic filarial parasites in jird model. 
GST purified from the filarid S. digitata has been reported to result in a mixed type 
of Th1/Th2 response upon stimulation of human peripheral blood mononuclear 
cells (PBMCs) [95]. Due to the high degree of dissimilarity between filarial and 
human GST, an antibody raised against filarial GST can selectively neutralize the 
enzymatic activity of filarial GST to induce cytotoxicity in Mf [95]. Interestingly, 
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Fig. 10.4 Signaling cross talks between redox signaling and cell death pathways in filarial para-
sites. Oxidative stress induced by the antifilarial compounds result in activation of diverse signal-
ing pathways that cross talk amongst each other in an interconnected manner. Chemotherapeutics 
induced reactive oxygen species (ROS) generated inside the filarial parasite signals activation 
major cell death pathway, i.e., EGL-1/CED-9/CED-4/CED-3 pathway. In addition, current experi-
mental evidence also demonstrated activation of extrinsic pathway of apoptosis, i.e., cytochrome-
 c/caspase-9/caspase-3/PARP axis in the filarial pathway. Moreover, ROS damages genomic DNA 
that signals p53 activation to result induction of cell death. ROS also possesses a putative impact 
in inducing autophagy through mTOR/beclin1 pathway
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immunization with S. digitata GST revealed clearance of S. digitata Mf from the 
circulation in Mastomys coucha [95]. Thioredoxin system, especially TRX is also 
slowly emerging a potential target for immunotherapeutic intervention of BNF. In a 
study by Prince et  al. [92], recombinant W. bancrofti thioredoxin (WbTRX) and 
thioredoxin peroxidase (WbTPX) have been found to confer protection against B. 
malayi L3 larvae in M. coucha model. Antioxidant enzymes belonging to thiol anti-
oxidant system are crucial to coping up with the tremendous oxidative stress gener-
ated by the host [103].

10.6  Current Trends of Targeting Oxidative Stress 
for Treating Filariasis

10.6.1  Redox System As a Tool for Immunopharmacological 
Manipulation of Antifilarial Host Immunity

A number of filarial redox regulatory proteins have found potent as a vaccine can-
didate. B. malayi thioredoxin (WbTRX), is a member of the 16-kDa nematode-TRX 
family proteins [45]. Filarial TRXs lack secretory signal sequences, although, these 
proteins are usually detected in the excretory-secretory components [45]. Owing to 
its smaller molecular size and secretory property, this protein was attempted for the 
use as single- as well as multiple-mode vaccinations [92]. Experimental evidence in 
Dirofilaria immitis (a filarid of dog) suggested TPX as a protective antigen [104]. 
Furthermore, studies in M. coucha model, both TRX and TPX, were found to dis-
play their prophylactic potential in combination against B. malayi-infective L3 lar-
vae. W. bancrofti shares a high degree of homology with B. malayi antigens and 
therefore such strategy is likely to be effective in human as well. Studies with W. 
bancrofti TPX revealed a strong humoral response in M. coucha [92]. Therefore, 
thiol proteins could be considered for developing antifilarial vaccine. The cross talk 
between the host antigen presenting cells (Mϕ and DC) and the filarial parasites 
with concomitant generation of ROS and/or RNS with subsequent generation of 
oxidative stress inside parasite causing substantial damages in them has been 
depicted in the Fig. 10.5.

10.6.2  Bioactive Nanoparticles for Targeting Filarial Redox 
System

Currently, noble-metal (silver and gold) nanoparticles have been designed and 
found effective in targeting redox pathways in filarial parasites [98, 105, 106]. In 
this context, polymer-capped and surface modified nanoparticles have been found to 
induce ROS generation which in turn resulted in activation of apoptotic pathways 
and autophagy in filarial parasites (99, 106, 107). Apart from direct therapeutic 
applications, metal nanoparticles have now been used for delivery of drugs in sev-
eral infectious diseases [107]. Such a strategy could be useful in targeting W. 
bancrofti- infected individuals.
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10.6.3  Targeting Filarial Posttranslational Modification System 
for ROS-Dependent Intervention Approaches

Most of the blood-borne parasites of human undergo through several physiological, 
morphological, and metabolic changes throughout their life cycles to make them-
selves compatible in the changing environments inside the host [108]. During such 
changes, posttranslational modification (PTMs) of redox regulatory proteins of 

Fig. 10.5 Immunological cross talks between the antigen-presenting cell and a filarial parasite 
with concomitant generation of oxidative stress inside filarial parasite. After recognition of the 
pathogen-associated molecular pattern (PAMP) of the invading filarial parasite through pattern 
recognition receptor (PRR), the host immune cells sensitize itself for the production of reactive 
oxygen species (ROS) and/or reactive nitrogen species (RNS) by a series of complex biochemical 
process that readily affect the parasite. The oxidative stress generated through ROS and/or RNS by 
the host immune cells thus provides the first line of defense to the body
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parasite plays a key role. PTM of cysteine residues in proteins, specifically, 
S-glutathionylation and S-nitrosylation) regulate redox regulation activity of several 
proteins. Alongside these, PTMs through palmitoylation and prenylation influence 
trafficking and subcellular localization of the parasitic proteins. Importantly, the 
mechanisms are different from those of human. Thus, understanding of these PTMs 
in filarial redox signaling can provide a new dimension in antifilarial drug 
development.

10.6.4  Therapeutic Promises of the Mimics of the Cellular 
Antioxidant Enzymes

Exploration of the role of cellular thioredoxin based redox system in the regulation 
of the enzyme ribonucleotide reductase (the enzyme involved in the biosynthesis of 
deoxyribonucleotides). In this connection, chemical moieties mimicking cellular 
antioxidants/antioxidant enzymes are proving to be an effective choice. Ebselen, a 
synthetic organoselenium mimic of GPx, has emerged as a future drug to combat 
infectious bacteria by disrupting their redox regulatory mechanisms [109]. Recently, 
a study by Zou et al. [110] demonstrated the synergistic effect of ebselen against 
multidrug resistant bacteria infection by disrupting the redox homeostasis espe-
cially regulated at the level of DNA synthesis. However, use of antioxidant-mimics 
for treating parasitic infections has not been reported to date. However, considering 
the effectiveness of the ebselen on bacteria, the approach seems to be efficacious on 
the filarial nematodes too as because the survivability, fertility, pathogenesis along-
side other physiological processes are dependent on the endosymbiotic bacteria, 
i.e., Wolbachia. The redox-based intervention strategy is therefore expected to pro-
vide a meaningful outcome in filarial research.

10.7  Prospects and Challenges

Considering the landmark discoveries in thiol-based antioxidants research, most of 
the studies emphasizing targeted manipulation of the filarial redox regulatory path-
ways were achieved either in vitro or in a rodent model [54–56, 60–64, 111, 112]. 
In recent years, GSH- and Trx-dependent systems have been considered for treating 
gram-negative and gram-positive bacteria separately, especially in respect of 
multidrug- resistant strains [113]. Therefore, considering the importance of thiol- 
based antioxidant systems, GSH and TRX are presently considered as potential tar-
gets for developing antifilarial chemotherapeutics in future and the molecular reason 
is the high degree of sequence dissimilarities to their mammalian counterparts. 
Apart from the prospects made till date on antifilarial research, there remain certain 
challenges which are still posing hurdles in the progress. The major hurdle in anti-
filarial research is that W. bancrofti cannot be maintained in laboratory condition, as 
the parasite is a typical blood auxotroph. Moreover, the definite animal model ani-
mal is also lacking for W. bancrofti; therefore, maximum reports are presented with 
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only in vitro data. Animal models for Brugia species and Acanthocheilonema viteae, 
Litomosoides sigmodontis are available which cannot simulate the immunopathol-
ogy of BNF and in vivo validation of laboratory experiments is also poor [114]. 
Previously Presbytis entellus (Indian leaf monkey) used to consider as an excellent 
model for filarial research [115], but banning of using the monkey in India as a 
model animal posed a serious concern in the study. Due to the unavailability of adult 
parasites, studies of W. bancrofti are only limited to Mf, the L1 larval stage, and 
therefore, government agencies should come forward to provide access to the clini-
cal specimens from the hospital. Availability of efficacious therapeutic lead is 
another problem in redox-targeted antifilarial therapy. Although a number of chemi-
cal compounds and vaccines with high antifilarial activity have been proposed, 
unfortunately, most of the agents have failed at the early phase of the clinical trial 
due to toxic side effects as well as immunological reactions.

10.8  Concluding Remarks

Despite the tremendous effort of WHO, bancroftian filariasis still remains as a major 
cause of human health setback, especially in developing countries. Development of 
new therapeutic agents/approaches and exploration of new drug targets are cur-
rently considered as the major highlighted areas in filarial research. In this context, 
the filarial redox system has come out as a new efficacious target for developing 
effective antifilarials. Alike other eukaryotes, reactive oxygen species (ROS) are 
produced majorly as byproducts in filarial parasites, and ROS do have important 
roles in them. Intriguingly, the host immune system selectively triggers generation 
of ROS as a key “weapon” against the parasite. The parasite has also developed a 
versatile antioxidant defense to counteract the noxious effect of host-posed oxida-
tive stress. Efficiency and adequacy of the antioxidant are one of the deciding fac-
tors behind the survivability of the parasite inside the host. In view of the essentiality 
of the redox system in parasite physiology, targeted chemo- and/or immunotherapy 
triggering parasite’s redox system is considered as an effective option. Molecular 
dissection of the mechanism of action of several chemotherapeutics revealed that 
chemotherapeutics-induced ROS potentially activates the cell death pathways, 
majorly the programmed cell death (apoptosis) and also autophagy. Widespread use 
of the redox-targeted therapeutic intervention strategy has not been popularized due 
to the dearth in understanding the parasite redox-biology. Moreover, the majority of 
the chemical compound and/or vaccine candidates have failed in the earlier phases 
of clinical trials due to side effects. Therefore, future research should be emphasized 
more on exploring the detailed architecture of the redox-regulatory circuits in W. 
bancrofti, which will facilitate drug discovery by presenting new targets. At the 
same time, the discovery of novel and benign therapeutic molecules is required to 
hit the new targets. Taken en masse, “bench” to “bed” translation of the research is 
expected to bring a smile in the face of the unfortunate patients.
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Abstract
Entamoeba histolytica is an intestinal protozoan parasite that causes amebic dys-
entery and liver abscess in millions of inhabitants of endemic areas. E. histolytica 
trophozoites are exposed to highly toxic reactive oxygen and nitrogen species 
during tissue invasion. The capacity of E. histolytica trophozoites to survive 
reactive oxygen and nitrogen species is integral to its pathogenic potential and 
disease outcome. E. histolytica lacks most of the components of canonical 
eukaryotic anti-oxidative defense systems including catalase, glutathione, and its 
metabolic enzymes, and L-cysteine is the major intracellular low molecular mass 
thiol. However, this parasite possesses a functional thioredoxin system com-
posed of thioredoxin and thioredoxin reductase, which is critical for maintaining 
cellular redox balance and antioxidant function. Major enzymes involved in the 
redox balancing and the antioxidative pathways have been proven to be essential 
for the pathogen and, therefore, fulfill the prerequisite for a potential drug target. 
In this chapter, we summarized the currently available knowledge on the oxida-
tive/nitrosative stress during E. histolytica infections, redox regulation and 
detoxification mechanisms for oxidative and nitrosative species in E. histolytica, 
and its potential use as a target for drug discovery against amebiasis.
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11.1  Introduction

Amebiasis is a major cause of morbidity and mortality around the world, caused by 
a unicellular parasitic protozoan E. histolytica. Infections by this parasite cause 
amebic colitis (dysentery or diarrhea) and amebic liver abscess [1]. It is estimated 
that annually 50 million people worldwide suffer from invasive amebic infection, 
causing 40,000–100,000 deaths per year [2]. Amebic dysentery is considered as the 
third most common cause of parasitic death worldwide after malaria and schistoso-
miasis [3]. The life cycle of Entamoeba species consists of two main stages: the 
motile dividing trophozoite stage responsible for disease manifestations and the 
dormant transmissible cyst stage [4]. Infection in humans occurs following inges-
tion of mature cysts in water, food, or hands contaminated with faeces. In the human 
body, the cysts differentiate into trophozoites in the small intestine, which then 
colonize the large intestine and proliferate. The trophozoites  then invade the gut 
mucin and epithelial barrier [5].

E. histolytica trophozoites were shown to be sensitive to oxygen, but are able 
to  tolerate low levels of oxygen tension and therefore anaerobic/microaerophilic. 
During colonization, tissue invasion, and extra intestinal propagation, the trophozo-
ites are exposed to various reactive oxygen species (ROS) and reactive nitrogen 
species (RNS) [6]. Also during its life cycle, the parasites encounter a wide variety 
of environmental stresses, such as changes in pH, pO2, and nutrient (e.g., glucose 
and amino acids) concentrations, elevated temperature (heat shock), and host 
immune system including the released  of oxidative and nitrosative species from 
neutrophils and macrophages (Fig. 11.1) [7]. To be a successful parasite, E. histo-
lytica must adapt to the ever-changing host environments, as represented by oxida-
tive stress. The response toward oxidative stress by E. histolytica has been unveiled 
at the molecular levels, yet not fully understood. In this chapter, we summarize the 
currently available knowledge on the sources of oxidative stress during parasite 
proliferation and mammalian infections and also the antioxidative defense systems 
this parasite utilizes in order to cope with the oxidative stress.

11.2  Source of Oxidative and Nitrosative Stress 
in Entamoeba histolytica

E. histolytica trophozoites primarily reside in the colon, and during tissue invasion, 
the parasite must maintain intracellular hypoxia within the oxygenated human tis-
sues and also defend against the host immune attack [8]. E. histolytica trophozoites 
invade the host colonic mucosal barrier, leading to significant tissue destruction and 
inflammation, with release of pro-infammatory cytokines, ROS, and RNS from the 
host’s activated immune cells [9]. These reactive species are the major cytotoxic 
effectors for killing E. histolytica trophozoites. ROS and RNS inactivate key meta-
bolic enzymes by oxidation and nitrosylation, inhibit energy generation via glycoly-
sis, trigger stress responses by fragmenting the endoplasmic reticulum (ER), and 
reduce the activity of certain virulence factors [10].
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11.3  Correlation Between Pathogenesis and Oxidative/
Nitrosative Stress

Pathogenicity of E. histolytica trophozoites has been generally attributed to 
adherence- dependent killing of target mammalian cells/tissues as well as destruc-
tion of components of the host’s extra-cellular matrix [11]. A direct link of oxidative 
and nitrosative stress management of the parasite with its pathogenesis has been 
suggested [12] by the following observations: (i) virulent E. histolytica strains 
showed higher oxygen resistance compared to avirulent, less virulent, or attenuated 
strains [14]; (ii) in virulent strains, genes that are known to be involved in oxidative 
stress defense were more expressed compared to avirulent/less virulent strains [13]; 
(iii) oxidative and nitrosative stress modulated a large set of E. histolytica genes 
including virulence-associated genes, as revealed by transcriptomic analyses [10, 

Macrophage

Neutrophil

Intestinal lumen Entamoeba histolytica
trophozoite

Oxidative stress

Metabolomics:
Repression of glycolysis; increase in the 
non-oxidative branch of PPP; activation of 
chitin biosynthetic pathway; redirection of 
glucose toward glycerol and ATP 
production; decrease in L-cysteine and L-
cystine

Transcriptomics:
Increase expression in dUTPase, PNKP, 
ISF, PCTP, phospholipid-transporting-P-
type ATPase, HSP, FDP and NAOD.

Proteomics:
S-nitrosylation of cysteine residues of 
Gal/GalNAc lectin heavy subunit ; ER 
fragmentation; impairment of F-actin 
formation.

Intestinal epithelia

Fig. 11.1 Schematic illustration of E. histolytica invasion and summary of major findings by 
previous omics studies in response of E. histolytica trophozoites to oxidative stress. E. histolytica 
trophozoites invade the intestinal epithelial layer of the host, where they are exposed to ROS and 
RNS released by immune cells. Major experimental findings by transcriptomics, proteomics, and 
metabolomics analyses on the response by E. histolytica trophozoites triggered by oxidative stress 
are summarized in the boxes. NO nitric oxide, ROS reactive oxygen species, dUTPase deoxyuri-
dine triphosphate nucletotidehydrolase, PNKP polynucleotide kinase-3-phosphatase, ISF iron- 
sulfur flavoprotein, PCTP phosphatidylcholine transport-like protein, Hsp heat shock protein, 
FDP flavodiiron protein, NAOD N-acetyl ornithine deacetylase, ER endoplasmic reticulum, Gal/
GalNAc galactose/N-acetyl D-galactosamine, PPP pentose phosphate pathway
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15, 16]; (iv) the higher numbers of ROS and RNS responsive genes in the virulent 
strain compared to the avirulent strain [16]; and (v) high protein expression of 
superoxide dismutase (SOD) and peroxiredoxin in the virulent strain compared to 
an avirulent strain, suggest a possible role of these proteins in virulence, as revealed 
by proteomic analysis [17]. In the above-mentioned study [16], the most affected 
changes were observed in signaling/regulation pathways and repair of misfolded 
proteins, nucleic acids, and lipids [16]. The list of stress-regulated genes also 
includes several genes involved in virulence-related cellular processes such as abil-
ity to adhere to ingest and destroy human and bacterial cells [12, 16].

11.4  Mechanisms of the Parasite to Deal with Oxidative 
and Nitrosative Stress

E. histolytica trophozoites are able to tolerate up to 5% oxygen in culture conditions 
[18]. Oxygen is toxic to E. histolytica trophozoites when it is transformed into ROS, 
which then interact with proteins, nucleic acids, and lipids [19]. Therefore, to detox-
ify ROS E. histolytica possesses an enzymatic and non-enzymatic complex antioxi-
dant system. As this parasite lacks a conventional respiratory electron transport 
chain that reduces oxygen to water [20], its mitochondrion-related organelle known 
as mitosome [21] does not produce ROS. However, E. histolytica lack most of the 
components involved in antioxidant defense mechanisms, including catalase, per-
oxidase, glutathione, and the glutathione-recycling enzymes such as glutathione 

H2O2O2
FeSOD

2H2O

O2 + 
Prx
(red) 

Prx
(oxi) 

Trx
(oxi) 

Trx
(red) NADPH 

NADP+ 

Rbr
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NROR 

2H2O

TrxR
(red) 

TrxR
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FDP 
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NADP+ 
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p34/NO/ 
Isf/NOX  

Fig. 11.2 Characterized antioxidative defense system in E. histolytica. FeSOD iron-containing 
superoxide dismutase, p34 34-kDa NADPH: flavin oxidoreductase, NO NADPH-dependent oxi-
doreductase, Isf iron-sulfur flavoprotein, NOX NADH oxidase, NROR NAD(P)H-dependent rubre-
doxin reductase, FDP flavodiiron protein, Rbr (ox) and Rbr (red) oxidized and reduced rubrerythrin, 
Prx (ox) and Prx (red) oxidized and reduced peroxiredoxin, Trx (ox) and Trx (red) oxidized and 
reduced thioredoxin, TrxR (ox) and TrxR (red) oxidized and reduced thioredoxin reductase, 
respectively
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peroxidase and glutathione reductase or glutaredoxin [22, 23]. Instead, E. histolyt-
ica genome encodes enzymes that are involved in the detoxification of ROS, such as 
thioredoxin (Trx) [24], thioredoxin reductase (TrxR) [25], peroxidedoxin (Prx) 
[26], rubrerythrin (Rr) [27], flavodiiron proteins (FDP) [28], NADPH: flavin oxido-
reductase (p34) [29], NADPH-dependent oxidoreductase (NO) [30], hybrid-cluster 
protein [31], and Fe-SOD [32] (Fig. 11.2). E. histolytica trophozoites are capable of 
reducing O2 to H2O2 catalyzed by p34, NO, iron sulfur flavoprotein (Isf) [33] and 
NADH oxidase (NOX) [34] (Fig. 11.2). The H2O2 generated can be further con-
verted to H2O by the action of Prx [26], Rr [27], and/or TrxR enzymes (Fig. 11.2) 
[25]. Superoxide radical anion (2O2

•−) is also reduced to O2 and H2O2 by SOD [32].
E. histolytica possesses several oxygen sensitive metabolic enzymes such as 

pyruvate: ferredoxin oxidoreductase (PFOR), which replaces the multienzyme 
complex pyruvate dehydrogenase present in aerobic organisms [35]. Entamoeba 
PFOR contains iron-sulfur clusters in their catalytic center, which are easily dam-
aged by oxygen and several ROS-derived superoxide radical anion (O2

•−) or hydro-
gen peroxide [36, 37]. PFOR is essential for energy generation in this organism, 
and involved in the oxidative decarboxylation of pyruvate to acetyl-coenzyme A, 
which is further converted to ethanol and acetate, the end products of glucose 
metabolism in this parasite [35]. Since glycolysis is the main pathway for ATP gen-
eration in E. histolytica, PFOR inhibition by O2 has deleterious effects on energy 
metabolism in this parasite.

It has been suggested that E. histolytica ROS resistance can be improved by the 
ROS-scavengers generated from ingested bacteria. Recently, Varet et al. [38] ana-
lyzed the interplay between E. histolytica trophozoites and enteric bacteria (com-
mensals, pathogens, and probiotics). They found that live Escherichia coli O55 
protected E. histolytica trophozoites against oxidative stress and this bacterium 
exerts strong influence on the transcriptome of oxidatively stressed E. histolytica 
trophozites [38]. In addition to oxidative stress, E. histolytica also encounters nitro-
sative stress generated by neutrophils and macrophages to kill the parasites [39]. 
NO reacts with O2

•− to form peroxynitrite (ONOO−), a RNS which causes a various 
harmful effects such as deamination of nucleotides and irreversible inhibition of 
metalloenzymes [40]. It has been demonstrated that prolonged exposure of E. histo-
lytica trophozoites to sodium nitroprusside (SNP), sodium nitrite (NaNO2), and 
sodium nitrate (NaNO3), induce apoptosis in the parasite [41]. A short exposure of 
the trophozoites to these substances exerted cytotoxicity, although essential 
pathogenesis- associated functions such as erythrophagocytosis and proteolytic 
activity remained unaffected [41], indicating that the endomembrane and cytoskel-
etal systems involved in endocytosis and exocytosis were unaffected under NO 
stress. It was shown that NO inhibits PFOR activity and also induces fragmentation 
of the endoplasmic reticulum [10]. A pathway for NO degradation has not yet been 
identified in E. histolytica; however, it was demonstrated that E. histolytica perox-
iredoxins could reduce peroxynitrite to nitrite and water [24]. It has also been shown 
that E. histolytica DNA methyltransferase (Ehmeth) plays a role in resistance to 
nitrosative stress [42]. It was proposed that enolase, a glycolytic protein that binds 
to Ehmeth and inhibits its activity, was reduced in S-nitrosoglutathione 
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(GSNO)-treated E. histolytica, thereby leading to higher tRNAAsp methylation. 
Furthermore, it was shown that NO resistance in E. histolytica trophozoites could be 
accomplished by the methylation of tRNAAsp [42].

11.5  Omics Approaches to Unravel the Stress–Response 
Mechanisms in E. histolytica

Oxidative stress response of E. histolytica is not yet fully understood at the molecu-
lar level. However, in order to address stress response mechanisms in E. histolytica, 
various “omic” studies such as transcriptomics (transcriptome), proteomics (pro-
teome), and metabolomics (metabolome) have been carried out.

11.5.1  Transcriptome Analysis

A study using a whole-genome DNA microarray analysis was used to determine the 
transcriptional response of E. histolytica trophozoites to NO or H2O2 [28]. Numerous 
genes have been shown to be differentially expressed in E. histolytica exposed to 
oxidative or nitrosative stress [28]. However, a majority of the genes regulated by 
oxidative stress were annotated as hypothetical proteins [28]. Many genes encoding 
ubiquitin-conjugating enzymes, heat shock proteins, protein kinases, and small 
GTPases showed similar patterns of up- and downregulation with NO or H2O2 expo-
sure. Two genes (EHI_116940 and EHI_034560) coding for deoxyuridine triphos-
phate nucletotidehydrolase (dUTPase), which are implicated for DNA integrity, and 
a putative homologue of polynucleotide kinase-3-phosphatase (EHI_148430), 
involved in the repair of damaged DNA strand gaps and nicks, were upregulated in 
the parasites exposed to OS.  Three genes encoding iron-sulfur flavoproteins 
(EHI_138480, EHI_025710, and EHI_192040) that were involved in combating 
oxidative stress in other anaerobes by reducing O2 and H2O2 to water [28] were 
upregulated by H2O2. The E. histolytica genome encodes 7 independent genes for 
ISFs [4]. In general, anaerobic prokaryotes possess ISFs, which participate in com-
bating the oxidative stress by removing molecular oxygen and hydrogen peroxide. 
E. histolytica and T. vaginalis are the only two known eukaryotes that possess ISF 
genes among eukaryotes for which the genome information is available [43]. 
Pearson et al. examined the promoter regions of 57 amoebic genes that had increased 
expression in response to hydrogen peroxide exposure [44]. They found that a tran-
scription factor that binds to a specific motif (AAACCTCAATGAAGA) in the pro-
moter regions of various hydrogen peroxide-responsive genes plays a role in 
coordinately regulating gene expression in response to hydrogen peroxide exposure 
[44]. Genes induced by nitrosative stress are associated with signaling/regulatory 
processes and nucleic acids, proteins and lipids repairs [28]. Genes involved in lipid 
metabolism such as phosphatidylcholine transport-like protein (EHI_025400) and a 
phospholipid-transporting P-type ATPase (EHI_188210) homologous to amino-
phospholipid translocases, and genes encoding chaperone like heat shock proteins 
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(HSP70, EHI_052860; HSP101, EHI_022620; HSP20, EHI_055680) were upregu-
lated by nitrosative stress [28]. Furthermore, two homologous genes (EHI_189480 
and EHI_164520) encoding iron-sulfur flavoproteins and one of the four FDPs 
(EHI_129890), which have bacterial-type oxygen or nitric oxide reductases activity, 
were upregulated by nitrosative stress [28]. E. histolytica trophozoites can develop 
resistance to cytotoxic concentrations of NO in vitro and it has been suggested that 
the resistance phenotype could support the establishment of the parasite within the 
large intestine, where there is a constant attack by macrophages and NO [45]. A 
transcriptomic analysis of NO-adapted trophozoites revealed the molecular basis of 
anti-NO response of E. histolytica [46]. It was shown that among 332 genes that 
were differentially expressed, some genes showed upregulation including acety-
lornithine deacetylase (EHI_114340), genes associated with signal transduction, 
such as RAP/RAN GTPase-activating protein (EHI_079910) and serine/threonine 
kinase 3 (EHI_096560) as well as genes related to cytoskeleton proteins such as 
actin (EHI_126190) and filopodin [46]. Furthermore, it was shown that N-acetyl 
ornithine deacetylase (NAOD), which catalyzes the deacetylation of N-acetyl-L- 
ornithine to yield ornithine and acetate, is involved in the adaptation of E. histolyt-
ica trophozoites to nitrosative stress [46].

11.5.2  Proteomic Analysis

Using the advantages of proteomics, a large-scale identification of S-nitrosylated 
(SNO) proteins by SNO-RAC (resin-assisted capture) analysis was carried out for 
E. histolytica trophozoites that were treated with the NO donor [47]. SNO-RAC 
analysis revealed proteins that are involved in glycolysis, gluconeogenesis, transla-
tion, protein transport, and adherence to target cells (the heavy subunit of Gal/
GalNAc lectin) are among the S-nitrosylated proteins that were enriched by SNO- 
RAC.  It was shown that the cysteine residues of the carbohydrate recognition 
domain in Gal/GalNAc lectin were S-nitrosylation, which hindered the attachment 
of E. histolytica trophozoites to mammalian cells [47]. Proteomics studies using 
NO-adapted trophozoites using SNO-RAC identified 242 putative SNO proteins. 
Among them, proteins involved in calcium binding, enzyme modulation, redox 
homeostasis, and actin cytoskeleton were identified [48]. In NO-adapted trophozo-
ites, the formation of actin filaments (F-actin) is diminished, which apparently led 
to an impairment in erythrocyte ingestion [48].

11.5.3  Metabolomic Analysis

Metabolomic analysis of E. histolytica trophozoites treated with hydrogen peroxide 
(H2O2) or paraquat (PQ) revealed the dynamics of metabolic response in coping 
with oxidative stress [37]. The metabolome analysis showed that response to hydro-
gen peroxide and PQ treatment exhibited similar patterns in terms of the species of 
metabolites. Oxidative stress caused changes in the metabolites involved in 

11 Oxidative Stress and Antioxidant Defense Mechanism in the Human Enteric…



216

glycolysis, chitin biosynthesis, nucleotide, and amino acid metabolism [37]. It was 
shown that oxidative stress inactivates enzymatic activity of some important meta-
bolic enzymes (PFOR, phosphoglycerate mutase, and NAD+-dependent alcohol 
dehydrogenase) ceasing glycolysis and rerouting of metabolic flux toward glycerol 
synthesis, chitin biosynthesis, and the non-oxidative branch of the pentose phos-
phate pathway [37]. The first two enzymes of the oxidative pentose phosphate path-
way, glucose 6-phosphate dehydrogenase and transaldolases, are missing in E. 
histolytica based on the genome information [20], suggesting that a hexose mono- 
phosphate shunt pathway unlikely exists. The metabolomic study showed that most 
of the intermediates of the non-oxidative branch of the pentose phosphate pathway, 
i.e., erythrose 4-phosphate, ribulose 5-phosphate, and ribose 5- phosphate, and 
sedoheptulose 7-phosphate increased under oxidative stress [37]. It was proposed 
that ribose 5-phosphate, which may be produced from sedoheptulose 7-phosphate, 
is a precursor of NAD+, which is used to synthesize NADP by NAD kinase [49]. 
Inhibition of glycolysis and fermentation by oxidative stress caused a decrement in 
the levels of the nucleoside triphosphates (ATP, GTP, UTP, and CTP). However, the 
levels of nucleoside monophosphates (AMP, CMP, GMP, and IMP) were increased. 
Both H2O2- and PQ-mediated oxidative stress caused a decrease in L-cysteine and 
L-cystine levels, whereas the level of cysteine S-sulfinate was slightly increased. 
These observations indicate that L-cysteine is most likely the major effective scav-
enger of oxygen free radicals in E. histolytica [37].

Furthermore, this metabolomics study also revealed the existence of functional 
glycerol biosynthetic pathway in E. histolytica, by demonstrating that glycerol 
3-phosphate is one of the most highly upregulated metabolites under oxidative 
stress [37]. The intracellular level of glycerol also dramatically increased upon oxi-
dative stress. The drastic accumulation of glycerol 3-phosphate, together with the 
increase in other upstream glycolytic intermediates, upon oxidative stress undoubt-
edly suggests the existence of functional glycerol 3-phosphate dehydrogenase in 
this parasite. Further work is needed to determine the fate and functional implica-
tion of the increased formation of glycerol 3-phosphate and glycerol upon oxidative 
stress.

11.6  Antioxidative Defense Mechanisms in E. histolytica 
Trophozoites

In aerobic organisms, reactive oxygen and nitrogen species are constantly produced 
as byproducts of aerobic metabolism. These reactive toxic substances can disturb 
the cellular redox homeostasis of the organisms. Low molecular weight thiols and 
redox active protein thiols play an important role as redox buffers that respond to 
alterations in the intracellular redox potential [50]. A typical antioxidant defense 
system comprising non-enzymatic and enzymatic constituents such as catalase, per-
oxidase, glutathione, and glutathione recycling enzymes, all of which are almost 
ubiquitously found in a wide range of organisms [51], is missing in E. histolytica 
[20]. Instead, as described above, this parasite possesses a functional thioredoxin 
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redox system consisting of TrxR, thioredoxin (Trx), and Prx. Trx and L-cysteine are 
believed to be the important redox regulator of E. histolytica [22].

11.6.1  Thioredoxin Redox System

The thioredoxin system in E. histolytica comprises thioredoxin, NADPH, thiore-
doxin reductase, coupled with peroxiredoxin [24, 25] (Fig. 11.2). This system par-
ticipates in various redox reactions within the cell and is considered a common 
redox messenger interacting with different proteins. Thioredoxins are small ubiqui-
tous redox proteins that are found in nearly all organisms including unicellular para-
sites and play a key role in redox signaling and oxidative stress responses [52]. 
Thioredoxins contain a conserved CXXC motif containing two cysteine residues in 
its active site [53]. The thioredoxin system eventually functions as an electron donor 
for the reduction in a diverse array of cellular redox reactions. In E. histolytica tro-
phozoites, the participation of TrxR and Trx is essential for maintaining a redox 
balance in the parasite cytosol [24, 25]. The E. histolytica genome (http://amoedb.
org/amoeba/) reveals 22 Trx genes. Among these 22 Trx genes, 14 genes apparently 
encode proteins of less than 200 amino acids. Four of the 14 proteins (EHI_096200, 
EHI_053840, EHI_004490, and EHI_042900) contain the conventional Trx consen-
sus sequence (CGPC) and are thus assumed to be authentic Trx, while 8 genes 
encode larger proteins of 300–700 amino acids [54]. Only two Trx genes 
(EHI_004490, EHI_053840), which possess conventional Trx consensus sequence 
(WCGPC), were fully characterized [24, 55]. Trxs are kept in the reduced state by 
TrxR, which catalyzes the reduction of oxidized Trx by transferring reducing equiv-
alents from NADPH to its bound FAD and its redox active disulfide [25] (Fig. 11.2). 
Trxs are not only involved in detoxification of reactive oxygen species but may also 
be involved in regulating enzymatic activities through posttranslational modifica-
tions [56]. It has been reported that reducing agents such as L-cysteine and Trxs 
completely restored the activity of UDP-glucose pyrophosphorylase, which is 
involved in the synthesis of UDP-glucose, inactivated by sodium nitroprusside and 
hydrogen peroxide [56].

The E. histolytica genome encodes a single TrxR (EHI_155440) gene. It has been 
reported that Entamoeba TrxR contains an active dithiol/disulfide center (CXXC) as 
well as the coenzyme-binding motif (GGGGDAA) [25]. In the presence of O2, TrxR 
also exhibited a H2O2-generating NAD(P)H oxidase activity, following a mecha-
nism found to be different from the disulfide reduction [25, 56]. TrxR can use either 
NADPH or NADH as reducing electron donors for its disulfide reductase activity. 
However, E. histolytica TrxR showed approximately tenfold higher affinity toward 
NADPH compared to NADH, while the activity with NADH should also be noted. 
Trxs from other organisms exhibit preference toward NADPH over NADH by two 
to three orders of magnitude [25, 56–58].

As L-cysteine is the major thiol in E. histolytica trophozoites, it is presumed that 
the formation of S-nitrosothiols would depend on intracellular L-cysteine concen-
trations [22]. In the parasite, the cysteinyl radical species would react with 
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exogenous NO and generate S-nitrosothiols (CySNO). This metabolite is important 
for S-nitrosylation or S-thiolation of cellular proteins. It has been shown that ame-
bic TrxR can catalyze direct NADPH-dependent reduction of CySNO in vitro, and 
thus is considered to play an important role in regulating the intracellular levels of 
CySNO under oxidative or nitrosative stress conditions [25].

11.6.2  Peroxiredoxins (Prx)

Peroxiredoxins (Prxs) are a class of antioxidant enzymes that play important roles 
in regulating peroxide levels in the cell. Prxs catalyze the reduction of H2O2, alkyl-
hydroperoxides, and peroxynitrite to H2O using electron donors provided by thiols 
like Trxs (Fig. 11.2) [26, 55]. Prxs contain a conserved cysteine residue at the active 
site that undergoes peroxide-dependent oxidation and thiol-dependent reduction 
during catalysis. Prx was characterized in the commensal non-invasive ameba, E. 
dispar [59] and potentially free living E. moshkovskii [60], as well as E. histolytica. 
The surface localized Prx from E. histolytica exhibited peroxidase activity and was 
suggested to play a role in the survival of the parasite in oxidative environments 
during tissue invasion [26, 60, 61].

11.6.3  Rubreryrthrin (Rr)

Rubrerythrins (Rrs) are non-heme di-iron proteins involved in detoxification of 
H2O2. Rrs contain the ferritin-like diiron cluster and rubredoxin-like iron sulfur 
(FeS4) center [62]. E. histolytica Rr (EHI_134810) exhibits peroxidase activity and 
possesses all residues implicated in chelating the iron atoms. E. histolytica Rr was 
shown to be localized to mitosomes; it was not demonstrated, however, by proteome 
of the purified mitosomes [63, 64], and thus, its localization needs to be confirmed. 
A potential physiological protein receptor of Rr has not been identified in the E. 
histolytica genome [20, 28]. However, a protein (EHI_153000) has been character-
ized to possess Rr reductase activity, which catalyzes the NAD(P)H-dependent 
reduction of homologous and heterologous Rrs as well as E. histolytica flavodiiron 
protein (EhFDP1) [65]. This enzyme can use either NADPH or NADH as a cofactor 
for the reductase or oxidase activity, while the Rr reductase activity was higher with 
NADH than with NADPH [65].

11.6.4  Flavodiiron Proteins (FDPs)

Flavodiiron proteins (FDPs) constitute a large superfamily of enzymes with an 
important role in the response to oxidative and nitrosative stress in a wide variety of 
organisms, by transferring electrons to oxygen or nitric oxide [66]. Substrate prefer-
ence of FDPs is not yet fully understood; some FDPs have a preference for oxygen, 
whereas others prefer NO [67, 68]. The E. histolytica genome possesses four genes 
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encoding FDPs (EhFdp1, EHI_096710; EhFdp2, EHI_064530; EhFdp3, 
EHI_129890; EhFdp1, EHI_159860), which are homologous to bacterial-type oxy-
gen or nitric oxide reductases. EhFdp1 has been fully characterized to possess poor 
NO reductase activity, but efficient oxygen reductase activity without releasing 
ROS [68].

11.7  Low Molecular Mass Thiols in E. histolytica

11.7.1  Cysteine/S-Methyl Cysteine

Low molecular weight thiols such as glutathione and L-cysteine serve as a redox 
buffer to protect the cells against a variety of stress conditions [43, 69]. As described 
above, E. histolytica is completely devoid of glutathione metabolism and L-cysteine 
is the primary low-molecular-weight thiol that is essential for the parasite growth, 
survival, attachment, elongation, motility, gene regulation, and antioxidative stress 
defense [4, 22, 23]. In vitro cultivation of E. histolytica trophozoites requires higher 
concentration of L-cysteine, which can be substituted with L-cystine, D-cysteine, or 
L-ascorbic acid, suggesting that the extracellular L-cysteine and/or L-cystine plays 
an important role in parasite growth [70]. L-Cysteine can be synthesized from 
L-homocysteine using the reverse trans-sulfuration pathway or from serine via the 
de novo L-cysteine biosynthesis pathway [71]. E. histolytica lacks a part of both the 
forward and reverse trans-sulfuration pathways [72]. In E. histolytica, L-cysteine is 
produced via a sulfur assimilatory de novo L-cysteine biosynthetic pathway, which 
is generally present in bacteria and plants [73, 74]. This pathway consists of two 
steps mediating a conversion of L-serine to L-cysteine via O-acetyl-L-serine (OAS) 
catalyzed by serine acetyltransferase (SAT, EC 2.3.1.30) and cysteine synthase [CS, 
OAS (thiol) lyase, (EC 4.2.99.8)]. The E. histolytica genome encodes three iso-
forms each for SAT and CS [75]. It has been reported that the three SAT isoforms 
are inhibited by L-cysteine through a feedback mechanism, which helps to maintain 
appropriate L-cysteine concentrations in this parasite [76]. A metabolome study 
using L-cysteine-lacking medium revealed drastic accumulation of OAS, and pro-
duction of S-methyl cysteine (SMC) instead of L-cysteine [77]. SMC is a sulfur- 
containing amino acid that is commonly found in relatively large amounts in several 
legumes, considered as sulfur storage [78]. It was reported that oxidative stress such 
as H2O2 and paraquat caused increase in the SMC level, signifying the participation 
of this metabolite in response to oxidative stress [37]. Recently, it has been reported 
that SMC is involved in the antioxidative stress mechanism in E. histolytica tropho-
zoites [75]. It is speculated that SMC is non-enzymatically converted to SMC sulf-
oxide when exposed to H2O2 or O2 and SMC sulfoxide is further enzymatically 
catabolized into pyruvate, ammonia, and alkylthiosulnates [79]. It has been shown 
that L-cysteine deprivation causes three- to fourfold increase in the ROS level in E. 
histolytica trophozoites, indicating that L-cysteine is an important antioxidant [77]. 
As mentioned above, DNA microarray analysis was carried out to understand 
the  effect of L-cysteine deprivation on gene expression in E. histolytica [33]. 
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L-Cysteine deprivation affected the expression of a number of genes, but the expres-
sion of genes involved in L-cysteine metabolism and oxidative stress defense were 
not significantly changed, suggesting that E. histolytica may rely on posttranscrip-
tional or posttranslational mechanisms to regulate these pathways to combat the 
oxidative stress [33].

11.7.2  Thioproline (Thiazolidine-4-Carboxylic Acid)

As explained above, E. histolytica trophozoites require high levels of extracellular 
L-cysteine for its growth and survival. However, intracellular L-cysteine must be 
maintained at relatively low levels due to the toxicity of L-cysteine attributable to 
the highly reactive thiol group of L-cysteine, which easily reacts with electrophilic 
compounds [80]. Therefore, the intracellular concentrations of L-cysteine need to 
be maintained in an adequate range. The previous metabolomic study using stable 
isotope labeled L-cysteine revealed that extracellular L-cysteine in E. histolytica 
was metabolized into three unknown metabolites that were neither cystine nor ala-
nine [81]. These metabolites were identified as thiazolidine-4-carboxylic acid 
(T4C), 2-methyl thiazolidine-4-carboxylic acid, and 2-ethyl-thiazolidine-4-carbox-
ylic acid, the condensation products of L-cysteine with aldehydes [81]. It has also 
been reported that a significant amount of L-cysteine was oxidized to L-cystine and 
L-cystine was incorporated into the cell [81], which was then converted back to 
L-cysteine intracellularly by NADPH-dependent oxidoreductase (EhNO2) [30]. 
The synthesis of 2-(R)-thiazolidine-4-carboxylic acid derivatives in E. histolytica 
allows regulation of the intracellular L-cysteine levels and also functions as a mech-
anism for the detoxification of metabolically produced aldehydes in the cell. T4C is 
also called as thioproline because its molecular structure is similar to proline [82]. 
T4C scavenges free radicals and thus plays a vital role in protecting membranes and 
other oxidation-prone structures in the cell from oxidative damage [83]. In E. histo-
lytica, it has been reported that these thiazolidine derivatives, T4C in particular, can 
decrease the intracellular ROS levels and thereby protect the parasite against oxida-
tive stress [81].

11.8  Redox Pathways as Targets for Drug Development 
Against Amebiasis

Metronidazole, a 5-nitroimidazole drug, has been used over several decades in the 
treatment of infections caused by microaerophilic protozoan parasites, including E. 
histolytica [84]. However, metronidazole has low efficiency against asymptomatic 
cyst carriers and may also cause some unwanted effects, such as nausea, vomiting, 
dizziness, headache, insomnia, drowsiness, and hypersensitivity reactions [85]. In 
addition, E. histolytica trophozoites can tolerate sub-therapeutic levels of metroni-
dazole and gain resistance in vitro [86, 87]. It has been demonstrated that resistance 
to metronidazole is associated with increased expression of antioxidative enzymes 
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such as SOD and Prx and decreased expression of ferredoxin (Fdx) and p34 [86]. It 
was also reported that Prx, SOD, and Fdx are involved in metronidazole resistance 
in E. histolytica [86].

Redox pathways in parasites are, in general, thought to be good drug targets 
because, in most cases, enzymes involved in redox pathways significantly differ 
between the parasites and their hosts. It has been established that reduced (acti-
vated) metronidazole covalently binds to TrxR and Trx, thereby inhibiting the 
disulfide- reducing activity of the TrxR/Trx system, although TrxR nitroreductase 
activity, responsible for metronidazole activation, is not modulated by covalent 
adduct formation [88]. It has been proposed that the TrxR/Trx system is a promising 
target for antiparasitic drug development [89]. TrxR plays an important role in 
redox regulation of peroxiredoxin via thioredoxin (Fig. 11.2). A high-throughput 
screening of a panel of FDA-approved compounds for the amebicidal activity 
in vitro led to an identification of auranofin (an FDA-approved drug for rheumatoid 
arthritis). Auranofin is currently investigated in a phase I trial [90, 91]. Auranofin 
targets Trx reductase, thus preventing the reduction of Trx and enhancing sensitivity 
of trophozoites to ROS-mediated killing [90].

As partially stated above, L-cysteine biosynthetic pathway plays a crucial role in 
growth, survival, and pathogenicity of various pathogens including E. histolytica, 
Trichomonas vaginalis, Leishmania donovani, and Salmonella typhimurium [75, 
92, 93]. The absence of this pathway in mammals rationalizes its potential exploita-
tion for therapeutic and prophylactic drug targets against these pathogens. As 
described above, the de novo cysteine biosynthetic pathway in E. histolytica involves 
two key enzymes: SAT and CS, both promising targets against E. histolytica [75]. 
Both enzymes have been proven to be essential for growth and antioxidative defense 
of the parasite [75, 94]. Simultaneous gene silencing of the three CS genes inhibited 
growth of the E. histolytica trophozoites [75]. However, the role of individual CS 
isotypes (i.e., CS1/2 and CS3) is not understood. Similarly, the role of SAT isotypes 
also remains elusive because gene silencing of single SAT isotypes was successful 
only for SAT3, where its gene silencing showed relatively severe growth phenotype 
compared to SAT1/2 double gene silencing [75]. It is predicted but remains to be 
shown if simultaneous repression of all three SAT isotypes causes abolished growth. 
The crystal structures of representative SAT1 and CS1 isotypes have been previ-
ously determined [95, 96].

Several studies have been conducted to identify inhibitors targeting the cysteine 
biosynthetic pathway. In silico screening that was carried out using Escherichia coli 
SAT against the National Cancer Institute Chemical Database (https://cactus.nci.
nih.gov/) yielded 11 compounds, out of which three available compounds were 
examined for biological activity. These three compounds (NCI-128884; NCI-29607; 
NCI-653543) were shown to partially block the enzymatic activity of E. coli SAT 
and also inhibit the growth of E. histolytica trophozoites, without affecting that of 
mammalian cells [97]. In silico screening of CS inhibitors from natural compounds 
in ZINC database (http://zinc.docking.org/) based on the available CS1 crystal 
structure identified 15 compounds. Furthermore, in vitro screening of commercially 
available compounds for CS inhibitors identified one compound (ZINC08931589) 
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that inhibited CS activity by 73% at 100 μM [98]. Microbe-derived natural com-
pounds from Kitasato Natural Products Library were recently screened against the 
recombinant E. histolytica CS1 and CS3 [97]. Nine compounds inhibited either one 
or both enzymes with the IC50 values of 0.31–490 μM. Among them, seven com-
pounds share a naphthoquinone moiety, suggesting the importance of this moiety 
for binding to the active site of E. histolytica CS1 and EhCS3. More than 9000 
fungal and actinomycete culture broth extracts were also screened against recombi-
nant E. histolytica CS1 and CS3, and 2 compounds, xanthofulvin (which inhibited 
CS1 and CS3 with the IC50 values of 7.9–110 μM) and exophilic from fungal broths 
(which inhibited CS1 with the IC50 values of 24 μM but showed no inhibition against 
CS3 even at 2.5 mM), were identified [99]. Altogether, screening for SAT and CS 
inhibitors can potentially lead to a discovery of new anti-amebic compounds with a 
novel mode of action.

11.9  Concluding Remarks

Antioxidative stress management coupled with the redox system plays an important 
role in a wide range of biochemical processes, and a panel of many enzymes is 
indispensable in redox regulation in E. histolytica. Since many of oxidative stress- 
induced genes are annotated as hypothetical genes with no predictable functions 
[16], it is needed to develop robust genetic, molecular biological, or biochemical 
methods that allow us elucidate what roles these modulated hypothetical proteins 
play in response to oxidative stress. Thus, despite its importance, the redox-coupled 
antioxidative defense system has only started to be unveiled. For instance, although 
Trx/Trx reductase/Prx and FDP play important roles in the redox regulation, only 
one or two Trxs and FDPs each of multiple isotypes (e.g., 22 Trxs and 4 FDPs) have 
been studied. Other uncharacterized Trx plays an important role in oxidative stress 
defense or regulation of the activities of other redox-regulated proteins. Similarly, 
although E. histolytica genome encodes 7 isotypes of ISFs, detailed biochemical 
and functional analyses need to be done for most of them. Lastly, it is also important 
to identify and characterize novel antioxidative defense mechanisms unique to E. 
histolytica which are absent in humans in order to exploit as new drug targets.
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Abstract
Oxidative stress is one of the physiological conditions where the reactive oxygen 
species (ROS) production overcomes the capacity of antioxidant defences and 
causes damage to key biomolecules. The major global parasites bare some key 
factors involved in the pathogenesis of parasitic diseases regarding oxidative 
stress. In this context, parasitic proteases play central roles in host-parasite inter-
actions. Both parasitic proteases and host proteases are deeply implicated in the 
clinical manifestation of parasite survival and in the host immune modulation. 
Additionally, the involvement of endogenous parasitic protease inhibitors in the 
understanding of progression of infection under oxidative stress of host cannot 
be ignored as well. Therefore, the present review provides some insights into 
some important parasitic proteases with the contribution of the versatile roles of 
parasitic endogenous protease inhibitors in regulation of host proteases in oxida-
tive stress in the context of host-parasite interaction.
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Abbreviations

CD  cluster of differentiation
COX  cyclooxygenase
ICP  inhibitor of cysteine protease
IFN  interferon
IL  interleukin
ISP  inhibitor of serine protease
MAP mitogen-activated protein
NLR  NOD-like receptor
NO  nitric oxide
PTP  protein tyrosine phosphatase
ROS  reactive oxygen species
SOCS suppressor of cytokine signalling
STAT signal transducer and activator of transcription
TGF  transforming growth factor
TLR  toll-like receptor
TNF  tumour necrosis factor

12.1  Introduction

Oxidative stress is an imperative physiological manifestation with imbalance 
between oxidants and antioxidants, which is in favour of oxidants over antioxi-
dants. Since long time, oxidative stress has been considered as one of the most burn-
ing topics in biological research worldwide [1]. The mere concept of oxidative 
stress was first formulated in 1985 in the introductory chapter of the book entitled 
Oxidative Stress [2]. Subsequently, in the next year, the review Biochemistry of 
Oxidative Stress makes the knowledge of redox biology more apparent by present-
ing the enormous information on pro-oxidants and antioxidants, their endogenous 
and exogenous sources and finally metabolic sinks between infection and host 
health status [3]. In these events, excessive generation of ROS plays crucial roles in 
the pathogenesis of various diseases followed by maintenance of cellular homeosta-
sis. Additionally, oxidative stress due to ROS generation promotes cellular injury 
and tissue damage. Consequently, the cellular damages lead to immune response 
alteration to microbes and ultimately altered susceptibility to bacterial, viral and 
parasitic infections [4]. Generally, in most of the parasitic invasions, these ROS 
productions are of great concern in the propagation of the infection. The excess 
ROS in the parasitised cells depends on the nutritional status of the host and the 
degree of parasitic infestations. Thus, the redox system plays fundamental and 
indispensable roles for parasite survival within their host either via ROS generation 
or by inhibition of cellular antioxidant systems which will cause redox imbalance 
and results in parasite’s death.
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The relationship between oxidative stress and immune function of the parasitised 
host is well established. The generation of oxidative stress is believed to be an 
important part of immune activation. The potent immune cells capture and ingest 
intracellular microbes into phagolysosomes, which eventually kill intracellular 
pathogens by compartmentalised oxidative stress [5]. In general, parasites them-
selves can also be directly responsible for oxidant release through degradation prod-
ucts of their own metabolism.

In protozoan parasites, proteases play the crucial role in a broad range of biologi-
cal functions including parasite survival in host cells, immune modulation in the 
mammalian host, migration through host tissues and also the promotion of infec-
tion. Identification and characterisation of protease-mediated processes in proto-
zoan parasites are very promising [6]. In this consequence, we have dedicated 
ourselves to review on the parasite as well as host-derived proteases in the involve-
ment of infectivity through oxidative stress. It is also focused on selective endoge-
nous protease inhibitors of the key proteases of pathogenic parasites and their 
involvement in oxidative stress in the issue of infectivity. The role of parasitic pro-
teases, host proteases and endogenous protease inhibitors from parasites are also 
addressed herein in the participation of pathogenesis as well as in the redox inequal-
ity in the parasitised host. These intracellular protease inhibitors are mostly protein-
aceous in nature, present in various protozoan species as a weapon to survive within 
host body by inhibiting host cell proteases. Therefore, attention has also been given 
to identify the gaps in our current knowledge and future prediction in parasitologi-
cal research.

12.2  Host Protease and Oxidative Damage

Both host and protozoan contain proteases for their own purposes. Host proteases 
aid in killing protozoan cells, and in opposition, protozoan parasites use their prote-
ases to counteract host defence system. Proteases are mainly categorised into four 
types: (1) cysteine protease, (2) serine protease, (3) aspartyl protease and (4) metal-
loprotease. During this parasitic attack, host cysteine and serine proteases have been 
found to participate in defence system against them [7].

Generally, after protozoan infection in the body, host cysteine proteases mount 
hostility against the parasites by degrading protozoan antigen protein causing apop-
tosis of host cell to halt further parasite spread to neighbouring cells [8]. Among 
several cysteine proteases, only certain cathepsin enzymes like cathepsin B, cathep-
sin K and cathepsin L are found having connection in oxidative stress mainly induc-
tion of ROS generation, which is a special mode of action of proteases against 
protozoan like Leishmania, Plasmodium and Toxoplasma [8–10]. The cathepsins 
which have been found to kill protozoa are stored within lysosome and also released 
from there [11]. A special activity of cathepsin B is ROS-mediated activation of a 
cellular inflammasome named NLRP3, a multiprotein complex which detects a pro-
tozoa by its specific “pathogen-associated molecular patterns” (PAMPs) and acti-
vate pro-inflammatory cytokines. Hence, during infection of the parasites like 
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Leishmania, Entamoeba and Plasmodium, NLRP3 activates pro-IL-1β and pro- 
IL- 18 inflammatory cytokines to form active IL-1β and IL-18 which induce ROS 
generation in host cells [12, 13].

The host serine proteases which aid in immunity against protozoa are mostly 
granzymes (GzM). Indeed, in host cell, a “triad” of enzymes namely perforin, gra-
nulysin and granzymes work together. During infection by Trypanosoma cruzi, 
Leishmania major and Toxoplasma gondii, at first perforin transports the other two 
enzymes in infected cells, and consequently granulysin carries granzyme into intra-
cellular protozoa by disruption of parasite cell membrane. Among different GzMs, 
only GzMA and GzMB have been found to act on intracellular parasites where they 
proteolytically help in ROS generation for killing the parasites. Here, the proteolytic 
degradation of dehydrogenase and reductase enzymes of protozoa occurs, but no 
such proteolytic modification is found in thiol reductase in these events of oxidative 
damage [14].

In addition to granzyme, neutrophil elastase, a serine protease is secreted by 
neutrophils and macrophages during inflammation. The parasite uptake process is 
facilitated via the interaction of the complement type 3 receptor CR3 and toll-like 
receptor TLR4 at the surface of macrophages and initially TLR4 interacts with 
CD11b, a subunit of CR3. Furthermore, activation of TLR4 in macrophages occurs 
by neutrophil elastase which also leads to the production of ROS and consequently 
provokes partial elimination of intracellular parasites. Thus, neutrophil elastase is 
found to be involved in the intracellular killing of Leishmania parasites and plays a 
protective role in host responses to Leishmania infection [15, 16]. Besides, neutro-
phil elastase also appears to be involved in the production of NO and TNF-α by 
macrophages and consequently increased the trypanocidal activity [17]. However, 
among the remaining two other types of host proteases, aspartyl protease (e.g. 
cathepsin D) and metalloproteases have not been found to contribute to oxidative 
damage during protozoan attack in host body.

12.3  Protozoan Proteases and Oxidative Damage

Different types of cysteine, serine and metalloproteases expressed by protozoan 
parasites play vital roles of parasite survival and infectivity. Protozoans, which are 
susceptible to ROS injury, employ their proteases to devastate the ROS-generating 
machinery of host to survive. Alternatively, protozoans, which prefer ROS for their 
survival, utilise the proteases involved in ROS increment in host cells. Herein, we 
have also focused on the contribution of some major parasitic proteases in oxidative 
stress.

12.3.1  Trypanosoma

Among the different trypanosomal species from the order Kinetoplastida, only cys-
teine protease plays a fundamental role in oxidative stress of parasitised host cells. 
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Cruzipain2 and cruzain, the Trypanosoma cruzi cysteine proteases, are found to be 
involved in the production of ROS [18]. However, Rhodesain and TbCatB are the 
secreted cysteine proteases in Trypanosoma brucei which are not established yet in 
the matter of oxidative stress-related mechanisms [19]. Paradoxically, in case of 
Trypanosoma, ROS act as a protecting and promoting agent for infection [20]. 
Hence to stay alive, intracellular Trypanosoma cruzi induce macrophages to pro-
duce ROS. This ROS oxidise antioxidant enzyme peroxiredoxin 2, which relocate 
the oxidative equivalents from oxidised peroxiredoxin2 to STAT3 protein, and as a 
result, different STAT3 are joined by disulfide bond to form an oligomeric structure. 
Ultimately this oligomerisation prevent the activity of STAT to work as transcrip-
tion factor, hence in host cell, different pathways are altered. ROS also activates 
CaM-kinase II like pathway, which is helpful for epimastigotes of Trypanosoma 
cruzi to stay in the host cell. Another important point is that ROS oxidise guanine 
base of DNA and produce 8-oxo-dGTP. It has been seen that parasites which have 
8-oxo-dGTP pyrophosphohydrolase show higher rate of survival in host macro-
phages than other intracellular parasites. This is because 8-oxo-dGTP hydrolysis 
prevents any lesion formation in DNA, so that replication of DNA can be main-
tained at higher rate [21, 22] and thus ROS production appears as one of the sup-
portive options for survival of Trypanosoma cruzi. In host Raw macrophage 264.7 
cell line, cruzipain increases ROS by stimulating the host phagocytic cell by assem-
bling different subunits of NADPH oxidase enzyme i.e. membrane bound subunits 
p22phox, NOX2 and cytosolic subunits p40phox, p47phox, p67phox into phagolysosomes. 
This enzyme transfers electron from NADPH to oxygen, thus forming superoxide 
anion O2•− [23]. As well, cruzipain also increases the ROS level via increased secre-
tion of pro-inflammatory cytokines IL-6 and IL-1β from host cell [23].

12.3.2  Plasmodium

In Plasmodium falciparum, falcipain 1, falcipain 2, falcipain 3, dipeptidyl pepti-
dases are the major cysteine proteases. Another species Plasmodium vivax contains 
three types of cysteine proteases vivapain 2, vivapain 3 and vivapain 4. Among 
them, only falcipain 2 has yet been proven to be involved in oxidative stress mecha-
nisms [24–27]. In case of malaria infection, hydroxyl radical (OH−) is induced in 
liver tissues and consequently provokes the apoptosis like pathway via oxidative 
stress. In fact, an immense source of ROS during malaria infection is heme group 
from haemoglobin of host body. Plasmodial falcipain 2 is involved in haemoglobin 
degradation resulting in release of heme, which in turn is involved in increased pro-
duction of ROS [28, 29].

Plasmodium falciparum also contains a variety of serine proteases viz. SERA 1, 
SERA2, SERA3, SERA4, SERA5, SUB 1, SUB2, PfDegP.  Among them only 
PfDegP saves protozoa during ROS attack, while parasites stay within RBC. This 
enzyme is not retained in Plasmodium berghei or Plasmodium yoelii. However, in 
Plasmodium falciparum, PfDegP favours parasite growth by lowering ROS level in 
host. The fundamental mechanism of this ROS lowering is not clear, but a 
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remarkable point has been noted that PfDegP remains associated with enolase and 
superoxide dismutase (SOD) in parasite cells. Hence, it may be possible that PfDegP 
executes its supportive role in parasite survival, somehow in association with those 
enzymes [27, 30–32].

12.3.3  Leishmania

In Leishmania species, GP63 is a major surface metalloprotease is abundantly 
expressed [33–36]. Leishmania GP63 is a very powerful protease that acts as a cru-
cial virulence factor which greatly influences macrophage physiology and host cell 
signalling pathways [35, 37].

The exact mechanism that Leishmania use to resist the toxic effects of ROS is yet 
not clear. But, some parasite surface molecules have been found to be imperative in 
protecting parasites by scavenging toxic effects of ROS or inhibit macrophage 
responses. Among those surface molecules, metalloprotease GP63 is the most 
important one. Evidence suggests that Leishmania GP63 acts as a vital prerequisite 
for the inhibition of macrophage IL-1β production within host macrophages. This 
impairment of cytokine secretion occurs through downregulation of ROS and inhi-
bition of NLRP3 inflammasome function [38]. GP63 accompanied ROS inhibition 
is eventually linked with an impaired PKC-mediated protein phosphorylation. 
Impairment of the classical PKC signalling within the host macrophages is one of 
the major controlling strategies through which the parasite exerts its immunosup-
pressive effects. Evidence suggests that the activity of PKC was attenuated by the 
proteolytic effect of GP63 and leads to a diminished release of ROS, thus facilitat-
ing survival of Leishmania [37, 39].

Leishmania species contains cysteine proteases also play massive role in oxida-
tive stress in host cell. The most common cysteine proteases in Leishmania species 
are CP and Ldccys2 [40]. CP is further categorised as CPA, CPB and CPC, but, 
among them, roles of only CPB have been established to be linked with oxidative 
stress. Leishmania tropica and Leishmania mexicana contain cysteine protease 
CPB2.8, a subtype of CPB. For survival of protozoan cells, CPB 2.8 increase IL-4 
level in host cell and also induce Th2 response, which in turn reduce ROS genera-
tion from host macrophages thus favouring Leishmania survival in host cells [41, 
42]. In case of Leishmania mexicana, among different cysteine proteases, CPB is 
the most studied enzyme related to lowering oxidative damage in host [43]. 
Leishmania mexicana-derived CPB is responsible for lowering of IFN-γ production 
and hence reduce ROS attack for their survival. Generally, CPB cleaves pro-TGF-β 
and activates it. This activation of TGF-β eventually prevents secretion of IFN-γ via 
suppressing ROS production and facilitates parasite survival in macrophages [44]. 
Further, CPB intensifies secretion of various leishmanial enzymes such as trypano-
thione reductase, tryparedoxin and tryparedoxin peroxidase. Those enzymes nullify 
H2O2 produced in host macrophages and in turn help in survival of parasite in host 
macrophages. Thus, CPB can lower down ROS also by enhancing those enzymes 
[45–47]. Prevention of ROS has another effect of saving the cysteine residue of 
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active site of PTP enzyme, which in turn prevents the apoptotic pathway mediated 
by MAP kinase, so that parasites retain in host macrophages [48].

The intracellular serine protease of Leishmania donovani (LdSP) is responsible 
for lowering ROS production in host macrophage cells. Inhibition of LdSP with anti 
LdSP antibody and classical serine protease inhibitor aprotinin, the ROS level were 
increased in host macrophages along with increment of inflammatory cytokines 
[49]. LdSP has been shown to induce expression of COX-2, which in turn elevate 
prostaglandin E2. Being an immunosuppressive agent, prostaglandin E2 lowers 
down inflammatory cytokine production as well as ROS generation from host mac-
rophages resulting parasite survival [50].

12.3.4  Toxoplasma

Toxoplasma gondii, a ubiquitous apicomplexan parasite has cysteine protease which 
is similar to mammalian cathepsin L, cathepsin B and cathepsin C. Those proteases 
are termed as TgCPL, TgCPB, TgCPC1, TgCPC2, TgCPC3 [51]. Though these 
proteins are homolog to cathepsin, but their contribution in oxidative stress in para-
site biology has not yet been clearly defined.

Toxoplasma contains serine protease named TgDegp which is associated with 
Iron superoxide dismutase and enolase. During oxidative damage, this complex is 
induced and confers protection, but the specific mechanisms are still under debate 
[52].

12.4  Protozoan Endogenous Protease Inhibitor in Oxidative 
Stress

A special weapon which has been evolved by protozoan parasites to counteract host 
protease action on them is endogenous protease inhibitor. Nevertheless, versatility 
exists in endogenous protease inhibitors of protozoa and their target proteases. 
Entamoeba histolytica contain protease inhibitor EhICP against protozoan cysteine 
protease [53]. Some types of protozoa contain endogenous protease inhibitor against 
both host and parasite protease, e.g. Plasmodium [24]. Lastly, some other types pos-
sess protease inhibitors which exclusively have activity only against host cell prote-
ase, e.g. Leishmania [10]. In synopsis, several protozoan species contain proteases 
as well as endogenous protease inhibitors which are important for their infectivity 
in host cells.

Protozoan cells have endogenous cysteine protease inhibitors against cathepsins. 
Endogenous inhibitors of cysteine proteases, abridged as ICP, are distributed in pro-
tozoan cells [54, 55]. Endogenous inhibitors, which are specific for parasitic prote-
ase, ultimately regulate protease activity for the survival of parasites themselves in 
host cell [56, 57]. Hitherto, 18 protozoan species have been documented to contain 
protease inhibitors [58]. Most of the protozoan cysteine protease inhibitors bear 
homology to structure and sequence to trypanosomal endogenous protease inhibitor 
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chagasin, which confers a similarity between modes of action of the protozoan cys-
teine protease inhibitors [59].

Likewise, endogenous serine protease inhibitors are generally designated as 
ISP. Protozoan like Toxoplasma gondii [60] and Leishmania contain endogenous 
serine protease inhibitor, e.g. TgPI and LdISP, respectively [61, 62].

Involvement of protozoan endogenous protease inhibitor in oxidative stress is 
not well explored and also contains less number of reports in parasites regarding the 
aforesaid topics. Still, to make an insight on endogenous protease inhibitors con-
cerning the oxidative stress, a few reports on some protozoan species, viz. 
Trypanosoma, Plasmodium, Leishmania and Toxoplasma gondii, have been dis-
cussed in this section. Distribution of protease inhibitors in different species and 
their mode of action are illustrated below:

12.4.1  Trypanosoma

Trypanosoma cruzi contains 110 amino acid long endogenous cysteine protease 
inhibitor viz. chagasin [63] which is the first member discovered within family of 
cysteine protease inhibitors. Chagasin can bind to host protease cathepsin B, cathep-
sin L and protozoan protease cruzipain, but the binding affinity with cathepsin L and 
cathepsin B is different [64]. As mentioned previously, cathepsin is responsible for 
ROS-dependent NLRP3 inflammasome formation; thus prevention of cathepsin by 
chagasin lowers down NLRP3 formation, and ultimately, there is a check in the 
production of ROS by IL-1β and IL-18 in host cells. Indeed, the binding of endog-
enous protease inhibitor chagasin and target cysteine proteases is dependent on the 
complementary binding between them [8, 59, 63, 64]. In trypomastigotes, chagasin 
resides in flagellar pocket as well as vesicle of cytoplasm, and in amastigote, it 
exists in cell surface. Cruzipain is also located similarly at cell surface of amasti-
gotes. As a result, binding between cruzipain and chagasin occurs easily in case of 
amastigotes but slighter amount in trypomastigotes [65]. Consequently, in amasti-
gotes cruzipain mediated oxidative stress is controlled by chagasin. Hence, the ear-
lier description of ROS as a defence mechanism in Trypanosoma cruzi might be a 
resultant effect of this interaction of chagasin with cruzipain in this event [21]. 
Therefore, it may arise a question that chagasin may exert a negative role for sur-
vival of parasites. On the other hand, inflammasome NLRP3, which is induced by 
cathepsin, is responsible for killing of Trypanosoma cruzi in macrophages by pro-
duction of NO rather than ROS [66]. NO combines with ROS to produce peroxyni-
trile which kills Trypanosoma cruzi [67]. Thus, blocking of cathepsin by chagasin 
assists Trypanosoma cruzi for their survival. Trypanosoma brucei, on other hand 
has only ICP which is mainly important during growth and differentiation [68].
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12.4.2  Plasmodium

The plasmodial species like Plasmodium falciparum, Plasmodium berghei, 
Plasmodium yoelii contain endogenous cysteine protease inhibitors ICPs [24, 25, 
69]. Plasmodial ICPs bear a structural similarity to chagasin i.e. endogenous prote-
ase inhibitor in those plasmodial species can inhibit both host cysteine protease as 
well as protozoan cysteine protease like chagasin [24, 69]. ICPs, distributed in dif-
ferent species are designated as falstatin or PfICP in Plasmodium falciparum, PbICP 
in Plasmodium berghei [9, 24], PyICP in Plasmodium yoelii [69].

All the plasmodial ICPs inhibit target host proteases in almost same pattern, for 
example, PbICP uses its C-terminal region to block host cysteine protease by com-
plementary binding, and in other cases, cathepsin L is restrained by falstatin as simi-
lar to action of chagasin [25].

PfICP or falstatin also helps to establish infectivity of protozoa in host body. 
Falstatin, present in merozoites of Plasmodium falciparum [24], blocks host prote-
ases named cathepsin K and cathepsin L.  In addition to this, protozoan cysteine 
protease namely falcipain 2 and falcipain 3 are also inhibited by falstatin [70]. As 
mentioned earlier, falcipain 2 is associated with oxidative damage by heme, released 
by proteolysis of haemoglobin [27, 28]. Hence, inhibition of falcipain 2 by falstatin 
helps in protozoan infectivity [27, 70]. On the other hand, PbICP has no such impor-
tant role in oxidative stress but it interferes with the host cell apoptosis machinery 
through the blockage of host cell cysteine proteases [24].

12.4.3  Leishmania

Among various Leishmania species, Leishmania mexicana contains cysteine prote-
ase inhibitor [71], named as LmICP [9]. It acts on proteases in a fashion similar to 
chagasin [54]. Besteiro et al. proved that two different protozoan cysteine protease 
viz. CPA and CPB, and host cysteine protease cathepsin L, are target of LmICP of 
Leishmania mexicana. LmICP are also able to block cathepsin B, though this bind-
ing affinity is lesser than cathepsin L [10]. But a paradox exists in case of LmICP 
which helps to increase ROS and thus [71] it cannot abet any benefit to survival of 
the parasites [68].

In Leishmania donovani, a well-known serine protease inhibitor named as LdISP 
[61] was isolated from Indian strain of Leishmania donovani (MHOM/IN/1983/
AG83) in our laboratory and found to inhibit the protease named trypsin and neutro-
phil elastase in host. This serine protease inhibitor, named LdISP belongs to the type 
of protease inhibitor “ecotin”. This ecotin type of endogenous serine protease inhib-
itor is also present at Leishmania major, Leishmania braziliensis and Leishmania 
infantum. In Leishmania donovani LdISP is located in near pocket of flagella in 
promastigotes [Fig. 12.1]. LdISP acts as a vital agent in progression of infection in 
infected macrophages. LdISP causes the diminished level of both ROS and NO in 
Leishmania donovani infected macrophages [Fig. 12.2], and the treatment of 
infected macrophages with LdISP helps in the promotion of infection with marginal 
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increase in parasite load inside macrophages by increasing in granularity and size of 
the host cells [Fig. 12.3]. For the validation of the role of LdISP in the promotion of 
infection by lowering ROS within the host macrophages, the known Leishmania 
major endogenous serine protease inhibitor ECOT2_LEIIN was compared with 
LdISP by docking with human neutrophil elastase (HNE). As LdISP have signifi-
cant sequence resemblance with ECOT2_LEIIN, the docking of ECOT2_LEIIN 

Fig. 12.1 Localisation of LdISP in Leishmania donovani promastigotes using FITC-conjugated 
anti-LdISP Ab. FITC signalling indicates that LdISP is localised near flagellar pocket. (a) cell 
without any stain; (b) FITC channel; (c) Merged

Fig. 12.2 Nitric oxide/ROS level was measured by Griess reagent and H2DCFDA, respectively, 
in infected as well as LdISP (60 ng/ml) treated RAW 264.7 cells. LPS (10 ng/ml) was used as posi-
tive control. Data represented are significant compared with infected control
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with HNE depicted that the amino acid residues (Tyr64, Arg65, Ala110, Ser112, 
Thr113, Asn114, Asn115, Lys143, Ser147) of ECOT2_LEIIN significantly involved 
in the inhibitory interaction with HNE which is shown in Fig. 12.4. The amino acid 
residues from the derived comparative inhibitory cleft structure are amusingly 
matched with the fragmented sequences of LdISP. In the Inhibitory interaction of 
LdISP with HNE, the comparison of the amino acid residues resulting from the 
protein mass fingerprinting (red) and docking results (green) has been illustrated in 
Fig. 12.5. Thus, LdISP seems a very potent endogenous inhibitor which curbs the 
host’s antimicrobial efficacy by lowering oxidative stress during intracellular sur-
vival of Leishmania donovani [61, 72].

In Leishmania major, they have endogenous serine protease inhibitor named 
ISP1 and ISP2. Only ISP2 blocks neutrophil elastase activity by negatively regulat-
ing the TLR4-neutrophil elastase signalling pathway, thus ultimately curtailing 
ROS production in host macrophage [73].

Fig. 12.3 Cytogram depicting increase in parasite load. (a) Unstained infected macrophages. (b) 
PE-stained (anti-CD11b Ab) infected macrophages

Fig. 12.4 In silico prediction of amino acids present in the inhibitory cleft. (a) Optimised mod-
elled structure of ECOT2_LEIIN using MODELLER. (b) Validation result of the modelled struc-
ture using Ramachandran plot as obtained from PROCHECK analysis. The generated model 
showed that 96.5% residues are in the allowed region with no amino acid in the disallowed region, 
which indicates a good stereo chemical fitness of the model. (c) Docking of neutrophil elastase 
with ECOT2_LEIIN
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12.4.4  Toxoplasma

Cysteine protease inhibitors, present in Toxoplasma are Toxostatin 1 and Toxostatin 
2. These inhibitors are responsible for binding host cell cathepsin enzyme. Toxostatin 
also have been reported to bind protozoan protease viz. cathepsin B like TgCPB and 
cathepsin L like TgCPL. Similar to plasmodial ICP, binding to own cysteine prote-
ase is liable for protozoan growth regulation. But, Toxostatin is different from other 
cysteine protease inhibitors in lacking any homology to chagasin [58].

In Toxoplasma gondii, the presence of different classes of endogenous serine 
protease inhibitors such as kazal, serpin etc. binds to host protease. Among those 
inhibitors, a kazal type inhibitor TgPI2 and TgPI1 has been found to inhibit host 
serine protease trypsin [70]. Though, this has illustrated the significant inhibitory 
roles of TgPI2 and TgPI1 in oxidative stress regulation, but the detailed mechanisms 
in this scenario are still under debate and will need more in depth information.

12.5  Conclusion and Future Perspective

Oxidative stress is the collection of damages caused by ROS which kills protozoa 
viz. Leishmania, Plasmodium, Toxoplasma. In contrast, ROS helps in parasite per-
sistence of Trypanosoma within the host. For the survival, protozoa which are sus-
ceptible to ROS tend to counteract oxidative damages, thus they have also employed 
mechanisms to halt inflammatory cytokine secretion and prompt anti-inflammatory 
cytokine secretion. At the same time to counterbalance protease action on them; 
they induce an intracellular protease inhibitor. Thus, host cell protease and proto-
zoan protease inhibitor set up equilibrium in between them. On the whole, excessive 

Fig. 12.5 Sequence of ECOT2_LEIIN (black), super imposed with fragments of LdISP sequence 
(red). The amino acid residues present in the inhibitory cleft (green) derived from in silico docking 
with HNE (Human Neutrophil Elastase)
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formation of ROS in state of oxidative stress plays an important role in the patho-
genesis of the parasitic infection and parasitic proteases and endogenous protease 
inhibitors are genuinely involved in the issue of oxidative stress. Therefore, the 
present article might bring a new track in future for better understanding of the biol-
ogy of host–parasite interactions.

Acknowledgements The authors thank the Department of Biotechnology, Government of West 
Bengal [Grant No: 75 (sanc) BTP/Budget/RD 38/2017], and the Indian Council of Medical 
Research, Government of India [Grant number: Fellowship/21/2018-ECD-II].

Conflict of Interest The authors declare no conflict of interest.

References

 1. Breitenbach M, Eckl P (2015) Introduction to oxidative stress in biomedical and biological 
research. Biomol Ther 5(2):1169–1177

 2. Sies H (1985) Introductory remarks. In: Sies H (ed) Oxidative stress. Academic Press, London, 
pp 1–8. https://doi.org/10.1016/B978-0-12-642760-8.50005-3

 3. Sies H (1986) Biochemistry of oxidative stress. Angew Chem Int Ed Eng 25:1058–1071
 4. Rahal A, Kumar A, Singh V et al (2014) Oxidative stress, prooxidants, and antioxidants: the 

interplay. Biomed Res Int 2014:761264
 5. van de Crommenacker J, Richardson DS, Koltz AM et al (2012) Parasitic infection and oxida-

tive status are associated and vary with breeding activity in the Seychelles warbler. Proc Biol 
Sci 279(1733):1466–1476

 6. Schröder J, Noack S, Marhöfer RJ et al (2013) Identification of semicarbazones, thiosemi-
carbazones and triazine nitriles as inhibitors of Leishmania mexicana cysteine protease 
CPB. PLoS One 8(10):e77460

 7. McKerrow JH, Rosenthal PJ, Swenerton R et al (2008) Development of protease inhibitors for 
protozoan infections. Curr Opin Infect Dis 21(6):668–672

 8. Redzynia I, Ljunggren A, Abrahamson M et al (2008) Displacement of the occluding loop by 
the parasite protein, chagasin, results in efficient inhibition of human cathepsin B. J Biol Chem 
283(33):22815–22825

 9. Hansen G, Heitmann A, Witt T et al (2011) Structural basis for the regulation of cysteine- 
protease activity by a new class of protease inhibitors in Plasmodium. Structure 19(7):919–929

 10. Besteiro S, Coombs GH, Mottram JC (2004) A potential role for ICP, a leishmanial inhibi-
tor of cysteine peptidases, in the interaction between host and parasite. Mol Microbiol 
54(5):1224–1236

 11. Droga-Mazovec G, Bojic L, Petelin A et  al (2008) Cysteine cathepsins trigger caspase- 
dependent cell death through cleavage of bid and antiapoptotic Bcl-2 homologues. J  Biol 
Chem 283(27):19140–19150

 12. Bai H, Yang B, Wu Y et al (2018) Cathepsin B links oxidative stress to the activation of NLRP3 
inflammasome. Exp Cell Res 362(1):180–187

 13. Gurung P, Kanneganti TD (2016) Immune responses against protozoan parasites: a focus on 
the emerging role of nod-like receptors. Cell Mol Life Sci 73(16):3035–3051

 14. Dotiwala F, Mulik S, Polidoro RB et al (2016) Killer lymphocytes use granulysin, perforin and 
granzymes to kill intracellular parasites. Nat Med 22(2):210–216

 15. Ribeiro-Gomes FL, Moniz-de-Souza MC, Alexandre-Moreira MS et  al (2007) Neutrophils 
activate macrophages for intracellular killing of Leishmania major through recruitment of 
TLR4 by neutrophil elastase. J Immunol 179(6):3988–3994

12 Oxidative Stress in Protozoan Parasites: A Close Surveillance of Proteases…

https://doi.org/10.1016/B978-0-12-642760-8.50005-3


242

 16. Faria MS, Reis FC, Lima AP (2012) Toll-like receptors in leishmania infections: guardians or 
promoters? J Parasitol Res 2012:930257

 17. Luna-Gomes T, Filardy AA, Rocha JD et al (2014) Neutrophils increase or reduce parasite bur-
den in Trypanosoma cruzi-infected macrophages, depending on host strain: role of neutrophil 
elastase. PLoS One 9(3):e90582

 18. Lima AP, dos Reis FC, Serveau C et al (2001) Cysteine protease isoforms from Trypanosoma 
cruzi, cruzipain 2 and cruzain, present different substrate preference and susceptibility to 
inhibitors. Mol Biochem Parasitol 114(1):41–52

 19. Mott BT, Ferreira RS, Simeonov A et al (2010) Identification and optimization of inhibitors of 
Trypanosomal cysteine proteases: cruzain, rhodesain, and TbCatB. J Med Chem 53(1):52–60

 20. Paiva CN, Feijó DF, Dutra FF et al (2012) Oxidative stress fuels Trypanosoma cruzi infection 
in mice. J Clin Invest 122(7):2531–2542

 21. Goes GR, Rocha PS, Diniz AR et al (2016) Trypanosoma cruzi needs a signal provided by 
reactive oxygen species to infect macrophages. PLoS Negl Trop Dis 10(4):e0004555

 22. Nogueira NP, Saraiva FMS, Oliveira MP et  al (2017) Heme modulates Trypanosoma cruzi 
bioenergetics inducing mitochondrial ROS production. Free Radic Biol Med 108:183–191

 23. Guiñazú N, Carrera-Silva EA, Becerra MC et al (2010) Induction of NADPH oxidase activity 
and reactive oxygen species production by a single Trypanosoma cruzi antigen. Int J Parasitol 
40(13):1531–1538

 24. Rennenberg A, Lehmann C, Heitmann A et al (2010) Exoerythrocytic Plasmodium parasites 
secrete a cysteine protease inhibitor involved in sporozoite invasion and capable of blocking 
cell death of host hepatocytes. PLoS Pathog 6(3):e1000825

 25. Sundararaj S, Saxena AK, Sharma R et al (2014) Cross-talk between malarial cysteine prote-
ases and falstatin: the BC loop as a hot-spot target. PLoS One 9(4):e93008

 26. Lehmann C, Heitmann A, Mishra S et al (2014) A cysteine protease inhibitor of plasmodium 
berghei is essential for exo-erythrocytic development. PLoS Pathog 10(8):e1004336

 27. McCoubrie JE, Miller SK, Sargeant T et al (2007) Evidence for a common role for the serine- 
type Plasmodium falciparum serine repeat antigen proteases: implications for vaccine and 
drug design. Infect Immun 75(12):5565–5574

 28. Antoine T, Fisher N, Amewu R et  al (2014) Rapid kill of malaria parasites by artemisinin 
and semi-synthetic endoperoxides involves ROS-dependent depolarization of the membrane 
potential. J Antimicrob Chemother 69(4):1005–1016

 29. Percário S, Moreira DR, Gomes BA et al (2012) Oxidative stress in malaria. Int J Mol Sci 
13(12):16346–16372

 30. Sajid M, Withers-Martinez C, Blackman MJ (2000) Maturation and specificity of Plasmodium 
falciparum subtilisin-like protease-1, a malaria merozoite subtilisin-like serine protease. J Biol 
Chem 275(1):631–641

 31. Barale JC, Blisnick T, Fujioka H et al (1999) Plasmodium falciparum subtilisin-like protease 
2, a merozoite candidate for the merozoite surface protein 1-42 maturase. Proc Natl Acad Sci 
U S A 96(11):6445–6450

 32. Sharma S, Jadli M, Singh A et al (2014) A secretory multifunctional serine protease, DegP of 
Plasmodium falciparum, plays an important role in thermo-oxidative stress, parasite growth 
and development. FEBS J 281(6):1679–1699

 33. Fong D, Chang KP (1982) Surface antigenic change during differentiation of a parasitic proto-
zoan, Leishmania mexicana: identification by monoclonal antibodies. Proc Natl Acad Sci U S 
A 79(23):7366–7370

 34. Bouvier J, Etges RJ, Bordier C (1985) Identification and purification of membrane and 
soluble forms of the major surface protein of Leishmania promastigotes. J  Biol Chem 
260(29):15504–15509

 35. Isnard A, Shio MT, Olivier M (2012) Impact of Leishmania metalloprotease GP63 on macro-
phage signaling. Front Cell Infect Microbiol 16(2):72

 36. Chang CS, Inserra TJ, Kink JA et al (1986) Expression and size heterogeneity of a 63 kilo-
dalton membrane glycoprotein during growth and transformation of Leishmania mexicana 
amazonensis. Mol Biochem Parasitol 18(2):197–210

D. Roy Chowdhury et al.



243

 37. Olivier M, Atayde VD, Isnard A et al (2012) Leishmania virulence factors: focus on the metal-
loprotease GP63. Microbes Infect 14(15):1377–1389

 38. Shio MT, Christian JG, Jung JY et al (2015) PKC/ROS-mediated NLRP3 inflammasome acti-
vation is attenuated by Leishmania zinc-metalloprotease during infection. PLoS Negl Trop Dis 
9(6):e0003868

 39. Chawla M, Vishwakarma RA (2003) Alkylacylglycerolipid domain of GPI molecules of 
Leishmania is responsible for inhibition of PKC-mediated c-fos expression. J  Lipid Res 
44(3):594–600

 40. Mundodi V, Kucknoor AS, Gedamu L (2005) Role of Leishmania (Leishmania) chagasi amas-
tigote cysteine protease in intracellular parasite survival: studies by gene disruption and anti-
sense mRNA inhibition. BMC Mol Biol 6:3

 41. Pollock KG, McNeil KS, Mottram JC et al (2003) The Leishmania mexicana cysteine prote-
ase, CPB2.8, induces potent Th2 responses. J Immunol 170(4):1746–1753

 42. Buxbaum LU, Denise H, Coombs GH et al (2003) Cysteine protease B of Leishmania mexi-
cana inhibits host Th1 responses and protective immunity. J Immunol 171(7):3711–3717

 43. Denise H, McNeil K, Brooks DR et al (2003) Expression of multiple CPB genes encoding 
cysteine proteases is required for Leishmania mexicana virulence in  vivo. Infect Immun 
71(6):3190–3195

 44. Somanna A, Mundodi V, Gedamu L (2002) Functional analysis of cathepsin B-like cysteine 
proteases from Leishmania donovani complex. Evidence for the activation of latent transform-
ing growth factor beta. J Biol Chem 277(28):25305–25312

 45. Iyer JP, Kaprakkaden A, Choudhary ML et al (2008) Crucial role of cytosolic tryparedoxin 
peroxidase in Leishmania donovani survival, drug response and virulence. Mol Microbiol 
68(2):372–391

 46. Dumas C, Ouellette M, Tovar J et al (1997) Disruption of the trypanothione reductase gene 
of Leishmania decreases its ability to survive oxidative stress in macrophages. EMBO 
J 16(10):2590–2598

 47. Gerbaba TK, Gedamu L (2013) Cathepsin B gene disruption induced Leishmania donovani pro-
teome remodeling implies cathepsin B role in secretome regulation. PLoS One 8(11):e79951

 48. Srivastav S, Basu Ball W, Gupta P et al (2014) Leishmania donovani prevents oxidative burst- 
mediated apoptosis of host macrophages through selective induction of suppressors of cyto-
kine signaling (SOCS) proteins. J Biol Chem 289(2):1092–1105

 49. Choudhury R, Das P, Bhaumik SK et al (2010) In situ immunolocalization and stage- dependent 
expression of a secretory serine protease in Leishmania donovani and its role as a vaccine can-
didate. Clin Vaccine Immunol 17(4):660–667

 50. Das P, De T, Chakraborti T (2014) Leishmania donovani secretory serine protease alters mac-
rophage inflammatory response via COX-2 mediated PGE-2 production. Indian J Biochem 
Biophys 51(6):542–551

 51. Dou Z, Carruthers VB (2011) Cathepsin proteases in toxoplasma gondii. Adv Exp Med Biol 
712:49–61

 52. Lentini G, El Hajj H, Papoin J et al (2017) Characterization of toxoplasma DegP, a rhoptry 
serine protease crucial for lethal infection in mice. PLoS One 12(12):e0189556

 53. Sato D, Nakada-Tsukui K, Okada M et al (2006) Two cysteine protease inhibitors, EhICP1 and 
2, localized in distinct compartments, negatively regulate secretion in Entamoeba histolytica. 
FEBS Lett 580(22):5306–5312

 54. Smith BO, Picken NC, Westrop GD et al (2006) The structure of Leishmania mexicana ICP 
provides evidence for convergent evolution of cysteine peptidase inhibitors. J  Biol Chem 
281(9):5821–5828

 55. Sanderson SJ, Westrop GD, Scharfstein J et al (2003) Functional conservation of a natural 
cysteine peptidase inhibitor in protozoan and bacterial pathogens. FEBS Lett 542(1–3):12–16

 56. Sarić M, Vahrmann A, Bruchhaus I et  al (2006) The second cysteine protease inhibitor, 
EhICP2, has a different localization in trophozoites of Entamoeba histolytica than EhICP1. 
Parasitol Res 100(1):171–174

12 Oxidative Stress in Protozoan Parasites: A Close Surveillance of Proteases…



244

 57. Santos CC, Scharfstein J, Lima AP (2006) Role of chagasin-like inhibitors as endogenous 
regulators of cysteine proteases in parasitic protozoa. Parasitol Res 99(4):323–324

 58. Costa TF, Lima AP (2016) Natural cysteine protease inhibitors in protozoa: fifteen years of the 
chagasin family. Biochimie 122:197–207

 59. Wang SX, Pandey KC, Scharfstein J et al (2007) The structure of chagasin in complex with 
a cysteine protease clarifies the binding mode and evolution of an inhibitor family. Structure 
15(5):535–543

 60. Pszenny V, Davis PH, Zhou XW et al (2012) Targeted disruption of toxoplasma gondii serine 
protease inhibitor 1 increases bradyzoite cyst formation in vitro and parasite tissue burden in 
mice. Infect Immun 80(3):1156–1165

 61. Alam MN, Das P, De T et al (2016) Identification and characterization of a Leishmania don-
ovani serine protease inhibitor: possible role in regulation of host serine proteases. Life Sci 
1(144):218–225

 62. Martinvalet D (2015) ROS signaling during granzyme B-mediated apoptosis. Mol Cell Oncol 
2(3):e992639

 63. Ljunggren A, Redzynia I, Alvarez-Fernandez M et  al (2007) Crystal structure of the para-
site protease inhibitor chagasin in complex with a host target cysteine protease. J Mol Biol 
371(1):137–153

 64. dos Reis FC, Smith BO, Santos CC et al (2008) The role of conserved residues of chagasin in 
the inhibition of cysteine peptidases. FEBS Lett 582(4):485–490

 65. Monteiro AC, Abrahamson M, Lima AP et al (2001) Identification, characterization and local-
ization of chagasin, a tight-binding cysteine protease inhibitor in Trypanosoma cruzi. J Cell Sci 
114(Pt 21):3933–3942

 66. Gonçalves VM, Matteucci KC, Buzzo CL et al (2013) NLRP3 controls Trypanosoma cruzi 
infection through a Caspase-1-dependent IL-1R-independent NO production. PLoS Negl Trop 
Dis 7(10):e2469

 67. Paiva CN, Medei E, Bozza MT (2018) ROS and Trypanosoma cruzi: fuel to infection, poison 
to the heart. PLoS Pathog 14(4):e1006928

 68. Jecna L, Svarovska A, Besteiro S et al (2009) Inhibitor of cysteine peptidase does not influ-
ence the development of Leishmania mexicana in Lutzomyia longipalpis. J  Med Entomol 
46(3):605–609

 69. Pei Y, Miller JL, Lindner SE et al (2013) Plasmodium yoelii inhibitor of cysteine proteases is 
exported to exomembrane structures and interacts with yoelipain-2 during asexual blood-stage 
development. Cell Microbiol 15(9):1508–1526

 70. Pandey KC, Singh N, Arastu-Kapur S et al (2006) Falstatin, a cysteine protease inhibitor of 
Plasmodium falciparum, facilitates erythrocyte invasion. PLoS Pathog 2(11):e117

 71. Bryson K, Besteiro S, McGachy HA et al (2009) Overexpression of the natural inhibitor of 
cysteine peptidases in Leishmania mexicana leads to reduced virulence and a Th1 response. 
Infect Immun 77(7):2971–2978

 72. Alam MN, Chakraborti S, Paik D et  al (2018) Functional attribution of LdISP, an endog-
enous serine protease inhibitor from Leishmania donovani in promoting infection. Biochimie 
147:105–113

 73. Alves CR, Souza RS, Charret KDS et al (2018) Understanding serine proteases implications 
on Leishmania spp lifecycle. Exp Parasitol 184:67–81

D. Roy Chowdhury et al.



245© Springer Nature Singapore Pte Ltd. 2019
S. Chakraborti et al. (eds.), Oxidative Stress in Microbial Diseases, 
https://doi.org/10.1007/978-981-13-8763-0_13

C. K. B. Ferrari (*) 
Instituto de Ciências Biológicas e da Saúde (ICBS), Campus Universitário do Araguaia, 
Universidade Federal de Mato Grosso (UFMT), Barra do Garças, MT, Brazil
e-mail: drcarlosferrari.ufmt@gmail.com

13Oxidative Stress and Antioxidants 
in Host Defense in Leishmaniasis

Carlos Kusano Bucalen Ferrari

Abstract
Leishmaniasis, a tropical neglected disease of the poor and underserved popula-
tions, is characterized by skin lesions and ulcers or a clinical pattern of visceral/
internal complications which can be lethal. Since innate response is important in 
hanseniasis, this work reviewed and updated the role of reactive oxygen/nitrogen 
species in different clinical forms of leishmaniasis (cutaneous, mucocutaneous, 
and visceral), as well as their role in phagocyte free radicals generators (NADPH- 
oxidase, iNOS, myeloperoxidase, mitochondrial pathways, and extracellular 
traps). Knowledge of multiple leishmanial antioxidant responses that can rescue 
parasites from death and promote resistance to treatment is essential to develop 
genetic and pharmacologic leishmanicidal strategies.

Keywords
Cutaneous leishmaniasis · Visceral leishmaniasis · L. major · L. amazonensis · L. 
braziliensis · Reactive oxygen species · Antioxidant

13.1  Introduction and Epidemiology

Leishmaniasis, a sandlfy-transmitted disease caused by many intracelular protozoa 
from Leishmania spp., comprises an important neglected tropical disease [1]. The 
two major parasite forms are the promastigote, which lives in the sandfly gut, and 
the amastigote that survives into the cytoplasm of monocytes and macrophages of 
the human and mammalian hosts [2].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8763-0_13&domain=pdf
mailto:drcarlosferrari.ufmt@gmail.com


246

Three major clinical patterns of Leishmaniasis are distinguished [3]:
Cutaneous or tegumentary leishmaniasis (CL): it comprises the majority of cases 

and it is characterized by skin lesions which commonly evolute to ulcerations and 
permanent scars on the exposed body parts bitten by the mosquitoes. Americas, 
Middle East, Central Asia, and Mediterranean basin comprise 95% of the cases with 
emphasis to Brazil, Afghanistan, Algeria, Colombia, Iran, Nicaragua, Peru, and 
Syria. 600,000 to 1.2 million of new cases are estimated each year. In Brazil, the 
major agents comprise Leishmania (Leishmania) amazonensis, L. (Viannia) guya-
nensis, L. (Viannia) braziliensis, and L. (Viannia) naiffii, whereas in other parts of 
the world, the major ethiologic agents are L. major, L. tropica, L. aethiopica, L. 
mexicana, L. panamensis, and L. guyanensis, among others [4–6].

Mucocutaneous leishmaniasis (MCL): It is characterized by partial or total 
destruction of the mucous membranes of the nose, throat, and mouth, including 
lesions in pharynx, and larynx. The same Leishmania species involved in CL are 
also found in MCL patients.

Visceral leishmaniasis (VL) or Kala-Azar: this form could be lethal if untreated. 
Its incidence is rising in Brazil [8]. In the Americas, 96% of cases have been reported 
in Brazil. In the world, 90% of VL cases have been reported from India, Bangladesh, 
Sudan, South Sudan, Ethiopia, and Brazil. 50,000 to 90,000 new cases have been 
estimated world-wide. Leishmania (Leishmania) chagasi and L. (Infantum) chagasi 
are the major causative agents of VL [7, 8]. L. donovani causes both cutaneous and 
visceral leishmaniasis in the old world [9].

In the Americas, two-thirds of patients are male and about 15% of children are 
affected [10]. Raising incidences of total leishmaniasis were found in Colombia 
(31.3%), Peru (33%), and Nicaragua (181.8%) [10].

In Brazil, although the total incidence of leishmaniasis has been declined by 
34%, the incidence of VL has been increased [8, 10]. In many inner counties of 
Brazil, CL affects mainly men, in productive age, working in the agricultural sector 
or mining, and living in rural or semi-rural areas [11].

Higher co-infection rates due to leishmaniasis and HIV-infection have been 
reported in Brazil, Ethiopia, and Bihar State from India [3].

Since reactive oxygen and nitrogen species display important roles in innate 
response to pathogens, the objective of the present work was to review the role of 
oxidative/nitrosative stress in leishmaniasis as well as the role of antioxidant sys-
tems in parasite escape against phagocyte engulfment and free radical killing.

We performed a non-systematic review, from 1998 to 2018, using the following 
databases: Pubmed/Medline (https://www.ncbi.nlm.nih.gov/pubmed/), Scielo 
(www.scielo.org), and Google scholar (https://scholar.google.com.br). The com-
bined keywords used were leishmaniasis and oxidative stress, oxidation and immune 
and leishmaniasis, leishmaniasis and nitrosative stress, myeloperoxidase and leish-
maniasis, NADPH-oxidase and leishmaniasis, antioxidants and leishmaniasis, and 
antioxidant capacity and leishmaniasis.
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13.2  How Free Radicals and Reactive Species Are Formed?

Adding an electron to the molecular oxygen (O2) results in production of the super-
oxide anion (O2

−), which is released by the mitochondrial respiratory chain and 
through the activity of the membrane NADPH-oxidase in activated phagocytes 
(monocytes/macrophages and neutrophils) [12]. Superoxide anion reaction with 
molecular oxygen in the presence of the superoxide dismutase (SOD) enzyme 
yields hydrogen peroxide (H2O2) which, combined with chloride (Cl−), in the pres-
ence of MPO, synthezises hypochlorous acid (HOCl), an oxidant produced by 
inflammatory neutrophils at the site of infection [13]. Therefore, in phagocytes, 
NADPH-oxidase is characterized as a phagocyte-oxidase with an iron-containing 
protein (HEME protein) and it represents an important defense mechanism in 
microbial and parasite killing by professional phagocytes [14, 15].

When HOCl reacts with hydrogen peroxide, singlet oxygen (1O2), a very toxic 
tissue-damaging reactive species, is formed [16]. Reaction of L-arginine with 
molecular oxygen, NADPH, and nitric oxide synthase (NOS) produces nitric oxide 
(NO), which in turn, in combination with superoxide anion, yields peroxynitrite 
(OONO−), a very toxic free radical [17].

13.3  Oxidative Relationships Between Neutrophils 
and Leishmaniasis

Initially, promastigotes that were introduced into the bloodstream due to sandfly 
bite are phagocytosed by neutrophils. In many circumstances, but not all, neutro-
phils are able to activate their respiratory burst, releasing superoxide anion, oxygen 
free radicals, nitric oxide, and peroxynitrite which kill promastigotes from various 
Leishmania species [18, 19]. Neutrophil depletion increases parasite multiplication 
in mice [18]. Neutrophils can kill Leishmania parasites by both oxygen free radical- 
dependent and oxygen free radical-independent pathways [19, 20].

13.3.1  Neutrophil Extracellular Traps (NETS) and Leishmania 
Killing

Triggered by H2O2 and other oxidative/nitrosative compounds, extracellular traps 
are fragments of nuclear and mitochondrial DNA triggered, composed by chroma-
tin, histones, and antimicrobial proteins, that kill some microrganisms and activate 
the innate immunity [15, 21–23]. It is important to know that a Mexican study with 
M. tuberculosis showed ET were not capable of destroying bacilli which contrib-
uted to pathogen persistence [24]. In Leishmania amazonensis infection models, 
NETS can efficiently kill parasites as noted by some studies, but a few organisms 
are resistant to NETS and can survive and replicate [25–27]. These NETS-induced 
killing pathways of Leishmania amazonensis promastigotes are dependent and 
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independent of ROS generation by NADPH-oxidase [28]. It should be noted that 
NETS contained expressive ammounts of MPO [29].

13.3.2  Other Relationships Between Neutrophils and Oxidation 
in Leishmaniasis

When amastigotes are phagocytosed by neutrophils, they induce a massive oxida-
tive and nitrosative stress which leads to neutrophil damage and death [30].

Comparing the role of amastigotes of L. braziliensis and L. amazonensis, the first 
parasite species was able to boost neutrophil activation, respiratory burst, synthesis 
of IL-10 and IL-22 interleukins, and microbicidal activity, whereas L. amazonensis 
did not trigger neutrophil effectiveness [31]. Another study corroborated the con-
cept that L. braziliensis, but not L. major, trigger neutrophil activation, respiratory 
burst, degranulation, and immune activation [32].

Heme proteins, but not free iron, induced neutrophil activation with raised activ-
ity of myeloperoxidase and neutrophil elastase production as well release of FR 
which compromised cell viability and caused human cell death in L. infantum infec-
tion [33].

Notwithstanding, a further study suggested that neutrophils are not so microbici-
dal but display an important pro-inflammatory role in human neutrophils exposed to 
L. braziliensis [34]. In fact, in some circumstances and depending on different 
Leishmania species, amastigotes phagocytosed by some neutrophils can induce 
massive oxidative and nitrosative stresses which lead to neutrophil damage and 
death [30].

13.4  Oxidative Relationships Between Macrophages 
and Leishmaniasis

As occurs with neutrophils, Leishmania spp. can either succumb or survive and 
escape to the killing effects of free radicals released by the respiratory burst of 
macrophages.

Oxygen, nitrogen, and chlorine free radicals derived from the macrophage respi-
ratory burst products are toxic to Leishmania, but the parasite has developed mecha-
nisms to escape from oxidative and nitrosative stress such as the lipophosphoglycan 
from membranes which disrupts superoxide anion release from the NADPH-oxidase 
[35]. In lipophosphoglycan null L. infantum strain, there is a strong activation of the 
nuclear factor kappa-beta (NFkB)-induced production of nitric oxide [36].

In fact, a previous work showed that intracellular infection of monocytes by L. 
major, L. mexicana, and L. donovani decreased production of superoxide anion and 
hydrogen peroxide [37]. In patients with active form of VL, suppressed activity of 
the macrophages enzymes NADH-oxidase, NADPH-oxidase, and MPO is found 
[38].
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13.5  Dual Role of Nitric Oxide in Leishmania: Killing or 
Survival?

Nitric oxide was proved to be an effective parasite-killing molecule in human infec-
tion by Leishmania major in a previous study [39].

Although activated macrophages are important in chronic immune response to L. 
braziliensis, their relevance has been associated with releasing of cytokines and 
T-cell chemotaxis but not nitric oxide or superoxide anion discharge [40].

In fact, while inhibition of nitric oxide and ROS enhanced parasite survival, 
delivery of ROS did not improve tissue infection, and nitric oxide was associated 
with worsening tissue damage in CL patients [41]. It seems that this paradox is 
associated with different genetic strains of Leishmania braziliensis. There are nitric 
oxide-susceptible and nitric oxide-resistant L. braziliensis strains, and those resis-
tant strains are also resistant to glucantime therapy [42].

Another study pointed out that ROS but not NO were important in L. braziliensis 
death in monocytes activated by IFN-y, which are typically found in chronic immune 
responses [43]. On the other hand, L. amazonensis infection in mice caused massive 
liver oxidative stress, increasing SOD levels, advanced glycation end products, 
inflammatory cytokines, and thiol oxidation and nitrotyrosine oxidation [44].

In mice infected with L. major, nitric oxide decreased replication of amastigotes 
inside macrophages as well as diminished lesion size and parasite dissemination to 
liver, spleen, and adjacent lymph nodes [45].

Thus, the effectiveness of NO in Leishmania killing or its failure depends on 
many factors, such as the kind of Leishmania species, the kind of clinical leishmani-
asis (CL, MCL, and VL), the adequate or suppressed phagocytes’ function, the 
absence or presence of defects on parasite killing effector pathways, and develop-
ment of Leishmania spp. escape mechanisms against effector ROS/RNS pathways.

Concomitant deficiency of the phagocyte-oxidase (NADPH-oxidase complex) 
and nitric oxide pathway strongly decreased the effectiveness of phagocytosis and 
this was associated with infection dissemination and worsen prognosis [46].

Another mechanism of escape by Leishmania spp. against NO killing is repre-
sented by expression of hepatic arginase, which results in consumption of L-arginine, 
the substrate of nitric oxide synthase. Then, overexpression of arginase decreases 
production of nitric oxide which is associated with augment of visceral leishmania 
infection [47]. Inhibition of arginase lowers replication of Leishmania spp. into the 
cytoplasm of macrophages [48].

13.6  Different Leishmania Spp. and Clinical Forms: 
Susceptibility or Resistance?

As discussed above, the effectiveness of phagocytes in Leishmania killing or its 
survival depends on the clinical form of disease and the Leishmania species.

Cutaneous Leishmaniasis, Oxidative Stress, and Phagocyte Effectiveness.
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Studying cutaneous leishmaniasis (CL) patients, raised levels of lipid peroxida-
tion (measured by MDA content) and nitric oxide and diminished levels of SOD and 
GPX were observed [49]. Another work which studied possible changes on antioxi-
dant enzyme catalase (CAT), uric acid, and MDA levels in CL patients reported 
enhanced levels of both uric acid and MDA [50]. In the same report, CAT levels 
tend to be decreased among CL patients, but there was no statistical significance 
(p  =  0.115). Intermediate markers of lipid peroxidation, the lipoperoxides, were 
found to be increased in CL patients as well MDA and DNA damage [51].

During the course of leishmania infection (cutaneous or visceral), the parasite 
genes also increase the expression of antioxidant proteins and enzymes in order to 
protect parasites against phagocytes ROS/RNS [35]. In this regard, it is important to 
suppress the antioxidant response system of the parasites to improve the efficacy of 
therapeutic agents. Then, genetic inhibition of the antioxidant response genes gluta-
thione synthetase, glutathione-S-transferase 1, and ATP-binding cassette B in 
human macrophages improved the efficacy of glucantime in Leishmania brazilien-
sis killing [52].

On the other hand, it is important to know that parasite can also trigger massive 
oxidative stress, worsening tissue damage and disease. In this respect, L. amazonen-
sis infection in mice caused massive liver oxidative stress, increasing SOD levels, 
advanced glycation end products, inflammatory cytokines, and thiol oxidation and 
nitrotyrosine oxidation [44].

13.6.1  Visceral Leishmaniasis, Oxidative Stress, and Phagocyte 
Effectiveness

Oxidative stress occurs in VL, as noted by increased levels of erythrocyte and uri-
nary malondialdehyde (MDA), a lipid peroxidation product [53–55]. As a compen-
satory antioxidant defense, GSH levels increased in VL [53–55].

At least part of L. donovani strains is susceptible to ROS/RNS effector pathways 
and glucantime treatment can enhance the release of oxidative and nitrosative com-
pounds increasing parasites’ killing. Before treatment regimen, TNF-α and NO are 
effective in parasite clearance, whereas after treatment, TNF-α, NO, IFN-γ, and 
IL-10 contributed to parasite elimination [56]. Glucantime, one of the therapeutic 
drugs used in the treatment of VL, is able to induce the production of H2O2 and other 
reactive oxygen species via respiratory burst in macrophages infected by Leishmania 
donovani [57].

However, the worsening of VL is associated with defects on phagocyte function 
as well as parasite overexpression of antioxidant defensive proteins, enzymes, and 
factors. According to the abovementioned information, VL is associated with inhi-
bition of the two phagocyte enzyme systems (NADH-oxidase/NADPH-oxidase; 
myeloperoxidase), which are associated with impaired effectiveness of phagocyto-
sis [38].

In this regard, when promastigotes of L. donovani were exposed to oxidative 
and nitrosative stress, the parasites develop an antioxidant defensive response with 
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increased expression of trypanothione reductase, trypanothione synthetase, trypare-
doxin peroxidase, glutathione peroxidase, peroxidoxin, endoplasmic reticulum oxi-
doreductin, small heat schock protein 20, and ascorbate peroxidase [58].

In Leishmania donovani and other Leishmania spp., glucose-6-phosphate dehy-
drogenase transfers electrons to NADP+ to form NADPH. This reaction is neces-
sary to maintain trypanoredoxin and reduced thiol content. Thus, parasite triggers 
an antioxidant microenvironment in the cytoplasm of host cell macrophages 
decreasing oxidative and nitrosative stress as well as cell death. Consequently, there 
is massive parasite survival and replication in the cytoplasm of infected macro-
phages [59, 60].

Resistance of parasite to drug treatment is associated with raised activation of 
parasite antioxidant systems, and consequently resistance to oxidative stress.

A study reported that two isolated strains of Leishmania donovani, which were 
resistant to sodium stilbogluconate, comprising both promastigotes (sandfly para-
site) and amastigotes (human parasite) forms, had also greater resistance to oxida-
tive stress and highest infective capability [61].

Another report showed that L. donovani resistance to oxidative stress in macro-
phages is linked to overexpression of a base-excision DNA repair enzyme—the 
uracil DNA glycosylase [62].

Excessive thiol levels were present in antimony-resistant VL caused by L. infan-
tum [63].

13.7  Parasite Antioxidant Defenses: Escape Mechanisms 
Against ROS/RNS

Trypanosoma brucei, T. cruzi, and L. donovani present the alternative oxidase, di- 
iron protein that uses ubiquinol to perform a four-electron reduction of oxygen to 
water, deactivating reactive species and free radicals [64].

An iron-SOD is essential in eliminating the macrophage superoxide and survival 
of Leishmania spp. This parasite also has a glutathione peroxidase-like enzyme 
(without selenium) [65]. This iron-SOD confered resistance to oxidative stress and 
to antimony treatment to L. V. braziliensis and L. L. infantum [66].

Trypanosomatids, such as Leishmania spp. and Trypanosoma spp. present 
peroxisome- like organelles, the glycosomes which control oxidation of carbohy-
drates, proteins, and lipids [64].

Beyond this protective compounds, Leishmania also present the trypanothione, a 
dithiol compound comprised of two glutathione molecules linked to one spermi-
dine, and its reductase form, a mitochondrial isoform [67]. Furthermore, Leishmania 
spp. also have peroxiredoxins, especially the tryparedoxin peroxidase, essential to 
metabolize H2O2 into non-toxic compounds [67, 68]. It has been sugested that over-
expression of tryparedoxin protein is associated with resistance to amphotericin B 
in a L. donovani strain [69].

In Leishmania donovani, the mitochondrial tryparedoxin peroxidase (mtp) and 
cytosolic tryparedoxin peroxidase (ctp) have different roles for parasite survival. 

13 Oxidative Stress and Antioxidants in Host Defense in Leishmaniasis



252

Even though mtp protects the parasite against endogenous respiratory oxidative 
stress, ctp guarantees parasite metabolism of exogenous ROS/RNS with improved 
replication rates into infected macrophages [70]. In the same study, resistance to 
both glutacantime and miltefosine was associated with overexpression of mtp and 
ctp in L. donovani. Those results corroborate previous findings of Iver et al., which 
observed that ctp protected promastigotes of L. donovani against oxidative stress 
and confered resistance to glucantime therapy [71]. Another study reported that 
raised expression of ctp protected L. braziliensis but not L. infantum against glucan-
time therapy. In the same study, ctp expression provided tolerance to H2O2-induced 
toxicity among L. braziliensis and moderate resistance among L. infantum [72].

Resistance of L. donovani clinical strains to miltefosine is linked to diminished 
production of free radicals and overexpression of six genes: tryparedoxin peroxi-
dase, trypanothione synthetase, cytochrome b5 reductase, phosphoglucomutase, 
multidrug resistance-like protein and lipase precursor-like protein [73].

As exposed above, there is efficient leishmanicidal free radical and oxidative/
nitrosative mechanisms, whereas some Leishmania species and strains express 
diverse antioxidant genes producing different antioxidant proteins that rescue para-
site against phagocyte-induced death. Those mechanisms are summarized in 
Fig. 13.1.

Fig. 13.1 Phagocyte leishmanicidal mechanisms versus antioxidant defense mechanisms of 
Leishmania spp
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13.8  Conclusion

Although reactive oxygen, nitrogen, and chlorine species are effetive against L. 
major and few strains of L. braziliensis, it seems that L. donovani and L. amazonen-
sis, and some strains of L. braziliensis are resistant to respiratory burst-induced 
killing. That resistance to reactive species and free radicals seems to be related to 
expression of diverse antioxidant response genes.
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Abstract
Entamoeba histolytica is a human pathogen, responsible for invasive amoebiasis 
and dysentery. This chapter aims to describe the effect of various stresses espe-
cially oxidative and nitrosative stress on this organism. This parasite is subjected 
to several types of stress throughout its life cycle and also during the invasion of 
human tissues as a result of host’s response to the infection. For successful infec-
tion, it must produce an adaptive response against host defense mechanisms. E. 
histolytica is microaerophilic, but during tissue invasion, it is exposed to high 
oxygen content in well-perfused tissues. This parasite has its own antioxidant 
strategy to protect itself against reactive oxygen and nitrogen species generated 
by both host and parasite. E. histolytica  doesn’t have most of the antioxidant 
defense mechanisms such as glutathione peroxidase, glutathione reductase, and 
catalase. Instead, it manages the antioxidant components from engulfed bacteria 
and red blood cells. L-cysteine takes a major role to protect the trophozoites of 
E. histolytica from oxidative stress and nitrosative stress as the parasite lacks 
glutathione, a major thiol in eukaryotes. During oxidative stress caused by H2O2, 
286 genes have been found to be upregulated in E. histolytica HM1: IMSS. In 
response to environmental stresses like glucose starvation, serum starvation, iron 
starvation, heat shock, and UV irradiation, several responsible genes are either 
downregulated or upregulated in this pathogen.
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Entamoeba histolytica · Oxidative stress · Nitrosative stress · Starvation · 
L-Cysteine
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Abbreviations

ALDO Aldolase
Eh Entamoeba histolytica
GAPDH Glyceraldehyde 3-P dehydrogenase
HK Hexokinase
HPI Hexose phosphate isomerase
ORP Oxygen reduction pathway
UDP-GPP UDP-glucose pyrophosphorylase
PFK Phosphofructokinase
TPI Triose-phosphate isomerase
PGK Phosphoglycerate kinase
PGAM Phosphoglycerate mutase
ENO Enolase
PPDK Pyruvate phosphate dikinase
PK Pyruvate kinase
ADHE Bifunctional aldehyde/alcohol dehydrogenase
AcCoAS ADP-forming acetyl-CoA synthetase
GK Glycerol kinase
GPP Glycerol 3-phosphate phosphatase
PFOR Pyruvate:ferredoxin oxidoreductase
Fd(ox) and Fd(red) Oxidized and reduced ferredoxin
NO NADPH-dependent oxidoreductase
FDP Flavodiiron protein
p34 34-kDa NADPH:flavin oxidoreductase
FeSOD Iron-containing dismutase
TrxR(ox) and TrxR(red) Oxidized and reduced thioredoxin reductase
Trx Thioredoxin
Rbr(ox) and Rb(red) Oxidized and reduced rubrerythrin
NROR NAD(P)H-dependent rubredoxin reductase
Prx(ox) and Prx(red) Oxidized and reduced peroxiredoxin
ISF Iron-sulfur flavoprotein
HCP hybrid cluster protein
Eh34/p34 Flavin oxidoreductase
Trans-PMET Transplasma membrane electron transport
TPQ-7 Thermoplasmaquinone-7
PNT Pyridine nucleotide transhydrogenase
CoA Coenzyme A
ATP Adenosine triphosphate
NAD(P)+ Oxidized nicotinamide adenine dinucleotide 

(phosphate)
NAD(P)H Reduced nicotinamide adenine dinucleotide 

(phosphate)
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14.1  Introduction

Entamoeba histolytica causes amoebic colitis and liver abscess worldwide. This 
tissue-lysing amoeba is the causative agent for amoebiasis which persists as a global 
health problem leading to 50  million clinical cases and 40,000–100,000 deaths 
annually [1]. Amoebiasis occurs worldwide and it is a major problem where poor 
sanitation causes contamination of drinking water and food with feces [1–4]. It is 
the second most lethal disease in the world caused by protozoan parasite after 
malaria [5]. Amoebic colitis was known to the ancients. The disease was first docu-
mented in a Sanskrit description as bloody mucoid diarrhea during 3000 BCE [6]. 
It took more than 2000 years to be invented. Amoeba was first identified as a reason 
of dysentery in 1875, when the St Petersburg physician Fedor Aleksandrovich 
Lösch identified the trophozoites of amoeba in the stool of a farmer with a fatal case 
of dysentery [3].

E. histolytica has high potential for invading and destroying the tissue in human 
colon causing hemorrhagic colitis. During residing in human gut, the parasite lives 
in the environment of reduced oxygen pressure. The production of reactive oxygen 
species (ROS) is an important component of the innate immune defense against 
microbial infections, including amoebiasis [7]. In this case, the parasite experiences 
high amount of exogenous ROS during tissue invasion of the host, which may lead 
to metabolic malfunctions. Several defense mechanisms including enzymatic and 
non-enzymatic components help to protect the pathogen against the oxidative stress.

14.2  Stress-Related Studies in Entamoeba histolytica

E. histolytica undergoes different types of environmental stresses during its life 
cycle. These can be classified mainly into seven categories, such as oxidative and 
nitrosative stress, glucose starvation, cysteine starvation, iron starvation, heat shock, 
and UV irradiation [8]. The parasite is challenged in host environment mostly due 
to the major fluctuations in oxygen level and glucose concentration level. The acti-
vation of innate immune response against E. histolytica directs to the production of 
ROS and NO by macrophages. This helps E. histolytica to become capable of adapt-
ing the oxidative stress [9]. Most of the eukaryotic organisms respond to environ-
mental stress by reducing or switching off the protein synthesis process. The 
exception is synthesis of heat shock proteins and some transcription factors [10]. E. 
histolytica is not an exception. Table  14.1 summarizes the role of proteins and 
enteric bacteria during various stresses in this parasite. E. histolytica shows a spe-
cific heat shock response with overall reduction in gene transcription including the 
genes responsible for its virulence, such as galactose/N-acetylgalactosamine (Gal/
GalNAc) lectin, certain cysteine proteinases, and a 20-kDa antigen [11]. Ultraviolet 
light produces cyclobutane pyrimidine dimers, oxidized bases, single-strand breaks, 
and also DNA double-strand breaks (DSB) [12, 13]. DSB is a critical injury to 
DNA, and it activates a complex network of proteins that may arrest cell cycle to 
enhance DNA repair mechanisms [14]. A cDNA microarray study on global 
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Table 14.1 E. histolytica proteins during various stresses

Type of 
stress Protein involved Summary of study References
Heat shock
Oxidative 
stress

Ehssp1 Stress condition upregulates the expression 
of polymorphic copies of Ehssp1, antigenic 
in invasive amoebiasis
Extent of polymorphism differs between 
pathogenic and non-pathogenic strain

[130]

Oxidative 
stress.

Eh29
HSP70A2 EhSOD
EhCP5
G protein
Peptidylprolyl 
isomerase

In response to oxidative stress, several 
genes are upregulated in a time-dependent 
manner to protect E. histolytica during 
invasion

[43]

Oxidative 
stress.

Eh29 29-kDa surface antigen, exhibits protective 
antioxidant activities
Survival and pathogenesis of E. histolytica 
through invasion increase with increased 
expression of Eh29

[58]

Oxidative 
stress
Nitrosative 
stress

Heat-shock proteins
Ubiquitin- 
conjugating enzymes
Protein kinases and 
small GTPases

During oxidative and nitrosative stress, a 
large set of genes are either upregulated or 
downregulated and their expression may 
differ in pathogenic and non-pathogenic 
strains of E. histolytica

[44]

Oxidative 
stress

EhPFOR
EhADH2

Trophozoites under oxidative stress modify 
their energy metabolism by regulating the 
steps of glycolysis

[48]

Oxidative 
stress
Nitrosative 
stress

EhFdp1 E. histolytica genome contains four genes 
encoding flavodiiron proteins which are 
likely to be acquired by horizontal gene 
transfer from prokaryotes
EhFdp1 is cytoplasmic, having specific and 
high oxygen reductase activity but poor 
nitric oxide reductase activity

[131]

Oxidative 
stress
Nitrosative 
stress

EhTRXR. EhTRXR catalyzes the NAD(P)
H-dependent reduction of thioredoxins and 
S-nitrosothiols

[132]

Oxidative 
stress
Nitrosative 
stress

EhSIAF
EhPTPA

In oxidative and nitrosative stressed 
condition, E. histolytica shows higher 
transcription level of EhSIAF and EhPTPA
EhSIAF and EhPTPA are responsible for 
increasing adherence to the host cells and 
reduction in motility

[77]

Oxidative 
stress

H2O2-regulatory 
motif (HRM) 
binding protein

Overexpression of the transcription factor, 
HRM-binding protein increases the 
virulence potential in E. histolytica
This is a special transcription factor 
controlling the transcriptional regulatory 
network in response to oxidative stress 
induced by hydrogen peroxide

[133]

(continued)
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transcriptional response to the DNA damage of E. histolytica showed that most gene 
regulation in response to UV-C irradiation is operating at post-translational level. 
Importantly, several genes encoding Fe–S clusters containing proteins involved in 
stress adaptation were found to be upregulated and some genes encoding cytoskel-
eton proteins were downregulated upon UV exposure. This is probably due to the 
fact that E. histolytica actin dynamics is arrested to permit proper repairing of DNA 
damage caused by UV-C irradiation [15].

Table 14.1 (continued)

Type of 
stress Protein involved Summary of study References
Oxidative 
stress

EhPFOR
EhPrx
EhFDP
EhHSP70

Virulent strain of Entamoeba differs from 
non-virulent strains in gene expression 
level of several proteins related to oxidative 
stress
HSP70 protects E. histolytica from 
oxidative damage in O2 exposure and may 
contribute to its virulence

[134]

Oxidative 
stress

Arginase
Gal/GalNAc

A total, 154 number of oxidized proteins 
were detected which are functionally 
associated with antioxidant activity
Oxidation of Gal/GalNAc has inhibitory 
effect on adherence of E. histolytica 
trophozoites to host cells
Novel function of arginase in protection of 
parasite against oxidative stress has been 
identified

[17]

Oxidative 
stress

EhTrx
EhFDP1
EhRbr
EhPrx
EhTrxR

Proteins of thiol-based redox system 
counteract with oxidative and nitrosative 
stress and maintain intracellular redox 
potential during invasion, colonization, and 
disease progression
Proteins of thiol-based redox system can be 
used as a suitable drug target for disruption 
of redox balance in parasite

[61]

Oxidative 
stress

Serine-rich 
Entamoeba 
histolytica protein 
(SREHP)
Eh29
Gal/GalNAc lectin

In silico analysis of protein related to stress 
response in E. histolytica can serve future 
prospect in developing of diagnostic 
markers, drug design, and vaccine research

[135]

Oxidative 
stress
ER stress
Thermal 
stress

EhPDI Stressful condition inhibits EhPDI activity 
resulting in unfolding, aggregation, and 
inability to assist the refolding of proteins

[136]

Oxidative 
stress

Thioredoxin
Peroxiredoxin
Nitroreductase
Oxidoreductase

Enteric bacteria except probiotics protect 
the parasite from oxidative stress

[83]
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14.2.1  Oxidative Stress

Among the parasitic protozoa, Entamoeba histolytica is unique because of its 
in vitro nutritional requirements and in vivo pathogenicity mechanisms. Until now, 
very little is known regarding molecular factors and physicochemical conditions 
that regulate the growth, establishment, and successful invasion of this parasite in 
the host. It can be grown in vitro under the condition of low oxygen concentration 
and it is susceptible to metabolically produced toxic oxygen derivatives and 
ROS. The parasite may also consume low amount of oxygen and therefore produce 
some toxic reactive oxygen derivatives. E. histolytica lacks catalase, glutathione 
reductase, and glutathione peroxidase, the major defense mechanisms in other aero-
tolerant cells. For this reason, E. histolytica has evolved itself with some alternative 
approaches. It phagocytoses bacteria during the commensal phase, and during inva-
sive phase, it consumes red blood cells (RBCs). These engulfed bacteria or RBCs, 
through their intact form or antioxidant component form, detoxify the ROS pro-
duced in their intracellular environment during invasion phase [16]. In a study, 
154 number of proteins have been found to be oxidized in oxidatively stressed tro-
phozoites of E. histolytica in resin-assisted capture coupled to mass spectrometric 
analysis [17]. Unlike many organisms, E. histolytica lacks glutathione which plays 
as major thiol in most eukaryotes. In this parasite, L-cysteine works as a principal 
low molecular weight thiol [18]. Growth medium lacking L-cysteine elevates inter-
cellular ROS level by more than threefold, implicating the significance of this amino 
acid in the antioxidant defense against the oxidative stress [19]. Apart from this, 
L-cysteine protects the trophozoites of E. histolytica from oxidative shock gener-
ated by treatment with the drug metronidazole [20]. L-cysteine can be obtained 
either through a de novo synthesis pathway or via uptake from extracellular envi-
ronment. The de novo synthesis is carried out in two steps catalyzed by serine acet-
yltransferase and cysteine synthetase [21, 22]. Experimental data showed that 
internal concentration of L-cysteine is almost undetectable when the trophozoites 
are cultured in a medium devoid of cysteine. This clearly implies that the de novo 
synthesis pathway itself is not sufficient to maintain intracellular concentration up 
to the mark and it mostly depends on external uptake. During nitrosative stress, the 
trophozoites of E. histolytica overexpress cysteine synthetase to satisfy the increased 
amino acid demand. Fig. 14.1 describes the various antioxidant pathways operating 
in E. histolytica.

14.2.2  Glucose Starvation

E. histolytica faces glucose starvation in human colon because the available glucose 
is very low due to high absorptive capacity of the glucose transporters in small intes-
tine [23–25]. In response to glucose starvation, several genes related to glycolysis 
are downregulated, and the genes involved in degradation of stored carbohydrates 
are upregulated. From the proteomics and transcriptomics study, it has been found 
that mainly three genes/proteins get upregulated, namely, Gal/GalNAc lectin, 
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dihydropyrimidine dehydrogenase (DPD), and MGL-1 [26, 27]. DPD is involved in 
the degradation of pyrimidine. So, its increased expression in E. histolytica during 
glucose starvation may be due to the energy production by degradation of pyrimi-
dines [28, 29]. Another carbon source to catch up the needs for energy is to break 
down the colonic mucin by β-amylase [30]. Glucose starvation enhances virulence 
property by upregulation of virulence factors such as Gal/GalNAc lectins and a 
cysteine protease, EhCP-A4, that helps the parasite to invade host by destroying the 
intracellular matrix [26]. Glucose starvation stimulates epigenetic regulation by 
building up the shuttling of glycolytic enzyme enolase in the nucleus and inhibition 
of Ehmeth [27].

14.2.3  Iron Starvation

Iron is one of the essential elements used for growth of E. histolytica. Ferric ammo-
nium citrate is used as iron source in medium preparation for maintaining the axenic 
culture of E. histolytica in laboratory condition [31]. When present in a host, iron 
demand is satisfied by scavenging iron from host’s normal gut flora and also from 
the iron-containing proteins of host such as hemoglobin and ferratin [32]. NifS, 
NifU, and rubrerythrin form the iron-sulfur cluster in this parasite [33, 34]. These 
are essential for proper enzymatic activity of superoxide dismutase, alcohol dehy-
drogenase 2, and ferredoxin [35]. In vitro experiments showed that low iron concen-
tration significantly decreases the adherence property and cytopathic activity in the 
parasite [36, 37]. Thus, iron is exclusively and directly linked to its pathogenicity 
and no other cationic salts are known for this effect [37]. It is evident from transcrip-
tome analysis that when grown in absence of iron, the trophozoites show an increase 
in transcriptional activity of some proteins, such as cysteine proteinases 
(CP-EHI_01850, CP-A5, and CP-A7), translation elongation factors, and ribosomal 
proteins. Stress signal from iron deprivation upregulates the expression of androgen- 
inducible Gene 1 (AIG1), acyl-CoA synthetase, ComEC protein, and NADPH- 
dependent oxidoreductase (EhNO2) [38]. Three genes of AIG1 family, EHI_195260, 
EHI_115160, and EHI_022500, are highly expressed during liver abscess in cell 
line study signifying its connection with virulence [39]. Reduction from cystine to 
cysteine is done by EhNO2 to meet the cellular level of cysteine for various func-
tions. EhNO2 reduces the amoebiasis drug, metronidazole, which becomes acti-
vated and generates toxic reactive species [40]. During iron starvation of E. 
histolytica, there is an increased gene expression of different transport family pro-
teins such as ABC family of transport proteins, P-glycoprotein-5, and major family 
transporters to increase the influx of iron from different sources [38, 41].
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14.3  Genes Upregulated and Downregulated 
During Oxidative and Nitrosative Stress

E. histolytica should have different defense strategies to cope with the major stresses 
caused by cytotoxic reactive species. ROS and RNS are produced during the tissue 
invasion process by the parasite as it moves from anaerobic colonic lumen to 
oxygen- rich colonic tissues [3]. ROS and RNS target several cellular proteins, 
nucleic acids, and lipids [42].

Upon exposure to high oxidative and nitrosative stresses and during the transi-
tion from anaerobic to aerobic metabolism, E. histolytica upregulates several genes 
[43–45]. Some of the genes for detoxification of ROS and RNS have been acquired 
probably from prokaryotes by horizontal gene transfer mechanism [46, 47]. Whole 
genome microarray revealed that a considerable number of genes are upregulated 
during oxidative stress in both pathogenic strain of HM1: IMSS (ATCC 30459) and 
non-pathogenic strain Rahman (ATCC 30886) [44]. However, non-pathogenic 
strain E. histolytica Rahman showed relatively lower number of transcriptional 
changes. In E. histolytica HM1: IMSS, 286 genes were upregulated upon exposure 
to H2O2, whereas for nitrosative stress, the number was 1036 genes. 164 genes over-
lapped in both stress conditions. 102 genes in total were found to be downregulated 
due to oxidative stress. Although most of these genes were hypothetical proteins, 
Rab family GTPase (XM_645246), cyclin (XM_647175), and mitotic inducer phos-
phatase (XM_644512) were among the known proteins which were downregulated 
by oxidative stress [44].

14.4  Role of Cellular Proteins

14.4.1  Pyruvate: Ferredoxin Oxidoreductase (EhPFOR)

Controlling steps of energy metabolism in E. histolytica are affected by oxidative 
stress [48]. The organism has neither tricarboxylic acid cycle nor oxidative phos-
phorylation steps. ATPs are mainly generated by glycolysis with pyruvate as end 
product. Pyruvate is decarboxylated oxidatively by pyruvate: ferredoxin oxidore-
ductase (EhPFOR; E.C 1.2.7.1) to acetyl-CoA. In microaerophilic condition, acetyl- 
CoA is further reduced to acetaldehyde and ethanol, catalyzed by a bifunctional 
NADH-dependent aldehyde-alcohol dehydrogenase (EhADH2), whereas in aerobic 
condition, it produces ethanol and acetate by EhADH2 and ADP-forming acetyl- 
CoA synthetase (AcCoAS, E.C 6.2.13) [49–52]. A characteristic feature of anaero-
bic protozoan parasites like Entamoeba [51], Giardia [53], and Trichomonas [54] is 
the absence of pyruvate dehydrogenase complex which converts pyruvate to acetyl- 
CoA. PFOR connects glycolysis with carbohydrate fermentation. EhPFOR can be 
detected in plasma membrane and cytoplasmic structures of the trophozoites [48]. 
Interestingly, it has high preference for pyruvate over other oxoacids [48]. Enzymatic 
activities of EhPFOR and EhADH2 are susceptible to reactive oxygen species.
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14.4.2  Thiol-Dependent Peroxidase/Peroxiredoxin (Eh29/EhPrx)

E. histolytica lacks catalase and glutathione reductase machinery to deal with oxida-
tive stress, but it has a cysteine-rich thiol-dependent peroxiredoxin, EhPrx, or Eh29, 
a surface antigen located in its outer membrane [55]. This 29-kDa thiol- dependent 
peroxiredoxin of E. histolytica is homologous to alkyl hydroperoxide C-22 protein, 
AhpC of Salmonella enterica serovar typhimurium, and a thiol- specific antioxidant 
protein of Saccharomyces cerevisiae [56]. Under oxidative stress, this protein helps 
to detoxify the system by reducing peroxides and peroxynitrites [57]. As a mem-
brane-bound peroxyredoxin, Eh29 removes H2O2 generated in metabolic processes 
[58]. A conserved cysteine residue in this 29-kDa protein participates in a cyclic 
process of peroxide-dependent oxidation and thiol-dependent reduction to protect 
from H2O2 generated by oxidative stress both from internal and external sources [57, 
59]. During tissue adherence and invasion, it binds to cytosolic domain of galactose/N-
acetylgalactosamine lectin present in surface membrane which carries the signal to 
counteract the parasite from oxidative attack by the activated host phagocytic cells 
and epithelial cells, promoting a successful invasion [58, 60, 61].

14.4.3  Flavodiiron Protein (EhFDP1)

Flavodiiron proteins (FDPs) are fundamental constituents of a wide variety of 
detoxifying enzyme families that work as oxygen and/or nitric oxide reductases 
[62–64]. Substrate specificity of FDPs is still not clear. Some are selective towards 
oxygen, a few proteins are selective to nitric oxide, and others have equal selectivity 
for both. Most prokaryotic anaerobes have FDP-encoding genes and a few anaero-
bic protozoa contain single or multiple homologs of FDP in their genome. In E. 
histolytica genome, four genes have been identified encoding FDPs [65], whereas 
Giardia intestinalis has one and Trichomonas vaginalis has four homologs of 
FDP. In protozoa, FDPs mainly act as oxygen reductases [47, 66–68]. These genes 
are probably acquired from prokaryotes via lateral gene transfer [46, 47].

14.4.4  G Protein

G proteins along with other oxidative stress-related proteins is overexpressed during 
exposure to highly oxygenated environment compared to normally grown E. histo-
lytica in axenic culture. A series of signal transduction cascades function during the 
oxidative stress of this parasite that control the activity of related transcription fac-
tors. G protein regulates expression of several genes which are necessary to main-
tain normal cellular functions to overcome oxidative stress [43].
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14.4.5  DNA Methyl Transferase (Ehmeth)

Nitric oxide (NO), released by natural killer cells, activated macrophages, and other 
phagocytic cells, has a crucial role in host’s defense mechanism against pathogens 
by inhibiting protein synthesis machinery. The responsible factors for this inhibitory 
activity include NO-mediated cleavage of 18S and 28S rRNA [69] and NO-induced 
phosphorylation of eukaryotic initiation factor eIF-2α [70]. To overcome the delete-
rious effect of NO, E. histolytica increases the expression of Ehmeth, the cytosine- 
5- methyltransferase from Dnmt2 family. Experimental data suggests that Ehmeth 
has a strong connection with Ehmeth-mediated tRNA methylation and process of 
protein synthesis in this parasite under nitrosative stress [71]. Methylation at 
5′-cytosine probably increases tRNA stability and upregulation of 40S and 60S 
ribosomal proteins maintains the level of protein synthesis. Nitrosative stress- 
mediated epigenetic regulation of gene expression is also possible [72]. 
S-Nitrosylation in cysteine residues 228–229 of Ehmeth negatively regulates the 
activity of Dnmt2 domain and prevents the formation of Ehmeth-enolase complex 
[73]. In complex form, enolase suppresses the activity of tRNA methylation of 
Ehmeth. tRNA stability by methylation does not occur in normal or unstressed con-
dition and, therefore, Ehmeth largely remains in Ehmeth-enolase complex in this 
parasite. During nitrosative stress, S-nitrosylation in cysteine residues inhibits the 
complex formation and invokes the stress response for survival [71]. E. histolytica 
takes typical strategy like downregulation of protein synthesis to cease energy wast-
ing and building up the intracellular toxicity by production of damaged or misfolded 
proteins [11, 74].

14.4.6  N-Acetyl Ornithine Deacetylase (EhNAOD)

During acute nitrosative stress, the expression of various redox proteins is increased 
in the trophozoites of E. histolytica [45]. The transcriptome study (RNA-seq) of E. 
histolytica treated with NO donor drug S-nitrosoglutathione (GSNO) shows upreg-
ulation of 208 genes, including N-acetyl ornithine deacetylase (EhNAOD, 
XP_649738.2, Pathema Id: EHI_114340). The trophozoites overexpressing glycer-
aldehyde 3-phosphate dehydrogenase are more sensitive to nitrosative stress than the 
control, and EhNAOD helps the parasite to neutralize the detrimental effect of glyc-
eraldehyde 3-phosphate dehydrogenase during nitrosative stress [75]. E. histolytica 
depends on its dynamic actin-made cytoskeleton to move within different compart-
ments of human body [76]. The genes which are associated with actin family cyto-
skeletal proteins are found to be upregulated during the adaptation of E. histolytica 
to nitrosative stress (Shahi et al. 2016b). The cysteine residues of actin are suscep-
tible to oxidation.
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14.4.7  Stress-Induced Adhesion Factor (EhSIAF), Phospholipid 
Transporting P-Type ATPase/Flippase (EhPTPA), 
and Arginase

A stress-induced adhesion factor (EhSIAF, XP_649092.1) and a phospholipid trans-
porting P-type ATPase/flippase (EhPTPA, XP_653689.1) of E. histolytica are 
among the responsive genes against oxidative and nitrosative stress [44]. 
Overexpression of these two proteins enhances the survival of parasite under oxida-
tive stress [77]. From transwell motility assay, it has been found that motility of 
trophozoites is reduced significantly due to the overexpression of EhSIAF and 
EhPTPA suggesting a boost in adherence property of the parasite [77]. Conversion 
of L-arginine to L-ornithine by enzymatic activity is an important source of 
L-ornithine for this parasite. Ornithine is required in the synthesis of polyamines, 
and these polyamines have protective role against nitrosative and oxidative stress. 
Arginase activity is very much essential for E. histolytica’s resistance to nitrosative 
stress [78] and oxidative stress [17]. Importantly, arginase activity is highly inhib-
ited during oxidative stress of E. histolytica trophozoites, and arginase- 
overexpressing E. histolytica trophozoites are more resistant to the oxidative stress 
than control.

14.5  Effect of Enteric Bacteria on the Oxidative Stress 
Response

The human parasite E. histolytica lives in large intestine with many other microor-
ganisms. E. histolytica can feed on bacteria and its pathogenicity may also depend 
on the microbiota present in the intestine [79]. The bacteria with appropriate recog-
nition molecules are selectively ingested by the parasite [16, 80]. Presence of some 
bacteria may help the growth and pathogenesis of E. histolytica, whereas the pres-
ences of some filamentous bacteria are harmful for this parasite [79, 81, 82]. In 
amoebiasis, acute inflammation occurs during which ROS and RNS are released as 
a result of host immune response. This anaerobic parasite must be able to fight this 
oxidative stress to establish its pathogenicity. The study of E. histolytica transcrip-
tome induced by oxidative stress and live Enterobacteriaceae reveals that E. coli, 
Salmonella enterica (an enteropathogen often found as co-infections with E. histo-
lytica), and Enterococcus faecalis (present in human microbiota) protect E. histo-
lytica against oxidative stress but not Lactobacillus acidophilus (a popular probiotic) 
[83]. Pre-incubation of E. histolytica with this probiotic is associated with the non- 
protective response involving some signalling molecules like oxidoreductases, 
kinases, and regulators of small GTPases [83]. In response to oxidative stress, 1402 
genes including trafficking factors and small Rab GTPases are strongly downregu-
lated and 1169 genes including ribosomal proteins, translation factors, hydrolases, 
and peptidases are strongly upregulated. However, no change of expression for 
these genes was observed upon pre-incubation with live bacteria (E. coli O55). LRR 
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proteins of E. histolytica play an important role in response to the oxidative stress 
and live bacteria [83].

14.6  Effects of Stress on the Cellular Events of E. histolytica

14.6.1  Effect of Oxidative and Nitrosative Stress on Adherence 
and Motility

Adherence capacity of oxidatively stressed trophozoites of E. histolytica to the 
HeLa cell monolayer is remarkably less than that of the untreated trophozoites [75]. 
The Gal/GalNac lectin consists of a heavy subunit, Hgl (170 kDa), and a light sub-
unit, Lgl (35/31 kDa). Hgl mediates E. histolytica adherence. Under oxidative stress 
of trophozoites, Hgl can be oxidized and this may be the reason for reduced adher-
ence and low motility of this parasite [17]. Motility is necessary for survival [84, 
85], expressing pathogenicity, and intracellular trafficking of virulence factors [86]. 
Motility of parasite depends on dynamic actin cytoskeleton and other associated 
proteins like ARP2/complex whose function is affected by oxidative stress and 
nitrosative stress [87, 88].

14.6.2  Effect of Oxidative and Nitrosative Stress on Metabolic 
Activity

Cellular dysfunction of organisms is caused by exposure to various ROS and RNS 
as they damage the structural and functional units of cells such as proteins, lipids, 
and DNA [89–91]. Oxidative stress may promote apoptosis in higher eukaryotes, 
and this happens in E. histolytica also [91–94]. Antioxidant enzymes and free radi-
cal scavengers build up the powerful mechanisms to defend the cells [95]. From 
microbial world to higher eukaryotic system, cells avoid the destructive conse-
quences of oxidative stress by a global modification of antioxidants and other meta-
bolic enzymes. Metabolic alterations play a very important role to counteract the 
adverse effects of oxidative stress [96]. E. histolytica trophozoites face challenges 
by ROS and RNS during the steps of tissue invasion, colonization, and extraintesti-
nal propagation to establish infection [3, 97]. The common antioxidant detoxifica-
tion systems are absent in E. histolytica [18, 65, 98], but the genome of E. histolytica 
is equipped with genes encoding rubrerythrin, peroxiredoxin, hybrid-cluster pro-
tein, superoxide dismutase, and flavodiiron proteins for detoxification of ROS and 
RNS [58, 64, 65]. In E. histolytica, pyridine nucleotide transhydrogenase synthe-
sizes NADPH from NADH by utilizing the driving force of electrochemical proton 
gradient across the membrane [99, 100]. A detailed study on oxidative stress- 
mediated metabolomic changes in E. histolytica reveals that various glycolytic 
intermediates, such as glucose 6-phosphate, fructose 6-phosphate, and pyruvate, are 
accumulated in the parasite due to free radical-mediated inactivation of glycolysis- 
related enzymes [101–103]. E. histolytica may accumulate G 6-P, F 6-P, and DHAP 
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on experimentally created nitrosative stress and this can mediate apoptosis in this 
parasite [102, 103]. In E. histolytica, pentose phosphate pathway (PPP) is absent 
due to the lack of glucose 6-phosphate dehydrogenase (G6PD) and transaldolases 
[65], and most intermediates of the non-oxidative branch of PPP  – erythrose 
4- phosphate (E4-P), ribose 5-phosphate (ribose 5-P), ribulose 5-phosphate (ribulose 
5-P), and sedoheptulose 7-phosphate (S7-P) – are therefore increased upon oxida-
tive stress [101]. On the other hand, E. histolytica has an alternative non-oxidative 
hexose-pentose interconversion pathway which does not require transaldolases, but 
depends mainly on three enzymes: phosphofructokinase, transketolase, and aldol-
ase [104]. Ribose 5-phosphate produced in this pathway can serve as the precursor 
of NAD, which is further used by NAD kinase to generate NADP [105]. Pyridine 
nucleotide trans-hydrogenase catalyzes the conversion of NADP to NADPH using 
electrochemical proton gradient [99].

Life cycle of E. histolytica can be observed in two distinct morphological forms: 
trophozoite form which is proliferative, non-infective, but pathogenic and cyst form 
which is dormant, non-pathogenic, but infective. Cyst surface is shielded with 
chitin- made cell wall [106, 107]. Oxidative stress activates chitin biosynthetic path-
way by two influential intermediates N-acetylglucosamine 6-phosphate (GlcNAc 
6-P) and N-acetylglucosamine 1-phosphate (GlcNAc 1-P). Oxidative stress serves 
as the environmental stimulus to trigger the production of glucosamine 6-phosphate 
isomerase, an enzyme that converts GlcNAc 6-P and GlcNAc 1-P, and thus cyst-like 
structures  are formed in E. histolytica via encystation process [108]. Genome 
sequence of E. histolytica suggests that ATP can be generated from amino acid 
catabolism during energy crisis and glucose starvation [109].

Sulfur-containing amino acids and their derivatives are synthesized and degraded 
by unique pathways in E. histolytica. Oxidatively stressed trophozoites show 
increased production of S-methylcysteine from O-acetylserine and methanethiol in 
a time-dependent manner [22, 110]. Functional trans-sulfuration pathways are 
missing, but the parasite possesses methionine γ-lyase for the degradation of sulfur- 
containing amino acids [111–114]. Unique de novo methanethiol and sulfur (sul-
fide) assimilatory pathways for synthesis of S-methylcysteine and L-cysteine are 
present in E. histolytica [110–112]. NADPH-dependent oxidoreductase acts as cys-
tine reductase to restore L-cysteine [40]. O-phosphoserine, a precursor of L-serine 
and L-cysteine, increases significantly during oxidative stress [111, 112]. Glycolytic 
enzymes are highly susceptible to inhibition by ROS [115, 116]. In E. histolytica, 
activities of PFOR, phosphoglycerate mutase, and NAD+-dependent alcohol dehy-
drogenase (ADH) are decreased greatly by oxidative stress, whereas there is a com-
parative marginal decrease in activities of GAPDH, TPI, PGK, ENO, and PPDK. E. 
histolytica can make glycerol from glucose, similar to other protozoa like T. vagina-
lis, Trypanosoma brucei, and Plasmodium falciparum [117–119]. Glycerol func-
tions as an efficient free radical scavenger and it may protect against oxidative 
stress. One of the alternative mechanisms is the conversion of glycerol to dihy-
droxyacetone by glycerol dehydrogenase or glyceraldehyde by glyceraldehyde 
reductases [101].
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14.6.3  Stress Response and Non-coding RNA

Short noncoding regulatory RNAs are present in E. histolytica [120–123]. These 
have an influential role in various cellular processes [124, 125]. EhslncRNA, long 
non-coding RNA, helps E. histolytica cells to overcome stressful conditions [126]. 
Various stresses like serum starvation, oxygen, and heat stress increase the expres-
sion of EhslncRNA indicating its role as a general stress regulator [127]. A 3′-5′ 
exoribonuclease, EhRrp6, in E. histolytica is lost from nucleus in response to stress 
including heat, oxidative stress, and serum starvation [128].

14.7  Conclusion

E. histolytica has developed multiple mechanisms to adapt oxidative stress, nitrosa-
tive stress, glucose starvation, serum starvation, UV exposure, and iron starvation. 
To survive in harsh environment, it increases or decreases the expression of specific 
genes. Some of these are common in different stresses, whereas the regulation of 
some genes is stress specific. A high number of genes are upregulated or downregu-
lated as instant response of the parasite to a particular stress, such as after treatment 
with H2O2 or dipropylenetriamine-NONOate [44]. Moreover, it has the ability to 
adapt to diverse stresses, and various proteins are involved in this adaptation 
(Table 14.1). Dihydropyrimidine dehydrogenase helps to adapt in low glucose envi-
ronment [26] and N-acetyl ornithine deacetylase is involved to overcome nitrosative 
stress of E. histolytica [129]. The activity of PFOR and ADH2 is highly inhibited 
when E. histolytica is subjected to high oxidative stress [102]. During nitrosative 
stress, Ehmeth-mediated tRNAAsp methylation is crucial to maintain active protein 
synthesis [71]. In absence of glutathione system and catalase, human pathogen E. 
histolytica overcomes the oxidative stress during invasion into the host cells with 
the help of thioredoxin system, L-cysteine, Eh29, and other stress-responsive pro-
teins (Table 14.1).
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Legend to Figure 14.1: E. histolytica insulates itself from O2 exposure, ROS, and RNS primar-
ily by different enzymatic and redox reactions. In glycolytic pathway, glucose is converted into 
pyruvate via a series of biochemical reactions. Eventually, pyruvate is converted to acetyl-CoA 
catalyzed by PFOR, which is susceptible for ROS and RNS. In anaerobic or microaerophilic con-
dition, ADHE converts acetyl-CoA into ethanol, but during high oxygen exposure, it produces 
acetate, indicating that activity of ADHE is inhibited by ROS/RNS. ROS/RNS inhibits the enzyme 
UDP-GPP. L-cysteine protects the parasite against harmful consequences of ROS/RNS attack by 
shielding the enzymes to maintain their normal metabolic pathways. L-cysteine can be synthesized 
in a de novo pathway. A dramatic increase in glycerol biosynthesis occurs due to inactivation of 
PFOR by ROS/RNS during extensive oxidative stress. Thus, conversion from pyruvate into acetyl- 
CoA is halted and sends a feedback to stop pyruvate production and activates the machinery 
towards glycerol biosynthesis. ROS/RNS (O2, H2O2, O2

−, NO.) are neutralized in coordination of 
several proteins like EhPFOR, Eh29/EhPrx, EhFDP, G protein, Ehmeth, EhNAOD, EhSIAF, 
EhPTPA, EhTrxR, EhSOD, EhADHE, EhHSP70, EhRbr, EhCP5, and peptidylprolyl isomerase to 
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maintain the intracellular redox state. In glycolysis, a pool of NADH and electrons are generated 
from reduced Fd, which can be subjected to transhydrogenation by NADP-dependent oxidoreduc-
tase or transhydrogenase to produce NADPH and may serve as the reductive equivalent donor to 
reduce O2 and ROS by the antioxidant machinery. Divalent O2 is converted to H2O2 with the help 
of Eh34, EhTrxR, and EhNO. Later on, H2O2 produces H2O by EhPrx which is reduced by Eh34 
or Trx. Fd can act as an alternative source of electron to facilitate the reduction of O2 to H2O with-
out ROS generation via FDP system. FDP enzyme system can also detoxify the NO·generated by 
the parasite or from host immune response. Reduced Trx is converted to its oxidized form by TrxR 
through NADPH oxidation. EhSOD works to clean the harmful intracellular O2

− by ORP. EhRbr 
with association of NROR protect mitosomes by converting H2O2 into H2O. ISF and HCP have 
potential antioxidant capacity. E. histolytica can also decrease the redox potential of extracellular 
environment through the trans-PMET.
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Abstract
Giardia lamblia is a common gut parasite that infects the human gastrointestinal 
tract and causes 280 million cases of diarrhea every year. There are several 
reports on oxidative stress management in G. lamblia and how Giardia estab-
lishes its pathogenesis against the high oxygen tension in the gut. Here we have 
discussed about four oxidative stress-generating conditions which are actually 
mimicking the environment where Giardia resides. This chapter explored the 
fact that pyruvate, a crucial intermediary metabolite, acts as an antioxidant. This 
chapter has also elucidated the conserved and stress-specific responses of the 
trophozoite under different stressed conditions. The chapter will unveil the infor-
mation generated by proteomic study. The chapter will also reveal how oxidative 
stress regulation works in Giardia trophozoites.
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15.1  Introduction

In 1681, Giardia was first depicted by Antonie Van Leeuwenhoek during the study 
of his own diarrheal stool under compound microscope [27]. Nowadays, Giardia is 
familiar as a very important re-emerging protozoan parasite of the upper intestinal 
tract, causing acute illness to humans worldwide [86]. The only species Giardia 
lamblia (Synonym G. intestinalis and G. duodenalis) generally infects humans with 
an estimated 280 million cases every year [44]. In developing countries like Asia, 
Africa, and Latin America, 500,000 new cases are reported per year [26]. In chil-
dren of below 5 years, Giardia infections have significant effects on growth, nutri-
tional development, and comprehensive abilities [79]. The World Health 
Organization (WHO) incorporated Giardia in the “Neglected Diseases Initiative” in 
2004, because giardiasis adds to the microbial disease burden especially in the 
developing world, impeding development and socioeconomic advancement in these 
countries [74]. The enteric pathogen G. duodenalis is also very common in live-
stock, wild life, dogs, and cats [81]. Eight genotypes (assemblages) have been iden-
tified for G. duodenalis designated from A to H [32]. Humans are infected only by 
assemblages A and B, but Giardia are also capable of infecting most mammals [87]; 
thus, G. duodenalis is a parasite with zoonotic potential. Zoonotic risk factors 
include the exposure to recreational waters, drinking untreated water polluted with 
fecal material from humans or animals, and close contact with infected animals 
[93]. Cysts are the most infective form of the parasite Giardia. They do not require 
maturation, and they are immediately infectious upon their release from infected 
hosts into the environment [32]. They have the low infective dose required to cause 
giardiasis (i.e., 10–100 cysts) [70], zoonosis has raised public health concerns, and 
strategies have been recommended to prevent zoonotic transmission [94]. In their 
life cycle, Giardia has two alternate stages: the trophozoite and cyst. The cyst pre-
dominates in the environment due to the hard cell wall (CW) that protects it from 
harsh environment. The trophozoite grows and thrives inside the small intestines; 
however, because of its fragile nature, it breaks quickly after leaving the host [87]. 
Humans are infected by the intake of Giardia cysts via contaminated meal and 
unhygienic water or direct or indirect fecal oral contact with infected hosts [82]. The 
cysts produce in the duodenum and jejunum where trophozoites emerge, multiply, 
and attach to the microvillus brush border of epithelial cells [57]. Trophozoite 
attachment and consequent interaction with enterocytes activates pathogenic mech-
anisms such as the stimulation of functional and structural changes in the intestinal 
epithelia, the modulation of host metabolism in favor of parasite growth and dif-
ferentiation, and triggering of host immune defense in response to the parasite or 
certain parasite’s molecules [63]. Collectively, the interplay between these factors 
determines the clinical outcomes of Giardia infection, which ranges from asymp-
tomatic carriage to very sensitive acute and chronic diarrhea [3]. To date, the accu-
rate mechanism of infection by which it causes disease is completely unrevealed, as 
the parasite does not invade cells or produce any proteins with direct cellular toxic-
ity [3]. It is also unclear why symptoms of giardiasis vary among individuals [18]. 
Nevertheless, it has been suggested that this might be ascribed to both host (i.e., 
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immune status, age, and nutrition) and parasite factors (i.e., differences in the viru-
lence of Giardia isolates) [38].

The Giardia infection can be of two types: asymptomatic which means it has no 
such manifestation of exact symptoms and symptomatic, with much clinical appear-
ance like diarrhea, epigastric pain, nausea, bloating, flatulence, and steatorrhea [60]. 
Some patients with Giardia infection may develop a chronic infection with constant 
diarrhea, malabsorption, malnutrition, weight loss in infants, and reduced growth 
rate in children [92]. It lacks conventional mechanisms of oxidative stress regula-
tion, including catalase, superoxide dismutase, peroxidase, and glutathione, which 
are functional in nearly all eukaryotes. Giardia duodenalis, an aerotolerant proto-
zoon, generates energy by fermentative metabolism. It is devoid of true mitochon-
dria, peroxisomes, and the Golgi body [30]. The anaerobic G. lamblia rely on 
fermentative metabolism for ATP production as an energy source [14]. Carbohydrates 
(glucose) are converted to various organic compounds that include alanine, ethanol, 
acetate, and CO2 [8]. Pyruvate formed by glycolysis is a key intermediate of energy 
production and is the precursor of various metabolic end products which are depen-
dent on the ambient environment for oxygen pressure [64]. Like Entamoeba histo-
lytica, Trichomonas vaginalis, and Dasytricha ruminantium, in Giardia, the 
conversion of pyruvate to acetate, an essential metabolic sequence, occurs in the 
cytosol, the site of all steps of energy metabolism. The energy of the thioester bond 
of acetyl-CoA is always conserved by substrate-level phosphorylation. Thus, ace-
tate formation plays a crucial role in Giardia’s energy metabolism. The rates of 
overall metabolic pathway are alike under aerobic and anaerobic conditions in 
Giardia and the metabolism remains fermentative [46]. As a result, some minor 
shifts occur in the overall carbon metabolism, and for that reason the proportion of 
more oxidized end products increased (Muller 1988) and it has also been hypothe-
sized that change in the redox state of NAD(P)H pools affects the relative rates of 
end product formation [54]. Cells have a capability to restructure their transcrip-
tomes in order to acclimatize to the environmental circumstances by sensing the 
endogenous level of various metabolites. In the environment of high oxygen con-
centration, Giardia lamblia consume oxygen up to a threshold level depending on 
the various species, above which consumption is detained due to the generation of 
ROS [6, 47].

The detailed mechanism by which the parasite could relieve the detoxification of 
reactive oxygen species (ROS) formed under oxidative stress is unknown until 
today. In this context, three approaches have been preferred to generate oxidative 
stress in the trophozoite in vitro. First, hydrogen peroxide (H2O2), which is a well- 
known chemical reagent, produces free oxygen radicals effortlessly. Second one, a 
modified medium that lacks cysteine and ascorbic acid. One of the most important 
requirements for axenic growth of G. duodenalis trophozoites is the relatively high 
concentration of cysteine (16 mM). Cysteine also provides a partial protection from 
the toxicity of oxygen that is not seen with other reducing agents, including cystine, 
it helps to attach on the surface of the glass tube also and therefore appears to be a 
specific effect of cysteine [35, 36]. Cysteine is not synthesized by the de novo path-
way and is not synthesized from cystine. It seems to be imported into the cell by 
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passive diffusion, although active transport may account for some of the acquire-
ment of cysteine [49]. The third one is metronidazole, a frequently used drug against 
parasitic infections in the most developed countries, which has been administered to 
generate oxidative stress. It kills parasite by generating the free nitro radical within 
the organism [14]. Pyruvate:ferredoxin oxidoreductase (PFOR) of Giardia has been 
shown to reduce metronidazole to its functionally active radical state via ferredoxin-
 I in an in vitro system using purified components [89]. Metronidazole is known to 
apply its toxic effect through unstable intermediate products like nitro and nitroso- 
free radicals and superoxide anions. The reactive intermediates also interact with 
DNA, causing DNA degradation, strand breakages, and cross-linking with the 
nucleic acid and the release of nucleotide phosphates and also protein damages [73].

ROS generation is such a massive effected within a cell; it can regulate not only 
the metabolic gene expressions but also the expressions of genes for transcription, 
translation, cell division, and even the mode of cell death [50]. Programmed cell 
death (PCD) is a well-regulated cellular phenomenon that has been widely charac-
terized in multicellular organisms. Programmed cell death has also been observed in 
an increasing number of unicellular eukaryotes including the trypanosomatids, 
Dictyostelium, Plasmodium, T. vaginalis, E. histolytica, and Blastocystis [15, 21, 
83]. This process can be initiated by various factors both external and internal, and 
these are coordinated by a complex network of modulators. There are several 
switches that act as trigger like cellular stress, growth factor (serum) deprivation, 
chemotherapeutic agents, receptor ligand binding, and deregulation of cell division 
and development or differentiation [25]. The most common types of programmed 
cell death known are apoptosis and autophagy. Apoptosis (type I PCD) involves an 
organized cascade of biochemical proceedings leading to characteristic changes in 
cell morphology which includes proteolytic cleavage by different caspases, cell 
shrinkage, DNA internucleosomal degradation, phosphatidylserine exposure, bleb-
bing of the plasma membrane, development of apoptotic bodies, and loss of mito-
chondrial membrane potential with cytochrome c release to the cytosolic environment 
[56]. All the changes ultimately lead to cell death. Apoptosis has been differentiated 
into two forms like caspase-dependent and caspase-independent apoptotic pathway. 
Firstly, the caspase-independent pathway involves the induction of mitochondrial 
membrane permeabilization (MMP) and the release of apoptosis-inducing factor 
(AIF), which is under control of the Bcl-2 family of proteins. Secondly, in the 
caspase- dependent pathway, after MMP induction, cytochrome-c reallocates from 
mitochondria in the cytosol to activate caspase-9, in association with ATP and the 
cytosolic factor Apaf-1 [48]. The other one is autophagy (type II PCD) that engages 
in the autophagosomal-lysosomal system. Autophagosomes are double-membrane 
vesicles and are responsible for the engulfment of cytoplasmic components, during 
turnover of organelles. After autophagosome-lysosome fusion, an autophagolyso-
some is produced in which cellular constituents are digested. Autophagy is vital to 
maintain the metabolic equilibrium and the maintenance of cellular structures dur-
ing cell growth and development. The deregulation of such equilibrium can insti-
gate cell death as a result of prolonged starvation under oxidative stress. It has been 
reported that limited self-digestion of cellular materials, including different cellular 
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components, can help individual cells to supply energy for its survival for several 
days. However, if the situations do not improve, self-digestion continues and ulti-
mately results in autophagic cell death [15]. Clearly these processes vary from that 
of necrosis which is characteristically connected with severe cell injury causing 
remarkable alterations in mitochondrial function, cytoplasmic vacuolization, and, 
eventually, the collapse of the plasma membrane. The salvage process of dead cells 
in necrosis by comparison is slow and less synchronized, due to the absence of spe-
cific cell signals, leading to a significant inflammatory response [56]. It is important 
to understand how programmed cell death evolved in unicellular organism with 
respect to the pathways as we have many evidences of PCD in single-celled organ-
isms including bacteria [43]. Although there are a considerable number of reports in 
this area on organisms such as Dictyostelium, Trypanosoma, Leishmania, and 
Plasmodium, our perceptive of the pathways involved in many organisms is vari-
able. Giardia is an aerotolerant protozoan parasite that resides in the gut of humans 
and animals. It lacks mitochondria but contains mitosomes (thought to be relic 
mitochondria). As the organism possesses many typical characteristics such as a 
distinct nucleus and nuclear membrane, cytoskeleton, and endomembrane system, 
it belongs to the mesokaryotes; however, other aspects of the cell such as SSU 
rRNA and some key metabolic enzymes are prokaryotic-like (Svard et al. 2003). 
Although controversial, the mainstream scientists believe that Giardia as a eukary-
ote that has diverged at or just after mitochondrial acquirement and this has made 
Giardia an important organism for research into the understanding of evolution in 
the eukaryotes [87]. It has been reported that organisms use diverse pathways of 
programmed cell death to activate self-destruction. Several studies specify that 
Giardia undergoes programmed cell death in response to different stressed condi-
tions and that there are two distinct non-necrotic forms, apoptosis-like (Type I) PCD 
and autophagy-like (Type II) PCD. Our report sustains studies by other investigators 
[21, 34, 66, 78] who have established through the use of staining that a type of pro-
grammed cell death happens in Giardia. However, in our previous study, we have 
hypothesized that apoptotic-like cell death occurs via a mechanism(s) independent 
of caspases. We were unable to identify caspase-9 activity using a range of 
approaches including, Western blot, and the use of specific fluorescent substrates 
and inhibitor assays. It was verified and confirmed that Giardia possesses two forms 
of cell death—apoptosis and autophagy [23]. Amusingly, a group proposed the 
presence of caspases and a caspase-dependent mechanism by using CaspaTag and 
fluorescence microscopy. This method, although frequently used, has been revealed 
by several authors to have debatable specificity [24]. There are several studies that 
have been documented on the lack of caspase genes in the genome of unicellular 
eukaryotes and the control of an apoptotic pathway independent of caspases. 
Nowadays there have been various reports highlighting the connection of metacas-
pases in an apoptotic-like programmed cell death in unicellular organisms. 
Metacaspases have shown a well-established efficient activity in yeast [53], but 
work in Trypanosoma brucei [39] and Plasmodium berghei [45] has been uncon-
vincing [5]. As Giardia does not have mitochondria, caspase-independent apoptosis 
may occur. However, Giardia has a remnant structure termed the mitosome, but this 
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organelle is unable to generate energy, and no clear metabolic or signaling role has 
been linked with it [71]. We were unable to recognize any components like apoptotic- 
related genes including caspases and metacaspases after genome analysis of 
Giardia. In addition to apoptotic-like PCD, starvation-induced death confirmed evi-
dence of autophagy (type II PCD) in Giardia. This observation was supported by 
morphological studies and bioinformatics analysis. The recent data from genome 
analysis suggested that the pathway of autophagy shows some conservation and 
also the pathway in Giardia is not complete. This is in clear disparity to our hypoth-
esis on “apoptotic”-like mechanism(s). However, these data must be looked at care-
fully because the divergence in Giardia proteins may make these types of analyses 
biased towards those genes that have significant amount of homology. The exact 
mechanistic pathway of programmed cell death (PCD) in amitochondriate Giardia 
is still unknown. The recent studies found some of the end results which are some-
how similar to known pathways in other unicellular organisms. Our study strongly 
supports the claim that programmed cell death instigated prior to multicellularity 
and divergence of the unicellular eukaryotes. These processes would have appeared 
to be evolutionarily conserved; however, the mechanisms that strengthen these path-
ways are not common to all eukaryotes. Finally, it is understandable that to explain 
such pathways in the protozoans will necessitate a global analysis of transcrip-
tomics, proteomics, and metabolomics. Elucidation of these pathways has a great 
importance in Giardia research not only in terms of evolution but also in terms of 
recognizing novel approaches for the treatment of giardiasis and for the control of 
many harmful protozoan parasites. Effective targeting at the molecular level should 
direct to disease control and produce few adverse side effects in the host, predomi-
nantly as the mechanisms involved in both the mammalian and Giardia systems 
would seem to be significantly different. It has been recognized some metabolic 
genes which actively participate in the oxidative stress management of Giardia lam-
blia. This study highlighted on the effect of changes in the level of intermediary 
metabolites of Giardia lamblia in causing stress relieved and protected by transduc-
ing signals to genes to maintain redox homeostasis. Such studies are a crucial part 
in the assimilation of transcriptomics, proteomics, and metabolomics of Giardia.

15.2  Giardia Survival Under Hydrogen Peroxide Stress

Extracellular pyruvate defends Giardia trophozoites against the toxicity induced by 
intracellular reactive oxygen species (ROS) produced during the treatments of 
hydrogen peroxide (H2O2) [68]. In vitro and in vivo studies confirm the antioxidant 
effect of different α-ketoacids on several cell types. Pyruvate can pass through 
across the biological membrane, and therefore it has been assumed that the level of 
intracellular pyruvate increased due to the administration of pyruvate [9]. Hydrogen 
peroxide is uncharged, and therefore it can penetrate freely through the plasma 
membrane and it was shown to increase the rate of intracellular production of reac-
tive oxygen species [68]. Similarly, the rates of reactive oxygen intermediates are 
increased due to the addition of menadione. It has been reported that reactive 
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oxygen species induced by menadione in the trophozoites were reduced by the 
administration of pyruvate [68]. It was also shown that pyruvate plays a direct role 
as an antioxidant in the trophozoites as the pyruvate reduces the generation of total 
fluorescence generated by oxidation of the H2DCFDA detected by spectrofluorom-
eter. It has been shown that pyruvate and related α-ketoacids recover the trophozo-
ites after H2O2 exposure. Several observations suggest that the protective effect of 
pyruvate results from its ability to interact with hydrogen peroxide and produce 
acetate, H2O, and CO2, rather than from the enrichment of energy metabolism of 
Giardia.

The protective consequence of pyruvate was emulated by several α-ketoacids, 
which showed the ability of pyruvate to react with hydrogen peroxide the ability to 
react with hydrogen peroxide; these compounds include mannitol, which is not an 
energy substrate. The defensive result of the different α-ketoacids due to oxidative 
stress was closely interrelated with their capability to suppress ROS [68]. It was 
reported that the consequences of elevated ROS generation was correlated with a 
decrease in the generation of ATP as well as protein synthesis and increase in DNA 
breakage and lipid peroxidation [40, 91].

The decline of ROS level may be attributed either to their reduced generation or 
to the amplification in antioxidant levels. We have reported previously based on 
linoleic acid autoxidation in micelle system [22] that pyruvate cannot inhibit lipid 
peroxidation but also no induction period was observed [68]. Indeed, in a micelle 
system, the autoxidation process engrosses lipid radicals such as peroxyl radical 
(ROO.) and alkoxyl radical (RO.). The levels of conjugated dienes amplified rapidly 
to reach a maximum level and then remained constant. The addition of pyruvate at 
several concentrations was without any effect on the formation of conjugated dienes 
during the indicated time period. Thus, it can be presumed that pyruvate did not 
scavenge lipid radicals.

Lipid peroxidation was used as an indicator for quantification of the damage that 
occurs in cell membranes as a result of lipid damage by free radicals [73]. In this 
system, pyruvate was capable to restrain lipid peroxidation. This strangeness 
between a cellular antilipoperoxidant consequence of pyruvate and its ineffective-
ness to prevent diene production in micelles could be elucidated by the property of 
pyruvate to scavenge radicals such as H2O2

−·, O2
−⋅, and ·OH but not lipid radicals 

[33]. In Giardia trophozoites, hydroxyl and superoxide radicals are formed during 
different oxidative stresses. These radicals then commence membrane lipid peroxi-
dation. Thus, pyruvate, by scavenging hydroxyl and superoxide radicals, prohibits 
lipid peroxidation [68]. In brief, pyruvate plays a role at the initiation step of lipid 
peroxidation but not at the proliferation step, which produces lipid radicals. Such 
results are not unexpected because pyruvate is not liposoluble. Vitamin C, a well- 
known antioxidant intermediary metabolite, reacts rapidly with O2

−⋅ and ·OH but not 
with peroxyl radical [37]. In contrast with the known liposoluble metabolite, vita-
min E is an effective scavenger of lipid radicals [19]. It was very surprising to us that 
acetate exhibited inhibition of linoleic acid autoxidation, i.e., with increased con-
centration of acetate, diene formation reduces.
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Intracellular pyruvate concentration was augmented with time and, after several 
hours, it was observed to be decreasing [68]. The elevated pyruvate concentrations 
upon oxidative stress may be because of the inactivation of pyruvate:ferredoxin 
oxidoreductase, an enzyme which is susceptible to oxidative stress [88]. The study 
[68] provided new insights into the role of pyruvate in Giardia trophozoites during 
oxidative stress. Oxidative stress inhibits such regulation, whereas exogenously 
administered pyruvate reinstates it. As we have already established, the effect of 
pyruvate against H2O2 toxicity may be attributable to its ability to degrade H2O2 
during a nonenzymatic oxidative decarboxylation leading to the production of CO2, 
H2O, and acetate [17, 41]. This reaction may occur in the intracellular medium, 
leading to the degradation of equal amounts of H2O2 and pyruvate. On the contrary, 
due to its high membrane permeability, H2O2 may drop down energy metabolism 
through degradation of intracellular pyruvate (and other α-ketoacids).

Stimulation of DNA fragmentation by oxidative stress is a familiar phenomenon 
mostly caused by reactive oxygen species. A working antioxidant system is neces-
sary to diminish such damage. In Giardia lamblia, in spite of the deficiency of an 
effect of glutathione, pyruvate has advantageous property on DNA damages under 
oxidative stress. Predominantly, the augmented uptake of pyruvate might tolerate 
Giardia trophozoites to preserve their antioxidative abilities in a way independent 
of glutathione cycle during oxidative stress. DNA fragmentation decreases quicker 
in stressed trophozoites of Giardia previously incubated with pyruvate, signifying 
stimulation of DNA repair. Some studies established that pyruvate has antioxidant 
mechanism such as the commencement of different anti-apoptotic pathways.

Fundamentally, destruction of the regulation of the intracellular metabolite and 
the enhanced rate of pyruvate uptake stimulated during oxygen exposure demon-
strated that modification of pyruvate metabolism has taken place. The increased 
uptake might be due to an increased necessity to preserve antioxidant potential in 
Giardia lamblia. However, it might be also the consequences of a metabolic require-
ment. The activities of pyruvate dikinase, pyruvate kinase, and also malate dehydro-
genase were increased in Giardia due to pyruvate production. This indicates 
enhancement of glycolysis activity in the presence of pyruvate. Improved glycolysis 
might therefore continue the ATP generation during oxidative stress. Such an 
enhancement of the intracellular pyruvate in response to high O2 concentration has 
been reported previously to have protective effects against oxidative stress [40].

This study has revealed the dynamics of the transcriptional and metabolic regula-
tory networks during oxidative stress for the first time. Management of oxidative 
stress was thought to be restricted by NADH oxidase, flavodiiron protein, etc. [51]. 
However, after the transcriptomic data analysis, it has been concluded that the oxi-
dative stress regulation is not only restricted within stress-scavenging genes but also 
some metabolic genes and diverse types of other proteins take a significant role in 
ROS detoxification [67].

We have observed that the pyruvate metabolism pathway is regulated by the dif-
ferent experimental conditions differently. However, the precise mechanism under-
lying the pyruvate effects on oxidative stress regulation in Giardia lamblia has yet 
to be further examined.
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As Giardia does not contain the components of respiratory chain (e.g., cyto-
chromes), by controlling pyruvate level, it remains the detrimental consequences of 
ROS at bay. Modification of the fate of pyruvate in one way or the other can be 
significant for homeostatic response of Giardia under oxidative stress. This could 
adjust the execution of the antioxidant system and have protective effects against 
DNA damage induced by oxidative stresses. Modifications of pyruvate metabolism 
are observed in Giardia owing to high oxygen environment. This could be benefi-
cial for Giardia trophozoites in such harsh conditions.

15.3  Giardia Survival Under Cysteine-Ascorbate Deprivation

The study was demonstrated that pyruvate addition protects Giardia trophozoites 
against the toxicity stimulated by cysteine-ascorbate deprivation. It was previously 
confirmed that cysteine-ascorbate-deprived medium produces reactive oxygen spe-
cies (ROS) in Giardia [67]. Cysteine-ascorbate-deprived medium generates ROS 
intracellularly in Giardia, and the reactive oxygen species was also augmented by 
the addition of synthetic quinine menadione [69]. The study proved that intracellu-
lar generation of ROS decreases with the administration of pyruvate and also attenu-
ates the menadione-induced ROS production. The defensive effect of pyruvate was 
reproduced by several α-ketoacids, which distribute with pyruvate the ability to 
react with intracellular reactive oxygen species; these compounds include mannitol, 
which is not an energy molecule. From the experimental data, we have observed 
that pyruvate showed a higher competence to scavenge ROS [68]. Hydroxyl and 
superoxide radicals are generated in Giardia trophozoites during cysteine-ascorbate 
stress. These radicals then initiate membrane lipid peroxidation.

15.4  Trophozoites of Giardia Under Metronidazole 
Treatment

Metronidazole has been used for the treatment of infections for giardiasis. Anaerobic 
parasitic infections caused by different protozoan parasite respond favorably to met-
ronidazole therapy. The trophozoites fight against oxidative stress generated by met-
ronidazole. Metronidazole reduction was driven by pyruvate, but progressive 
damage to the radical-generating system was observed. There are several enzymes 
involved in response to metronidazole treatment in Giardia such as pyruvate ferre-
doxin oxidoreductase, NADH oxidase, and peroredoxin. Exogenous addition of 
physiologically relevant concentration of pyruvate was shown to induce the rate of 
ROS production in Giardia suspension treated with metronidazole. Our results pro-
vide the proof of evidence that exogenously administered pyruvate also induced 
lipid peroxidation of Giardia under stress. Pyruvate can reduce metronidazole and 
form different types of nitroso radical derivatives which can damage DNA. We have 
shown the expression levels of different metabolic genes which are significantly 
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upregulated or downregulated during metronidazole treatment. This proposed that 
these genes are involved in combating against metronidazole.

15.5  Effects of Albendazole on Giardia Trophozoites

Parasitic diseases caused by protozoa and helminths correspond to a severe health 
trouble worldwide. The management of this parasitic infection is carried out mainly 
by drug therapy. The drug albendazole is a broad-spectrum benzimidazole with an 
anti-parasitic effect and it is of very low cost which makes this drug an appropriate 
candidate for mass drug administration programs to deworm children in endemic 
countries. However, up to 400 mg doses for five times are required to clear infec-
tions by G. lamblia, restraining the efficacy of these campaigns to reduce loads of 
giardiasis. The use of suboptimal doses may cause and spread albendazole-resistant 
trophozoites of Giardia [92]. Similarly, many parasites including Giardia show 
cross-resistance to various drugs. Therefore, it is very crucial to know the pathway 
of mechanisms involved in the cytotoxicity of the drugs used; this concept is needed 
to recommend high-efficiency drug administration and new and potential drugs 
against resistant strains [92]. The effects of albendazole on Giardia has been 
reported, but, albendazole toxicity is also reported in some patients having a prob-
lem in liver, as well as other side effects [59].

15.6  Proteomics Study of Giardia Trophozoites 
Under Oxidative Stress

Giardia lamblia, an anaerobic, unicellular protozoan and a causative agent of diar-
rheal disease, inhabits in the lumen of small intestinal in close collocation to epithe-
lial cells. Since the concrete pathway of disease mechanisms of giardiasis is 
inadequately understood, exposing the parasite under different oxidative stress con-
ditions to mimic the environment like the intestinal tract of the host provides clues 
to understand the pathogenesis. Here we have examined the hypothesis that the 
exposure of G. lamblia trophozoites to different oxidative stresses might lead to 
excretion of specific proteins. In a proteomics study, Giardia lamblia at its untreated 
conditions were compared with the trophozoites treated with hydrogen peroxide, 
cysteine-ascorbate-deprived medium, and metronidazole by using two-dimensional 
gel electrophoresis. The increased protein spots in the extracts of treated trophozo-
ites compared to untreated trophozoites were identified by MALDI-TOF mass spec-
trometry. Expression patterns of five of the identified proteins were determined due 
to exposure to hydrogen peroxide, cysteine-ascorbate deprived medium, and metro-
nidazole by real-time PCR. The released Giardia lamblia proteins were localized to 
the cytoplasm and embedded in the plasma membrane of trophozoites.
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15.7  Conclusion

The genes identified from the transcriptomic study playing a role in oxidative stress 
regulation can be used for new drug targets. Arginine deiminase, released during 
oxidative stress, interferes directly in the mucosal immune system. As arginine 
deiminase is absent in human, it could be a good target for drug designing. Pyruvate 
can alter the effective lifetime of reactive oxygen species by scavenging them. 
Pyruvate attenuates ROS production in the Giardia trophozoites. Lipid peroxidation 
was inhibited by exogenously added pyruvate in stressed Giardia trophozoites. It 
had a high level of necessity for pyruvate during oxidative stress. Pyruvate reduced 
the number of DNA breaks. Pyruvate plays a role in DNA stability and repair in 
Giardia trophozoites during oxidative stress. Oxidative stress-induced calcium- 
dependent arachidonic acid-mediated apoptotic-like death occurs in Giardia 
lamblia.

Giardia, a microaerophilic, unicellular, early branching eukaryote, the most 
common enteric parasite in case of human and other animals, and the causative 
agent of giardiasis, has to establish mechanisms to prevent themselves from oxygen 
pressure in the human gut where it resides.

It does not contain any conventional oxidative stress management pathway, 
including different enzymes to act on different radicals to diminish them and gluta-
thione cycling, which are present in most eukaryotes. NADH oxidase, a major com-
ponent of electron transport chain of Giardia, protects oxygen-labile proteins such 
as pyruvate:ferredoxin oxidoreductase against oxidative stress by a reduced intra-
cellular environment. Most importantly, it has the arginine dihydrolase pathway, 
which is also present in a number of anaerobic prokaryotes which provides substrate- 
level phosphorylation and effectively active to make a major contribution for ATP 
production. The study has been focused on the genes that are differentially expressed 
during several experimental conditions and regulate the stress management pathway 
differently to achieve redox homeostasis. Identification of some new unique genes 
in oxidative stress regulation may help in new drug designing for this common 
enteric parasite prone to drug resistance. Moreover, these data proposed the major 
role of this early divergent ancient eukaryote in anaerobic to aerobic organism 
evolution.

Giardia lamblia, aerotolerant, produces energy by fermentative metabolism. It 
has to survive against detrimental oxidative stress, and hence it has to build up 
defensive strategies to fight with elevated oxygen pressure. It was reported previ-
ously that exogenously added pyruvate was able to prevent lipid peroxidation of 
Giardia under stress and effects of pyruvate were concentration-dependent, but it 
has no effect on lipid peroxidation observed in micelle model. We have verified 
trophozoites have the capacity to control intracellular level of pyruvate during oxi-
dative stress. Pyruvate recovers trophozoites of Giardia from oxidative stress by 
diminishing the number of DNA damage and might favor DNA repair [70].

Recently, the role of pyruvate as a physiological antioxidant on oxidative stress 
in Giardia trophozoites by cysteine-ascorbate-deprived medium was investigated 
[69]. In this study, we have examined the effects of pyruvate administration, after 
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DNA damage as a result of stress from cysteine-ascorbate-deprived medium, in 
Giardia trophozoites. The pyruvate concentrations at individual time points were 
determined during cysteine-ascorbate deprivation in Giardia. The exogenous 
administration of a physiologically appropriate concentration of pyruvate to tropho-
zoite suspensions was shown to sequester the rate of ROS production. We have 
hypothesized that Giardia protects itself from harmful consequences of ROS by 
maintaining the intracellular pyruvate concentration. Trophozoites were recovered 
from the consequences of oxidative stress due to pyruvate accumulation by reduc-
ing the number of DNA breaks that might favor DNA repair.

Albendazole stimulates the production of intracellular ROS in Giardia trophozo-
ites under oxidative stress condition where the major affected biomolecule is 
DNA.  This involves hydroxyl radical-resulted double-strand DNA damage. This 
harm in turn leads to cell cycle abnormalities and finally apoptotic-like cell death. 
These explanations permit us to increase our understanding on the cytotoxic mecha-
nism of albendazole in Giardia and opens up a new chance to design a rational drug 
for giardiasis and allowing for antioxidant responses as possible mechanisms of 
multidrug resistance. In this circumstance, generating ROS or inhibiting endoge-
nous antioxidant enzymes would be a coherent approach to develop new anti- 
giardial drugs as formerly anticipated for other parasites [65].
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16Role of Reactive Oxygen Species 
in Infection by the Intracellular 
Leishmania Parasites
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Abstract
While encountering pathogens, generation of reactive oxygen species (ROS) is 
one of the earliest antimicrobial defence mechanisms put forward by phagocytic 
cells. The elevated level of ROS is expected to dampen the persistence of the 
microbes within the host cell. As a direct approach, ROS damages pathogen’s 
DNA through distortion of bases. In an indirect way, it activates pro- inflammatory 
cytokines, thus creating an environment not suitable for the microorganisms. 
ROS has also been found to cause apoptosis of the host cell, thereby ensuring 
complete elimination of the pathogen. However, intra-macrophage protozoan 
parasite, Leishmania sp., efficiently subverts this antimicrobial defence mecha-
nism of macrophages for their successful survival and propagation of the fatal 
disease, Leishmaniasis. They either activate negative regulatory molecules of 
macrophages to impair the activation of pro-oxidant enzymes or upregulate anti-
oxidant molecules to neutralise the oxidative burst. This chapter mainly high-
lights the important role played by ROS in defence against intracellular infection 
and how Leishmania overcomes this antimicrobial defence arsenal and success-
fully survives within macrophages.
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16.1  Introduction

16.1.1  Leishmaniasis: The Disease Caused by Leishmania sp.

The disease Leishmaniasis is a tropical disease mainly transmitted by bite of 
Leishmania infected female plebotomine sand flies. Leishmania sp. is a digenetic 
protozoan parasite, as it requires two hosts with two distinct developmental stages. 
Within the gut of its intermediate host sand fly, Leishmania resides as flagellated 
promastigote form whereas the aflagellated infective form amastigote survives in 
the phagolysosomes of mammalian macrophages [1]. Depending upon the parasite 
species and host strains, the disease has three clinical forms, namely, cutaneous, 
mucocutaneous and visceral leishmaniasis. Cutaneous leishmaniasis (CL) is the 
most common form of leishmaniasis caused by Leishmania major and Leishmania 
mexicana complex (Leishmania amazonensis and Leishmania pifanoi). The fea-
tures of the disease are skin lesions, mainly ulcers, on exposed parts of the body. 
Mucocutaneous leishmaniasis is caused by Leishmania brazillensis leading to par-
tial or total destruction of mucous membranes of the nose, mouth and throat. 
Amongst these three clinical forms, visceral leishmaniasis (VL) or Kala-azar is the 
most severe form and if not properly treated, becomes fatal. In East Africa and 
Indian subcontinent, it is mainly caused by Leishmania donovani and in Europe and 
North America by Leishmania infantum chagasi. According to WHO, VL is the 
second largest parasitic disease after malaria [2, 3]. In this form of leishmaniasis, 
the internal organs like spleen, liver and bone marrow get affected. Apart from the 
disease itself, Post-kala-azar dermal leishmaniasis (PKDL) is also a complication of 
visceral leishmaniasis caused by Leishmania donovani [4]. The clinical symptoms 
include skin rashes consisting of macules, papules or nodules in an individual 
recovered from VL.

16.1.2  Reactive Oxygen Species (ROS): Antimicrobial Defence 
Arsenal

When a phagocyte or cells like lung epithelial cells encounter a foreign pathogen, 
the immediate response of the cell is to generate high amount of ROS which 
acquaint an antimicrobial defence against a broad range of infectious organisms. 
Upon engulfment of the microbe, large quantities of ROS are delivered within 
phagosomes thereby preventing the pathogen to escape to the cytosol. ROS pro-
duced can eliminate pathogens directly by oxidative means or indirectly by stimu-
lation of non- oxidative mechanisms like pattern recognition receptor signalling, 
autophagy, neutrophil extracellular trap (NET) formation and T-lymphocyte 
responses like activation, anergy and apoptosis [5]. Excess production of ROS 
damages DNA, protein, and lipids, and thereby causes cell death. One of the most 
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important cellular targets of ROS is DNA [6]. Base oxidation, particularly gua-
nine, may be mutagenic in nature [7], and blocking lesions or strand breaks may 
be lethal unless they are repaired [8, 9]. Iron-sulphur cluster-containing proteins 
are also vulnerable to ROS damage [10] and may substantially restrict metabolic 
pathways even if the damage is not microbicidal. However, a complete picture of 
exact mechanism in which ROS defends the host cell from the invading microbe 
is not completely clear till date.

ROS has been found to effectively combat certain microbes. Patients of chronic 
granulomatous disease (CGD) have deficiency of ROS generation and are found to 
be highly susceptible to infection by various microbes like Salmonella enterica, 
Staphylococcus aureus, Serratia marcescens and Aspergillus spp. [11, 12]. 
Opportunistic pathogens such as Salmonella enteric serovar typhimurium 
(Salmonella typhimurium), Staphylococcus aureus, L. monocytogenes, Franscisella 
tularensis and S. marcescens successfully infect when there is a lack of functional 
gp91phox protein, the key component of major cellular ROS-producing enzyme, 
NADPH oxidase (NOX2) [11, 13]. S. aureusis is the most common bacterial patho-
gen leading to CGD [13]. A study using S. enteric demonstrated that its base exci-
sion repair system was required to resist killing by ROS. L. monocytogenes has been 
found to show unrestricted growth in NOX2 (gp91phox)- / - mice and developed high 
bacterial burden in spleen and liver as well as increased micro abscesses [14]. The 
facultative intracellular pathogen, F. tularensis was also found to cause oxidative 
stress [15]. Similar to the case of L. monocytogenes infection, mice with NOX2 
(gp91phox) −/− gene were found to be susceptible to F. tularensis infection, with 
significantly higher lung and spleen bacterial count, and were found to die 1 day 
sooner than wild-type mice [16].

Not only bacteria, viral infections are also successfully combated by the level of 
ROS in infected cell. Autophagosome induction in infected fibroblasts with 
Chikungunya virus (CHIKV), an arbovirus, was found to be diminished in infected 
cells treated with N-acetyl cysteine (NAC), a chemical scavenger of ROS, empha-
sising the prominent role of ROS in preventing infection [17]. The herpes simplex 
virus 1 (HSV1) growth in corneal cells was also found to be hampered by H2O2- 
releasing granulocytes [18]. Respiratory epithelial cells upon influenza virus infec-
tion demonstrated induced mitochondrial ROS. This ROS induction leads to type III 
interferon generation and attainment of an antiviral state-limiting replication of the 
virus within infected cell [19]. ROS also play a role in host defence against 
Mycobacteria most likely via ROS-dependent signalling pathways, such as pro- 
inflammatory cytokine production, induction of autophagy and granuloma forma-
tion [20]. Apart from bacterial and viral infections, certain fungal infections are also 
found to flourish upon impaired NOX2 function. CGD patients have susceptibility 
to Aspergillus and Candida [21] and myeloperoxidase (MPO) deficient individuals 
are found to have increased susceptibility to Candida sp. [22, 23].
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16.2  ROS Production by Host During Leishmania Infection

During blood feeding, the sand fly inoculates the metacyclic promastigotes in to 
the body of secondary hosts, i.e. mammals where they are phagocytosed by 
neutrophils, dendritic cells and mainly macrophages [24–26]. Neutrophils are of 
very small life span and infected neutrophils mainly serve to silently transfer the 
parasites to macrophages avoiding cell activation [27]. Macrophages and neu-
trophils both play a very important role in the host immune defence. Neutrophils 
and macrophages generate ROS upon phagocytosis of a foreign pathogen ensur-
ing elimination of the pathogen. Thus, persistence of a parasite within these host 
cells well equipped with anti-microbial defence arsenal is apparently almost 
impossible. However, Leishmania not only survives within macrophages, but it 
also successfully establishes the infection. Therefore, detailed study regarding 
how Leishmania escapes oxidative burst-mediated host defence is extremely 
important for designing effective therapeutic strategies against intracellular 
pathogens.

Thus, this chapter mainly focuses on how Leishmania avoids the detrimental 
effects of ROS, the very first line of defence within host cells, i.e. neutrophils and 
macrophages. Interestingly, not all species of Leishmania are equally efficient in the 
subversion process and the chapter also tries to highlight the differences found for 
species variation. Moreover, stage-specific differential behaviour has also been 
depicted for same species, and this review tries to provide a comprehensive picture 
on how Leishmania encounters oxidative bust-mediated host response.

16.2.1  Neutrophils

16.2.1.1  Suppression of ROS Generation
Neutrophils are the most abundant leukocytes. Upon an infection, neutrophils are 
rapidly recruited to the sites of infection. They are equipped with an array of anti-
microbial arsenals that are sufficient to kill the pathogen following infection. Upon 
Leishmania infection by sandfly bite or inoculation of the parasite by needle (exper-
imental leishmaniasis), neutrophils are found to be recruited to that site and major-
ity of the parasites are rapidly engulfed by them. However, several studies clearly 
suggested that Leishmania sp. evolved an array of mechanisms to slip out of 
neutrophil- mediated death and utilise these cells as a medium for better invasion of 
the host.

Exposure of C57BL/6 mice to L. major promastigotes by infected sand fly bites 
or inoculation by needle led to a rapid infiltration by neutrophils into the skin as 
observed by dynamic two photon intravital microscopy and flow cytometry [28]. 
The invading neutrophils were found to phagocytose the promastigotes but the 
phagocytosed L. major promastigotes remained viable and could contribute to fur-
ther infection and disease progression [28]. In this study, it has been shown that 
there is no oxidative stress in neutrophils during the early hours of infection [28]. 
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According to the study, L. major utilises the neutrophils for subsequent efficient 
unidentifiable entry inside macrophage cells [28]. Another study, also by ultra-
structure approaches, showed that promastigotes of L. major upon engulfment 
interact with the neutrophils in a manner that these neutrophils did not evoke ROS 
generation [29]. The antimicrobial action of polymorphonuclear neutrophils is 
determined by the cytoplasmic granules. During L. major infection, the azurophilic 
granules (primary or peroxidase-positive granules) were found to fuse with the 
parasite- containing phagosomes in a manner such that it did not lead to parasite 
elimination [29]. They found that the tertiary and specific granules, which are 
responsible for vacuole acidification and superoxide anion generation, did not fuse 
with Leishmania- containing phagosomes. L. major upon phagocytosis by the neu-
trophils did not elicit superoxide generation or mobilisation of tertiary and specific 
granules [29]. Thus, L. major promastigotes upon uptake by the neutrophils regu-
lated the fusion of cytoplasmic granules with the parasite containing phagosomes 
which favoured the persistence of the parasites within the neutrophils [29]. 
Contrary to these observations, mid-log phase and metacyclic promastigotes of L. 
major have been found to induce significant respiratory burst in rabbit peritoneal 
neutrophils upon infection [30]. Similarly, promastigotes of L. donovani and L. 
mexicana also evoked large respiratory responses by rabbit peritoneal neutrophils 
as evident by luminometry [30]. Co-culture of inflammatory neutrophils and bone-
marrow neutrophils with both stationary phase and metacyclic L. braziliensis pro-
mastigotes led to increased superoxide production in comparison to incubation 
with dead promastigotes [31]. Moreover, L. braziliensis infection induced apopto-
sis of these inflammatory neutrophils but co-culture with L. major did not induce 
apoptosis [31]. In another study, it was found that neutrophils internalised L. bra-
ziliensis amastigotes more competently in comparison to L. amazonensis amasti-
gotes and lead to oxidative burst which was absent in case of L. amazonensis 
amastigote infection [32].

16.2.1.2  Neutrophil Extracellular Trap (NET) Release
NADPH oxidase (NOX2) is a multi-subunit enzyme complex. The enzyme complex 
remains dormant in resting phagocytic cells. During phagocytosis of a foreign par-
ticle, the enzyme becomes activated and produces superoxide which may lead to 
generation of further harmful ROS, thus playing a key role in pathogen elimination. 
In addition to release of superoxide anions, NADPH oxidase of neutrophils is also 
found to be critical for classical ROS-dependent NET formation. These NETs 
extruded from neutrophils upon activation is also an important antimicrobial arsenal 
as these are composed of a DNA backbone associated with microbicidal proteins. 
NETs entrap the pathogens preventing their spread and also may lead to death of the 
entrapped pathogen [33]. Infection of human neutrophils with L. amazonensis 
evoked production of both ROS- dependent and ROS-independent NET formation 
leading to the elimination of the parasites [34]. L. donovani promastigotes, on the 
other hand, were found to be able to combat the antimicrobial activity of neutrophil- 
released NETs [35]. Thus, it may be suggested that ROS production by infected 
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neutrophils depends upon the species and the stage of Leishmania infecting the host 
and ROS generation by neutrophils is inhibited by the cunning parasite upon 
infection.

16.2.2  Macrophages

The first host defence put forward by macrophage cells upon infection is huge oxi-
dative burst as there is an enormous production of ROS upon phagocytosis of any 
foreign particle. Phagocytosis of Leishmania species are not exception to this uni-
versal rule [36]. ROS generation is induced by host cell upon phagocytosis or rec-
ognition of ligands of pattern recognition receptors (PRRs) and can ultimately result 
in apoptosis of the cell ensuring complete parasite clearance along with the infected 
cell [37]. However, when ROS production in Leishmania infected macrophage cells 
was assessed during early hours of infection, it was found to vary depending upon 
the parasite species and their various stages. While, L. major promastigotes trigger 
superoxide generation by macrophages [38–40], purified metacyclic L. major pro-
mastigotes on the other hand generate nominal superoxide. Similarly, although both 
L. mexicana and L. chgasi parasites in their promastigote forms trigger macrophage 
superoxide production [40, 41], L. donovani promastigotes have shown to generate 
limited superoxide [42–44]. Insufficient ROS production thus leads to inappropriate 
defence mechanism and the parasite gets a suitable niche for its persistence.

16.2.2.1  NADPH Oxidase
Once any pathogen is phagocytosed, it must be able to withstand the oxidative burst, 
subvert the sudden respiratory burst or escape the phagosome to survive. In order to 
reduce ROS level of a cell, there must be upregulation of an antioxidant enzyme or 
downregulation of a pro-oxidant enzyme within the infected macrophage cell. The 
major pro-oxidant enzyme of phagocytes is NADPH oxidase. In order to maintain a 
low level of ROS within infected cells, the parasite must downregulate or impair the 
activation of this enzyme complex. As discussed earlier, NADPH oxidase is inactive 
in quiescent cells. The only membrane-bound component of NADPH oxidase, cyto-
chrome b558, is composed of gp91phox and p22phox subunits and is stored in intra-
cellular granules, whereas cytosolic components, p67phox, p47phox and p40phox, 
form a ternary cytosolic complex [45]. Immediately upon a phagocytic stimulation, 
another cytosolic member of NADPH oxidase, Rac and the ternary complex bind to 
the phagosome independently. Activated Rac then binds to gp91phox. p47phox, a 
regulatory subunit of the enzyme complex, undergoes phosphorylation during 
phagocytic stimulation and leads to ternary complex and membrane complex inter-
action. Activated Rac then finally binds to p67phox leading to complete NADPH 
oxidase assembly on the phagosome which is essential for the release of optimal 
amounts of superoxide. Several studies have shown that Leishmania-infected mac-
rophages fail to assemble the NADPH oxidase enzyme complex leading to failure 
in production of ROS [46–49]. A study by Pham et al. has suggested that this failure 
of ROS production is the result of defective maturation of gp91phox [46]. This 
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subunit is actually synthesised as 58-kDa polypeptide which after glycosylation 
becomes a 65-kDa molecule in the endoplasmic reticulum [47]. The 65-kDa mole-
cule then gets trafficked through the trans-Golgi network getting additionally glyco-
sylated and acquires heme groups. This leads to emergence of a 91 kDa molecule 
[47–49]. The complete maturation of gp91phox increases the affinity for the other 
membrane resident subunit p22phox. Thus, the maturation of the functional subunit 
gp91phox is mainly dependent upon its acquisition of heme which is responsible for 
complete maturation of gp91phox and its association with p22phox. Since the 
acquisition of heme is the deciding factor, availability of heme in the infected cell is 
very crucial. The study by Pham et.al showed that L. pifanoi amastigotes upon 
infection did not induce superoxide production [46]. L. pifanoi upon infection 
induced the expression of heme-oxygenase-1 (HO-1), the rate-limiting enzyme of 
heme degradation, which decreased the cellular heme content resulting in blockage 
of the complete maturation of gp91phox, and ultimately preventing the NADPH 
oxidase enzyme complex assembly [47].

The NADPH oxidase enzyme activation is also dependent upon the regulatory 
cytosolic components p67phox, p47phox, p40phox and Rac 1 or 2 depending upon 
cell type. Lipophosphoglycan (LPG), the surface glycolipid of L. donovani, was 
also found to hamper the assembly and function of the NADPH oxidase complex 
[50]. Phagocytosis of both wild-type and LPG-defective L. donovani promastigotes 
resulted in the release of similar levels of superoxide. However, only the wild-type 
promastigotes but not the LPG-defective mutants, inhibited superoxide generation 
at the phagosome [50]. Confocal microscopy imaging revealed that the cytosolic 
components p47phox and p67phox of NADPH oxidase were excluded from phago-
somes upon phagocytosis of wild-type promastigotes in LPG-dependent manner. 
However, phosphorylation of p47phox and the formation of complexes containing 
p47phox and p67phox were similar for both wild-type and LPG-defective promas-
tigotes infection [50]. Amastigotes of L. donovani also induced defective phosphor-
ylation of the NADPH oxidase cytosolic component p47phox, leading to a defective 
phagosomal recruitment of p67phox and p47phox and ultimately hampering the 
activity of NADPH oxidase [51].

Studies with L. donovani promastigotes have shown an immediate oxidative 
burst after internalisation within macrophages starting from 15-min postinfection, 
which was followed by steadily decreased ROS level and within 1 h of postinfection 
the ROS generation was at very low level [52, 53]. Moreover, protein kinase C was 
found to be rapidly and transiently translocated to bone marrow-derived macro-
phage membrane following parasite attachment, but these translocations were 
absent in parasite internalised infected cells suggesting active suppression of pro-
tein kinase C-mediated downstream oxidative events upon L. donovani infection 
[52]. Infection with L. chagasi or treatment with LPG were also found to trigger 
HO-1 production by murine macrophages [54]. Upon L. chagasi infection, macro-
phages from HO-1 knockout mice presented significantly lower parasite load when 
compared with those from wild-type mice [54]. Upregulation of HO-1 by cobalt 
protoporphyrin IX on the other hand diminished the production of TNF-α and ROS 
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by infected murine macrophages along with increased Cu/Zn superoxide dismutase 
expression [54].

In a study by Blos et  al., the ability of macrophages from wild-type and 
gp91phox−/− mice to combat L. major infection was assessed [55]. Macrophages 
from both type of mice were found to equally affect L. major survival upon cytokine 
activation and although the requirement of NADPH oxidase was essential for elimi-
nation of L. major in spleen but it was not the case in containment of parasites in 
draining lymph nodes [55]. In a study involving infection of peritoneal macrophages 
from C57BL/6 mice with L. amazonensis, although infection was found to induce 
ROS generation, the amount of ROS generated had no effect on parasite killing [56].

16.2.2.2  Mitochondrial ROS
Apart from NADPH oxidase, another important source of ROS is mitochondria. 
Mitochondria are major producers of ROS and hence contributes greatly to the cel-
lular oxidative burst. The mitochondrial ROS generation is monitored by uncou-
pling proteins (UCP2 and UCP3) and adenine nucleotide translocase (ANT) [57], 
found within the inner mitochondrial membrane. To persist within the host cells, 
apart from phagosomal ROS, Leishmania successfully neutralises mitochondrial 
ROS production. L. donovani infection leads to a significant induction of uncou-
pling protein 2 (UCP2) which negatively regulates mitochondrial ROS [58]. It was 
observed that in UCP2 knocked-down cells, there was p38 and ERK1/2 activation 
resulting from ROS-mediated inhibition of protein tyrosine phosphatases (PTPs) 
[58]. Silencing of UCP2 in L. donovani infected mice also led to decrease of Src 
homology 2 domain-containing tyrosine phosphatase 1 and PTP-1B activity as well 
as pro-inflammatory cytokine response leading to decreased parasite burden. UCP2 
silencing in macrophages even led to significant IL-10 and TGF-β downregulation 
and enhanced TNF-α and IL-12 expression post L. donovani infection [58]. Other 
uncouplers such as ANT1 and UCP3 were also evaluated, but the expression level 
of these proteins did not change during L. donovani infection [58]. Recently, it has 
been documented that L. donovani is capable of restricting the activation of the well 
characterised and most critical inflammasome, NLRP3 by upregulating the deubiq-
uitinating enzyme A20 and UCP2 of inner mitochondrial membrane [59]. A20 
inhibits the inflammasome priming step by inhibiting the transcription factor 
NF-κB, whereas UCP2 negatively regulates ROS generation and impairs the forma-
tion of inflammasome complex during infection [59].

16.3  Effect of ROS on Intracellular Survival of Leishmania

Leishmania sp. upon infection manipulates the host’s capacity to generate ROS. ROS 
either directly affects the cellular organisation of the parasite or may even induce 
apoptosis of the infected host cell to ensure complete elimination of the unwanted 
pathogen along with infected cell. There are various factors apart from phagocytosis 
of pathogen which can induce ROS generation from a cell. Stimulation of cells with 
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ROS inducers like PMA, H2O2 and iron has been found to affect the intracellular 
persistence of these parasites. In a study, treatment of neutrophils with phorbol 
myristate acetate (PMA), a ROS inducer, induced elimination of the L. braziliensis 
[32]. However, the same study has shown that L. amazonensis amastigotes were 
found to be highly resistant to PMA-induced microbicidal activities [32]. Treatment 
of L. donovani infected RAW 264.7 macrophage cells with 400 μM of H2O2, another 
well-known inducer of ROS, showed significantly upregulated level of ROS within 
infected cells [53]. However, this increased amount of ROS did not hamper the 
parasite persistence within infected cells as L. donovani inhibited the subsequent 
H2O2-mediated apoptosis of these cells [53]. In this regard, our study revealed that 
Leishmania parasite employs suppressor of cytokine signalling (SOCS) group of 
proteins to subvert macrophage apoptotic machinery through participation of thio-
redoxin and protein tyrosine phosphatase (PTP) [53]. Subsequently, a host protein 
myeloid cell leukaemia 1 (MCL-1) has been identified, which plays an important 
role in inhibiting mitochondria-dependent macrophage apoptosis [60]. It has been 
shown in this study that infection by Leishmania induced translocation of MCL-1 to 
mitochondria, where it interacts with the major pro-apoptotic protein BAK and pre-
vents BAK-BAK homo-oligomer formation thereby preventing cytochrome c 
release-mediated mitochondrial dysfunction [60]. Another important factor that can 
regulate the amount of ROS within a host cell is the presence of free iron within the 
cell. In BALB/c mice, the persistence of L. major was found to be inhibited by iron-
induced oxidative burst by neutrophils [61, 62].

16.4  ROS-Generating Compounds: Role for Antileishmanial 
Therapy

Leishmaniasis is one of the deadliest diseases and is severely fatal if left untreated. 
Various therapeutic molecules were used as antileishmanial therapy but had little 
success, due to various reasons like toxicity, chemo-resistance and their high cost. 
Pentavalent antimony complexes like sodium stibogluconate and sodium antimony 
gluconate (SAG) were used for more than 60 years. These compounds resulted in 
the production of ROS during early hours of treatment leading to killing of the para-
sites [63]. Currently, there are two antileishmanial front-line therapies miltefosine 
and amphotericin B. Generation of ROS is the first line of defence put forward by 
the host cells against any foreign pathogen. Thus, if a medication can boost this 
antimicrobial property; it may turn out to be a very effective drug not only for 
Leishmaniasis but for other infectious diseases also. Several natural compounds 
such as plant extracts deploy potent immunomodulatory potential, which could be a 
convenient adjunct to conventional chemotherapy for treatment of Leishmaniasis. 
Recent studies have demonstrated significant immunomodulatory effects and anti-
leishmanial activity of polyphenols in vitro [64–66]. Quercetin is a plant polyphenol 
found in many fruits, vegetables, leaves and grains. Quercetin was found to have 
potential antileishmanial activity against the intracellular amastigote form of  
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L. amazonensis [67]. Treatment with the compound in L. amazonensis-infected 
macrophages led to reduced infection index along with increased ROS generation in 
a dose-dependent manner. Quercetin thus acted as a potential antileishmanial com-
pound because of its pro-oxidant properties. Quercetin has been found to inhibit the 
growth of both promastigotes and amastigotes of L. donovani by the blockade of 
DNA synthesis [67–69]. Ghosh et al. have shown the effective role of curdlan, a 
naturally occurring herbal immunomodulator that could completely cure experi-
mental VL through significantly enhanced production of NO [70]. Along with 
induction of disease-resolving Th1 cytokines, curdlan stimulates the production of 
IL-23, which helps in the stabilisation and differentiation of Th17 cytokine, IL-17 
[70]. The leaves of Nectandra cuspidate were found to have high antioxidant capac-
ity and presented activity against L. amazonensis along with low cytotoxicity in 
mammalian host cells [71]. Mahanine, a carbazole alkaloid isolated from an Indian 
edible medicinal plant, is an anticancer agent with minimal effect on normal cells. 
Oral administration of mahanine in L. donovani infected mice exhibited almost 
complete reduction of parasite burden, upregulation of NO/iNOS/ROS/IL-12 and T 
cell proliferation [72]. Mahanine, therefore, can act as a potent antileishmanial mol-
ecule capable of inducing ROS and together with modulation of host’s immune 
response could be developed as an inexpensive and nontoxic therapeutic.

16.5  Conclusion

Leishmania is an obligate intracellular parasite, which efficiently subverts the major 
antimicrobial arsenals of the host neutrophils and macrophages. ROS is the first line 
of defence of the host cell which directly or indirectly ensures complete elimination 
of the intracellular foreign pathogen. The level of ROS within a phagocyte is very 
crucial as high amount of ROS within a cell can hamper its own survival. Whenever 
the host cell engulfs a pathogen, there is an immediate oxidative burst which either 
directly hampers the pathogen or indirectly leads to a pro-inflammatory environ-
ment or induces apoptosis to ensure complete elimination of the pathogen. 
Leishmania upon infection modulates the signalling pathways of the host cell in its 
own favour resulting in persistence of the parasite within the host cell and disease 
progression (Fig.  16.1). Leishmania upon infection efficiently reduces the ROS 
level in the infected cell. The parasite either directly hampers the complete associa-
tion of the main ROS-generating enzyme of phagocyte, i.e. NADPH oxidase or 
indirectly increases the expression level of anti-oxidant enzymes heme oxygenase-1 
(HO-1) and superoxide dismutase. Leishmania sp. upon infection even affects other 
ROS-generating pathways like mitochondrial ROS to ensure its survival within 
macrophage cells. Thus, this chapter showcases a compact picture of the status of 
the infected phagocyte upon infection by Leishmania sp. and the information might 
have the potential towards developing therapeutics not only for leishmaniasis but in 
general for other macrophage-associated diseases.
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Abstract
Brucellosis is a zoonotic infection caused by brucella bacteria, which are faculta-
tive and intracellular pathogens and can be seen worldwide. According to the 
World Health Organization (WHO), there are more than 500,000 new cases glob-
ally each year. It is estimated that in reality there are four times more cases 
worldwide that are undiagnosed or unreported. It is one of the most important 
socioeconomic problems in several developing countries. Several previous stud-
ies have reported that in addition to economic losses, infections in the host cause 
several pathologies in brucellosis. The changes in host tissue and cells occur with 
an increase in oxidative stress due to brucellosis.

While brucellosis reduces antioxidant enzymes and molecules (TAS, magne-
sium, manganese, arylesterase, paraoxonase, native thiol, total thiol, disulfide, 
glutathione, PDE4, zinc), it increases oxidative enzymes and molecules (TOS, 
Cu, MDA, ceruloplasmin, LOOH, OSI, NO). Thus, oxidative stress increases 
causing lipid peroxidation, protein denaturation, and DNA breakage. It can also 
lead to metabolic changes and atherosclerosis in the host.

To prevent all these negative effects of brucellosis on the host, an early start to 
primary brucellosis treatment should be made and the use of supplemental 
therapies.
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17.1  Introduction

Brucellosis is a zoonotic infection caused by brucella bacteria, which are facultative 
and intracellular pathogens [1]. This disease can be seen in males and females of all 
age groups and continues to be a major public health problem worldwide [2]. It is 
one of the most important socioeconomic problems in several developing countries 
and is widespread particularly in the Mediterranean Basin, Africa, the Middle East, 
the Arabian Peninsula, the Indian subcontinent, parts of South America and some 
regions of Central Asia [3]. According to the World Health Organization (WHO), 
there are more than 500,000 new cases globally each year. It is estimated that in 
reality, there are four times more cases worldwide that are undiagnosed or unre-
ported [4–7]. The main factors of infection and transmission of brucellosis are dairy 
products, environmental hygiene, and socioeconomic conditions. The most com-
mon mode of transmission is human contact with infected animals [1]. Several pre-
vious studies have reported that in addition to economic losses, infections in the 
host cause several pathologies in brucellosis [8].

The changes in host tissue and cells occurring with an increase in oxidative stress 
due to brucellosis were evaluated in this paper. To better understand the subject, it 
is useful to first look at the oxidative and antioxidative systems.

17.2  Free Radicals and Antioxidants

17.2.1  Free Radicals

Free radicals are highly reactive chemical products containing an electron not 
matched to the trajectory of an atom or molecule [9]. Each organelle of a cell can 
produce free radicals at different amounts. Reactive oxygen species (ROS) from 
free radicals are mostly produced by phagocytic cells in the organism. Phagocytic 
cells produce ROS by reducing oxygen when various metabolic inflammations are 
stimulated. Although free radical reactions are necessary for the defense mecha-
nisms of cells such as neutrophils and macrophages in immune system cells, exces-
sive production of free radicals results in tissue damage and cell death [10]. By 
affecting the lipid components in the cell membrane, free radicals cause lipid per-
oxidation [11]. In addition, by entering into a reaction with cell components, which 
inhibits the main functions of the cell, there is a reduction in protein synthesis, and 
this is known to cause the formation of organic peroxides that block DNA [12]. Free 
radicals also cause impairments in the function of mitochondria [13].

17.2.2  Reactive Oxygen Species (ROS)

Molecular oxygen (O2) is defined as diradical. Superoxide (O2–) radical is formed 
with the electron reduction of molecular oxygen as an indeterminate structure. 
Although superoxide anion is a free radical, it is not greatly harmful. Its importance 
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is a source of hydrogen peroxide (H2O2) and reducer of temporary metal ions. 
Superoxide has effects such as the regulation of the bactericidal activity of neutro-
phils, apoptosis, inflammation, and vascular functions. Decreased superoxide levels 
can lead to an increased susceptibility to bacterial infections in the macrophages 
[14]. H2O2 radical is formed with a direct reduction of the oxygen molecule or with 
the addition of an electron to the superoxide anion (superoxide dismutation). 
Hydrogen peroxide is another component of the leukocyte defense against bacteria. 
H2O2 in the environment is produced and expressed by cells undergoing phagocyto-
sis. The concentration of H2O2 has a very important place in the antibacterial mech-
anism [15]. Hydroxyl radical (OH-) is formed from hydrogen peroxide [16]. As it 
can easily pass the membrane barriers in the cell nucleus and mutagenically affects 
DNA, hydroxyl is the most effective radical [17].

17.2.3  Hypochlorous Acid (HOCl)

Hypochlorous acid (HOCl), which is an effective antibacterial agent, is formed by 
myeloperoxidase enzyme catalyzing chloride oxidation in the presence of hydrogen 
peroxide. HOCl is expressed by phagocytic cells and has an important role in the 
cytotoxic effect on bacteria. Activated neutrophils, monocytes, and macrophages 
produce superoxide radical, and the radical production of phagocytic cells plays an 
important role in the mechanisms of killing bacteria [18].

17.2.4  Lipid Peroxidation

Lipids are the most sensitive biomolecules against the effects of free radicals. Fatty 
acids and bonds of unsaturated cholesterol can react with free radicals and cause 
peroxidation in the cell membrane. Lipid peroxidation continuing spontaneously 
progresses in the form of a chain reaction and is extremely harmful. OH- radical is 
accepted as a trigger factor starting the chain reaction in lipid peroxidation [19]. By 
breaking a hydrogen atom (H+) from the methylene molecule of a fatty acid, OH- 
radical forms a lipid radical (L-), and the lipid radical reacts with oxygen to form a 
lipid peroxide radical (LOO-), which then reacts with other unsaturated fatty acids. 
Thus, the chain reaction starts [20]. The formation of lipid and lipid peroxide radi-
cals in cell membranes is accepted as an important characteristic of the cell damage 
caused by ROS. Malondialdehyde (MDA) is formed as a result of the peroxidation 
of fatty acids. Various studies have shown that MDA and other oxygen radicals have 
a mutagenic effect on bacteria by reacting with DNA. In some studies, it has been 
shown that there is a slight increase in lipid peroxidation in brucellosis disease [19].

17 Oxidative Stress and Brucellosis



318

17.2.5  Nitric Oxide (NO)

While other free radicals are harmful to cells, NO at low concentrations has a role 
in important physiological functions [21]. In macrophages activated by bacterial 
lipopolysaccharides, NO synthesized from L-arginine by nitric oxide synthase 
(NOS) plays a role in the very important mechanism against intracellular bacteria 
[22]. NO at a high concentration has a cytotoxic effect with the de-animation of cell 
DNA in bacteria [23]. When there is inflammation or bacterial infection, NO is 
induced by cytokines or endotoxins and produced at high amounts in the long term.

The NO produced has an antimicrobial effect in macrophages and is therefore an 
important part of the nonspecific host defense system [24]. In human brucella infec-
tions, it is known that the expression of bactericidally effective NO is not suffi-
ciently stimulated [25]. Therefore, pathogens show resistance to NO-origin oxidative 
mechanisms and gain a significant advantage by protecting themselves from antimi-
crobial attacks [26]. As a result of the interaction of nitric oxide and superoxide 
radicals, peroxynitrite (ONOO−) is formed, which is an extremely strong oxidative 
molecule. Thus, the physiological effect of nitric oxide is lost and an oxidative 
effect emerges. ONOO- is mainly responsible for NO toxicity. This free radical 
causes DNA breakage and oxidation in lipids [27].

17.2.6  Xanthine Oxidase (XO) Enzyme

Free radicals emerge during the catalytic cycle of this enzyme. When the phos-
phorylation of ADP to ATP is decreased associated with ischemia, ADP is destroyed, 
and the purine base transforms xanthine oxidase to hypoxanthine as there is an 
oxidase effect. When the activity of xanthine oxidase is seen as oxidase, molecular 
oxygen is used when transforming hypoxanthine to xanthine and xanthine to uric 
acid and molecular oxygen reduces to O2 – anion. Superoxide anion is important in 
the synthesis of H2O2 vs OH- radicals [28].

17.2.7  Antioxidant System

Antioxidants are substances which prevent or can delay the oxidation of molecules 
such as proteins, lipids, carbohydrates, and DNA in the cells, and this is known as 
the antioxidant system [29]. Superoxide dismutase (SOD), catalase (CAT), and glu-
tathione peroxidase (GSH-Px) are important enzymatic antioxidants of the intracel-
lular defense system [30]. Vitamins (vitamin E, vitamin C, carotenoids), glutathione 
(GSH), natural flavonoids, melatonin, and some other molecules are among the 
nonenzymatic intracellular antioxidants [31].

17.2.7.1  SOD
SOD is an antioxidant enzyme that catalyzes the transformation of superoxide radi-
cal to hydrogen peroxide [32]. SOD keeps the O2- levels in the cellular 
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compartments under control and plays a role in the intracellular death of phagocy-
tosed bacteria [33].

17.2.7.2  CAT
CAT is eliminated for the prevention of OH- formation that forms H2O2 in the cell. 
H2O2 transforms back to water and oxygen [32]. SOD and CAT are important in 
brucellosis as they remove the nitrogen radicals and free oxygen expressed by bru-
cella agents with an antibacterial effect.

17.2.7.3  Glutathione Peroxidase (GSH-Px)
Glutathione peroxidase is an enzyme responsible for the reduction of intracellular 
hydroperoxides [34]. By converting H2O2 to water when reduced glutathione 
increases, the formation of methemoglobin is prevented, and by protecting mem-
brane lipids against peroxide anion, the integrity of the cell membrane and hemo-
globin is protected from oxidative stress [35]. Glutathione is an important 
intracellular antioxidant, and it is found within the cell in reduced form (GSH). 
They are reduced as oxidants against endogenously produced peroxides. Glutathione 
peroxidase catalyzes this reaction. For glutathione to be able to effectively protect 
the cell, the greater part must be kept in reduced form. This reaction catalyzes glu-
tathione reductase [36]. In the oxidized form, it functions in free radical inhibition, 
the stabilization of reduced sulfydryl groups and in the regeneration of ascorbatin 
with tocopherol [37].

17.2.7.4  Myeloperoxidase (MPO)
Myeloperoxidase is an enzyme from one of the antibacterial defense mechanisms 
containing Fe-Hem in the primary lysosomal granules of neutrophils and mono-
cytes. MPO has an important role in the death of phagocytosed bacteria. MPO 
shows an antibacterial effect related to oxygen together with H2O2. With the effect 
of various stimulants, phagocytes empty granules containing MPO into the phago-
cytic vacuole in intracellular spaces. In the presence of H2O2, MPO catalyzes the 
oxidation of chloride, iodide, and bromide, thus forming hypochlorous acid (HOCl), 
hypoiodic acid (HOI), and hypobromic acid (HOBr). These components and salts 
are strong antioxidants and, by reacting with biologically important molecules, pro-
duce toxic agents that affect the microorganism [38]. Catalase, peroxidase, superox-
ide dismutase, glutathione, and thioredoxin form the components of the antioxidant 
metabolic strategy in almost all locations [39].

17.3  Interaction Between Brucellosis and Host Tissue

Brucella bacteria have the capacity for long life and replication in the macrophages 
of the host that has been invaded. This leads to chronic infection and consequently 
various pathologies in the host [40]. Macrophages and polymorphonuclear leuko-
cytes have a primary role in the elimination of brucellosis in the host cell [1]. 
Macrophages mobilized for brucellosis elimination activate cytokines, chemokines, 
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and free radicals in the cell and cause the production of extremely toxic and destruc-
tive reactive nitrogen species (RNS) and reactive oxygen species (ROS). As a result 
of this, there is an increase in free radical products and a decrease in antioxidants. 
The increase created in oxidative stress has a role in the pathogenesis of brucellosis 
[41, 42]. Thus, cellular apoptosis is induced and various pathological changes occur 
in the plasma membrane.

Most of the studies that have examined the interaction between brucellosis and 
the oxidative system and the outcomes are evaluated below in chronological order.

The study entitled “Serum copper and zinc concentrations in patients with bru-
cellosis” by Cesur S et al. in 2005 stated that while serum copper (Cu) was increased 
in brucellosis patients, the zinc (Zn) level was decreased. As serum Zn and Cu could 
have a role in brucellosis recovery, the serum concentrations of patients should be 
examined before and after treatment [43].

In a 2006 experimental rat study by Melek IM et al., entitled “Evaluation of oxi-
dative stress and inflammation in long-term Brucella melitensis infection,” it was 
reported that brucellosis caused lipid peroxidation in the host cell membrane and 
induced NO production without changing antioxidant enzyme activity [44]. In the 
presence of microbial infection and inflammation in some cells, the defense mecha-
nisms, immunomodulation, and autotoxicity of the host are related to NO overpro-
duction. MDA concentration, as a marker of nitric oxide and lipid peroxidation, was 
reported to be significantly increased following brucella innoculation [45].

In the 2007 study entitled “Investigation of serum nitric oxide and malondialde-
hyde levels in cattle infected with Brucella abortus,” Nisbet C et  al. stated that 
brucellosis increases lipopolysaccharide levels by stimulating NO synthesis from 
macrophages and causes excessive radical production by increasing the MDA level, 
thereby affecting membrane lipids. It was concluded that MDA could be used as a 
marker of tissue damage [46].

In another rat study by Erdoğan et al. in 2008, entitled “The effects of increased 
cAMP content on inflammation, oxidative stress and PDE4 transcripts during 
Brucella melitensis infection,” it was reported that brucellosis suppressed phospho-
diesterase (PDE), reduced antioxidant enzymes, and increased lipid peroxidation, 
and when the cAMP level was increased, these negative effects were reversed. The 
severe oxidative effect of brucellosis was demonstrated in these studies [47].

In the 2009 study by Amal H Ali, entitled “The Effect of Brucellosis on Lipid 
Profile and Oxidant-Antioxidants Status,” it was reported that brucellosis caused 
atherosclerosis at a high rate by increasing the plasma total cholesterol, LDL cho-
lesterol, and the LDL/HDL ratio. The study concluded that brucellosis patients are 
at high risk of metabolic and cardiovascular diseases [48].

Apostolou F et al. published a study in 2009, entitled “Persistence of an athero-
genic lipid profile after treatment of acute infection with brucella,” in which it was 
shown that by decreasing the antioxidative PON1 and arylesterase, brucellosis 
causes atherosclerosis with changes made in lipids, lipoproteins, and the related 
enzymes. Despite successful brucellosis treatment, this was reported not to have 
fully recovered at even 4 months later [49].
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In 2009, Serefhanoglu K et al. conducted a study entitled “Evaluation of oxida-
tive status in patients with brucellosis.” It was reported that brucellosis increased the 
oxidative stress index (OSI = Total oxidative status/Total antioxidative capacity), 
MDA and total peroxide, and the total antioxidative capacity (TAC) level was 
decreased [50].

The study entitled “Serum zinc and copper concentrations in brucellosis patient” 
conducted by Mobaien A et al. was published in 2010. Zn and Cu are known to have 
a regulatory effect on the immune system and the serum concentrations of these 
micronutrients have been shown to be altered in patients with certain diseases. In 
this study, it was demonstrated that the Cu level was elevated and the Zn level was 
decreased in brucellosis patients, and this was reported to be a precursor of oxida-
tive stress [51].

A previous study was conducted in our clinic in 2011, entitled “Serum paraox-
onase and arylesterase activities and oxidant status in patients with brucellosis.” The 
results showed that serum paraoxonase and arylesterase activity were significantly 
reduced in brucellosis patients compared to a control group (Fig.  17.1), and the 
oxidative status was increased. This change was determined to have a role in the 
pathogenesis of atherosclerosis that could develop in brucellosis patients [52].

Another study in our clinic in 2011 by Leman, Karaağaç et  al. was entitled 
“Decreasing oxidative stress in response to treatment in patients with brucellosis: 
could it be used to monitor treatment?” It was concluded in this study that the 
increase in oxidative stress in brucellosis as a result of the decrease in TAS and 
increase in TOS caused severe damage to the body, and even if this damage recov-
ered with 6 weeks of treatment, it would not reduce to the level of a normal healthy 
person. This is illustrated in Fig. 17.2 as OSI = TOS/TAS). It was also reported that 

Fig. 17.1 The paraoxonase activity of the patient and control groups (Karsen et al. [52])
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it might be possible to use these oxidant and antioxidant parameters to monitor 
treatment [53].

A study entitled “Oxidant and antioxidant parameters in patients with Brucella 
canis” by Murat Usta et al. was published in 2012. The findings showed that com-
pared with smooth Brucella species infection, B. canis generate a low TOS and OSI 
index in humans, and it was concluded that this difference could contribute to the 
understanding of the pathogenesis of B. canis infection in man [54].

In the 2012 study by Gholami M et al. entitled, “What is the total antioxidant 
status in the plasma of Brucellosis patients?”, decreased TAC levels in patients with 
brucellosis demonstrated exposure to potent oxidative stress. It was reported that 
TAC could be a useful early marker of oxidative stress in the monitoring and opti-
mization of antioxidant therapy in the management of patients with brucellosis [55].

The study entitled “Serum myeloperoxidase activity and oxidative stress in 
patients with acute brucellosis” by Karahocagil MK et al. was published in 2012. As 
MPO has a central role in inflammation and oxidative stress, it has a function in the 
initiation and progression of atherosclerosis. Associated with the increase in oxida-
tive stress in brucellosis patients, serum MPO activity increases and catalase activ-
ity decreases. This causes the development of atherosclerosis in acute brucellosis 
patients. It was therefore concluded that in patients with acute brucellosis, serum 
MPO activity should be measured as a biomarker of the pathogenesis of atheroscle-
rosis [56].

Fig. 17.2 OSI levels before and after treatment in the patients and in the control group (Karaagac 
et al. [53])

H. Karsen



323

In the 2014 study by Özlem Demirpence et al., entitled “Serum paraoxonase, 
TAS, TOS and ceruloplasmin in brucellosis,” it was reported that in brucella infec-
tions, while paraoxonase and TAS decreased, TOS and ceruloplasmin (CP) 
increased, and this caused an impairment in the oxidant and antioxidant balance. 
Imbalanced oxidant and antioxidant status has a role in the development of athero-
sclerosis, cancer, and several chronic degenerative diseases. The study concluded 
that oxidant-antioxidant system markers could be used to determine the role of bru-
cella infection in such diseases and to monitor response to treatment [8].

In a 2015 study of brucellosis patients by Ramazan Esen et  al. entitled 
“Paraoxonase activity, total thiol levels, and oxidative status,” it was concluded that 
while the total thiol level and PON1 activity decreased in acute brucellosis, oxida-
tive stress was increased. From these results, decreased total thiol levels and PON1 
activity were determined to be associated with an imbalance in oxidant-antioxidant 
status in brucellosis patients [57].

Servet Kolgelier et  al. conducted a study in 2017 entitled “Impaired Thiol- 
Disulfide Balance in Acute Brucellosis” and the thiol-disulfide balance was seen to 
have a significant role in various processes, such as antioxidant defense, immune 
response, modulation of enzyme activity, and apoptosis [58]. Cytokine production 
is inhibited by thiol antioxidants such as glutathione and N-acetylcysteine [59]. 
Furthermore, greater sensitivity to infection, inflammation, or impaired immunity 
results from depletion of low GSH levels [60].

In acute brucellosis, there is a strong negative ratio between ceruloplasmin, 
which is an acute phase reactant, and native thiol and total thiol. The disulfide/total 
thiol ratio is also imbalanced, and this shows the imbalance between the oxidant and 
antioxidant systems. The low native and total thiol serum levels demonstrate a 
reduced effect against oxidative stress and inflammation. In brucellosis patients, the 
increase in disulfide/native thiol and disulfide/total thiol ratios and the decrease in 
the native/total thiol ratio show increased oxidative stress. Correction of the thiol- 
disulfide balance in brucellosis may create a response to the potential anti- 
inflammatory process. Therefore, the administration of supportive treatments 
containing thiol for the restoration of thiol in brucellosis patients is controversial. 
New methods may emerge in the treatment of brucellosis [61].

The study entitled “Brucellosis Causes Alteration in Trace Elements and 
Oxidative Stress Factors” was conducted by Naser Zanganeh et al. in 2018.

Micronutrients, as trace elements, are vital for living organisms to survive and 
are known to have a significant role in many biochemical reactions in the body. 
Therefore, when levels are disrupted, many biological functions are also disrupted. 
Micronutrients include elements such as zinc, iron, manganese, copper, magne-
sium, cobalt, and chromium [62]. Zinc (Zn) is an essential element that has an 
important role in the functions of several enzymes, including DNA polymerase and 
RNA polymerase. As an antioxidant, it also has an important function in protection 
against free radicals [63]. Copper (Cu) is another trace element with pro-oxidant 
and antioxidant properties. As a part of the Cu-Zn SOD enzyme, it can accelerate 
the formation of free radicals through the Haber-Weiss and Fenton reaction [14]. Cu 
is also a co-factor in more than 300 enzymatic reactions, and has a role in glucose 
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metabolism, nucleic acid synthesis, ATP metabolism, muscle contraction, and the 
membrane transport system [64]. Manganese (Mn) is the major part of many 
enzymes and the activator of several others. Mitochondrial superoxide dismutase is 
an enzyme that contains Mn and contributes to antioxidant defense. Furthermore, 
Mn is involved in several body functions, including the metabolism of carbohy-
drates, amino acids, and cholesterol [65].

Brucellosis creates damage with a toxic effect on some serum trace elements, 
and this has been reported to increase serum Cu and MDA and reduce magnesium, 
manganese, and zinc. Consequently, oxidative stress is formed [66] (Fig. 17.3).

As seen from the findings of all the abovementioned studies, oxidative stress is 
increased and the antioxidative capacity is decreased in the host during brucellosis. 
However, despite the increase in oxidative stress, this may not be sufficient to eradi-
cate the brucella bacteria from the host cell, and the damage is caused to the host 
tissue and cells.

17.4  Conclusion

While brucellosis reduces antioxidant enzymes and molecules (TAS, magnesium, 
manganese, arylesterase, paraoxonase, native thiol, total thiol, disulfide, glutathi-
one, PDE4, zinc), it increases oxidative enzymes and molecules (TOS, Cu, MDA, 
ceruloplasmin, LOOH, OSI, NO). Thus, oxidative stress increases causing lipid per-
oxidation, protein denaturation, and DNA breakage. The breakup of DNA is a pro-
cess that can be a precursor of malignancy. It can also lead to metabolic changes and 
atherosclerosis in the host. To prevent all these negative effects of brucellosis on the 
host, an early start to primary brucellosis treatment should be made and the use of 
supplemental therapies such as Vitamin C, Vitamin E, tocopherol and glutathione, 
which are antioxidant, is controversial.

Fig. 17.3 MDA level in 
the case and control groups 
(Zanganeh et al. [66])
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Abstract
Hanseniasis comprises one of the main causes of physical disabilities due to its 
potential to strike neural lesions, foot deformities, amputations, and mutilations. 
Since innate response is important in hanseniasis, this work reviewed and updated 
the role of reactive oxygen/nitrogen species in different clinical forms of hanse-
niasis, as well as their role in different phagocyte free radicals’ generator systems 
(NADPH-oxidase, mitochondrial pathways, myeloperoxidase, extracellular 
traps, iNOS). Since hanseniasis can induce antioxidant depletion, possible ben-
efits of antioxidant nutritional supplementation are also discussed.
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18.1  Introduction

Hanseniasis, a chronic infectious disease, caused by Mycobacterium leprae is con-
sidered one of the main causes of physical disabilities due to its potential to trigger 
neural lesions, foot deformities, amputations, and mutilations [1–3].

According to the World Health Organization (WHO) report from 2016, 143 
countries reported 214,783 new cases of the disease, which represents a detection 
rate of 2.9 cases per 100 thousand inhabitants [4]. In Brazil, 25,218 new cases were 
reported, making a detection rate of 12.2/100 thousand inhabitants which is higher 
than that found in India (10.23/100 thousand inhabitants) [4, 5]. Brazil has the 
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second highest new number of hanseniasis cases, but the highest incidence of the 
disease in the world [4].

In Brazil, Mato Grosso state has the highest incidence (150/100 thousand inhab-
itants) [6] which is 14.7-fold bigger than in India. In Mato Grosso, cities like Barra 
do Garças has higher prevalence and incidence of hanseniasis which is commonly 
found since the early age with a cure rate of only 77% [7, 8].

The ten nations with more new cases of hanseniasis are presented in Table 18.1.
Since reactive oxygen and nitrogen species display important roles in innate 

response to pathogens, the objective of the present work was to review the role of 
oxidative/nitrosative stress in hanseniasis and the possible benefits of antioxidant 
supplementation in this disease.

We performed a non-systematic review, from 1998 to 2018, using the following 
databases: PubMed/Medline (https://www.ncbi.nlm.nih.gov/pubmed/), SciELO 
(www.scielo.org), and Google Scholar (https://scholar.google.com.br). The key-
words used were hanseniasis, leprosy, oxidative stress, nitrosative stress, myeloper-
oxidase and leprosy, NADPH-oxidase and leprosy, and antioxidant capacity and 
leprosy.

18.2  Oxygen, Nitrogen, and Other Reactive Species

Cell survival, adaptation, degeneration, and death depend on genetic, epigenetic, 
and metabolic factors and processes. For guarantee of cell viability and life span, 
there is a fine-tune regulation of the oxidation-related molecules and the cellular and 
nutritional antioxidants. This means that a proper balance of the production of free 
radicals and other reactive oxygen (ROS), nitrogen (RNS) and chlorine species 
(RCS), mainly by mitochondria, but also released by endoplasmic reticulum and 
other organelles), should be scavenged or removed by the enzymatic and non- 
enzymatic (mainly nutritional antioxidants) cellular antioxidant defense systems. 
The rupture of this balance due to the excessive release of reactive species and/or 
due to decreased amounts of antioxidants results in oxidative and nitrosative stress 

Table 18.1 Ten nations with more new cases of hanseniasis (2016)

Country Region Number of new cases
India Southeast Asia 135,485
Brazil South America 25,218
Indonesia Southeast Asia 16,826
Democratic Republic of Congo Africa 3742
Ethiopia Africa 3692
Nepal Southeast Asia 3054
Bangladesh Southeast Asia 3000
Myanmar Southeast Asia 2609
Madagascar Africa 1780
Mozambique Africa 1289

Source: [4]

C. K. B. Ferrari

https://www.ncbi.nlm.nih.gov/pubmed/
http://www.scielo.org
https://scholar.google.com.br


331

in cells and tissues, both associated with cell degeneration and death, and a large 
number of pathophysiological processes and diseases [9–12].

Any molecule or atom that has one or more incomplete orbitals is considered a 
free radical (FR). In this sense, free radicals can gain electrons oxidizing another 
atom or molecule, or they can release them resulting in reduction of an element or 
molecule.

Some ROS are FR [superoxide anion (O2
−), hydroxyl radical (•OH), nitric oxide 

(NO•), peroxynitrite (ONOO−), while many other reactive oxygen species are not 
free radicals [hydrogen peroxide (H2O2), singlet oxygen (1O2)]. Anyway, ROS, 
RNS, and FR can induce oxidative changes in proteins and enzymes (protein per-
oxidation), lipids (lipid peroxidation), nucleic acids (DNA/RNA peroxidation), and 
biomembranes causing reversible or irreversible changes in cells leading to patho-
logical states and diseases [13–15].

Lipid peroxidation releases peroxides as primary biomarkers and metabolites 
and malondialdehyde (MDA), 4-hydroxynonenal, and other aldehydes as secondary 
biomarkers, whereas protein peroxidation yields protein carbonyls as markers of 
oxidative damage [16–18].

Since ROS/RNS display important roles in innate response to pathogens, the 
objective of the present work was to review the role of oxidative/nitrosative stress in 
hanseniasis and the possible benefits of antioxidant supplementation in this 
disease.

18.3  How Are Free Radicals and Reactive Species 
Synthesized?

The reaction of adding an electron to the molecular oxygen (O2) leads to the forma-
tion of the superoxide anion (O2

−), a relatively weak reactive specie, produced espe-
cially in the mitochondrial respiratory chain and in other electron transport systems 
in biomembranes of cellular organelles and, secondly, by the reaction of the O2 with 
proteins with thiol groups, reducing agents, in the presence of free iron, or by the 
autoxidation of oxyhemoglobin in methemoglobin [13, 14]. In hanseniasis, it is very 
common to find a higher oxidative stress which oxidizes hemoglobin to produce 
methemoglobin and Heinz bodies [19, 20].

In inflammatory processes, activated phagocytes, fibroblasts, and lymphocytes 
also produce O2

− via respiratory burst [21, 22]. The superoxide anion can also react 
with nitric oxide (NO) to form the peroxynitrite, a potent oxidant of SH groups, 
which can undergo decomposition and give the hydroxyl radical (OH), another 
high-power oxidant [14, 23].

The reaction between H+ and + O2 reaction can give the hydroperoxyl (HO2) 
radical, which is also an extremely oxidizing agent [24].

Finally, in mitochondria, microsomes, and peroxisomes, the spontaneous reac-
tion of O2 with two electrons and two hydrogen atoms in the presence of the super-
oxide enzyme (SOD) produces the hydrogen peroxide (H2O2) [25].
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Two molecules of H2O2 are sequentially converted to two water molecules plus 
one molecule of O2 by the catalase enzyme [26, 27].

18.4  The Five Basic Mechanisms of Free Radical Killing 
of Microbial Pathogens and Tissue Damage

The five basic immunopathogenic mechanisms for microbial killing have been rec-
ognized, and they comprise [28]:

 1. Nitric oxide-peroxynitrite pathway.
 2. Myeloperoxidase.
 3. NADPH-oxidase.
 4. Mitochondrial H2O2 pathway.
 5. Extracellular traps: nuclear and mitochondrial DNA-based structures triggered 

by H2O2 and other factors that kill some microorganisms and activate the innate 
immunity [29]. It is important to know that a Mexican study with M. tuberculosis 
showed ET were not capable of destroying bacilli which contributed to pathogen 
persistence [30].

18.4.1  The Nitric Oxide-Peroxynitrite Pathway in Hanseniasis

Since the discovery of the conversion of the arginine (Arg) into nitric oxide 
(NO) by the action of the nitric oxide synthases (NOS) [31], those enzymes 
were found to be largely found in different human tissues. Macrophage 
(mNOS), endothelial (eNOS), neuronal (nNOS), inducible (iNOS), and mito-
chondrial nitric oxide synthase (mtNOS) isoforms [15] work to convert argi-
nine in the NO radical (NO•) that quickly reacts with superoxide releasing 
peroxynitrite (ONOO•), one of the most deleterious free radical [15, 32, 33]. It 
should be emphasized that iNOS isoform is activated in infectious and inflam-
matory processes.

On contrary to Mycobacterium tuberculosis, M. leprae is susceptible to nitric 
oxide killing [34]. However, into the course of disease, there is a decrement on nitric 
oxide levels, but treatment can recover them to normal levels [35].

Studying deficiency of nitric oxide in hanseniasis infection, one research pointed 
out that this deficiency is partially offset by increased expression of macrophage 
protein-1 and interleukins 4 and 10 [36]. However, the other investigation reported 
that nitric oxide knockout mice presented granulomas with an area of 10 times 
higher than normal mice [37].

However, more studies are necessary to elucidate the possible roles of nitric 
oxide and peroxynitrite in Hanseniasis pathogenesis and prognostics.
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18.4.2  Myeloperoxidase in Hanseniasis

Myeloperoxidase (MPO), found in macrophages and neutrophils, is a heme- 
binding- enzyme, that yields hypochlorous acid (HOCl), a toxic substance for fungi 
and bacteria, and also combines with superoxide anion releasing chlorine anion 
and another deleterious free radical: the hydroxyl radical (·OH) [38, 39]. 
Furthermore, when HOCl chemically reacts with Fe2+, large amounts of hydroxyl 
radicals are released; and Fe2+ also reacts with O2

− yielding H2O2, and both com-
pounds are very cytotoxic to pathogens trapped in the phagosome [40, 41]. The 
toxic phagosome cocktail also includes ·OH, 1O2, and ozone (O3) which contribute 
to destroy bacteria and fungi [42, 43]. MPO-null mice are susceptible to E. coli 
[44]. In the same manner, macrophages of MPO-deficient mice presented a higher 
number of viable M. leprae into the cytoplasm [45]. Administration of exogenous 
peroxidase triggered MPO activity by phagocytes, reduced leukocytosis, and had 
no adverse liver effects [46].

18.4.3  NADPH-Oxidase, Mitochondrial H2O2, and Hanseniasis

Macrophages, neutrophils, and other phagocytes present in plasmatic membranes 
the NADPH-oxidase enzyme (an HEME protein) that converts four electrons and 
4O2 into 4O2

− radicals, a mechanism called “oxidative burst” [22, 43]. Half of the 
O2

− chemically reacts with atomic hydrogen producing two molecules of hydrogen 
peroxide which can destroy microbial intracellular pathogens [47–49]. NADPH- 
oxidase deficiency to produce reactive oxygen species has been associated with 
chronic granulomatous diseases and abscesses caused by bacteria and fungi [50, 
51].

In murine leprosy, H2O2 is essential for phagocytic killing. Deficiency of this 
molecule is associated with M. leprae survival and worse outcome of experimental 
murine infection [52].

Mitochondrial releasing of superoxide and subsequently formation of hydrogen 
peroxide is essential to kill pathogens but also to trigger proliferation, differentia-
tion, growth, and cell survival of immune cells [53, 54]. Then, ROS are not neces-
sarily harmful in the course of activation of the immune system against infections.

A microarray study reported that type 1 reaction was linked to the expression of 
275 genes, while type 2 was associated with 517 different genes, and the SOD2 gene 
represented a genetic biomarker of both type 1 and type 2 hanseniasis reactions 
[55]. Following the same approach, it was suggested that people carrying the SOD2 
gene are at increased risk of developing hanseniasis, since this defective gene pro-
duces lesser amounts of ROS/RNS, which inhibits apoptosis of M. leprae and per-
mits bacterial survival and infection success [56, 57].
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Then, the role of both nitrogen, oxygen, and chlorine reactive species and free 
radicals in killing M. leprae is summarized in Fig. 18.1.

Beyond defects on phagocytes’ enzymatic systems, M. leprae express a phenolic 
glycolipid that is involved in microbial pathogenesis. That molecule suppresses the 
activity of NADPH-oxidase, xanthine-oxidase, and myeloperoxidase in phagocytes, 
decreasing the effectivity of phagocytosis and mycobacteria killing [58, 59]. 
Notwithstanding, macrophages react against phenolic glycolipid and produces 
excessive amounts of nitric oxide, which, in turn, causes nerve damaging in the host 
[60, 61, 62]. Furthermore, M. leprae triggers cytosolic accumulation of cholesterol 
and other lipids in macrophages and Schwann cells, transforming them into foamy 
cells. Those lipid droplets help mycobacteria to escape from microbicidal activity of 
macrophages and can potentially induce atherogenesis and strongly decrease the 
levels of nitric oxide [63].

Considering the importance of pathogenic and escaping pathways of M. leprae 
within the host, those mechanisms are represented in Fig. 18.2.

18.5  Clinical Studies of Hanseniasis and Oxidative 
and Nitrosative Stress

Hanseniasis could be clinically classified into the following groups [58]:

 1. Indeterminate: presenting non-specific hypochromic spots.
 2. Tuberculoid: with annular erythematous plaques.
 3. Borderline or dimorphous: erythematous plaques and polymorphic lesions.

L-arginine iNOS NO + O2
- ONOO•

ONOO• + OH OH•

Phagocyte MPO HOCl

HOCl + O2
- Cl- + OH• Mycobacterium leprae

HOCl + Fe2+ killing

+ O2
- H2O2

NADPH-ox 2O2
- + H+

NETs MPO 

Fig. 18.1 Effector pathways of oxygen, nitrogen, and chlorine species in Mycobacterium leprae 
killing. Legend: iNOS inducible isoform of nitric oxide synthase, HOCl hypochlorous acid, MPO 
myeloperoxidase, NADPH-ox NADPH-oxidase, NETs neutrophil extracellular traps, NO nitric 
oxide, ONOO• peroxynitrite, O2

−: superoxide anion, OH• hydroxyl radical, 1O2 singlet oxygen
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 4. Lepromatous: the most disseminated clinical form and more serious than the 
others. It presents a great number of macrophages infected by a large number of 
living M. leprae bacilli. It could form madarosis, dry and barely hypochromic 
spots and ichthyosiform lesions.

A simple classification based on the number of skin lesions was proposed by WHO 
in 1994 and comprises only two groups [64]:

 1. Paucibacillary hanseniasis (PbH): less than 5 skin lesions.
 2. Multibacillary hanseniasis (MbH): more than 5 skin lesions.

Studying oxidative stress in patients with paucibacillary or multibacillary clinical 
forms of hanseniasis, an increase on malondialdehyde levels in both clinical forms 
and a decrease on SOD levels in multibacillary patients only were reported [65].

Phagocytes Mycobacterium leprae resistance/scaping

Phenolic glycolipid        Lipid droplets in foamy

NADPH-ox:          O2
- infected macrophages

NO

L-arginine   iNOS   NO + O2
- ONOO•

Killing of

Human nerve damage                                                                  M. Leprae

Stress of Cytosolic cell organelles       Lipi d availability

ROS and RNS            

Lipid peroxidation

MDA

Host Cell and 

Tissue damage

Fig. 18.2 Pathophysiological roles of ROS/RNS and bacterial escaping mechanisms against reac-

tive species in hanseniasis. Legend: Activation  or , Blocking , MDA malondial-
dehyde, NADPH-ox NADPH-oxidase, NO nitric oxide, ONOO• peroxynitrite, O2

− superoxide 
anion
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It has been suggested that in tuberculoid hanseniasis the oxidative stress is lower 
since SOD levels are preserved, whereas in lepromatous hanseniasis oxidative stress 
is higher and SOD levels are depleted [66].

Other study, covering both Pb and Mb patients also reported raised levels of 
lactate dehydrogenase (LDH) and malondialdehyde as well as decreased levels of 
SOD, CAT, GSH, and total antioxidant capacity [67]. In the same report, clinical 
improvement of treated patients was associated with recovering of antioxidant 
balance.

Multidrug treatment (MDT) of hanseniasis (clofazimine, dapsone, and rifampi-
cin) did no beneficial effect on increased oxidative stress, as measured by protein 
carbonyls and lipid peroxidation, but patients who received vitamin E supplementa-
tion had improved antioxidant balance [68]. However, a Brazilian study observed no 
protective effect of vitamin E against MDT-induced oxidative stress in multibacil-
lary hanseniasis patients [19].

The same positive effect of MDT treatment was noted in type 1 hanseniasis 
patients (reverse reaction type), a typical cellular immunity reaction frequently seen 
in borderline patients [69]. This work reported that MDT decreased oxidative stress 
and improved both GSH and total antioxidant capacity levels [69].

Another study which evaluated the effects of MDT reported that there was a 
decrease on both CAT and MDA levels, whereas MDT augmented GSH content 
[70]. It is important to emphasize that in this study, MDT did not improve SOD and 
the total antioxidant capacity as measured by the trolox-equivalent antioxidant 
assay (TEAC).

Another study supported the concept that LH is associated with increased oxida-
tive stress and decreased antioxidant defense as measured by blood GSH, and eryth-
rocyte GPX and GR activities when compared to other clinical forms of hanseniasis 
[71]. An inverse association between bacteriological index and CAT levels was 
detected in another study [72].

The above-mentioned studies showed an antioxidant imbalance, especially in 
blood and serum. An Egyptian study demonstrated that beyond the blood, the 
infected tissues of hanseniasis patients presented also increased levels of MDA and 
diminished SOD content [73].

In patients of Pb hanseniasis, a mild form of disease, vitamin C content is higher 
compared to Mb hanseniasis [74].

In any way, the pathogenesis of hanseniasis, especially the multibacillary form, 
produces a might oxidative stress which can deplete vitamins C, A, and E [74–77]. 
In this respect, lepromatous form had the lowest vitamin A levels when compared to 
indeterminate, borderline, and tuberculoid disease forms, whereas both clinical pre-
sentations were linked to increased lipid peroxidation [75].

Other more recent studies have supported the concept that Mb hanseniasis has 
sustained greater oxidative stress than the Pb form of pathology [78, 79].
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18.6  Hanseniasis, Uric Acid, and Antioxidant Imbalance

In many physiological circumstances, uric acid is the major antioxidant defense in 
the blood [80–83]. Produced in purine catabolism, through xanthine- oxidoreductase, 
uric acid has important antioxidant activities [84, 85].

When oxidative, nitrosative, and chlorine stress are increased, there is a con-
sumption of the circulating uric acid levels [83].

It is important to note that in some biological systems, uric acid activates the pro- 
oxidant enzyme NADPH-oxidase, which triggers massive production of oxygen 
and nitrogen free radicals and reactive species [86, 87].

A study with hanseniasis patients with type 1, type 2 (erythema nodosum lepro-
sum), and no immune reactions reported reduced levels of uric acid in type 2 patients 
compared to type 1 and control subjects [88]. This result is different from a previous 
study which reported raised serum uric acid levels among Nigerian hanseniasis 
patients submitted to MDT treatment [76].

18.7  Hanseniasis as a Cause of Antioxidant Depletion

Evaluating 23 newly diagnosed hanseniasis patients which were compared with 20 
healthy subjects (control), serum levels of nitric oxide, methemoglobin, MDA, 
GSH, SOD, CAT, and trolox-equivalent antioxidant capacity (TEAC) were dosed 
[89]. Authors found enhanced levels of both nitric oxide and TEAC and no other 
significant difference between groups [89].

Recently, an Indian investigation reported that hanseniasis was positively associ-
ated with SOD, MDA, NO and total oxidant status levels, and inversely associated 
with total antioxidant capacity [90].

Evaluating the possible roles of nitric oxide and its metabolites in hanseniasis 
prognostics, an Egyptian study revealed that untreated MbH and type 1 patients 
presented higher nitric oxide values in comparison to Pb untreated subjects and 
control group. Treatment decreased NO2 levels in both hanseniasis subjects com-
pared to the control group [91].

The severity of hanseniasis was correlated with increased levels of lipid peroxi-
dation, as measured by MDA levels, and reduced levels of SOD in skin biopsies of 
41 untreated Egyptian patients [92].

At baseline, tuberculoid hanseniasis (TH) and lepromatous hanseniasis (LH) 
patients presented elevated levels of MDA compared to control subjects [88]. 
Furthermore, although TH patients presented a slight decrease on zinc levels, LH 
subjects had a very poor zinc status. Zinc supplementation by 4 months completely 
restored zinc levels of TH patients and partially restored zinc levels in LH [93].

A Brazilian study compared PbH and MbH with control subjects and reported 
that MDA was higher and vitamin E was lower among both hanseniasis groups, 
whereas GSH was higher in control subjects compared to MbH patients with no 
differences between hanseniasis groups [94]. The same study showed no significant 

18 Oxidative Stress and Antioxidant Supplementation on Immunity in Hansen’s…



338

differences in copper, selenium, and zinc, whereas magnesium content was defi-
cient in all studied groups [94].

A recent Indonesian research with 19 PbH and 11 MbH patients demonstrated a 
lower Selenium level among MbH patients compared to PbH subjects [95].

Since some hanseniasis patients suffer from specific nutritional deficiencies, it is 
important to summarize the role of a few of nutrients.

Vitamin C is a cofactor for hydroxylation of amino acids for collagen synthesis 
and an antioxidant which scavenges free radicals through its powerful reducing 
action [96]. Vitamin E is a lipid membrane protector which also scavenges reactive 
species and free radicals against lipid peroxidative damage [96]. It is usually 
depleted in hanseniasis patients. Vitamin A is also an inhibitor of lipid peroxidation 
in lipid membranes and organelles, which could be diminished in hanseniasis [96]. 
Selenium is a cofactor of the enzyme selenium-glutathione peroxidase and acts as 
an antioxidant and stimulator of both innate and acquired immunity, displaying anti-
viral, anti-tumoral, and cardioprotective effects [97–99]. Zinc is an immune cofac-
tor; an antioxidant and anti-inflammatory agent, which could be linked to the 
structure of metallothioneins; a group of metal-chelating proteins; as well as SOD 
enzyme which catabolizes the superoxide anion to hydrogen peroxide [96, 
100–102].

18.8  Should Hanseniasis Patients Receive Nutritional 
Supplementation?

In many studies, recovering of the antioxidant balance and reduction of the oxida-
tive and nitrosative stress were associated with better clinical outcomes [67, 69, 75, 
90, 91, 93, 94].

Nutritional supplementation should only be used in patients with clinically 
detected deficiency. But they can be benefited with supplementation with vitamins 
A, C, E, as well as selenium and zinc.

18.9  Conclusion

It is very clear that M. leprae infection causes oxidative stress due to its colonization 
and replication process but also due to the innate immune response against the bac-
teria. Then, it is important to note that therapies based on suppression of oxidative 
stress can in fact break down the innate immunity and also disrupt some effector 
reactions of the acquired immunity. Then, it is important to avoid overexpression of 
the ROS and RNS, but their complete suppression can be very harmful to the 
organism.
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Abstract
Oxidative stress, characterized by the undue production of reactive oxygen and 
nitrogen species, is a serious burden in patients having sepsis. SslE, the cell sur-
face associated and secreted lipoprotein with a metalloprotease domain, was 
identified and found to be widely distributed among the E. coli isolates causing 
neonatal septicemia. Importantly, SslE was shown to trigger secretion of various 
proinflammatory cytokines, chemokines, and other proinflammatory hallmarks 
like reactive oxygen species (ROS) and reactive nitrogen species (RNS) such as 
NO in mouse macrophages. SslE-induced production of ROS and NO was found 
to take place via TLR2−/TLR1-dependent manner with the downstream activa-
tion of NFκB and MAP kinase signaling molecules. Furthermore, increased 
expression of MHC II and other co-stimulatory molecules (CD80, CD86) was 
found on macrophages on induction with SslE, indicating macrophage activation 
and polarization toward M1 type. Hence, SslE has been identified as one of the 
factors for inducing production of ROS and NO in macrophages which actually 
activates host’s innate immune defense against E. coli causing neonatal sepsis, 
proposing the use of SslE as an immunotherapeutic target against E. coli sepsis. 
Moreover, identification of the receptor and the signaling pathways for SslE-
induced ROS and NO formation would be beneficial to prevent any oxidative 
stress generated due to SslE in E. coli sepsis.
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19.1  Introduction

Incidence of systemic signs and symptoms of infection with detection of bacteria 
in blood or cerebrospinal fluid is clinically featured as sepsis. If this occurs 
within first 4 weeks of life, i.e., in the neonatal period, it is ascribed as neonatal 
sepsis [1, 2]. Sepsis in newborns continues to be a global health menace. Among 
the wide array of pathogens concerned, E. coli has emerged as the most threaten-
ing agent specifically in developing countries [3–5]. Increasing antibiotic resis-
tance among the E. coli isolates, specifically the emergence of the 
multidrug-resistant E. coli sequence type ST131 clone holds critical challenge in 
prevention and management of E. coli infections including neonatal sepsis [6, 7]. 
Hence, researches on development of an effective and inexpensive vaccine 
against ExPECs demand serious attention. Therefore, studies on virulence deter-
minants and understanding their detailed molecular mechanism of pathogenesis 
should be encouraged.

SslE (surface associated and secreted lipoprotein of E. coli) has been identified 
as a potent virulence determinant to contribute in the virulence of various intestinal 
and extraintestinal pathogenic E. coli (ExPEC) [8–11]. Importantly, SslE has been 
recognized as the most promising vaccine candidate for ExPEC by a “substractive 
reverse vaccinology” approach and was shown to provide almost complete protec-
tion from bacteremia in a mouse model of sepsis [12, 13]. Therefore, it is crucial to 
understand the molecular mechanism of SslE-induced activation of host’s innate 
and adaptive responses in great detail.

Neonates primarily rely on their innate immune defense to fight against infec-
tion [14, 15] and TLRs, the evolutionary conserved pattern recognition receptors 
(PRRs) are the sentinel of the innate immune system of host [16, 17]. TLRs, the 
type I transmembrane proteins of the IL-1R (interleukin-1 receptor) family, pos-
sess an N-terminal leucine-rich repeat (LRR) domain for ligand binding, a single 
transmembrane domain, and a C-terminal intracellular signaling TIR (Toll/IL-1 
receptor) domain. Thirteen mammalian TLRs have been identified till now (among 
which 10 are present in human and all 13 are present in mice), expressing in vari-
ous cell types specifically cells of the innate defense such as neutrophils, dendritic 
cells, and macrophages and having distinct substrate specificities [16, 17].

Macrophages, the fore frontiers of the innate response [18, 19], get activated 
as they specifically recognize certain PAMPs through TLRs leading to the acti-
vation of NFκB and different MAP kinase signaling pathways, which finally 
trigger secretion of various proinflammatory cytokines, chemokines, reactive 
oxygen species (ROS), and reactive nitrogen species (RNS) reflecting activation 
and M1 polarization of macrophages, crucial in framing antibacterial defense of 
hosts [20–23]. This chapter focuses on the association of SslE with neonatal 
septicemic E. coli which includes identification, purification, and characteriza-
tion of SslE from NSEC as well as its distribution among NSEC isolates. In 
addition, this chapter also explores the detailed molecular mechanism of SslE-
induced production of ROS and RNS and subsequent activation of host’s innate 
immune defense.
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19.2  Neonatal Sepsis, a Global Burden

According to WHO, in the year 2016, sepsis and meningitis were accounted for 7% 
of deaths in children under 5 years and 15% of deaths in neonates [24]. As per Global 
Health Observatory Data, in the year 2016, neonatal death accounts for almost 46% 
(2.6 million) of all child deaths below 5 years of age, and neonatal sepsis stands as 
the fourth cause of neonatal death globally [24, 25]. Importantly, studies across the 
world show that 50% of the sepsis cases are severe and associated with death and in 
case of septic shock it is 60%. In some African countries, the mortality rate is as high 
as 100% [24]. The incidence of sepsis and the mortality rate is optimum in preterm 
or the prematurely born neonates (born before 28 days) [26, 27] specifically in the 
low-birth weight neonates [28–30]. In the United States, 36% of preterm neonates 
suffer at least one incidence of sepsis during their birth [28]. The burden of sepsis in 
newborns exists not only in developed countries, it continues to persist also in devel-
oping countries [31, 32]. In India, sepsis and pneumonia together stands for the com-
monest cause of neonatal mortality, accounting for almost 30.4% of total neonatal 
deaths [33]. Difficulty in diagnosis, limited diagnostic accuracy, maternal risk fac-
tors, neonatal susceptibility, increasing multidrug resistance, resource poor setting, 
vast repertoire of causative agent, all make the disease creepy.

Neonatal sepsis is classified into two types on the basis of onset of symptoms, 
early-onset sepsis (EOS) and late-onset sepsis (LOS) [34]. EOS, being more severe 
than LOS, occurs within 72 h of life and is caused by vertical transmission of micro-
organisms from mother before and during delivery [29]. LOS takes place after 72 h 
of life and the organisms are transmitted horizontally (nosocomial or community- 
acquired) in LOS [29, 35, 36]. This classification of sepsis holds immense clinical 
significance in understanding the modes of transmission of the disease, severity of 
the disease, causative organisms, and expected outcomes of the disease.

19.3  E. coli, a Major Causative Agent in Neonatal Sepsis

A wide variety of pathogens (both Gram-positive and Gram-negative) are actually 
involved in sepsis of newborns. However, the spectrum of organisms differs between 
EOS and LOS and also between developed and developing countries. In developing 
countries, the incidence of Gram-negative sepsis is more common than Gram- 
positive ones [37–39]. Studies of recent times have procured that Gram-negative 
organisms account for 18%–78% of all neonatal sepsis and risk of death is much 
higher in case of Gram-negative organisms than Gram-positive ones [40–43]. Among 
the Gram-negative organisms, E. coli has appeared as the commonest cause of sepsis 
in preterm neonates and the second most common cause in term neonates [3]. E. coli 
has also been found to be frequently associated with the cases of sepsis- related mor-
tality specifically among very low-birth weight infants (24.5%) [44]. Additionally, E. 
coli, being able to colonize mother’s genital tract and infect neonates at the time of 
delivery, has emerged as the key pathogen in case of early-onset neonatal sepsis [3, 
5]. Of note, incidence of E. coli is also frequent in cases of late- onset sepsis [4].
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19.4  Generation of Reactive Oxygen and Nitrogen Species 
in Sepsis

Under normal conditions, there exists an equilibrium between the generation of 
reactive oxygen and nitrogen species (ROS and RNS) such as superoxide anion, 
hydroxyl radical, hydrogen peroxide, nitric oxide, and peroxynitrite and elimination 
of such species by endogenous protective antioxidant compounds such as catalase, 
reduced glutathione (GSH), superoxide dismutase (SOD), vitamins C and 
E. Oxidative stress develops when this homeostatic balance gets disrupted due to 
overwhelming production of the free radicals and/or by limited antioxidative 
defense. Both of these can happen in sepsis [45–48]. The majority of ROS forms in 
mitochondria during respiration [48, 49] when there is incomplete four-electron 
reduction of oxygen to water during the process of ATP production, generating reac-
tive oxygen species such as superoxide anion radical which is converted to hydro-
gen peroxide by SOD [48, 50]. Hydrogen peroxide generally converted to water by 
peroxidases and catalases. However, excess hydrogen peroxide on reaction with 
superoxide anion can form a much more reactive free radical, the hydroxyl radical 
[51]. During an infection, production of ROS is stimulated in phagocytic cells 
involved in proinflammation such as neutrophils and macrophages for host defense. 
These reactive species may directly act against pathogens or may act as secondary 
signaling molecules for inflammation and immune response [52]. In addition, in 
sepsis, ROS is produced in other ways such as respiratory burst, i.e., due to recruit-
ment of more cells of the innate immune system to the site of infection, leading to 
an increased oxygen uptake finally resulting in production of higher amount of ROS 
at the site of infection [53, 54]. Xanthine oxidase activation as a result of ischemia 
and reperfusion as well as arachidonic acid metabolism also serves as sources of 
ROS in sepsis [48]. ROS acts by oxidation of cellular DNA, RNA, and proteins 
along with lipid peroxidation resulting in altered membrane permeability and mem-
brane damage [55, 56].

Reactive nitrogen species (RNS) are another critical participant in generating 
oxidative stress. During infection, cells of the innate immune system such as mac-
rophages and neutrophils also produce the short-lived free radical nitric oxide (NO) 
in abundance which is essential in host defense [57–59]. NO is synthesized from 
L-arginine by the enzyme NO synthase (NOS). There are three types of NOS: 
eNOS, nNOS, and iNOS. eNOS and nNOS are constitutively expressed and were 
originally characterized in endothelial cells and neurons respectively, whereas iNOS 
only express in infected or activated cells, hence, named as inducible NOS [60–63]. 
Expression of iNOS is induced by various cytokines produced during inflammation 
such as TNF-α, IFN-γ, and IL-1 [64, 65]. Being antibacterial, NO inhibits replica-
tion of pathogens [46, 66], can also react with superoxide to generate peroxynitrite 
which on decomposition may form hydroxyl radical [48, 66]. There are increasing 
evidences of formation of ROS and RNS in patients with sepsis. Increased amount 
of lipid peroxides with elevated redox reactive iron in plasma was found in septice-
mic patients compared to the healthy control [67–69]. In another study, patients 
with sepsis were also found to possess elevated level of free radicals and xanthine 
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oxidase activation [70]. Batra et al. have reported increased activation of xanthine 
oxidase, superoxide dismutase, and glutathione peroxidase in newborns with sepsis, 
indicating enhanced production of ROS in these patients [71]. Moreover, Cowley 
et al. have found decreased antioxidant potential in patients having sepsis and sec-
ondary organ dysfunction, associated with non-survival [72].

19.5  Macrophage Polarization and Host Defense

Macrophages, the paramount component of innate immune defense, are appointed 
at the site of infection to efficiently eliminate invading pathogens [18, 19]. In 
addition to innate defense, macrophages also shape the adaptive response by 
bridging the innate with adaptive immunity [73]. Macrophages in response to 
diverse bacterial products or other environmental stimuli get activated and dif-
ferentiated into specific functional phenotypes, either classically activated M1 
macrophages or alternatively activated M2 macrophages [22]. M1 or type 1 mac-
rophages upon encountering pathogens are able to produce several proinflamma-
tory cytokines, chemokines as well as ROS and RNS and hence these 
proinflammatory macrophages have strong microbicidal activity, whereas M2 
macrophages are associated with the release of anti-inflammatory cytokines and 
chemokines. Both M1 and M2 have distinct repertoire of secreted cytokines and 
chemokines. M1 polarized macrophages release an array of proinflammatory 
cytokines such as IL-1, IL-6, IL-12, and TNF-α as well as chemokines such as 
CCL3/MIP-1α, CCL4/MIP-1β, CCL5/RANTES, CXCL9/MIG, and CXCL-10/
IP-10. In contrary, M2 macrophages are equipped with a set of anti-inflammatory 
cytokine such as IL-10 and chemokines such as TARC/CCl17, MDC/CCL22, 
eotaxin-2/CCL24, etc. [22, 74–76]. The secreted proinflammatoy cytokines from 
M1 macrophages attract various immune cells such as leukocytes and T cells to 
the site of infection for robust elimination of pathogens. Moreover, M1 macro-
phages induce T cell differentiation to Th1 subtype [76].

19.6  SslE Is a Cell Associated and Secreted Lipoprotein 
Having M60 Metalloprotease Domain of Diverse E. coli

SslE (YghJ), a cell surface associated and secreted lipoprotein of E. coli having a 
putative M60 metalloprotease domain, is reported to be conserved among diverse E. 
coli pathotypes [8–11]. A study conducted by Moriel et al. has identified ECOK1–
3385 as a novel vaccine candidate for extraintestinal pathogenic E. coli (ExPEC) by 
reverse vaccinology and found that it could confer almost complete protection in a 
murine model of sepsis making it a potent immunogenic vaccine candidate for 
ExPECs causing sepsis [12, 13]. This ECOK1–3385 protein was later described as 
SslE [77] and is reported to be secreted via type II secretion system (T2SS), an 
exporting apparatus of Gram-negative bacteria to deliver different proteins includ-
ing various virulence determinants [78]. E. coli possess two T2SS operons: T2SSα 
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and T2SSβ. T2SSβ operon is composed of three genes (yghJ, pppA, and yghG). 
yghJ encodes the SslE protein [79]. Hence, SslE was formerly named as YghJ [80, 
81]. SslE has been found to be associated with both intestinal and extraintestinal 
pathogenic E. coli where it contributed in the virulence of the producer organisms. 
In EPEC, it is involved in biofilm formation [10]. In ETEC, it is engaged in degrada-
tion of intestinal mucins such as MUC2, MUC3, and bovine submaxillary mucin to 
smoothen E. coli penetration of mucus layer and facilitates access to apical epithe-
lial cells [8, 9, 77]. SslE from NSEC was found to cause significant fluid accumula-
tion and extensive tissue hemorrhage in a mice ileal loop [82]. In addition, 
SslE-immunized mice were found to resist UTI as well as intestinal infections ren-
dering SslE as a broadly protective vaccine antigen against E. coli infections [77]. 
Importantly, in patients infected with ETEC, SslE was identified as an immuno-
genic antigen [83, 84].

19.7  SslE (YghJ), a Cell Associated and Secreted Lipoprotein 
Having Metalloprotease Domain was Identified 
and Purified from Neonatal Septicemic E. coli

19.7.1  SslE Was Partially Purified and Identified from a Neonatal 
Septicemic E. coli (NSEC) Isolate

In search for a novel protease, SslE was partially purified from culture supernatant 
of a NSEC isolate EB260. Protein in culture supernatant was concentrated in an 
Amicon concentrator using ultrafiltration membrane (30 kDa cutoff) and purified 
using successive anion exchange (DE-52) (Fig. 19.1a) and gel filtration (Sephadex 
G-200) (Fig. 19.1b) chromatography. The pool I fraction from G-200 column that 
was positive for protease activity (Fig. 19.1c) showed the presence of three major 
bands on SDS-PAGE (Fig. 19.1d). All the three bands were identified by matrix-
assisted laser desorption ionization time of flight (MALDI-TOF) mass spectrometry 
and analyzed using Mascot software. The 167 kDa band on SDS-PAGE showed the 
presence of E. coli lipoprotein SslE/YghJ containing M60 metalloprotease domain 
(Fig. 19.1e) with 36 kDa E. coli outer membrane protein C (OmpC) and 35 kDa E. 
coli outer membrane protein A (OmpA) (Fig. 19.1d).

19.7.2  Distribution of SslE Was Studied Among E. coli Isolates 
from Septicemic and Healthy Neonates

Both the genotypic and phenotypic distribution of SslE was studied among NSEC 
and fecal E. coli isolates of healthy neonates. Genotypic distribution was studied 
using PCR with overnight grown cell lysates from both septicemic and fecal isolates 
as templates. Out of the 40 septicemic isolates tested, 31 (77.5%) were found to 
harbor yghJ gene. Furthermore, the distribution of yghJ among different phylogroups 
of septicemic E. coli showed that yghJ was mostly prevalent among the isolates of 
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phylogroup B2 (92%), followed by D (83%). A significant occurrence of yghJ was 
also found among the other phylogroups A (57%) and B1 (67%).

How far the fecal isolates were concerned, 15 isolates possessed yghJ gene out 
of 28 isolates (54%) tested with the highest occurrence in phylogroup B1 (57%). 
Hence, yghJ was found to be less prevalent among fecal isolates (54%) than 

Fig. 19.1 Partial purification and identification of SslE from neonatal septicemic E. coli (NSEC) 
isolate and its distribution among septicemic and fecal E. coli isolates. Culture supernatant from 
NSEC isolate EB260 was concentrated and run on DE-52 anion exchange chromatography (a) and 
0.2 N NaCl eluted fraction was positive for protease activity (indicated as ‘++’ using AAPM-pNA 
oligopeptide substrate assay (c). Proteins in 0.2 N NaCl eluted fraction was further run on Sephadex 
G-200 column (b) and pool II showed protease activity (c) which on SDS-PAGE (7.5%) showed 
three bands identified as 167 kDa E. coli lipoprotein SslE having M60 metalloprotease domain, 
36 kDa E. coli outer membrane protein C (OmpC) and 35 kDa E. coli outer membrane protein A 
(OmpA) (d). The peptides of the 167 kDa band that showed homology with SslE is indicated in 
bold red with the HExxH metalloprotease domain is underlined (e). Immunoblots were done to 
show distribution of SslE with TCA precipitated proteins of overnight grown culture supernatant 
of nine septicemic isolates (f) and nine fecal E. coli isolates (h) using anti-SslE antibody. OmpA 
was used as loading control for both septicemic (g) and fecal (i) isolates
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septicemic isolates (77%). However, there exists a moderate occurrence of yghJ 
also among the fecal isolates which led us to further investigate the phenotypic dis-
tribution of YghJ. The expression and secretion of YghJ or SslE among both groups 
of isolates was determined by immunoblot analysis with overnight grown culture 
supernatants after TCA precipitation. Nine isolates from both the groups that were 
positive for yghJ were randomly selected for expression and secretion studies using 
immunoblot. For septicemic isolates, among 9 isolates tested, 8 isolates (89%) were 
positive for expression and secretion of SslE (Fig. 19.1f). Interestingly, in case of 
fecal isolates, 3 isolates out of 9 (33%) were positive for the secretion of SslE 
(Fig. 19.1h). OmpA was used as loading control for both septicemic (Fig. 19.1g) 
and fecal (Fig. 19.1i) isolates.

19.7.3  SslE Was Cloned, Purified, and Characterized

yghJ (~4.56-kb) was cloned into pBAD TOPO expression vector (Invitrogen) using 
TA cloning, a positive clone pTYghJ7 was selected and its entire 4.56-kb insert 
DNA was sequenced (GenBank accession number KX245009) which was highly 
homologous (98%) with the reported sequences of yghJ from other E. coli strains. 
pTYghJ7 was transformed into TOP10 E. coli cells and was induced optimally with 
0.02% L-arabinose for 5 h. rSslE or rYghJ was purified by running the soluble frac-
tion of whole cell lysate on Ni-NTA column (Fig. 19.2a) and a further Sephadex 
G-200 column (Fig. 19.2b). The first peak eluted from Sephadex G-200 was posi-
tive for protease activity and showed presence of a single band of 167 kDa rSslE on 
SDS- PAGE (Fig. 19.2c) and on NATIVE-PAGE (Fig. 19.2d).

SslE was proteolytically active against the oligopeptide substrate Ala-Ala-Pro- 
Met-p-nitroanilide with an optimum activity at pH 7.2 (Fig. 19.2e) and at tempera-
tures 37 °C and 40 °C (Fig. 19.2f). The protease activity was completely abolished 
by EDTA (97%) and 1,10 phenanthroline (94%) and remained unchanged with 
PMSF, confirming that YghJ is a Zn++ containing metalloprotease.

19.8  SslE-Induced Proinflammation and Activation of Mouse 
Macrophages

19.8.1  Production of Different Proinflammatory Cytokines 
and Chemokines by SslE

RAW 264.7 cells (mouse macrophages) were incubated with SslE at 200 nM for 
various time points in presence or absence of Polymyxin B (PMB) at a dose of 
50 μg/ml and the amount of cytokines expressed and secreted in the cell supernatant 
were then quantified by ELISA.  SslE was found to stimulate the production of 
TNF-α at a much higher amount compared to the other cytokines studied. The level 
of TNF-α was found to decrease slightly at all the time points studied, even in the 
presence of PMB, indicating that LPS is not solely responsible for the production of 
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TNF-α (Fig.  19.3a). On induction with SslE, TNF-α exhibited rapid kinetics of 
stimulation, being induced as early as 2 hrs of treatment and showed considerable 
increase as compared to control at 0  hrs of time point (244.4  ±  31 versus 
60.5 ± 20.3 pg/ml; p = 0.001). The level was highest at 10 hrs of post-stimulation, 
being 14.6 ± 3.3 fold higher compared to control (883.52 ± 66 versus 60.5 ± 20.3 pg/
ml; p < 0.0001) (Fig. 19.3a). In contrast to TNF-α, SslE induced relatively smaller 
amount of IL-1α and IL-1β in mouse macrophages (Fig. 19.3b, c). However, the 
production of these two cytokines was delayed by 1–2 hrs compared to TNF-α in 
response to SslE. Likewise TNF-α, the level of IL-1α was found to be optimally 
induced at 10 hrs of time point, being 22 ± 4 fold higher than the respective level of 
control at 0 hrs of time point (351 ± 30 vs 16 ± 7 pg/ml; p < 0.0001) and 17 ± 6 fold 
higher than the respective level of negative control (human recombinant elafin) at 
the same time point (351 ± 30 vs 21 ± 5 pg/ml; p < 0.0001) (Fig. 19.3b). Similarly, 
amount of secreted IL-1β was also optimally induced at 10 hrs of time point being 
33 ± 13 fold and 15 ± 6 fold higher than the corresponding controls at 0 hrs of time 

Fig. 19.2 Cloning, expression, purification, and characterization of SslE. yghJ (as the gene named 
for SslE) amplified from EB260 was cloned into pBAD TOPO vector using TA cloning and trans-
formed into TOP10 E. coli cells. Proteins in the soluble fraction of recombinant clone after optimal 
induction with 0.02% L-arabinose was run on Ni-NTA column (a) and successive Sephadex G-200 
column (b). “++” indicates fraction positive for protease activity. SDS-PAGE profile (c) shows 
uninduced lysate (Lane 1), induced lysate (Lane 2), Ni-NTA eluted fraction (Lanes 3 and 4) and 
pool I of Sephadex G-200 eluted fraction (Lane 5). Pool I eluted fraction of G-200 was also run on 
NATIVE-PAGE (d) showing presence of single band. Optimal pH (e) and temperature (f) of rSslE 
were determined using pNA oligopeptide substrate assay
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point (333 ± 38 vs 10 ± 3 pg/ml; p = 0.0001) and negative control (recombinant 
elafin) at the similar time point (333 ± 38 vs 22 ± 6 pg/ml; p < 0.0001) respectively 
(Fig.  19.3c). On the other hand, SslE failed to stimulate the secretion of IL-6 
(Fig. 19.3d) and IL-12p70 (not shown) from mouse macrophages. Furthermore, the 
effect of SslE on the expression of a major anti-inflammatory cytokine, IL-10 was 
elucidated. Interestingly, SslE did not stimulate secretion of IL-10 in mouse macro-
phages (not shown).

Proinflammatory chemokines are also associated with macrophage activation 
and polarization toward M1 type. SslE was found to stimulate overexpression of 
mRNAs for M1 chemokines such as RANTES, MIP-1α, and MIP-1β after 6 h of 

Fig. 19.3 SslE induces secretion of various proinflammatory cytokines and chemokines in 
RAW264.7 cells.RAW264.7 cells were treated with 200 nM of SslE with and without Polymyxin 
B (PMB) at a dose of 50 μg/ml and the level of secreted TNF-α (a), IL-1α (b), IL-1β (c) and IL-6 
(d) were measured through ELISA. Recombinant human skin antimicrobial peptide elafin (Gene 
ID 5266) cloned, expressed, and purified similarly like SslE and showing no proinflammation was 
used as negative control. (e) RT-PCR was done using cDNA prepared from RNA of RAW264.7 
cells treated or untreated with SslE for 6 h to check expression of RANTES, MIP-1α, MIP-1β, 
Eotaxin-2, MDC and TARC with GAPDH as control. (f) Kinetics of SslE-induced secretion of 
different proinflammatory chemokines by ELISA
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treatment on RAW264.7 cells compared to the untreated control (Fig. 19.3e). In 
contrary, no upregulation in the mRNA expression of M2 chemokines such as 
MDC, TARC, and eotaxin-2 could be found on treatment with SslE (Fig. 19.3e). In 
addition, the kinetics of the proinflammatory chemokines was also studied with 
culture supernatant from SslE-treated and SslE-untreated RAW cells. SslE induces 
rapid kinetics of stimulation for RANTES, being 3.9 ± 1.25 fold higher as early as 
2  h of posttreatment than the control at 0  h of time point (304  ±  23.4 versus 
77 ± 18.7 pg/ml; p < 0.0001) (Fig. 19.3f) and was optimum at 6 h, being 9 ± 2 fold 
higher than the control at 0 h (720 ± 33 versus 77 ± 18.7 pg/ml; p = 0.0001). The 
amount of secreted RANTES decreased only by 1.3-fold and 1.6-fold at 10 h and 
24 h of post-induction, respectively, implicating a sustained release over the time 
period studied. Unlike RANTES, MIP-1α started secreting at 4 h of post- induction 
and reached a maximum level at 8 h, being 15.3 ± 2.2 fold higher than the control at 
0 h (551 ± 30 versus 36 ± 13.6 pg/ml; p < 0.0001) (Fig. 19.3f). SslE induced similar 
kinetics for MIP-1β that also showed optimum secretion at 8 h of posttreatment, 
14.7 ± 3.4 fold higher than control at 0 h (500 ± 21 versus 34 ± 6.2 pg/ml; p < 0.0001), 
and secretion of both these chemokines declined little and was steady till 24 h of 
detection (Fig. 19.3f).

19.8.2  Production of Reactive Oxygen and Nitrogen Species 
by SslE in Mouse Macrophages

The level of cellular ROS induced by SslE was measured by 2′,7′-dichlorofluores-
cein diacetate (DCFDA) staining. The nonpolar fluorogenic dye, DCFDA diffuses 
into cells and gets converted to a nonfluorescent derivative DCFH by cellular ester-
ases. DCFH is oxidized by cellular ROS to a highly fluorescent compound 
2′,7′-dichlorofluorescin (DCF). SslE (150 nM for 2 h) was found to increase cellu-
lar ROS level as detected by increased fluorescence of DCF compared to the 
untreated RAW cells viewed under a fluorescence microscope (Olympus–IX71) at 
a resolution of 40X (Fig. 19.4a).

SslE was also found to trigger the production of NO, as measured by the levels 
of accumulated nitrite, a stable oxidized end product of NO by Griess reaction. 
RAW 264.7 cells were incubated with different doses of SslE, and culture superna-
tant was collected 12 h of posttreatment, and the amount of nitrite was measured by 
Griess reaction (Fig. 19.4b). SslE exhibited a dose-dependent increase in the pro-
duction of NO. The production of NO was optimum (55 ± 3 μM) with 500 nM of 
SslE and SslE at a dose of 62.5  nM was still able to trigger the production of 
19 ± 2 μM of NO (Fig. 19.4b).

19.8.3  SslE Stimulated Overexpression of iNOS

In addition to ROS and NO, SslE was able to trigger the expression of the enzyme 
for NO synthesis in macrophages, the inducible NO synthase, iNOS. This further 
substantiates the ability of SslE to stimulate proinflammation. RAW 264.7 cells 
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Fig. 19.4 SslE stimulates production of reactive oxygen and nitrogen species in a TLR2- dependent 
manner involving NFκB and overexpression of MHC II and other co-stimulatory molecules in 
RAW264.7 cells. To detect production of ROS, RAW264.7 cells were incubated with SslE (150 nM) 
for 2 h and stained with DCFDA (2′,7′-dichlorofluorescein acetate) for 20 min at 37 °C and viewed 
under a fluorescence microscope at 40 X resolution (a). Griess assay was done with culture superna-
tant of RAW264.7 cells treated with different concentrations of SslE for 8 h to quantify the amount 
of accumulated nitrite, the stable end product of NO (b). RT-PCR was done to determine the expres-
sion of iNOS on induction with SslE in RAW264.7 cells (c). To check the increased expression of 
MHC II, CD80, and CD86, SslE-treated (red) (for 6 h) or SslE-untreated (gray) RAW264.7 cells 
were stained with FITC-conjugated anti-MHC II, CD80, and CD86 antibodies for 20 min in dark at 
RT and analyzed by flow cytometry (d–f). Immunoblots were done to check overexpression of dif-
ferent TLRs with α-Tubulin as loading control in SslE-treated (for 6 h) RAW264.7 cells pre-incu-
bated with PMB for 1 h (g). Flow cytometry was performed with cells stained with PE-conjugated 
anti-TLR2 antibody for 20 min at RT in dark (h). For immunoprecipitation, lysates of SslE-treated or 
SslE-untreated RAW264.7 were incubated with 2  μg of mouse anti-SslE antibody overnight at 
4 °C. After immobilization of the immune complexes on Protein A/G plus Agarose beads, the pro-
teins were detected by immunoblotting using anti-TLR2 and anti- TLR1 antibodies (i). To show 
involvement of signaling molecules in SslE-induced iNOS expression, RT-PCR was done with 
mRNA from RAW264.7 cells treated with JNK1/2 inhibitor SP600125 (10  μM), p38 inhibitor 
SB203580 (10 μM), ERK1/2 inhibitor U0126 (10 μM), and NFκB inhibitor MG-132 (2.5 μM) 1 h 
prior treatment with SslE (j). Griess assay was performed with supernatant from SslE-treated TLR2 
siRNA transfected, scrambled siRNA-transfected and siRNA-untransfected cells (k) and RAW264.7 
cells treated with SP600125, SB203580, U0126, and MG-132 (l). Statistical significance was calcu-
lated using the Student’s t-test (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001)
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were treated with 150 nM of SslE for different time intervals, and RT-PCR was done 
to check the iNOS mRNA levels which were found to be upregulated in a time- 
dependent manner on treatment with SslE, being optimally expressed at 6 h of post- 
induction (Fig. 19.4c).

19.8.4  Overexpression of MHC II and Other Co-stimulatory 
Molecules on Macrophages by SslE

Overexpression of MHC II and other co-stimulatory molecules on macrophages 
signifies macrophage activation and M1 polarization. Flow cytometry revealed that 
SslE could induce 13-fold increased expression of MHC class II than untreated 
control (13 ± 2, p < 0.0001) as evidenced from relative upregulation in fluorescence 
intensity in SslE-treated cells (Fig. 19.4d). The other co-stimulatory molecules such 
as CD80 and CD86 exhibited a fivefold (5 ± 0.3, p < 0.001) (Fig. 19.4e) and twofold 
(2.4 ± 0.12, p = 0.05) (Fig. 19.4f) higher expression, respectively, on SslE-treated 
macrophages than untreated cells.

19.9  Signaling Pathway for SslE-Induced Proinflammation 
and Macrophage Activation

19.9.1  SslE Induces Overexpression of TLR2

It is a known fact that lipoproteins are potent agonist for TLR2. As SslE is a lipopro-
tein, the upregulation of TLR2 was determined on treatment with SslE on macro-
phages. Immunoblots indicated an increased expression of TLR2 on SslE-treated 
mouse macrophages for 6 h compared to the untreated control (Fig. 19.4g). Flow 
cytometry also showed a fivefold (5 ± 0.2, p < 0.001) greater expression of TLR2 on 
macrophages stimulated with SslE (Fig. 19.4h). It is known that TLR2 can’t signal 
independently; it needs the co-expression of either TLR1 or TLR6. SslE was found 
to induce the higher expression of TLR1 and not TLR6 on RAW264.7 cells 
(Fig. 19.4g). Expression of TLR4 was also checked as TLR4 is a known ligand for 
LPS (Fig. 19.4g). Hence, no upregulation in TLR4 induction substantially proves 
that SslE is LPS free and the TLR2 upregulation is specifically due to SslE and not 
any contaminating LPS if present. The receptor specificity of SslE was further eval-
uated by a pull down assay in which immobilized anti-SslE antibody particularly 
pulled down TLR2 and TLR1 (Fig. 19.4i) but not TLR4 and TLR6 (not shown).

19.9.2  Involvement of TLR2 in SslE-Stimulated Production of ROS 
and NO

Culture supernatant after 12 h of posttreatment with SslE from TLR2 knocked down 
RAW264.7 cells showed significantly reduced level of nitrite accumulation as 
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determined by Griess assay, whereas supernatant from SslE-treated scrambled 
siRNA- transfected cells showed similar level of nitrite production like in SslE-
treated untransfected cells (Fig. 19.4k). This establishes that SslE-induced NO pro-
duction in mouse macrophages is TLR2 mediated. Likewise, the production of ROS 
in RAW264.7 cells transfected with TLR2 siRNA was found to be remarkably 
decreased in the presence of SslE as indicated by less fluorescence of DCF in confo-
cal microscopy as compared to the intense fluorescence in SslE-stimulated untrans-
fected cells and cells transfected with scrambled siRNA, indicating that TLR2 is 
essential in ROS production in response to SslE (Fig. 19.4a).

19.9.3  SslE Induces NO Production in Mouse Macrophages 
Via NFκB

NFκB is not only the primary transcription factor involved in proinflammation but 
also is the major factor activated in TLR signaling. NFκB is also known to be 
involved in NO production. NFκB functions as a dimer formed by the interactions 
of two (p50 and p65) of the five Rel family proteins and is generally sequestered in 
cytosol by IκB in an unstimulated cell. In presence of stimulus, IκB gets phosphory-
lated, degraded, making NFκB dimer free to enter the nucleus. Different inhibitors 
against NFκB and each MAP kinase signaling molecule elucidated the signaling 
pathway involved in SslE-induced NO production. RAW264.7 cells on incubation 
with 10  μM  U0126 (ERK1/2 inhibitor), 10  μM SP600125 (JNK1/2 inhibitor), 
10 μM SB203580 (p38 inhibitor), and 2.5 μM MG-132 (inhibitor for NFκB) for 1 h 
prior to SslE treatment showed unaltered expression in iNOS mRNA in presence of 
U0126, SP600125, and SB203580 (Fig. 19.4j). In contrary, iNOS exhibited reduced 
expression in RT-PCR analysis of mRNAs isolated from cells incubated with 
MG-132 (Fig.  19.4j) which clearly implies the involvement of NFκB in SslE- 
mediated iNOS expression. Similarly, production of NO was unaltered in presence 
of p38, JNK1/2, and ERK1/2 inhibitors, while use of MG-132 caused 3.5 ± 0.75 
fold (38 ± 1.5 vs 13 ± 2 μM, p < 0.001) reduced production of NO in mouse macro-
phages (Fig. 19.4l).

19.9.4  SslE-Induced Production of Proinflammatory Cytokines Is 
TLR2 Mediated Involving Both MAP Kinase and NFκB

The involvement of TLR2 in SslE-mediated cytokine secretion was further evident 
with the use of monoclonal antibody (mAb) against TLR2 and knocking down 
TLR2 with TLR2 siRNA in RAW264.7 cells (Fig. 19.5a). Secretion of all the cyto-
kines was drastically abrogated in presence of mAb against TLR2. The secretion of 
IL-1α was reduced to 86%, IL-1β 82%, and TNF-α 87% (Fig. 19.5a). Additionally, 
secretion of the cytokines was also remarkably obstructed in TLR2 knocked down 
RAW264.7 cells with 66% inhibition in the secretion of IL-1α, 64.5% in case of 
IL-1β, and 63% inhibition in secretion of TNF-α (Fig. 19.5a). Furthermore, use of 
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different inhibitors confirms the cytokine-specific involvement of NFκB and differ-
ent MAP kinases such as ERK1/2, JNK1/2, and p38 (Fig. 19.5b). Hence, all these 
show that SslE-induced proinflammation is TLR2 mediated with activation of dif-
ferent MAP kinases and NFκB.

Fig. 19.5 SslE-induced cytokine secretion involves NFκB and MAP kinase signaling and is 
TLR2 dependent. (a) To confirm involvement of TLR2, RAW 264.7 cells were transfected with 
TLR2 siRNA, a control siRNA for 24 h prior to SslE treatment and also pre-incubated with anti- 
TLR2 mAb 1 h before treatment with SslE. After 8 h of treatment ELISA was done with the culture 
supernatants to measure secretion of TNF-α, IL-1α, and IL-1β. (b) To determine the signaling 
pathway, cells were treated with JNK1/2 inhibitor SP600125 (10 μM), p38 inhibitor SB203580 
(10 μM), ERK1/2 inhibitor U0126 (10 μM), NFκB inhibitor MG-132 (2.5 μM), and PKC-α inhibi-
tor Calphostin C (3 μM) for 1 h before treatment with SslE, and ELISA was done for various 
cytokines. (c) Schematic representation of SslE-induced proinflammation and macrophage activa-
tion shows SslE binds to TLR1/2 heterodimer, recruiting downstream adaptors MyD88, TIRAP, 
and TRAF6. This leads to the activation of p38, ERK1/2, and JNK1/2 as well as NFκB for the 
secretion of various proinflammatory cytokines such as TNF-α, IL-1α, and IL-1β; different M1 
chemokines such as MIP-1α, MIP-1β, and RANTES; and other important proinflammatory hall-
marks such as cellular ROS and NO. All these together with the increased expression of MHC II, 
CD80, and CD86 finally result in activation and M1 polarization of mouse macrophages
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19.10  Conclusion

SslE, the cell associated and secreted lipoprotein having a M60 metalloprotease 
domain of neonatal septicemic E. coli, induces secretion of different proinflamma-
tory hallmarks such as proinflammatory cytokines such as TNF-α, IL-1α, and IL-1β; 
proinflammatory chemokines like MIP-1α, MIP-1β, and RANTES; and reactive 
oxygen and nitrogen species in mouse macrophages accompanied with the increased 
expression of MHC II and other co- stimulatory molecules like CD80 and CD86 on 
macrophages. Furthermore, production of ROS and RNS was found to be mediated 
via TLR2 and through activation of NFκB and MAP kinases (Fig. 19.5c). All these 
actually suggest that SslE activates and polarizes macrophages toward the M1 type 
and hence plays a pivotal role in initiating innate immune response of host [85]. It 
is of note that there are multiple reports of generation of oxidative stress in septice-
mic patients. Therefore, identification of the factor of neonatal septicemic E. coli 
responsible for producing reactive oxygen and nitrogen species in host’s macro-
phages should be of immense research importance as the initial production of these 
species actually activates macrophages to gear up the innate immune responses of 
host. In addition, identification of the receptor and the detailed signaling pathways 
of ROS and NO generation actually widens the path to inhibit SslE-mediated over-
whelming production of these reactive species that may develop oxidative stress in 
host.
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20Oxidative Stress, Pathophysiology, 
and Immunity in Brucellosis

Amit Kumar, Anu Rahal, and V. K. Gupta

Abstract
The Brucella being obligate intracellular parasite, its survival in host requires the 
ability to overcome host immune system as well as host oxidative stress mecha-
nism. In general, Brucellosis induces rise in host oxidative stress with weakening 
of the host’s antioxidant defense system. The survival of Brucella to host oxida-
tive and antioxidant system depends on the presence of superoxide dismutase 
(SOD) and catalase in Brucella. Of these, SOD acts as a major antioxidant 
enzyme in Brucella pathophysiology. Brucella possesses two SODs, SodA and 
SodC, that directly detoxify superoxide radicals. SodA resides in the cytoplas-
mic compartment, while SodC in the periplasm of Brucella strains and exclu-
sively detoxifies superoxide radical within the cellular compartments in which 
bacteria reside. The endogenously produced superoxide radicals of respiratory 
metabolism are detoxified by SodA, while exogenously generated during respi-
ratory burst in host phagocytes are typically detoxified by SodC. The catalase 
neutralizes H2O2 produced during the process. The catalase is mainly constrained 
to the periplasm and provides protection against H2O2 produced during the 
immune response provoked against Brucella infection. Regulation of this enzyme 
along with detoxification of superoxide radicals with SOD is mainly responsible 
for the adaptation process of Brucella and allows its survival under hostile 
conditions.
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20.1  Introduction

Brucellosis, an important re-emerging infectious disease, is distributed worldwide. It 
is caused by bacterium Brucella and constitutes a very important zoosanitary and 
economic problem [1, 2]. Due to highly infectious nature and ability to transmit 
through aerosol, it has been a point of attraction as a potential biological warfare agent 
[3]. Genus Brucella initially included six species B. abortus, B. melitensis, B. ovis, B. 
canis, B. suis, and B. neotomae [4]. Later on, three new species isolated from marine 
mammals, namely, B. microti (Microtus arvalis), B. pinnipedialis, and B. ceti, were 
also included in genus Brucella [5] (Fig. 20.1). The species included in genus Brucella 
bear 94% similarity. These species show preferences for different host; however, 
interspecies transmission is also reported. The animal host acting as reservoir is 
largely responsible for the occurrence of human brucellosis [6]. The highest preva-
lence of human brucellosis coincides with the high rates of sheep and goats brucello-
sis, leading to the greatest incidence of infection in humans [7, 8]. B. melitensis is 

Non zoonotic brucella species 

Zoonotic brucella species 

B. pinnipedialisB. cetiB. microti

B. suis
B. ovis

Fig. 20.1 Graphical presentation of the source of zoonotic as well as non-zoonotic Brucella 
species
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most common cause of human brucellosis followed by B. abortus and B. suis. B. canis 
preferably infect dogs with a comparatively low zoonotic threat. B. neotomae and B. 
ovis are pathogens of desert rats and sheep and have not been found in human [9]. The 
main source of human infections is exposure to infected animals as Brucellosis is 
prevalent in many species of animals of economic importance, such as cattle, sheep, 
goats, and pigs [10]. Other animal species are supposed to be comparatively resistant 
to the infection, particularly of B. melitensis. However, other than sheep and goats, B. 
melitensis has also been reported in dogs [11], cattle [12, 13], camel [14], pigs [15], 
and wild animals like alpine ibex [16], chamois [17], and farm deer (Odocoileus vir-
ginianus) in New Zealand [18]. Due to high incidence of Brucellosis in developing 
and third world countries, economic impact, lack of prevention and control strategy, 
and difficulty in eradication, Brucellosis is considered as one of the seven most 
neglected zoonotic diseases that perpetuate poverty [19].

20.2  Antigenic Composition of Brucella

Similar to other bacterial pathogens, many antigenic components of bacterium 
Brucella have been duly characterized [20]. The presence of lipopolysaccharide 
(LPS) and surface antigens (designated as A, M in smooth strains and R in rough 
strain) dominates the antibody response. The unique structure of Brucella lipopoly-
saccharide (LPS) provides Brucella a very low endotoxicity that not only modulates 
immune response of host but also confers resistance to antimicrobial drugs. Brucella 
lipopolysaccharide (LPS) also acts as virulence factor and helps in its survival and 
intracellular replication [21, 22]. B. abortus and B. suis are predominated by antigen 
A, whereas B. melitensis predominates in antigen M.

The LPS of smooth phase strains (S-LPS) is comprised of lipid A containing two 
types of aminoglycose and distinctive fatty acids that exclude ß-hydroxymyristic 
acid. The core region of Brucella S-LPS contains glucose, quinovosamine, and man-
nose with an O chain that is comprised of a homopolymer of nearly 100 residues of 
4-formamido-4,6-dideoxymannose (linked predominantly a-1,2  in A epitope- 
dominant strains with every fifth residue linked a-1,3 in M dominant strains) [23].

20.3  Oxidative Stress in Brucella Pathophysiology

Oxidative stress is presently viewed as a combination of physiological molecule as 
well as a cellular damage and stress-responsive signal. Oxidative stress stands for 
excessive production of reactive oxygen species (ROS) or inadequate ROS neutral-
ization. Oxidative stress plays a critical role in the progress of clinical conditions 
and includes damage of DNA, peroxidation of lipid, deactivation of enzymes, and 
apoptosis and necrosis of cells [24, 25]. In Brucellosis, oxidative stress level gets 
increased with the weakening of body’s antioxidant-based defense mechanism [26]. 
Prior to entry in macrophages, Brucella are opsonized inside the mammalian host 
with brucella-specific IgG, and the entry of Brucella into macrophages is mainly 
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due to phagocytosis mediated by Fc receptor. Superoxide dismutase is the major 
antioxidant enzyme present in Brucella. Brucella possesses two superoxide dis-
mutases (SODs), SodA [27] and SodC [28], which directly detoxify superoxide 
radicals. Depending upon their nature, SodA being a manganese SOD localizes in 
Brucella cytoplasmic compartment, while SodC, a copper/zinc SOD, localizes in 
the Brucella periplasm [29]. Being a charged molecule, superoxide does not easily 
pass through cellular membranes, and subsequently each SOD generally detoxifies 
superoxide radical formed intracellularly in the bacterial compartments where they 
reside [30, 31]. The superoxide molecules generated during respiratory metabolism 
as a by-product are specifically endogenously detoxified by SodA [32], while super-
oxide of exogenous origin aroused during the respiratory burst of phagocytes is 
typically detoxified by SodC [33, 34]. The SodA also decides susceptibility of 
Brucella to acidic pH during the early stages of their interactions with host macro-
phages when Brucella reside in phagosomal compartments [35]. The expression of 
virB genes that type IV secretion system is induced by the acidic pH developed in 
host macrophages [36]. The type IV secretion system secretes signaling molecules 
essentially required for proper BCVs trafficking in macrophages [37] and neutral-
izes pH in BCVs which prevents the intracellular Brucella from replicating [35]. 
Further, the virulence of Brucella strains is dependent on anaerobic and/or micro-
aerobic respiration [38, 39]. The attenuation of Brucella in macrophages is also 
governed by the acid-sensitive nature of the SodA mutant. Thus, both lower O2 
availability and the reduced growth rate [40] may thwart endogenous superoxide 
levels attaining an optimum level at which a cytoplasmic SOD detoxify in Brucella 
strains after their intracellular establishment in the host. After brucellae succeed to 
infect a host, SodA becomes dispensable (Fig. 20.2).

The H2O2 produced during the process is neutralized by catalase. The site of 
catalase activity is mainly restricted to the periplasm of Brucella [41] and provides 
protection against hydrogen peroxide generated during the immune response pro-
voked against infection. Regulation of catalase enzyme is required for the adapta-
tion process of Brucella to survive and maintain under intimidating conditions. Due 
to their periplasmic location, catalase and Cu-Zn SOD are involved in protecting the 
Brucella from external oxidative compounds [41]. In an in vitro study conducted 
with neutrophil extracts to assess the worth of oxygen-dependent and oxygen- 
independent killing of Brucella, the former was found to be more effective [42]. 
Another study revealed protection of Brucella in cultured murine peritoneal macro-
phages by the addition of exogenous catalase [43] indirectly confirming the impor-
tance of catalase to Brucella survival in the host system. The survival of Brucella 
also depends on cellular density. This phenomenon is well proven and believed to 
be a consequence of higher rate of diffusion of H2O2 [44, 45]. In a report, H2O2 
stress condition using 10 mM H2O2 at the A600 of 0.2–0.5 in 2-D gel electrophoresis 
resulted in more than 90% rate of survival as compared to 20.8% when H2O2 stress 
level was 10 mM H2O2 and the A600 was 0.01 [46]. Further, to minimize infectious 
oxidative stress, host antioxidant defense mechanism comes into play, in which 
purinergic enzymes play an important modulating role [47]. These purinergic 
enzymes are ATP metabolizing enzymes that modulate the inflammatory cascade 
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and thus, influence the tissue damage during oxidative stress. The ectonucleotidase 
activity also results in the breakdown of ATP and ADP to AMP and, finally, hydro-
lysis of AMP to adenosine, which is an endogenous activator of cellular innate anti-
oxidant mechanism against injury. Moreover, the enzyme, adenosine deaminase, 
acts as an anti-inflammatory and immunosuppressive signaling molecule, i.e., in 
contradiction to ATP. Since CD4+ lymphocytes and macrophages mainly reveal the 
increased activity of ADA, the ADA is also considered as marker of immune 
response.

The occurrence of oxidative stress or redox signaling-induced damage is deter-
mined by the presence of both the type of ROS present in the tissue and its level 
collectively. The superoxide accumulation in cells can inactivate and damage pro-
teins carrying iron-sulfur clusters [48] suggesting superoxide accumulation is more 
associated with oxidative stress as compared to redox signaling. However, superox-
ide does not discriminate between proteins. In addition to this, a set of specific 
proteins are more sensitive to superoxide and activate signaling pathways and pro-
mote adaptation of elevated SODs or, alternatively, may initiate cellular death [49]. 
Moreover, redox signaling is responsible for hydrogen peroxidase-mediated oxida-
tion of cysteine residues of proteins [50]. Based on pH, cysteine residues remain as 
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a thiolate anion (Cys-S-) and protonated cysteine thiol (Cys-SH). At physiological 
pH, thiolate anion (Cys-S-) are more susceptible to oxidation [51]. In redox signal-
ing, even in nanomole range concentration of H2O2 oxidizes reversibly the thiolate 
anion to allosteric sulfenic form (Cys-SOH) thus, altering the function of the pro-
tein. Further, with the increased concentrations of peroxide, it gets oxidized irre-
versibly to sulfonic (SO3H) or sulfinic (SO2H) species, i.e., permanent tissue 
damage. The H2O2-dependent oxidation of a particular protein depends on its prox-
imity to the source of H2O2 production, e.g., plasma membrane NADPH oxidase is 
more likely to get oxidized by H2O2 generated from plasma membrane. 
Mitochondrion also moves dynamically toward their targets to activate signaling 
pathways with the help of mitochondrial generated H2O2 [52]. Thus, the accumula-
tion of superoxide in mitochondrial matrix induces a different outcome in compari-
son with accumulation of superoxide in the cytosol. It is partially also attributable 
to a cluster protein enriched in iron-sulfur located in the matrix of mitochondria 
which helps in the survival of Brucella in host system; otherwise being intracellular, 
the pathogenicity of Brucella depends upon its capability to enter and also to sur-
vive within host cells.

20.4  Molecular Pathogenesis of Brucella

The virulence of any of the Brucella species depends upon involvement of the type 
of species and strain with inoculum size. Various factors of host, viz., age, sex, 
reproductive status, and physiological stress, also affect susceptibility leading to 
typical acute, intermediate, and complete resistance. Brucella lack in the common 
virulence attributes of bacteria like endotoxic lipopolysaccharide (LPS), capsules, 
exotoxins, cytolysins, plasmids, fimbria, lysogenic phages, and drug-resistant forms 
[53]. The ability to produce disease involves virulence mechanisms as prerequisite 
to invade host cell and governs its replication and intracellular survival [21, 54]. The 
invasion and survival of Brucella in host macrophages are the primary steps to 
establish infection. The main routes of entry for Brucella are upper respiratory tract, 
mainly through oropharynx mucous membranes, conjunctiva, and gastrointestinal 
mucosa. Other than these, it can also enter through the mucosa of the female or male 
genital tract. The digestive tract is the main entrance route, and it has been investi-
gated in detail with possible virulence factors involved [55, 56]. B. melitensis, B. 
abortus, and B. suis carry genes encoded for urease to establish infection [56]. 
Urease leads to an increase of pH via ammonia production through urea hydrolysis. 
It is a multi-subunit enzyme responsible for nitrogen metabolism [57]. Two differ-
ent non-adjacent operons are reported for urease, out of which ure1 produces urease 
activity. The inactivation of urease causes strain attenuation when Brucella was 
inoculated through the digestive tract in mice [56]. Thus, urease is required to estab-
lish Brucella through mucous membranes and to reach macrophages to establish 
infection, though the role of urease in inhibiting phagosome acidification through 
ammonia is not established [58].
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The role of type IV secretion system (T4SS) and lipopolysaccharide (LPS) has 
been proven to produce gastrointestinal infection; however, reports suggest crossing 
of mutant strains similar to virulent strain, through M cells of intestinal mucosa 
[59]. The presence of bile in lower gastrointestinal tract inhibits the growth of non- 
enteric bacteria. Thus, presence of bile salt hydrolase enzymes is required to estab-
lish Brucella infection through oral route. The deletion of gene responsible for 
choloylglycine hydrolase in B. abortus is essential for the impairment of Brucella 
growth in the presence of bile salts and leads to attenuation in mice within 10 days 
post intragastric infection [60] (Fig. 20.3).

Brucella mainly infects reticuloendothelial system. So, after entry into host, it 
reaches to nearest lymph nodes through the process of phagocytosis mediated by 
lymphoepithelial cells located in gut-associated lymphoid tissues [61]. However, 
Brucella also elicits humoral immune response, but macrophages and T lympho-
cytes always play important role in bacterial evacuation. Initially when Brucella 
overcomes the body defenses, it produces bacteremia after 2–4 weeks of infection 
and can persist for up to 2 months of period leading to humoral immune response 
and increased number of granulocytes in circulation. Subsequently, Brucella reaches 
submucosa and gets ingested and phagocytosed by polymorphonuclear leukocytes 
and macrophages, respectively. The polymorphonuclear leukocytes generally fail to 
kill Brucella [54]. The organism is carried by the macrophages to different vital 
organs like spleen, lymph nodes, joints, kidneys, mammary glands and bone mar-
row and ultimately, localizes in these organs [62]. In macrophages, the organism 
inhibits fusion of phagosomes and lysosomes, and that allows it to replicate within 
compartments containing endoplasmic reticulum components. The whole process is 
mediated through type IV secretion system. During the process, the bacteria may 
destroy host cells to infect other cells when remain unchecked by macrophage 
microbicidal mechanisms. Interestingly, there are reports of replication of Brucella 
extracellularly in host tissues [63, 64]. During the process of internalization, 
Brucella relies on a two-protein-based regulatory system, which includes a 
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regulator protein (BvrS) and a histidine-kinase activity performing sensor protein 
(BvrS). The expression of outer membrane proteins (Omps), required for the inva-
sion of Brucella in host cells, is regulated by BvrS [65]. BvrR-based regulatory 
system not only governs actin filaments and GTPase recruitment but also maintains 
the integrity of Brucella outer membrane [65]. This BvrR-/BvrS-based regulatory 
system is also vital for intracellular survival of Brucella as absence of the system in 
mutant strains makes them unable to overcome fusion with phagosome and lyso-
some. This inability of mutant strains to invade both phagocytic and non-phagocytic 
cells is attributed to absence of Cdc42-type GTPases [65].

Similar to other Gram-negative bacteria the structural and functional integrity of 
the outer membrane of Brucella is maintained by LPS and contributes to initial 
survival of Brucella in macrophages [22]. A number of mechanisms have been 
reported in Brucella to avoid or suppress bactericidal reactions in macrophages 
[64]. The O-polysaccharide chain present in Brucella plays a critical role in its viru-
lence so based on its presence and absence the phenotypes of Brucella spp. are 
characterized as smooth or rough type, respectively. The mutant or rough strains 
lacking in O-polysaccharide chain could not survive in macrophage cultures, as 
well as in mice [22]. Smooth type strains cause bacteria to escape host immune 
system leading to its intracellular survival by inhibiting the host cell apoptosis. The 
rough mutants (except B. ovis and B. canis) are reported to provoke necrosis in 
phagocytes particularly macrophage [66]. However, rough mutants originated from 
smooth virulent Brucella strains, more efficiently invade host cells. This might be 
because of natural virulence of some rough polysaccharide chain. Further, it is also 
imperative to consider the intracellular pathway of replication in smooth strains to 
understand the involvement of smooth type Brucella LPS in the initial process of 
development of Brucella-containing phagosome. The smooth LPS of Brucella car-
ries the ability to block phagosome maturation through its interaction with lipid 
rafts and may contribute to the inhibition of phagolysosome fusion [34]. Brucella 
LPS overcomes host antimicrobial responses by impairing activity of complement, 
antibacterial peptide and by inhibiting the immune mediator synthesis [22, 67]. The 
evidences are lacking for the stimulation of tumor necrosis factor-α (TNF-α) or 
nitric oxide (NO) by B. melitensis LPS [68]. Whereas, the involvement of 
O-polysaccharides (present in LPS of smooth Brucella) in inhibition of host cell 
apoptosis is mediated by a TNF-α/independent mechanism. By inhibition of apop-
tosis, smooth LPS-containing Brucella easily escape host immune surveillance sys-
tem. This further avoids the activation of immune system and triggering of 
antigen-presenting cells (APC) through various factors released from dead host 
cells. Thus, LPS-mediated properties constitute main virulence attributes governing 
intracellular replication and survival of virulent Brucella [64, 66]. The O-side chain 
of rough strains of B. abortus makes them more sensitive to neutralization through 
normal serum and complement-mediated attack.

Brucella LPS has also been reported to mediate protection against one of major 
bactericidal peptides mainly cationic in nature like lactoferrin, lysozyme, defensin 
NP-2, defensin-like antibiotic (Polymyxin B), cecropines, bactenecin-derived pep-
tides and crude lysosomal extracts obtained from PMN cells [21]. Smooth LPS of 
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Brucella also contribute to resistance against lactoferrins and α-defensins like anti-
microbial peptides and complement-mediated opsonization. It also provides resis-
tance against important antibacterial mechanisms of phagocytes and PMN cells 
along with free radicals, nitric oxide, and lysozyme [22, 64]. The interaction of 
smooth B. suis with lipid rafts on macrophages surface leads to its entry into the 
cell, avoiding fusion with lysosomes while O-side chain lacking rough strains fuse 
hastily with lysosomes and thus do not enter via lipid rafts [22]. However, in con-
trast to rough mutants naturally occurring rough strains like B. canis and B. ovis that 
also lack LPS O-side chain in their LPS are pathogenic and cause chronic infections 
in natural hosts like dogs and rams, respectively and also colonize in spleen of labo-
ratory animals [69, 70].

A number of Brucella genes involve in pathogenesis during Brucellosis and dele-
tion or insertion of these genes results in attenuation of Brucella. To summarize, 
these include genes governing the expression of enzymes like mutases [phosphoglu-
comutase (pgm); phosphomannomutase (pmm)]; synthetases [perosamine synthe-
tase (rfbE); cyclic-1,2 glucan synthetase (cgs); chorismate synthase (aroC); and de 
novo purine synthetase (purE)]; transferases [glycosyltransferase (wboA); cyto-
chrome bd oxidase (cydB); Cu-Zn SOD (sod); protease (lon)]; and various proteins 
playing critical role in resistance mechanism like heat shock protein (dnaK); cyto-
plasmic membrane transport protein (bacA), host factor-1, RNA-binding protein 
(hfq); two-component regulatory protein (bvrRS); and type IV secretion system 
regulating proteins (virB). The expression of these genes depends upon multiple 
factors including host and environmental factors. The expression of these genes in 
host governs the pathogenesis of Brucella in host [65, 71].

20.5  Immune Response against Brucella

20.5.1  Innate Immunity

The acquired immune response is slow in onset. This period during early stage of 
infection is covered by nonspecific innate immunity, mediated by clonal selection of 
specific lymphocytes. During in vivo Brucella infection, innate immunity reduces 
the initial number of infective bacteria without memorization and provides favorable 
environment for generation of host Th1 immune response. To induce innate immu-
nity, complement system plays an important role. Complement system is a cascade 
of plasma proteins that interact both with bacterial surfaces and with bound antibod-
ies to directly kill or opsonize the pathogens. In Gram-negative bacteria like Brucella, 
a membrane attack complex mediates opsonization process [72]. LPS being a major 
surface virulent attribute mediates interaction of Brucella with complement compo-
nents. The deposition of complement and complement-mediated killing of Brucella 
involves both classical and lectin pathways of the complement system [73, 74].

Similar to other bacterial infections, neutrophils interact with Brucella in human 
infection. Neutrophils, the first cells of immune system, lead to initial phagocytosis 
of opsonized attenuated and virulent Brucella strains [75, 76]. However, some of 
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Brucella may survive neutrophil-based phagocytosis in early infection [42]. The 
neutrophils being the first cell of host defense mechanism are also supposed to 
mediate the transportation of survived Brucella to lymphoid tissues. Similar to other 
bacterial pathogens, the survival of Brucella in host cells also depends upon its 
escape from ROI- and RNI-based bactericidal mechanism of macrophage. This 
ROI- and RNI-based system is activated by pro-inflammatory cytokines like inter-
feron gamma (IFN-γ) and tumor necrosis factor-α (TNF-α). The respective increase 
and decrease of intracellular B. abortus organisms in methylene blue (an electron 
carrier)- and ROI inhibitor-treated murine macrophages also suggest the role of 
ROI- and RNI-based bactericidal mechanism in Brucellosis [43]. The inability of 
RNI inhibitor (NG-monomethyl-L-arginine) to stop anti-Brucella activities in mac-
rophages suggests greater role of ROIs in vitro Brucella killing in comparison with 
RNIs.

Thus, the survival of Brucella overcoming this entire existing host antimicrobial 
mechanisms also suggests the presence of resistance against antimicrobial mole-
cules like hypo halide, lactoferrin, lysozyme, phospholipase A2, cathelicidin, ser-
procidins, bacterial permeability increasing factor and defensins [77]. In B. suis, 
process of phagocytosis by mouse macrophages revealed superoxide production 
suggesting the role of SOD in Brucella phagocytosis [65, 78]. Thus, induction of 
oxidative stress during Brucella infection may support or inhibit Brucella 
colonization.

20.5.2  Adaptive Immunity

In Brucellosis, innate immunity is followed by adaptive immune response of host 
immune system. Anti-brucellosis adaptive immune response involves three different 
but interrelated host mechanisms: (a) IFN-γ-based activation of phagocytosis, (b) 
cytotoxicity for infected macrophages, and (c) Th1-type antibody isotype-based 
opsonization and phagocytosis. The CD4+, CD8+, and γδ T cells produce IFN-γ that 
activates the bactericidal function in macrophages leading to killing of intracellular 
Brucella. The second type of adaptive immunity is based on the cytotoxicity of γδ 
T and CD8+ cells that kill the Brucella-infected macrophages. The third mechanism 
involves production of IgG2a and IgG3 (Th1-type antibody isotypes) that leads to 
opsonization of Brucella and ultimately facilitates phagocytosis. αβ CD4+ and CD8+ 
T cells mainly govern the adaptive immunity against Brucella. These cells play 
major role in secretion of IFN-γ, cytotoxic T-lymphocyte activity and IgG2a and 
IgG3 isotype switching [54, 61]. The role of CD4+ and/or CD8+ T cells in Brucella 
adaptive immunity has been contentious. An experiment conducted over immunized 
BALB/c mice revealed presence of all types CD4+, CD8+, and whole T-cell popula-
tions revealed lower splenic Brucella count (CFU) as compared to untreated mice 
after infection [79], suggesting the role of both T-cell populations in Brucella adap-
tive immunity. Moreover, CD8+ T cells play critical role in controlling brucellosis as 
they produce Th-1-type cytokines. The Th-1-type cytokines like IFN-γ and IL-2 
play important role in Brucella control in host cells [80].
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Various experiments, conducted in murine models involving passive transfer of 
serum, suggested significant role of humoral immune response in brucellosis. The 
sera carrying antibodies against Brucella LPS provided passive protection to mice 
challenged with virulent culture of B. abortus [79, 81]. Similarly, passive immuni-
zation with OPS-specific monoclonal antibody (IgG2a) produced against B. abortus 
reduced splenic bacterial count and protected mice from challenge of virulent B. 
abortus [81]. Out of different antibody isotypes, IgG2a and IgG3 are predominantly 
detected in the infected mice and the natural host. This suggests presence/involve-
ment of Th1-based immune response during Brucella infection [82]. Opsonization 
plays principal role in the antibody-mediated protection against Brucella infection. 
The increased intracellular killing of Brucella is coupled with Th1-based immune 
response despite the publication of frequent reports on the role of humoral response 
in resistance against brucellosis. It can be justified with the example of B. abortus 
RB51-based protection against brucellosis as strain lacks OPS.  It suggests that 
OPS-specific antibodies are not required for protective immune response against 
brucellosis [21, 83].
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Abstract
Candidiasis, one of the most common hospital-acquired infections of humans, is 
predominantly caused by the fungi Candida albicans. In most healthy individu-
als, C. albicans can be found as part of the normal microbial flora in the skin, oral 
cavity, digestive tract, and female reproductive tract without causing any infec-
tion. However, in the case of immunocompromised patients or in situations 
where normal microbiota is disrupted, the fungi can cause mild to severe infec-
tion. After entering the host system, C. albicans cells are exposed to a wide 
variety of toxic chemicals, most important of which being the reactive oxygen 
species (ROS) produced by host phagocytes, such as neutrophils and macro-
phages. The pathogenic fungi, on its part, elicit a strong response against the 
ROS by activating/regulating multiple signaling pathways involving the stress- 
activated protein kinase Hog1, the DNA damage kinase Rad53, and the tran-
scription factor Cap1 in order to survive under the oxidative stress condition. In 
this chapter, we have tried to depict a brief overview of this host–C. albicans 
interaction while focusing more on the oxidative stress generated by the host 
phagocytes and the response of the C. albicans cells against this deadly attack.
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21.1  Introduction

Candida albicans, an opportunistic fungal pathogen, exists as a part of the normal 
human microbiome and can be found on the skin, oral cavity, and gastrointestinal 
and urogenital tracts of most healthy individuals [1–3]. Although it is a harmless 
commensal organism in most humans, Candida albicans can cause infection, known 
as candidiasis under certain circumstances, such as in immunologically weak or 
immunocompromised individuals, in individuals whose microflora has been dis-
turbed by antibiotic usage, or sometimes even in otherwise healthy individuals [4, 
5]. Moreover, candida co-infection has also been found in pulmonary tuberculosis 
patients. Based on the severity of the disease, Candidiasis can be broadly catego-
rized into two major classes: in less severe cases the superficial mucosal infections 
such as oral candidiasis (OC) and vulvovaginal candidiasis (thrush, VVC) can be 
observed as white spots in the infected regions. High percentage of OC can be 
observed in HIV-infected patients, in premature infants, and in aged people with 
defective immunity [4, 6–8]. Significantly, VVC has been found to be very common 
among women of childbearing age, some of whom experience at least one recurrent 
infection [4]. Superficial candida infection can also be found in skin and nails, 
resulting in the chronic mucocutaneaous candidiasis (CMC) [9]. Unlike superficial 
candidiasis, which is not life-threatening and easily treatable, the systemic candida 
infection exhibits a very high mortality rate in patients. Systematic candidiasis can 
be found in severely immunocompromised individuals such as in transplant patients, 
cancer patients receiving chemotherapeutic drugs, HIV patients, and also premature 
infants [10]. In these individuals, Candida albicans can survive in the bloodstream, 
which leads to the colonization of the fungus in various organs such as the kidney, 
liver, spleen, and brain [3, 11]. Although candidiasis can occur due to infection of 
other candida species such as Candida glabrata, Candida krusei, Candida dublini-
ensis, etc., Candida albicans has been found to be the principal and most common 
fungal infection causative agent of candidiasis [12].

21.2  HOST–Candida albicans Interaction

The mucosal epithelial layer is the first line of defense against Candida infection. It 
not only acts as a passive physical barrier, thereby preventing invasion of fungi, but 
also plays an active role by inducing production of chemokines and cytokines to 
recruit and/or activate various immune cells, thus triggering an immune response 
[13–16]. Once activated, the immune cells such as phagocytes engulf the invading 
Candida cells and process them through fusion with lysosome forming phagolyso-
some. Subsequently, the phagocytosed microorganisms are killed within the pha-
golysosome by hydrolytic enzymes, antimicrobial peptides, acidification, cationic 
influxes (K+) and most importantly by reactive oxygen species (ROS) and reactive 
nitrogen intermediates (RNI) produced by the host cell [17–21]. Neutrophils have 
also been found to kill invading C. albicans through the release of neutrophil extra-
cellular traps (NETs) containing the antifungal peptide calprotectin [22].
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Candida albicans, on its part, employ various methods to evade the host immune 
system [15]. For example, the fungi have been shown to downregulate epithelial 
toll-like receptors, such as TLR-4, required for fungi recognition [16], and to shield 
pathogen-associated molecular patterns (PAMPs) present on its surface from recog-
nition by the phagocytes [23–25]. C. albicans have also been shown to switch to the 
filamentous hyphal state when comes in contact with epithelial cells [26, 27] to 
avoid phagocytosis by neutrophils and macrophages. Furthermore, switching from 
budding to filamentous form following engulfment by the phagocytes has also been 
observed in C. albicans cells as a part of their response toward oxidative stress [28, 
29]. This helps the fungi not only in escaping from inside the phagocytes by break-
ing the phagosomal membrane but also in killing the phagocyte itself [30]. C. albi-
cans have been shown to also inhibit/degrade complement system [31–36], inhibit 
phagolysosome formation, or modulate T-cell function [15, 37] in order to evade its 
host-mediated killing.

21.3  Increased Level of Reactive Oxygen and Nitrogen 
Species Produced by Activated Phagocytes Causes 
Oxidative/Nitrosative Stress in C. albicans

Reactive oxygen species or ROS are produced by the phagocytes such as macro-
phages and neutrophils in response to the invading fungi through a process called 
respiratory burst via activation of NADPH oxidase complex, which increases pro-
duction of superoxide radicals in the extracellular space or in the phagolysosomal 
compartments [38]. The superoxide anion radical (O2-•) thus produced is then con-
verted to hydrogen peroxide (H2O2) by superoxide dismutase or to hydroxyl anions 
(OH−) and hydroxyl radicals (OH.) via the Haber–Weiss reaction. Along with the 
production of ROS, the phagocytes also produce nitric oxide (NO•) and nitrite 
through the action of inducible nitric oxide synthase (iNOS). The nitric oxide, in 
turn, reacts with superoxide radicals and generates more stable fungicide peroxyni-
trite (ONOO-) [20, 39–41]. Furthermore, hydrogen peroxide can react with chloride 
ions (Cl−) to form hypochlorous acid (HOCl) in a myeloperoxidase-dependent man-
ner. All these reactive compounds are known to attack biomolecules such as DNA, 
proteins, and lipids and subsequently exhibit microbicidal activity by inducing pro-
grammed cell death [42–44]. Interestingly, although ROS was previously thought of 
having only the microbicidal activity, current work from various labs using multiple 
pathogenic fungi, including C. albicans, has suggested other significant functions 
for these reactive species. For example, ROS has been found to recruit more phago-
cytes and other immune cells to the site of infection, thus enhancing phagocytosis 
and subsequent killing of invading microorganisms. Furthermore, ROS produced 
within the phagocytes have been found to induce autophagy, NETosis, and inflam-
masome activation [45–47]. ROS has also been found to play an immunomodula-
tory role to limit the damage of host tissues. Interestingly, a combination of cationic 
influx and oxidative burst as induced by activated phagocytes upon C. albicans 
engulfment has been found to be more potent in killing the fungi in healthy 
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individuals when compared to individual effects [41]. This phenomenon has been 
termed as ‘stress pathway interference’ [48]. Collectively, ROS, RNI, and other 
toxic chemicals produced by the host phagocytes following engulfment of the C. 
albicans cells work together to kill the fungi while causing minimal damage to the 
host cells, thereby limiting the spread of infection.

Increased level of ROS generated by the activated phagocytes stimulates oxida-
tive stress responses in the invading C. albicans through which the fungi try to nul-
lify the microbicidal effects of ROS and survive. Specifically, C. albicans cells have 
been found to elicit a very strong transcriptional response under oxidative stress 
condition [49–51]. It is the battle between oxidative stress produced by the host and 
the response against it invoked by the fungi, which decides whether the fungi will 
survive or be killed. Significantly, increased level of ROS has also been found to 
activate the apoptosis process in the fungi leading to death of the invading microor-
ganism [52].

Notably, as a part of the normal microbiome, C. albicans gets exposed to hydro-
gen peroxide producing microorganisms like Lactobacillus species [53, 54]. As a 
pathogen, it experiences a tremendous amount of oxidative stress caused by 
increased production of ROS/RNI inside the phagocytes. Even at the extracellular 
milieu, the fungi are exposed to high level of ROS secreted by activated phagocytes 
[55, 56]. Consequently, both the phagocytosed and non-phagocytosed C. albicans 
have been found to activate the oxidative stress response pathway in the presence of 
immune cells [56].

21.4  Oxidative Stress Response in Candida albicans

Exposure to ROS has been found to activate three major signaling pathways in C. 
albicans involving the stress-activated protein kinase (SAPK) Hog1, the DNA dam-
age kinase Rad53, and the AP-1 family transcription factor Cap1.

21.4.1  The Hog1 SAPK Pathway

The high osmolarity glycerol (HOG) MAPK/SAPK pathway is one of the major 
signal transduction pathways in C. albicans which senses increased level of ROS and 
elicits a response that helps the fungi to adapt and survive under oxidative stress [57]. 
In the absence of oxidative stress, a C. albicans cell membrane-associated member 
of the two-component signaling pathway, Sln1p, autophosphorylates itself at the 
H-box histidine residue. Subsequently, the phosphate group at H-Box gets moved to 
an aspartate residue of its receiver domain. Eventually, the same phosphate group is 
then transferred from Sln1 to Ssk1 through a histidine-containing phosphor-transfer 
protein, Ypd1. The phosphorylated Ssk1, however, does not have the ability to acti-
vate Ssk2, as mentioned above. Consequently, activation of Hog1 does not happen in 
un-stressed cells in C. albicans. In the presence of oxidative stress, the ROS inhibits 
autophosphorylation of Sln1 leading to accumulation of unphosphorylated and active 

S. Palchaudhuri and D. Chattopadhyay



383

Ssk1. The unphosphorylated Ssk1 activates Ssk2 (MAPKK kinase), which in turn 
activates Pbs2p (MAPK kinase). Activated Pbs2 again in turn phosphorylates and 
activates the MAPK/SAPK Hog1 (Fig.  21.1). Interestingly, two more histidine 
kinases, Chk1 and Nik1, can be found in C. albicans, which have the potential to 
regulate Hog1p activity. Importantly, both Chk1 and Nik1 are required for virulence, 
morphogenesis, and cell wall biosynthesis [58–60]. The activity of Hog1 has also 
been found to be regulated by the redox- sensitive thioredoxin peroxidase enzyme, 
Tsa1, as well as thioredoxin enzyme, Trx1 [61]. It should also be noted that Hog1 has 
been shown to be activated and necessary only for high level of oxidative stress, but 
not low levels of oxidative stress [62, 63].

Following its activation under oxidative stress condition, the phosphorylated 
Hog1p translocates to the nucleus and activates transcription of genes required for 
adaptation under oxidative stress. In addition to the canonical Ssk2–Pbs2–Hog1 
pathway, another sensor protein associated with cell membrane, Sho1p, can also acti-
vate Hog1p via its interaction with Pbs2p. Interestingly, even though increased phos-
phorylation and thereby activation of Hog1p and increased sensitivity of Δhog1 cells 
have been observed under oxidative stress condition in C. albicans, transcriptomic 
analysis could not identify any genes with known antioxidant activity that may be 
regulated by Hog1 [62–64]. It is possible that under oxidative stress condition, 
Hog1p may have a redundant function with other regulators. Alternatively, Hog1p 
may have yet unknown functions in the presence of oxidative stress. For example, a 
study conducted by Yin Z et al. [65] indicated that Hog1 might be required for pro-
longed expression of some proteins while recovering from stress elicited by hydro-
gen peroxide. Clearly, further work needs to be done to clearly understand the 
significance of Hog1 pathway in C. albicans under oxidative stress condition.

Fig. 21.1 Regulation of Hog1 both in presence and absence of oxidative stress
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21.4.2  The Rad53 DNA Damage Pathway

As stated earlier in Sect. 21.2, C. albicans employ multiple strategies to adapt and 
survive inside the host. In one such mechanism, it was found that hydrogen peroxide 
exposure can lead to enhanced filamentous growth (hyperpolarized bud formation) 
in a RAD53 kinase-dependent manner in C. albicans to adapt and survive under 
oxidative stress condition [61, 66]. Filamentation of the fungi allows it to escape 
from and even kill the phagocytes. Upon hydrogen peroxide exposure, Rad53 was 
found to become activated via phosphorylation and Rad53 deletion mutant fails to 
form hyperpolarized bud upon hydrogen peroxide treatment [61, 67]. Interestingly, 
the thioredoxin protein Trx1 was found to inhibit RAD53 in the absence of oxida-
tive stress, and oxidation and subsequent inactivation of Trx1 was found to be criti-
cal for the activation of RAD53 and hyperpolarized bud formation under oxidative 
stress [61] (Fig. 21.2). It is possible that oxidation of RAD53 in the presence of ROS 
is somehow activating the protein and subsequent filamentation of the fungi.

21.4.3  The Cap1 Transcriptional Regulator

Cap1 is a bZip transcription factor from AP-1 family and is ortholog of S. cerevisiae 
Yap1 and S. pombe Pap1. Significantly, Yap1, Pap1, and Cap1, all have been found to 
play critical role during oxidative stress response and multidrug resistance (MDR). 
In unstressed C. albicans cells, Cap1 remains in complex with a fungal- specific pro-
tein Ybp1 in the cytoplasm. Ybp1 functions to stabilize Cap1 in cytoplasm by pre-
venting proteasome-mediated degradation [68]. Furthermore, the nuclear export 
signal (NES) present at the C-terminus of Cap1 promotes its interaction with the 
nuclear export factor, Crm1, which in turn expels Cap1 out of the nucleus to the 
cytoplasm and thereby prevents its nuclear accumulation. Within the phagocytes, 
exposure of the fungi to ROS promotes oxidation of specific Cysteine residues, lead-
ing to the disulfide bond formation between two cysteine- rich domains, namely, 
n-CRD and c-CRD in Cap1. This induces a conformational change in Cap1, resulting 
in the masking of NES. Following this oxidation, Cap1 can no longer interact with 

Fig. 21.2 Regulation of Rad53 under normal and oxidative stress condition
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Crm1 and gets accumulated in the nucleus. It should be noted that Cap1 is not oxi-
dized by the ROS directly. Instead, the oxidation of Cap1 is mediated by a glutathi-
one peroxidase (Gpx)-like enzyme Gpx3, facilitated by Ybp1 [68]. Therefore, when 
exposed to ROS within phagocytes, the AP-1 transcription factor Cap1 gets oxidized 
mediated by Gpx3 and Ybp1 and accumulates in the nucleus. Once in the nucleus, 
Cap1 gets phosphorylated and induces genes required to survive and adapt under 
oxidative stress. Subsequently, this leads to filamentation within the phagosomes 
resulting in killing of the phagocytes. Interestingly, Cap1 transcription has also been 
found to be increased in the presence of human neutrophils and also when phagocy-
tosed by human polymorphonuclear cells or PMNs [69, 70].

It should be noted that Sac6 fimbrin, an actin-binding protein (ABP), which 
mediates actin bundling and regulates actin dynamics and function also has a role in 
modulating Cap1 activity. In the absence of any oxidative stress, Sac6 facilitates 
formation of actin assemblies, which in turn binds Cap1, thereby blocking its trans-
port to the nucleus. Consequently, oxidative stress-responsive genes do not get 
induced under such situation. However, increased level of ROS leads to disruption 
of the Sac6-actin-Cap1 interaction, resulting in the release of Cap1 [71]. The free 
Cap1 then enters the nucleus (upon oxidation-induced conformational change), 
becomes phosphorylated, and induces expression of antioxidative stress response 
genes. Figure 21.3 shows the regulation of Cap1 both in the presence and absence 
of oxidative stress.

Notably, a combination of ROS and cationic flux has been found to be more 
potent in killing microbial pathogens such as C. albicans by immune cells, when 

Fig. 21.3 Regulation and functioning of Cap1 transcription factor both in absence (A) and pres-
ence (B) of oxidative stress
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compared with individual effects of either of them. It was further shown that when 
C. albicans cells were exposed to a combination of cation and ROS, Cap1 fails to 
accumulate in the nucleus. Consequently, no induction of the Cap1-regulated anti-
oxidant gene expression was found under combinatorial stress involving cationic 
flux and ROS [48]. Additionally, combinatorial effect of ROS and cationic flux has 
also been found to influence Hog1 functionality. This at least partially explains why 
in healthy individuals, C. albicans fail to cause candidiasis, as phagocytes in these 
individuals tend to expose the engulfed fungi to a combination of different toxic 
chemicals including cations and ROS and thereby kill the pathogens very 
efficiently.

Cap1 has been found to be the most prominent transcriptional regulator utilized 
by Candida albicans to counteract the damaging effects of ROS. Wang et al. [72] 
have shown that hydrogen peroxide treatment leads to change in the expression of 
89 genes in the fungi and 76 of these genes are expressed in a Cap1-dependent man-
ner. The authors further showed that apart from activating the antioxidative response 
genes, Cap1 also regulated expression of genes involved in carbohydrate and energy 
metabolism, protein degradation, and drug resistance pathways when exposed to 
hydrogen peroxide [72]. Direct targets of Cap1 include key antioxidant genes such 
as catalase (CAT1), glutathione reductase (GLR1), glutathione peroxidase (GPX), 
glutamate cysteine ligase (GCS1), thioredoxin (TRX1), superoxide dismutase 
(SOD), as well as multidrug resistance genes such as MDR1 [73]. Interestingly, loss 
of Cap1 has been shown to effect virulence of C. albicans cells minimally in a dis-
seminated mouse model, suggesting the presence of CAP1-independent mecha-
nisms for survival of the fungi in vivo [74].

21.4.4  Effector Molecules Involved in Oxidative Stress Response 
in C. albicans

Various signaling pathways ultimately lead to activation of a large number of effec-
tor molecules that helps the fungi to survive under oxidative stress caused by ROS 
produced by the phagocytes. One of the key families of enzymes that are involved 
in countering ROS is superoxide dismutase (SOD), which catalyzes conversion of 
superoxide radical to hydrogen peroxide [75]. C. albicans has six SODs, SOD1–
SOD6. Sod1–Sod3 are intracellular, and Sod4–Sod6 can be found on the cell sur-
face, anchored by glycosylphosphatidylinositol (GPI). Interestingly, Sod2 and Sod3 
are manganese dependent, whereas Sod1 and Sod4–Sod6 are Cu/Zn dependent. 
Among these SODs, Sod1, Sod4, and Sod5 have been found to be critical to counter 
oxidative stress. Expression of Sod1 has been found to increase following phagocy-
tosis and is required to prevent macrophage-mediated killing of C. albicans [75]. 
Sod5 level has also been found to increase following phagocytosis by neutrophils as 
well as during yeast to hyphae phase transition [69, 76, 77].

In addition to SODs, other cell surface bound enzymes such as thiol-specific 
peroxidase, Tsa1 and the peroxide detoxifying enzyme catalase, Cat1 have also 
been found to play critical role to protect the fungi from oxidative stress produced 
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by the host phagocytes [78, 79]. Furthermore, expression of Cat1, glutathione 
reductase, and glutaredoxins have also been found to be elevated following expo-
sure of C. albicans to hydrogen peroxide indicating their involvement during oxida-
tive stress response [80–83].

Another Important factor involved in oxidative stress response in Candida albi-
cans is Thioredoxin (Trx1), a redox-sensitive antioxidant protein. Trx1 not only 
plays a critical role in detoxifying hydrogen peroxide but also acts as a sensor of 
oxidant level inside the cell. Furthermore, Trx1 has been shown to regulate oxida-
tion status and thereby activity of all the three major proteins, namely, Hog1 MAPK, 
Rad53 Kinase, and Cap1 transcription factor, that are activated in Candida albicans 
cells following oxidative insult and are required to survive under oxidative stress 
condition produced by host phagocytes [61]. Trx1 has been shown to negatively 
regulate Cap1 and Rad53 in the absence of oxidative stress. However, in the pres-
ence of ROS, Trx1 becomes oxidized, thus facilitating activation of both Cap1 and 
Rad53. In contrast, both Trx1 and Tsa1 have been found to be required for activation 
of Hog1 under oxidative stress condition. Further work needs to be done to resolve 
this apparent contradiction and establish the mechanism of Trx1-mediated activa-
tion of Hog1 in the presence of ROS.

In addition to the three major signaling pathways, there are other key players that 
are involved in the oxidative stress response in C. albicans and are found to be 
required for the process. For example, the sterol 14α-demethylase (CYP51), 
encoded by the gene ERG11, has been shown to play a critical role during oxidative 
stress adaptation, hyphal elongation, and virulence in C. albicans [84]. It has been 
shown that ERG11-deleted C. albicans mutants are more sensitive toward hydrogen 
peroxide and were defective in clearing ROS.  Additionally, these mutants were 
found to exhibit reduced filamentous and invasive growth and were killed my mac-
rophages more efficiently.

The mRNA export factor Sus1 in C. albicans has been shown to play a signifi-
cant role in oxidative stress tolerance [85]. Deletion of Sus1 in C. albicans resulted 
in hypersensitivity to oxidative stress, increased level of ROS accumulation, and 
attenuated virulence.

The spindle assembly checkpoint proteins Mps1 and Mad2 are also found to be 
important for oxidative stress response elicited by C. albicans [86, 87]. Mps1 has 
been shown to be essential for oxidative stress tolerance and Mad2 has been found 
to be essential for survival and pathogenicity of Candida albicans.

Further investigation is required to elucidate the mechanism of action of all these 
protein molecules under oxidative stress condition.

21.5  Epigenetic Regulation of Oxidative Stress Response 
in C. albicans

Although a number of studies were performed to decipher the oxidative stress 
response pathways involving the signaling molecules, the transcription factors, and 
the effector molecules, less focus was given to study the epigenetic modifications 
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and their role during this process. In recent years, however, a number of reports are 
coming up, which are trying to establish the epigenetic regulation of gene expres-
sion including various histone modifications and the enzymes involved therein 
under oxidative stress condition. For example, Cap1 was found to regulate expres-
sion of its targets by modifying the chromatin structure at the gene promoters. 
Importantly, the Spt-Ada-Gcn5-acetyltransferase (SAGA) coactivator complex con-
taining Ada2 has been shown to interact with Cap1 and is found to be recruited at 
some of the Cap1 target antioxidant genes. Upon recruitment, the SAGA complex 
having HAT activity acetylates at histone proteins at the target gene promoters [88–
90]. Reduction in Ada2 level in C. albicans has been found to increase sensitivity 
toward oxidative stress and decrease histone acetylation on a number of genes. 
Furthermore, ChIP-on-chip analysis found Ada2 to be associated with 200 promot-
ers of stress-responsive genes, including genes involved in oxidative stress response 
[89]. Importantly, the SAGA complex is also known to interact with TATA box 
binding protein, thus acting as an important coactivator for RNA polymerase 
enzyme.

Another protein complex with HAT activity, NuB4, has been found to have an 
opposite effect with negatively regulating expression of oxidative stress response 
genes in the absence of stress. NuB4 consists of histone acetyltransferase hat1, a 
chaperone hat2, and a histone chaperone Hif1 and is known to deposit histones into 
the damaged sites on DNA [91, 92]. Hat1 and hat2 form complex in the cytoplasm 
and acetylate H4K5 and K12. They also enter the nucleus, form complex with hif1, 
and thereby form the NuB4 complex [91]. Subsequently, the NuB4 complex inter-
acts with other histone chaperones such as HIR and CAF-1 and function in histone 
deposition [93, 94]. Deletion of Hat1 has been found to increase expression of oxi-
dative stress response genes, thereby increasing the resistance toward the stress 
[93]. The NuB4 complex is thus believed to repress expression of antioxidant genes 
by increasing the nucleosome occupancy at the promoter region of target genes.

A fungal-specific HAT, Rtt109, has also been shown to be required for oxidative 
stress resistance in C. albicans. Rtt109 mediates acetylation of H3K56 and is 
required for survival of C. albicans under DNA damaging condition. Deletion 
mutant of Rtt109 has been shown to exhibit increased susceptibility toward hydro-
gen peroxide-meditated killing of C. albicans cells by phagocytes and is found to be 
required for C. albicans pathogenesis [95]. Interestingly, increased expression of 
oxidative stress-responsive genes was observed in Rtt109 deletion mutants when 
exposed to hydrogen peroxide. This suggests that the ΔRtt109 cells can both sense 
oxidative stress and mount a response against it, but still could not survive phago-
cyte attack, possibly due to increased incidence of DNA damage.

21.6  Conclusion

In this chapter, we summarized all the processes that happen following C. albicans 
infection focusing more on oxidative stress responses elicited by the fungi. The 
oxidative stress caused by ROS produced by the phagocytes following fungal attack 
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not only damages various biomolecules and changes them, but also have other func-
tion. This ensures killing of pathogenic fungi without causing much harm to the 
host organism. Multiple signaling pathways are activated in C. albicans following 
the ROS insult, resulting in expression of various oxidative stress-responsive genes, 
which would help the fungi to survive the stress. Although a lot is known about the 
response of the fungi to ROS, still there are gaps to be filled. For example, what is 
the role of Hog1 SAPK pathway in this? Hog1 is needed for sure, as the deletion 
mutant exhibits increased sensitivity toward oxidative stress. However, no antioxi-
dant genes have been found to be regulated by this pathway. Further work needs to 
be done to get a clearer picture. Furthermore, some of the factors involved in the 
oxidative stress response are found to be indispensable for the virulence of the 
fungi, and some are not. A detailed study needs to be done to address this issue. 
Significantly, more focus could be given to study the epigenetic regulation of oxida-
tive stress response. Especially, one can look at the role of Rtt109 in this process. 
Being a fungal-specific HAT, Rtt109 could be a potential therapeutic target for can-
didiasis treatment. Finally, efforts should also be made to get a holistic view of the 
events that unfold following exposure of Candida albicans to the ROS/RNI pro-
duced by the host phagocytes.
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Abstract 
The fascioliasis is an important zoonotic disease, particularly in underdeveloped 
countries. In fascioliasis, the anthelmintic control has been done mainly by the 
use of triclabendazole (TCBZ), which is metabolized into the anti-helmintic 
metabolite, sulphoxide in the host liver and targeted to the subcellular fractions 
of the parasite, Fasciola hepatica (Liver Fluke). The existence of genetically dif-
ferent populations of liver fluke could allow, against any selection pressure, natu-
ral or artificial (for use fasciolicides products and/or control measures), one or 
more populations of F. hepatica to be able to survive and create resistance or 
adaptability to such selective pressure. It is known that the uptake and effects of 
TCBZ and the sulfoxide metabolite is significantly greater in TCBZ-susceptible 
isolates in comparison to the TCBZ-resistant flukes. This result are analyzed in 
the present contribution.

Keywords
Fasciola hepatica · Benzimidazoles · Anthelmintic Resistance · Metabolism

An important zoonotic disease, particularly in underdeveloped countries, is the fas-
cioliasis [1]. This parasitic infestation is considered by the World Health Organization 
as a neglected tropical disease affecting 2.4–17 million people in the earth [2]. The 
agent is Fasciola hepatica, a trematode digenean that is in addition a major pathogen 
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for domestic and wild ruminants. The fascioliasis produce to losses estimated in U$S 
2000–3000 million at year, associated to minor weight gains and fertility, reduced 
milk and wool manufacture or fatalities in the domestic animal production [3].

Due to a rise in reported human and livestock cases in numerous countries, a 
major emerging disease in the last few years has been considered to be the fasciolia-
sis. This phenomenon is due to weather changes determining a different distribution 
of the intermediate host, the snail [4]. A wide range of anthelmintics with broad- 
spectrum and high efficacy is available commercially to control infestation by hel-
minthes in ruminants. Anthelmintic compound benzimidazole (BZD) is widely 
used against nematode, cestode, and trematode parasites such as the fluke Fasciola 
hepatica.

Most of the flukicidal compounds have excellent activity against the liver fluke 
mature but are not effective against the immature stages. Triclabendazole (5-chloro- 
6(2,3-dichlorophenoxy)-2-(methylthio)- 1H-benzimidazole) (TCBZ) is a haloge-
nated thiol derivative, which shows admirable efficacy against both adult stages and 
juvenile (immature) of F. hepatica [5, 6].

In F. hepatica infestation, the control is mostly with TCBZ [7]. Triclabendazole 
is metabolized at active metabolite sulfoxide (TCBZSO) in the liver of the host [8] 
but too by the parasite’s subcellular fractions [9, 10]. For the control of adult stages 
of the liver fluke older than 12 weeks, albendazole (ABZ) a methyl-[(5-propylthio)-
1H-benzimidazol-2-yl] carbamate is also an alternative. The induction of metabo-
lizing enzymes could amplify the metabolic deactivation in the parasites facilitating 
the survival of resistant F. hepatica exposed to therapy [11].

The mechanisms of protection by the parasite include antioxidant and detoxify-
ing enzymes that would suppress its oxidative killing. In F. hepatica, there is a lack 
of knowledge about the mechanisms of detoxification and anthelmintic resistance 
[12]. The helminthes parasites have diverse biochemical mechanisms for detoxifica-
tion. The different parasites may elude drug effects by (1) alteration of receptors, (2) 
increase of the expression of efflux pumps, and/or (3) high expression of metabolic 
enzymatic systems [13].

The anthelmintic resistance including that F. hepatica to TCBZ is growing the 
entire world [14]. An increase in this parasitic disease has been reported in the last 
years due to weather changes and there are additional factors, like alterations of the 
environment as the utilization of artificial irrigation to improve the quality and 
quantity of fodder to animals, the floods that contribute to increase the prevalence 
determining a dissimilar distribution of the intermediary snail [15, 16].

The first description of resistance of liver fluke to TCBZ was reported in the 
1980s [5]. Today, a great number of reports on F. hepatica resistance to TCBZ under 
field conditions in different countries such as Australia [17], Ireland [18], Scotland 
[19], Wales [20], the Netherlands [21, 22], Spain [23], Argentine [24], and Peru [25] 
have been reported.

The parasite resistance to BZDs has been associated to a particular amino acid 
replacement (phenylalanine to tyrosine) in the position 200 on the beta-tubulin mol-
ecule. On the other hand, sequencing of cDNAs of beta-tubulin from TCBZ -sus-
ceptible and -resistant flukes exposed no amino acid differences between the 
respective primary sequences [26]. The genome of liver fluke encodes at least five 
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α- and six ß-tubulin isotypes that are expressed at the adult trematode. Of the 
sequences recognized, three α-isotypes and four ß-isotypes group with the other 
trematode tubulins in phylogenetic analysis, whereas the others are more different. 
The analysis of these sequences should allow their in vitro expression, which in turn 
may allow investigation as to which of these isotypes TCBZ binds. When isotype 
RT-PCR fragment sequences were compared between six individual liver flukes 
from the TCBZ-susceptible (Cullompton isolate) and seven individual flukes from 
the TCBZ-resistant isolates (Sligo and Oberon), these residues were conserved [27]. 
This confirmation of the lack of mutations described for other helminthes parasites 
on the target molecule (tubulin) leads to think that in the liver fluke the incident of 
resistance to TCBZ could be due to alterations in some of the detoxification path-
ways of the trematode.

The breakdown of drugs into living organisms through specialized enzyme sys-
tems is known as drug metabolism. The xenobiotic metabolism is the set of meta-
bolic pathways that change the chemical composition of xenobiotics, (compounds 
foreign to an organism’s normal biochemistry), such as any drug or poisonous. 
These pathways are a form of biotransformation present in the major groups of 
organisms, are considered to be of ancient source and act to detoxify toxic com-
pounds. The presence of a semipermeable barrier determines that organisms are 
competent to develop detoxification systems using the common hydrophobicity of 
xenobiotics. These systems therefore resolve the specificity difficulty by possessing 
such broad substrate specificities that they metabolize almost any nonpolar com-
pound. Useful metabolites are disqualified since they are polar and in general con-
tain one or more charged groups.

The metabolic detoxification is divided into three phases:
(I) the modification, (II) the conjugation, and (III) the excretion. These reactions 

act in concert to expulse xenobiotics from the cells. The interactions with such 
enzymatic systems may drastically affect the disposition kinetics of different drugs 
and it clinical efficacy. The fluke, Fasciola hepatica, has a variety of detoxifying 
enzymes that can act on different xenobiotics. Within these xenobiotic metabolizing 
enzymes there are enzymes from the three known detoxification phases.

22.1  Activity of Xenobiotic Metabolizing Enzymes (XMEs)

Phase I The polarity of the molecules is increased by introducing new 
functional groups. Is also termed no synthetic reactions may occur 
by removal of hydrogen or addition of oxygen, hydrolysis, 
reduction, oxidation, cyclization, and decyclization. Many products 
of Phase I are rapidly eliminated and undergo a reaction with an 
endogenous substrate and form a highly polar conjugate merged 
with the recently included functional group.

(continued)
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Phase II Increases its solubility in water, inactivation of its biological 
activity. In phase II reactions, these activated xenobiotic metabolites 
are conjugated with charged species such as glucuronic acid, 
glutathione sulfate, or glycine.

Phase III Products from phase II and other xenobiotics are extracted into the 
extracellular medium. ATP-binding transmembrane transporters 
(example: P glycoprotein) catalyze transport of a broad variety of 
hydrophobic anions.

In Phase I the enzymes can oxidize a wide array of soft nucleophiles (heteroatom), 
such as phosphites, sulfides, and amines. This reaction requires oxygen, an NADPH, 
and an FAD prosthetic group. The enzymes of Phase I are typically flavin monooxy-
genase (FMO) and principally the Cyt P450, a supergene family of enzymes. In this 
Phase both enzymes begin the detoxification procedure of the chemically lipophilic 
compound transforming into intermediate metabolites that are more hydrophilic.

In reactions of Phase II the metabolites produced in Phase I are transformed into 
hydrosolubles compounds that can be excreted throughout bile or urine. The reac-
tion is catalyzed by a great group of transferases of broad-specificity, which in com-
bined form can nearly metabolize any hydrophobic molecule with nucleophilic or 
electrophilic groups. This involves a number of types of nutrient-dependent reac-
tions, including sulfation, glycination, glucuronidation, glutathionylation, and 
amino acid conjugation. The group of glutathione S-transferases (GSTs) is one of 
the most important enzymes families of this grouping.

The Phase III reactions are an additional process which is highly concentrated 
in the intestine. These reactions are known as antiporter activity. The best known 
and most studied antiporter proteins have been identified as P-glycoprotein (PGp). 
These efflux transporters work on specific substrates and can be induced increasing 
the transporters activity and be inhibited causing substrate levels to become higher. 
This efflux pump is also responsible for the transport of hydrophilic metabolites out 
of the cell after Phase II conjugation.
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22.2  Advances on Metabolism and Disposition of BZDs 
in Fasciola hepatica

Disposition of 
ABZ and 
TCBZ

The trematodes have higher metabolic activity 
than cestodes and nematodes

[28]

TCBZ alters the distribution of the 
microtubules in the testis tubules of F. hepatica 
of rats exposed to this drug. The disruption of 
the microtubules is one of its main mechanisms 
of action

[29, 30]

The metabolism of some benzimidazoles 
anthelmintic is a quiral metabolism. There are 
differences in the generation of the chiral 
metabolite ABZ in rats and sheep (ABZSO + 
and ABZSO -), and similar circumstances 
occur with TCBZ (TCBZSO + and TCBZSO -)

[9, 39, 40]

TCBZ is metabolized into its active metabolite 
sulfoxide by the liver of the host however also 
by the helminthes subcellular fractions. It has 
also been reported that liver flukes has 
significantly higher sulfoxidation than 
nematode and cestode parasites

[9, 30, 31, 37, 38]

The fluke’s cytosolic protein-bound TCBZ 
have 83% larger affinity than ABZ (44%). 
Albendazole bound to cytosolic proteins was 
displaced by its competence with an equivalent 
concentration of TCBZ (P < 0.001). The TCBZ 
displacement from its binding site(s) was not 
observed although concentrations of ABZ were 
threefold higher than the assayed TCBZ 
concentrations demonstrating that tubulin 
would not be the single target protein for 
TCBZ in trematodes

[29, 32]

Tubulin would not be the unique site for 
trematodicidal action of TCBZ

[33]

In the flukes resistant at TCBZ, there are a 
great diffusion and biotransformation of the 
parent drug and its oxidized metabolites

[9, 41]

The liver fluke showed efficient oxidative 
biotransformation of the anthelmintic TCBZ 
into its sulfoxide derivative. This drug exhibits 
significantly higher sulfoxidative capacity as 
compared to Taenia spp. and Ascaris spp.

[34]

In all organisms, xenobiotics metabolizing 
enzymes (XMEs) serve as an efficient defense 
against the potential negative action. The 
development of resistance is facilitated by the 
action of XMEs of Phase I and Phase II

[35]

The mechanisms of parasite defense include 
antioxidant and detoxifying enzymes that 
suppress its oxidative killing. In F. hepatica, 
there is a lack of knowledge about the 
mechanisms of detoxification and anthelmintic 
resistance

[12]
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Metabolism Phase I The zymogram of cytosolic fractions of liver fluke identified 
a protein 170 kDa containing the carboxylesterase activity.
In F. hepatica exposed to TCBZ is observed a statistically 
significant increase in carboxylesterase activity at 24 and 
48 hours post-treatment. The densitograms of the 
zymograms confirmed the enzyme induction under the 
experimental conditions of the assay

[36]

In studies about TCBZ-R flukes, there is an enhanced ability 
for TCBZ oxidation at TCBZSO that confirmed a metabolic 
overexpression of FMO (flavin monooxygenases)

[41]

Both TCBZ-resistant and susceptible F. hepatica 
metabolized ABZ into ABZSO. The oxidative action was 
49% higher in resistant flukes (P < 0.001) with a 
predominant production of the (+) ABZSO enantiomer 
which is regularly created by the enzyme FMO. The results 
confirm a superior capacity for ABZ oxidation in TCBZ-
resistant flukes. This oxidation is preferably carried out via 
FMO

[29, 
32, 
38]

Metabolism Phase II The increased activity of the microsomal and 
cytosolic glutathione S-transferases (cGST) 
(XEM Phase II) in the Sligo (TCBZ-R isolate) 
provides an understanding of the occurrence of 
resistance and adds information to the knowledge 
of the response that the parasites have exposure to 
diverse xenobiotics. The overexpression was 
detected in both GSTs (cGST and mGST) 
associated with previous data where the Sligo 
isolate overexpress FMO (XME Phase I) confirm 
that expression of the phenomenon of resistance 
at TCBZ in F. hepatica is a multi-enzymatic 
response relating more than one metabolic 
pathway

[13, 43, 44]

Cytosolic GST
The enzymatic activity of both TCBZ-R (Oberon 
and Sligo isolates) was 52% and 59% respectively 
higher (P < 0.001) than that in the Cullompton 
isolate (TCBZ susceptible)

[42]

Isoenzymes of GST
The activity of GST mu of the Sligo and Oberon 
isolate (both TCBZ-R) are respectively 26% and 
17% higher than the activity of Cullompton 
isolate (TCBZ-S).
cGST pi activity does not differ between the 
different strains tested.
cGST mu not only is implicated in the 
metabolization of TCBZ however also presents an 
obvious contribution in the expression of the 
phenomenon of anthelmintic resistance in liver 
fluke

[42]
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Metabolism Phase III The P-glycoproteins (PGp) of F. hepatica 
increased the cellular efflux of TCBZ

[13, 62]

TCBZ-R isolates of F. hepatica have been shown 
to process TCBZ more rapidly. Under in vitro 
conditions, the resistant can be reversed, by the 
coadministration of inhibitors of P-glycoprotein

[62, 65]

Genetic Phase I For the identification and characterization of fmo 
and Cyt P450 the RT-PCR was performed with 
specific oligonucleotides designed for that 
purpose. Bands of 720 bp (gen fmo) and 930 bp 
(gen Cyt P450) were obtained in the resistant 
(Sligo) and susceptible (Cullompton) isolates. 
When both isolates were compared, significant 
differences were found in fmo expression. In the 
Sligo isolate, the mRNA expression was 0.5 times 
superior to the Cullompton isolate.
No significant differences were detected in the 
expression of the RNAm of the Cyt P450 enzyme

[41]

Phase II In the GST mu gene genetic analysis of the 
TCBZ susceptible isolate (Cullompton) and 
TCBZ-resistant isolate (Sligo), GST mu isozyme 
of the TCBZ-resistant isolate showed changes in 
three nucleotides and one amino acid at position 
143

[45]

Phase III Recently it was detected the presence of 
numerous ABC transporters and multidrug-
resistant genes. These finding open new ideas for 
investigating variants associated with the 
resistance of liver fluke to TCBZ

[46]

A PGp mutation suggested that a single 
nucleotide polymorphism (SNPs) is associated 
with the resistant phenotype.

[66]

The equal variation in Australian isolates of F. 
hepatica was not related with the resistance 
descript by European isolates

[67]

The analysis of the presence/absence of the 
T687G SNP confirms the absence of this 
polymorphism in more than 40 specimens from 2 
TCBZ-resistant isolates and 3 susceptible isolates 
across Latin America evaluated. The American 
samples showed other different SNPs than the 
previous ones and none of these SNPs detected 
showed a manifest connection with the 
phenomenon of resistance in the analyzed 
specimens. Evaluating the 42 kb of the FhPGP 
gene based on RNAseq data highlights that the 
variation has been underestimated, signifying that 
more detailed hard work is required in order to 
recognize the real markers of resistance

[68]
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Variability The analysis of F. hepatica isolates TCBZ-S and TCBZ-R to from 
dissimilar regions (America and Europe), using RAPDs-PCR technique 
to reveal genetic variability between the diverse isolates.

[61]

The phenogram generated showed three main clusters, the most important 
contained European isolates (Sligo and Cullompton) showing a genetic 
space of 27.2 between them. Alternatively, the American isolates 
(Cajamarca and Cedive) showed a distance of 37.8 and 33.8, respectively. 
Formed each their individual group but visibly maintaining a closer 
genetic relationship among them than that to their counterparts of the 
Europe, with which this polymorphism would give this species enhanced 
adaptability against the host, as well as the environment. The existence of 
genetically different populations of F. hepatica allow, against any 
selection pressure, artificial or natural (the use of other control measures 
or other fasciolicide products), different populations of liver fluke to be 
able to survive and generate resistance or adaptability to such selective 
pressure.
The research over the isolates TCBZ-R of F. hepatica in different 
laboratories worldwide resulted in the identification of potential 
candidate genes and possible alternating biological pathway

[62, 
63]

The genes precise and loci involved in the phenomenon of TCBZ 
resistance are still to be defined. A genome-wide approach is currently 
underway to identify the principal genetic determinant of TCBZ 
resistance in liver fluke

[64]

22.3  Finding

Parasites have diverse biochemical mechanisms to eliminate toxic substances such 
as pharmaceuticals or other xenobiotics (detoxification system). Generally, helmin-
thes may evade drug anthelmintic effects by (1) genetic changes of receptors (muta-
tions), (2) overexpression of the membrane efflux pumps, and/or (3) overexpression 
of enzymatic systems of detoxification [13]. With reference to the detoxifying activ-
ity of certain metabolic enzymes of the parasite, the induction of this enzymes could 
enhance metabolic deactivation of the anthelmintic within parasites facilitating the 
survival of helminthes exposed to anthelmintic therapy (parasite resistance) [11]. 
The reaction that F. hepatica manifests to the different xenobiotics was already 
known but until relatively recently its implications in the development of anthelmin-
tic resistance are unknown. The trematode F. hepatica uses its enzymatic battery to 
metabolize different xenobiotics but is also able to overexpress different detoxifica-
tion pathways obtaining a greater metabolic capacity that allows it to overcome the 
pharmacological effect of the anthelmintics used for its control.

The metabolism of Fasciola hepatica transforms TCBZ at the active metabolite 
sulfoxide (TCBZ.SO) and subsequently to inactivate TCBZ sulfone (TCBZ.SO2). 
This inactive metabolite is more in TCBZ-R isolates than TCBZ-S [13, 29]. It is 
known that the uptake of TCBZ by the liver fluke TCBZ-S is significantly superior 
than in TCBZ-R flukes, although the ABZ absorption is analogous in both isolates 
[13]. This reaction can be inverted by incubate parasite in presence of a P-glycoprotein 
substrate (ivermectin). The co-incubation with verapamil (another P-glycoprotein 
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inhibitor) enhances severe tegumental lesions [49], confirming that the efflux bomb 
P-glycoprotein is one of the possible detoxifying mechanisms. The amplified tegu-
ment rupture also is seen when resistant flukes are incubated with methimazole 
(flavin monooxygenases inhibitor) [50]. The Cyt P450 inhibitor, the drug ketocon-
azole [51], has an analogous effect, suggesting that it may be connected with drug 
resistance. These metabolic ways may be upregulated in the TCBZ-resistant iso-
lates. Furthermore, in worms treated with TCBZ, an increased activity of other 
detoxifying enzymes (glutathione S-transferase, carboxyl esterase, and carbonyl 
reductase) [44, 47] and when examined in comparison with the Cullompton isolate 
(TCBZ sensitive fluke) a superior GST reaction in Sligo isolate (TCBZ-R) [36] 
were observed. The proteomic study of liver flukes showed difference in the action 
of enzymes of detoxification, the energy metabolic and the structural proteins, con-
firm the pleiotropic character of the effects of TCBZ and reinforced proposal of 
several proteins expression [52]. The anthelmintic drug produces intricate effects on 
the trematode affecting morphology, physiology, and metabolism of liver fluke. To 
cope with these drugs, the TCBZ-resistant isolates of the liver fluke seem to utilize 
different detoxifying mechanisms [43, 53]. Recently into the studies of different 
drug resistance get ahead by using a genomics analysis advance [48], which has 
been to confirmed to be especially important in schistosomes [54–58]. Comparable 
hard work have been initiated in F. hepatica [59], starting from their well- 
characterized genome sequences of Europe isolates (TCBZ-S or TCBZ-R) [48, 60].

Polymorphism gives this species a better adaptability against the environment 
and against the host. Genetically different populations of F. hepatica allow that in 
front of any pressure of natural or artificial selection, one or more populations of the 
parasite survive by creating resistance or adaptability to this selective pressure. In 
recent transcriptomic study of liver fluke, isolates were competent to detect varied 
protein families and functions that demonstrate a different gene expression [48].

As a corollary of pharmacodynamic aspects, resistance in different F. hepatica 
isolates may depend on different mechanisms or targets. This highlights the need to 
study different isolates of F. hepatica in order to better recognize the effect of TCBZ 
and the different resistance mechanisms developed by this trematode helminthes. 
All the results obtained so far concerning the understanding of the phenomenon of 
resistance are an important step in that direction and in the near future will surely 
have an impact on parasite control.
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Abstract
Oxidative stress is a major contributor of disease aetiology, progression and out-
comes. Host systems and parasite infectivity play critical roles in the generation 
and manipulation of oxidative stress in malaria. Host systems involve the immu-
nological and inflammatory responses that generate free radical species as host 
signalling processes as well as parasite combating and destructive entities. 
Parasites trigger molecules with inherent free radical generation in the host. 
Without the ability to synthesize amino acids, the parasite depends on the break-
down of haemoglobin to salvage the same within the food vacuole. This creates 
a highly oxidative stress environment from the Fenton reaction through the cen-
tral ferrous moiety. Elimination of host oxidative stress process, from haemoglo-
bin degradation product haeme, has critically evolved to protect parasites from 
the hostile intracellular compartment where it is an obligatory inhabitant. 
Parasites produce antioxidant species from both enzymatic and non-enzymatic 
molecules which cushions the parasites proteins from oxidation. The parasite 
also converts haeme, through biocrystallization, to haemozoin, a seemingly bio-
logically inert molecule. In the presence of parasite DNA, haemozoin induces 
oxidative and inflammatory mediators  (cytokines, chemokines, inducible nitric 
oxide synthase, nitric oxide, oxygen free radical, nitrogen free radicals, per-
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oxynitrite etc.) with a high propensity toward oxidative stress able to override 
host antioxidant defence systems. Other parasite proponents, e.g. glycosylphos-
photidylinositol, are instrumental in negatively modulating host oxidative stress. 
Without intervention, the disease machineries of oxidative stress go into a vicious 
cycle of self-propagation mode that leads to host debilitation, cachexia and death. 
Current drugs are mainly antiparasitic and relieve the “disease” aspect of malaria 
sparingly. Phytotherapeutics and phytochemicals (asiatic acid, maslinic acid, 
oleanolic acid), which display anti-oxidant and pro-oxidant properties, have 
shown both “antiparasite” and “anti-disease” effects promising efficacy in com-
bating malaria. These pleiotropic properties are displayed in different environ-
ments with potential to buffer malarial disease syndrome.

Keywords
Malaria oxidative stress · Phytochemical · Phytotherapeutic · Asiatic acid · 
Plasmodium berghei · Anti-parastic · Anti-disease · Maslinic acid · Oleanolic 
acid

23.1  Introduction

Malaria is a major tropic and subtropic parasitic disease that has been in existence 
for centuries where it has determined the course of history and population distribu-
tions [1, 2], shaped blood group genotypes [3], caused over two million deaths and 
resulted in over a billion infections a year worldwide [4]. Over 100 countries have 
malaria as a significant parasitic disease with more deaths (90%) occurring in sub- 
Saharan Africa where a child dies from the disease every half a minute. In Asian 
countries and South American rural areas, the disease causes substantial morbidity 
as well as in sub-Saharan Africa, Southern Africa and Zimbabwe in particular.

The disease manifests more strongly with higher fatalities in individuals from 
non-endemic areas, pregnant women and children under 5 years [5] with immi-
grants and travellers being the main “importers” of the disease into countries where 
elimination of the disease has been reported. These groups have a common factor of 
having lower immunity to the disease, i.e., individuals from semi- to none-endemic 
areas have little to no parasitic genetic priming, while pregnant women and children 
<5 years have lowered immune protection against the parasite. Also, in pregnant 
women, pathologies concomitant with placental malaria arise from the effect of a 
change in immune distinction from antibody-mediated immune reaction to cell- 
mediated immune response with subsequent excessive inflammation, oxidative 
stress (OS), apoptosis and diminished heat shock protein manifestation [6], induc-
ing a high risk to the mother and the unborn child or newborn.

Compounding the malarial disease is the fact that drug resistance to Plasmodium 
falciparum has odiously crept into the cache of current drugs like chloroquine [7] 
and artemisinin [8, 9] with factors leading to this resistance still opaque to research 
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and other investigations. The pathophysiology of malaria is also a hazy arena mak-
ing other impinging aspects to treatment obfuscated.

Clinical complications of maternal malarial infection in pregnant women conse-
quences include severe malaria anaemia, pulmonary oedema, hypoglycaemia, cere-
bral malaria, puerperal sepsis and death. Outcomes of maternal malaria in foetus 
may include abortion, still birth, intrauterine growth retardation (IUGR), premature 
delivery and low birth weight (LBW) [10, 11]. LBW of the infant has been sus-
pected for a causal relationship between poor cognitive and neurosensory develop-
ment of the child [5, 12].

In neonates, there is a protective paradigm against malaria provided by the 
maternally acquired immunity making the disease a considerable rare occurrence. 
The foetus acquires immunoglobulin G (IgG) in utero from the foetal circulation 
[13], albeit little evidence does exist to this assertion [14]. Lactoferrin, an iron- 
binding molecule, and secretory IgA, both found in breast milk and in infant sera, 
sequester iron from the parasite and protect against malaria [15] and reduce OS 
potential. Haemoglobin F (HbF) and IgG impede parasite antigen P. falciparum 
erythrocyte membrane protein-1 (PfEMP-1) cytoadherence, while low levels of 
metabolic substrate para-aminobenzoic acid (pABA) inhibit parasite growth in 
infants < 6 weeks. However, susceptibility to the disease increases in infants >6 
weeks [16]. Subsequent HbF-red blood cell destruction may also avail iron into the 
circulation and increase in oxidative stress. Continuous exposure to malaria infec-
tions experienced by people in malaria holoendemic areas induces development of 
semi-immunity, which is subsequently lost as one moves from these areas [17], due 
to possible antioxidant defence. Oxidative stress emanating from molecular derange-
ments, current malaria management and phytotherapeutics play critical role in 
malaria disease outlays as we know them.

23.2  Molecular Derangements in Malaria as Generators 
of Oxidative Stress

There are a number of pathophysiological changes that influence particular malarial 
presentations. Among these, there are the vascular bed alterations with macro- and 
micro-occlusions that modify blood circulation creating hypoxic conditions. 
Inflammation and immunological perturbations yielded from activation of leuko-
cytes also result in increased energy demands depleting metabolic intermediates 
that leads to glucose homeostasis derangements. Intravascular haemolysis intro-
duces haemoglobin-related pathologies and generation of highly oxidant materials 
that offsets tissues and redox balance. The malaria parasite also unleashes its own 
repertoire of molecular mediators within the red blood cells that alter cell mem-
brane topography tagging them for destruction by the endothelial system. Ultimately, 
the vascular system changes with reduced tissue perfusion, haemolysis that reduces 
RBC mass and oxygen carrying capacity, inflammation that yield oxygen reactive 
species and increased glycolytic metabolic process that give rises to an overall 
hypoxic environment that drives and is driven by oxidative stress. Therefore, the 
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different disease processes evident in malaria have a strong bearing on unique tis-
sue- and organ-specific changes revolving around how molecular oxygen is eventu-
ally handled by the host and the parasite in the micro-environment.

23.3  Malaria Management and Oxidative Stress

The Plasmodium parasite is sensitive redox balance such that it has an inbuilt sys-
tem of antioxidant processes that protects it from damage by the highly oxidative 
environment obtaining in the RBC in malaria. Treatment of malaria has, thus, been 
aimed at overriding the antioxidant capacity of the parasite to enable the oxidative 
capacity to eradicate the food vacuole where the parasite has created growing space 
with the cell. One of the methods the parasite controls the highly oxidant haeme 
created from broken down haemoglobin is through its conversion to haemozoin 
through a biocrystallization process. Drugs like chloroquine and quinine interfere 
with this process and increase toxicity in the food vacuole and this way destroy the 
parasite during the blood stage. Artemisinin and its derivatives elicit oxygen reac-
tive species that destroy the parasite, albeit in a non-selective fashion. Therefore, 
oxidative stress is used in the management of malaria even though both the parasite 
and the host also create more of the same that eventually cause disease through 
redox imbalance.

23.4  Emerging Malaria Treatment and Oxidative Stress

Triterpenes, second metabolites of certain plants, are emerging as treatment 
options due to the pleiotropic nature displaying both oxidant and antioxidant 
capacities depending on the prevailing environmental factors. They are thought 
to balance the redox environment in the food vacuole precipitating an unfavour-
able condition that destroys the parasite while reversing the effects and presence 
of pro-oxidant mediators of inflammation, immunological disturbances, hypoxia 
and vascular pathologies.

This chapter presents the interplay of malaria, oxidative stress-induced pathol-
ogy and management of oxidative stress using current and upcoming remedies. An 
overall interplay of the disease process and how the disease environment has a feed- 
forward mechanism that, without intervention, will bring debilitation, morbidity 
and mortality is presented. How the intervention eventually manipulates the disease 
process, through both host and parasite manipulations, towards wellness is enunci-
ated. How pathophysiological manifestations driven by OS during or after success-
ful treatment of infection, which are major causes of high morbidity and mortality 
associated with malaria, may be ameliorated is also explored.
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23.5  Biological Sources of Oxidative Stress and Its Handling 
in Malaria

The natural host defence mechanism when assaulted by Plasmodium malarial infec-
tion responds through the recruitment of phagocytic first-line immune cells that 
combat invasion [18]. Macrophages and neutrophils generate large quantities of 
both reactive oxygen species (ROS) and reactive nitrogenous species (RNS) that 
disrupt the equilibrium naturally existing between pro-oxidants and antioxidants in 
the host systems. The disequilibrium so created results in OS. The OS generated is 
meant to cause the creation of the parasite-killing apparatus for the host but more 
often than not it viciously turns its insults more on the host than the parasite. 
However, OS has been shown to kill or promote killing of the parasite in vitro. P. 
yoelii species were incubated in the presence of glucose and glucose oxidase, and 
H2O2 was produced, which enabled OS capable of killing the parasite. Incubating 
the same parasite species in the presence of xanthine oxidase yielded superoxide 
free radical (O2

•−), which resulted in more oxidative bursts consequently destroying 
the parasites [19]. Malaria-infected hosts (both humans and rats) have, compared to 
uninfected controls, displayed higher oxidative markers in general [20–23]. 
Increased free radicals tend to increase OS in such incidences when compared to 
decreasing antioxidants shown by increased concentrations of malondialdehyde 
(MDA), an important lipid peroxidation marker [24].

Thrombocytopaenia-associated anaemia pathogenesis has been suggested to be 
associated with OS formation as shown by reduced platelets count, superoxide dis-
mutase (SOD) and glutathione peroxidase (GSH-Px) activities, while platelet lipid 
peroxidation was elevated in vivax malaria patients. Platelet lipid peroxidation and 
platelet count display a negative correlation, suggesting the thrombocytopaenia 
pathogenesis, which presents in malaria patients, could arise from the loss of mem-
brane elasticity, increasing brittleness and receptor dysfunction that bring about 
thrombocytes functional impairment [18].

Free radicals are critical in the pathogenesis of rheological changes in malaria 
patients. This understanding may influence negatively iron replacement therapy 
in malaria infected even in the worst degree of anaemia as shown by RBC count 
[25, 26].

23.5.1  Plasmodium Infection-Induced Oxidative Alteration 
in the Host

While generations of free radical species are part and parcel of the organism, an 
antioxidant defence system has been created as well in response to the increasing 
oxidative stress pressures. Antioxidant defence systems evolved naturally to become 
physiological aspect of the organism protecting against damage caused by free radi-
cals and depend on the utilization of cellular and systemic antioxidant reserves. 
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Synthesis of endogenous antioxidant is made up of interlinked systems of enzy-
matic, small molecules and metal chelators, which forestalls or prevents oxidative 
damage of biomolecules. Oxidative species generation or creation is avoided 
through the antioxidant ability to scavenge or reduce oxidants as they self-oxidize 
to form less reactive compounds [27].

By acting directly on some free radicals, the most important enzymatic antioxi-
dant defence systems of glutathione peroxidase (GSH-Px), catalase and superoxide 
dismutase (SOD) reduce their reactivity although they are impotent against the 
highly reactive free radicals chiefly responsible for oxidative pathology processes in 
malaria. Examples of antioxidant-resistant free radicals include hydroxyl and per-
hydryl radicals and peroxynitrite. For an ancillary antioxidant defence system to 
combat the highly reactive free radicals, the body utilizes small molecules.

The group of small antioxidant molecule is large in number to include molecules 
like vitamins A, C and E, β-carotene, uric acid and reduced glutathione (GSH). 
Certain proteins that bind transition metals to prevent them from driving the Fenton 
and Haber-Weiss reactions are essential sources of reactive species. Ferritin, trans-
ferrin, the iron chelator lactoferrin, ceruloplasmin and albumin, which are copper 
chelators, and metallothioneins, armed with thiol groups that bind heavy metals, 
comprise the group of metallo-directed antioxidant [28].

The GSH molecule appears as the most prominent and powerful antioxidant pro-
tecting the eukaryotic cell in the human defence against OS utilizing many different 
mechanisms of action [27]. On the other hand, tumour necrosis factor-α (TNF-α) 
seems to drive OS through the manipulation of GSH homeostasis, which plays a 
crucial role in malaria pathophysiology. The behaviours of TNF-α when injected 
into rats revealed a reciprocal relationship of reduced GSH concentration as com-
pared to the oxidized (GSSG) form in CD4+ and CD8+ spleen T cells [29] which 
point at increased OS whichever way this is observed from. Decreased GSH has 
been reported as well in malaria [27, 30]. In P. vivax infection, there is a generalized 
decrease in several antioxidants to include antioxidant enzymes including glutathi-
one S-transferase (GST) [20, 31]; GSH-Px; catalase; SOD [30, 32]; NADPH- 
methaemoglobin reductase [32]; chelators of heavy metals (desferrioxamine, 
salicylaldehyde isonicotinoyl) [33] and ferritin [30]; vitamins A, E and C, the pro- 
vitamins [34, 35]; α- and β-carotene; lycopene; lutein; and zeaxanthin [36], among 
many.

Lower levels of antioxidant ascorbate correlate with disease severity as com-
pared to elevated levels of urate and ceruloplasmin [37]. Ischaemia-reperfusion syn-
drome (IRS) associated with free radical production in ischaemia or hypoxia may 
be indicated by high concentrations of urate resulting from parasite-induced hae-
molysis and cytoadherence. The severity of parasitaemia is also directly related to 
decreased activity of glutathione S-transferase (GST), once known as ligandin, as 
the enzyme is involved in the reduction of malaria complications and occurrence of 
severe malarial disease [20, 31]. Invariably, disease severity may be indicated by 
estimation concentrations of GST and lipid peroxidation (MDA) and catalase 
activity.
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Acute-phase proteins (APP) are useful markers of severity and the type of inflam-
mation in malaria. With the exception of α1-antichymotrypsin, most APP are sig-
nificantly correlated with splenomegaly. C-reactive protein (CRP) [38–40] and 
α1-glycoprotein (AGP) are key markers of chronic inflammation in malaria [41]. 
When concentrations of albumin, apolipoprotein A1 (ApoA1), transferrin, zinc, 
vitamin A, immunoglobulins G and M, interleukin 10 (IL-10), TNF-α and interferon- 
gamma (INF-γ) were estimated, children with malaria had decreased levels of 
ApoA1 and albumin while IL-10 concentration.

In P. berghei murine malaria infection, significantly increased lactate [42] and 
alanine have been observed in the final stage of severe malaria syndrome as well as 
slightly elevated essential amino acids in the brain [43].

Intriguingly, P. vinkei infection in mice seems to confer protection against ROS 
through the action of the enzymes SOD, catalase, GSH-Px, glutathione reductase, 
NADPH and NADPH-methaemoglobin reductase during the erythrocytic stage of 
malaria [44].

Oxidative stress damage, mediated by polymorphonuclear leukocytes, may be 
reversed by haem-oxygenase 1 (HO-1) and ferritin mRNA induction as well as 
administration of antioxidants catalase, GSH and SOD [30]. Iron chelators (e.g. 
desferrioxamine, DFO) administration in malaria may reverse OS damage through 
inhibition of P. falciparum growth [33].

When mice are infected with P. berghei murine malaria parasite, they develop 
hepatocellular injury and display increased mRNA expression of interleukin-12 
(IL-12), protein 40 (p40), IFN-γ, interleukin-4 (IL-4) and IL-10 with resultantly 
increase in NO synthesis. Anti-IL-12 treatment of such infected animals reduces 
free radical generation indirectly. This prolongs survival and reduces liver damage 
and weight loss but does not reduce parasitaemia, making malaria infection tolera-
ble [45].

In a study of children with uncomplicated P. falciparum malaria, antioxidant 
activity was related to the disease pathogenesis. Acute malaria was linked to low 
plasma antioxidant activity. Fast parasitaemia clearance was found in children with 
highest lycopene concentrations [36].

Riboflavin and other antioxidant substances are adjuncts in drug therapy, as is 
lycopene, and provide reducing power in the parasite food vacuole and against hae-
mozoin formation [46]. Circumsporozoite protein (CSP), an essential component of 
host cell invasion by the parasite, is inhibited by allicin, a cysteine protease inhibitor 
present in garlic which shares the same antioxidant mode of action with riboflavin 
against malaria [47].

23.5.2  Sources of Oxidative Stress in Malaria

There are five sources of OS commonly observed during disease pathophysiology: 
(1) inflammatory reactions initiated as host defence against infection, (2) catalysis 
of transitional metals such as free iron released from haemoglobin after parasitic 
feeding, (3) infection triggered cytoadherence and anaemia that cause 
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ischaemia- reperfusion syndrome, (4) reactive species generated by the parasite 
directly, and (5) antimalarial drug activity during treatment.

Essentially, sources of redox-active materials originate from the human host as 
well as the Plasmodium parasite activities.

During the metabolic processes of the parasite, within the parasitophorous (food) 
vacuole (PV or FV), haemoglobin is broken down to yield amino acids from the 
globin fraction while releasing the haem component with its attending Fe(II) which 
are highly pro-oxidant. However, the preceding steps by the parasite are the detoxi-
fication of the haemoglobin through biocrystallization of the haem to haemozoin 
which is an inert redox-reaction component although a very biologically active one. 
As a result, to disrupt the redox balance, three groups of compounds are generally 
noted to include (1) molecules that bring about the de novo synthesis of ROS and 
thus lead to parasite demise, (2) molecules which impede the activities of redox 
balancing enzymes, and (3) inhibition of formation of molecules that restrict in the 
foraging of pro-oxidant metabolic products like haemozoin.

Oxidative stress depends mostly on the concentrations and functional balance 
between oxidant and antioxidants in the body of which the former may be grouped 
as organic or inorganic (metals) in origin. Human biology is critically anchored on 
metals and their homeostasis which is maintained within very narrow ranges and 
strict regulatory mechanisms of their uptake, how and where they are stored and 
their secretion or excretion from the body [48]. Metal ion transport mechanisms are 
required to keep ions within body compartments engendering life preservations by 
their roles in cellular functions of synthesis, immunology, respiratory, regulatory 
and reproduction such that derangements of metal-ion homeostasis will invariably 
affect some if not all of these processes. Metal-ion homeostasis dysregulation 
invariably results in decompartmentalization of metal ions with random metal bind-
ings to unnatural binding sites which alters protein function triggering oxidative 
deterioration of micro- and macromolecules [49]. A plethora of diseases have been 
associated with metal-ion homeostasis dysregulation and oxidative stress-related 
tissue damage being the underlying cause [50–52].

Iron is one of the most abundant ions in the body where it is found within the red 
blood cell involved in oxygen transport and respiration. Abnormalities of iron 
metabolism are found in either iron deficiencies or overload. Reduced iron avail-
ability will result in impaired iron-containing proteins production, e.g. haemoglobin 
and cytochromes. Cell growth is inhibited with subsequent immature cell death and 
anaemia of iron deficiency [53]. Haemochromatosis, a hereditary disease associated 
with iron overload, results in tissue damage from free radical toxicity [54]. 
Modulation of gene expression may be regulated by metals interfering with signal 
transduction [55] bringing about deregulation of cell proliferation by activating 
transcription factors involved in cell cycle progression and apoptosis [56].

Redox-active metals maintaining the cellular redox state such as iron, copper, 
chromium and cobalt are linked to the generation of free radicals and are maintained 
within strict physiological reference intervals [52, 57]. Redox homeostasis is a phe-
nomenon closely linked to redox-active metals where the latter is involved in metal 
cycling reactions and participate in the transfer of electrons to substrates [58]. 
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Therefore, metal homeostasis disruption may lead to uncontrolled metal-induced 
construction of deleterious free radicals contributing in modifications to DNA, 
increased lipid peroxidation, altered calcium metabolism and sulfhydryl homeosta-
sis [59, 60].

Redox-active metals rejuvenate through redox-cycling reactions; however, 
redox-inert elements have their primary route for detoxification depending on the 
concentration of oxidized-reduced glutathione balance, binding to sulfhydryl groups 
on proteins and other mechanism [61–63].

23.5.3  Host Defence Mechanism Against Plasmodium Infection 
Utilizes Oxidative Stress

Oxidative stress has a bearing in the protection against malaria in infected persons 
through the destruction of the Plasmodium parasite. H2O2 and O2

•− are capable of 
operating autonomously to become cytotoxic agents or be converted to other toxic 
compounds that comprises hydroxyl radicals (OH•), hypochlorous acid (HOCl) and 
peroxynitrite (ONOO−) [21]. Increased ROS production by phagocytes is part of the 
non-specific effectors in the primary host defence arsenal. There is a potential to 
contribute to oxidative damage in the parasite as well as in the host pRBCs, once 
ROS breaches pRBC’s membrane [64]. In the same manner, proteolytic enzymes 
and ROS produced by neutrophils tend to trigger apoptosis of endothelial cells at 
low concentrations and at high concentrations they cause cell necrosis [65]. 
Intraerythrocytic destruction of the parasite by ROS (O2

•−, ONOO−) occurs [23]. 
Endothelial injury is associated with elevated concentrations of cytokines emanat-
ing from activated neutrophils and monocytes in malarial infection. Organ failure 
and severe malaria, therefore, are a result of activation of neutrophils and their 
secreted products that cause both antiparasitic activity and endothelial damage in 
the process [65].

Immune response to malaria is usually insufficient in elimination of some spe-
cies of the Plasmodium parasite and may act in ways that harm the host cell to some 
extent. Inflammatory response is usually necessary as the homeostasis of the host is 
altered to accommodate infection. The cytokine profile proven effective in combat-
ing malarial infection does so through a mechanism that involves T helper lympho-
cytes (Th1) with prevalence of TNF-α, IFN and IL-12 being secreted. On the 
opposite side, Th2 profile which consists of IL-4, IL-5, IL-10 and transforming 
growth factor-β (TGF-β) is seen to aggravate severe conditions of the malarial dis-
ease. Consensus on the correctness of these profiles is rather absent [64, 65] as dif-
ferent cellular responses have their effectiveness in different stages of parasitic 
elimination. The Th1 profile is essential at the initial process of infection and allows 
the host to mount an adaptive response against the parasite which turn to favour 
severe malaria anaemia process as the disease becomes chronic or prolonged. The 
Th2 promotes the clearance of the Th1 response giving way to the adaptive action 
response. Proper activation of these processes is essential to enable parasitic suc-
cumbing of the parasite to the host defences [66].
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Most anti-malaria treatment is based on the participation of ROS/RNS in the 
parasitaemia elimination process and their regulation of the immune system 
response through stimulating or inhibiting production of particular cytokines, or 
transcription factors or even regulate cell death or apoptosis in the manner haeme 
does [67]. When cell death occurs from an internal process without releasing the 
intracellular contents to the extracellular environment, the process is referred to as 
apoptosis. In this process, intracellular contents do not cause damage to the extra-
cellular matrix in a manner different to necrosis. This process is regulated by a 
mitochondrial protein, cytochrome c, among other substances. Under normal condi-
tions, cytochrome c is involved in electron transfer when linked to cardiolipin, a 
phospholipid [68]. The apoptosis process may be activated under stressful condi-
tions through the oxidation of cardiolipin which releases cytochrome c to form com-
plexes with activating proteins of the apoptosis process. Cardiolipin oxidation by 
the hydroxyl radical appears to trigger lipid peroxidation in the apoptosis process of 
the hepatocytes in malaria [69].

Besides lipid peroxidation, NO may play a significant role in eradicating the 
parasite. Despite NO contribution as a free radical in Plasmodium destruction, 
increased concentrations of NO induce immune suppression that may lead to cere-
bral malaria development [70]. Haemozoin, a malarial parasite pigment formed 
from biocrystallization of haem, is well recognized for inducing NO synthesis 
directly by the enzyme nitric oxide synthase (iNOS) in macrophages. Extracellularly 
signal regulation kinase (ERK) and nuclear factor κβ (NF-κβ)-dependent pathways 
are involved in the generation of NO. At liver stage of parasite development, host 
defence mechanism is closely connected to the production of INF by natural killer 
(NK) cells and subsequently synthesized NO [71].

Haemozoin, apart from inducing NO generation, also activates macrophages 
through NO-partially dependent mechanisms [72] and on other ROS/RNS such as 
O2

•− and OH•. Ironically, increasing activities of iNOS in human monocytes are not 
accompanying worsening malaria in P. falciparum-infected individuals [73].

Mice resistant to P. berghei cerebral malaria tend to have enhanced expression of 
cytokines, excluding IL-4 and RANTES, and NO in comparison to susceptible ani-
mals [74]. Increased production of TNF-α by malaria-resistant mice suggests that 
macrophage activation is significantly higher in these animals, which corresponds 
to increased elicit of toxic reactive oxygen intermediates (ROI) and parasite elimi-
nation [75]. Furthermore, free haem stimulates migration of neutrophils and pro-
duction of ROS/RNS by a G-protein-coupled receptor especially the Gα receptor. 
Activation of protein kinase C follows with increasing inflammatory response [76] 
and delay apoptosis [67] and possibly contributes to malaria-induced immune sup-
pression [77].

Oxidative stress and reduction of parasitaemia are correlated with an increase in 
granulocyte-macrophage colony-stimulating factor (GM-CSF). The stimulatory 
activity of the cytokine GM-CSF on granulocytes and macrophages promotes an 
increase in the number and activity of these cells to provide a cellular immunity 
against malaria. When administered alone or in combination with other cytokines, 
GM-CSF has been shown to protect against a number of parasitic infection [78, 79].
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When animals lack or have low activity of GM-CSF, they tend to have impaired 
immune response to blood stage malaria parasitic infections [80]. GM-CSF and 
IL-4 are susceptible to modification by lipid peroxidation from products originating 
from haemozoin released by pRBC rapture, e.g. 4-hydroxynonenal (4-HNE), link-
ing the cytokines to oxidative stress. What more, the two cytokines stimulate the 
differentiation of monocytes that are laden with haemozoin into dendritic cells. The 
monocyte-dendritic cellular differentiation, however, may be inhibited by 4-HNE, 
thus playing an important immune suppression role seen in malaria [81]. 
Additionally, the mechanism seems to be related to the expression of peroxisome 
proliferator-activated receptor gamma (PPAR-γ) in differentiation and maturation 
of dendritic cells laden with haemozoin [72, 82]. Kaur and others have also shown 
another relationship of GM-CSF and NO. Pre-treatment (prophylaxis) of malaria 
parasite-administered mice with GM-CSF and methionine encephalin (TGG) pro-
tects them from developing the disease [79]. Nevertheless, iNOS inhibition increases 
the mortality significantly alluding to the fact that NO conferred protection against 
malaria to some extent and also that the protection is exerted through the GM-CSF/
TGG mechanism with OS a major player.

23.5.4  Nitric Oxide Mediation of Oxidative Stress in Malaria

The characteristics of NO present as a small and simply biosynthesized molecule 
[83], inorganic, colourless, free radical gas, comprising of 7-nitrogen and 8-oxygen 
electrons [84]. Naturally, NO is sometimes beneficial and sometimes harmful [85]. 
New dimensions of interest in NO have demonstrated it as an endogenous molecule 
with essential biological effects. NO reacts with guanylate cyclase in the smooth 
muscle cell to produce vasodilation. The functionally reported aspects of NO 
include blood pressure regulation and maintenance, inflammation and non-specific 
immunity activity, neuronal plasticity, peripheral nervous system and neurotrans-
mission potential. This molecule is also capable of lysing tumour cells [86]. The 
main substrate for NOS, to produce NO, is l-arginine. Inflammatory response by 
macrophages and other immune cells expressing iNOS produces significant quanti-
ties of NO which tend to have lethal oxidative stress capabilities [87]. Endothelial 
NO synthase (eNOS), in the vascular endothelial cells, synthesizes NO that at times 
diffuses into the blood vessel lumen to facilitate red blood cell functions. Hb also 
facilitates the transportation of NO to the vasculature [88].

Notwithstanding being an essential cytotoxic mediator of activated immune cells 
with the capacity to destroy pathogens and tumour cells, NO has a high toxic poten-
tial during OS leading to reactive oxygen intermediates generation leading to anti-
oxidant deficient in certain systems [85].

While the role of NO in erythrocytic stage malaria remains unknown, it plays 
essential role in physiological functions to such an extent that various diseases pro-
cesses are associated with either elevated or reduced NO activity in the body. After 
comparing serum NO concentrations in Plasmodium-infected mice and humans, 
many researchers have concluded that nitrite and nitrate concentration differ 
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insignificantly from controls throughout the blood stage of malaria. These findings 
invariably indicate an inadequate parasite-killing capability of NO as parasitaemia 
differed not in untreated controls to treated individuals [23, 89–92]. The protective 
role of haemoglobin against ROS toxicity has been cited as the reason why NO is 
ineffective in inhibition of the progression of malaria parasitaemia [23]. Furthermore, 
for NO to be able to effectively combat the parasite, concentrations of the gas need 
to reach near saturation point first. In iNOS-/- knockout mice, parasitaemia is 
observed to be similar to that of controls [91] and that NO is not necessary for para-
site eradication in murine malaria [93].

However, other researchers suggest that NO has a protective function against 
erythrocytic stage of malaria as elevated concentrations of NO are seen as essential 
in P. falciparum malaria resolution [66, 94].

The seemingly contradictory findings in NO’s efficacy in malaria is attributable 
to that the physiological gas acts directly and indirectly in malaria resolution. The 
direct antiparasitic effect of NO emanates from the action of peroxynitrite (ONOO-) 
created by the reaction of NO with O2

•−. Indirectly, NO increases immune activity 
through the association of NO and GM-CSH/PPAR-γ and also the interaction of NO 
and increased ROS/RNS.  The gas may also influence the inflammatory process 
directly while indirectly enabling cytokines to activate immune response to malaria.

In the NOS isoenzymes, the dimeric flavoproteins contain tetrahydrobiopterin, 
homologous to cytochrome P450, in an arrangement that distinguishes enzymes 
according to their physiological characteristics. Thus, they are named accordingly 
as inducible NOS (iNOS), endothelial NOS (eNOS) and constitutive NOS (cNOS). 
Location of and cell type NOS is used to identify them namely as NOS1 (cytoplasm 
of neurons) [95], NOS2 (cells of the immune system) [96] and NOS3 (endothelial 
cells) [97]. An important role of NO produced by iNOS through induction by hae-
mozoin has been observed in the killing of Plasmodium parasites [98]. Endothelial 
NOS acts as a blood flow regulator inducing vasodilation, preventing platelet aggre-
gation and inhibiting lymphocytes and monocytes adhesion to the endothelium [86] 
and prevents local ischaemia. Cerebral malaria is prevented in this manner affirming 
the use of exogenous NO as an adjuvant treatment for malaria [99]. Here it improves 
microcirculation, reduces brain inflammation, protects the blood-brain barrier [100, 
101] and decreases oxidative stress. Administration of NO tends to have a prophy-
lactic effect against lung injury in malaria [102].

23.5.5  Redox Reactions of Nitrite and Oxidative Stress 
in Malaria

Nitric oxide synthase is involved in the synthesis of NO which regulates a number 
of cellular activities. The molecule’s strong pro-oxidant capacity is enhanced when 
it reacts with superoxide to produce peroxynitrite (ONOO-). In the presence of O2, 
NO is very unstable and easily forms N2O3 and nitrite which reaction contributes to 
the 500 nM of nitrite in plasma [103]. The concentration of NO entering the RBC is 
limited in this manner. The little amount of NO entering the RBC either reacts with 
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oxyhaemoglobin of which nitrite is the product or irreversibly binds to deoxyhae-
moglobin. This makes the RBC essentially the sink for endothelially generated NO.

Low concentrations of NO on the β-93 cysteine residue of haemoglobin bring 
about the assumption that the RBC may be involved in the transportation of NO to 
the vasculature [88]. Labile bioactive NO may be produced in the RBC from a redox 
reaction involving plasma produced nitrite and deoxygenated haemoglobin at low 
partial pressure of O2. The reaction between nitrite and Hb Fe2+ releases hydroxide 
(OH) ions from the protonated nitrite yielding a nitrosonium cation [104]. Ferric 
iron (Fe(III) and NO are generated when electron transfer occurs from ferrous iron 
to the nitrosonium ion. Affinity for the formed Fe(III) by NO is much lower as com-
pared to the Fe(II); therefore, labile NO is formed from this reaction. Analogous to 
this reaction is the autoxidation process of the redox reaction between ferrous haem 
and O2. However, the former is a more efficient reaction since the nitrosonium cat-
ion is a much stronger oxidizing agent than O2.

By altering the concentration of nitrite, NO production may be regulated by this 
reaction and in a way lessen oxidative stress. Possible oxidative damage may occur 
from the pro-oxidant NO. The labile form is able to leak from the RBC into the 
intravascular compartment where it will provide a source for NO regulation of 
blood flow other cellular functions.

23.6  Haemoglobin, Haemolysis and Oxidative Stress 
in Malaria

The erythrocytic phase of malaria is epitomized by parasitized red blood cell 
(pRBC) and non-parasitized red blood cell (npRBC) breakdown and release of hae-
mozoin (ferriprotoporphyrin IX dimers and monomers [FP]), methaemoglobin and 
parasite proteins. Monocytes and macrophages release cytokines (TNF-α, IL-1β) 
when activated by haemozoin. Free haem yields free radicals with a high potential 
for oxidative damage to both parasites and host cells. Accumulation of free haem is 
one mechanism that chloroquine uses to disrupt plasma membrane structure and 
increase oxidative stress (OS) in Plasmodium. Haemolysis occurs when structural 
and functional changes to the fluid lipid membranes of RBCs have been peroxidized 
by OS.  High concentration of thiobarbituric acid reactive substances (TBARS), 
markers of lipid peroxidation, has been observed in P. falciparum, P. vinckei, P. 
berghei and P. chabaudi pRBCs [105].

Inflammation and OS arise from haemolysis which increases free haeme. Haeme 
is capable of activating neutrophils through chemoattractant signalling. Molecules 
that are able to inhibit this haeme induced migration may be important therapeutics 
in inflammatory arising from either bleeding or haemolytic disorders. 
Mesoporphyrins, which lack vinyl groups in their rings, are such molecules that 
experimentally inhibited haem-induced neutrophil migration selectively [76]. 
Antimalarials that work to promote selective haem-induced ROS tend to find scope 
of development, e.g. a[(aryl)arysulfanylmethyl] Pyridine (AASMP)[106].
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23.6.1  Plasmodium-Infected Red Blood Cell and Oxidative Stress 
in Malaria

The viscosity of blood increases at the epischizogeny developmental stage where P. 
falciparum trophozoites cause changes to the surface of the pRBCs. Consequently, 
there is a development of endothelial cell adhesion antigens as a parasite defence 
against spleen passage, sequestration and destruction [107]. Ironically, the increased 
viscosity and cell adhesion tendencies are the major causes of capillary blockage in 
the kidney, pulmonary and brain, making cerebral malaria the most common cause 
of coma and death in infected children [108]. Ischaemia and hypoxia result from the 
capillary occlusion with more ROS creation, forming an autonomous and self- 
perpetuating vicious cycle.

Changes occurring on the RBC surface include the lipid peroxidation phenome-
non. Parasitized red blood cells encompass huge amounts of monohydroxy deriva-
tive of polyenoic fatty acids (OH-PUFA) in their lipids, indicating possible lipid 
peroxidation from released haem iron [109]. The toxic 12-and 15-hydroxy- 
arachidonic acid (HETE) is a well-known OH-PUFA whose concentration increases 
according to the evolutionary parasite stages.

Moreover, P. falciparum-pRBC connected with premature and accelerated aging 
contribute substantially to the severe malaria anaemia (SMA) [110]. The RBC 
senescence-driven anaemia alters circulatory physiology leading alternate existence 
moments of tissue hypoxia and tissue oxygenation at basal level. In this there is a 
preponderance for ischaemia-reperfusion syndrome (IRS) which generates free 
radical production [28]. Undeniably, amplified lipid peroxidation and oxidative 
stress described in malaria can disturb the membrane of pRBCs and npRBCs and 
also reduce cells deformity, which is linked to increased mortality in malaria. 
Increased cell rigidity has deleterious outcomes such as microcirculation blockage, 
which worsens tissue hypoperfusion, and cell stiffness that leads to removal by the 
spleen fuelling SMA [111]. In P. falciparum infection, however, pRBCs with mature 
trophozoites and schizonts avoid clearance by the spleen through sequestration in 
various organs capillaries. The large number of antigenic variants encoded on the 
surface of the parasite binds to the vascular endothelial receptors in what is called 
the cytoadherence phenomenon [112].

Stimulation of the var gene creates the cytoadherence phenomenon parasite pro-
teins expression on the surface of pRBCs, e.g. P. falciparum erythrocyte membrane 
protein 1 (PfEMP1). The expression of the proteins allows nRBCs to attach to vari-
ous host molecules located in the vascular endothelium which include intercellular 
adhesion molecule type 1 (ICAM-1), platelet endothelial cell adhesion molecule 
(PECAM), vascular cell adhesion molecule (VECAM), hyaluronic acid and heparin 
sulphate bringing about blood flow interruption and damage to the tissues flooded 
by the congested vessels [112, 113]. There are other proteins associated with mem-
brane rigidity of pRBCs such as the histidine-rich protein associated with deformity 
(KAHRP) and erythrocyte membrane protein of P. falciparum 3 (PfEMP3). When 
these parasite proteins are absent, membranes display less altered mechanical prop-
erties [114].

G. A. Mavondo et al.



425

23.7  Ischemia, Reperfusion Syndrome (IRS) and Oxidative 
Stress in Malaria

Sequestration of pRBCs in certain tissues during malarial paroxysm and their 
cytoadherence to blood vessels is the bed rock of IRS conception. Restriction of 
blood flow invariably leads to lower O2 concentration to affected tissues which 
uncouples mitochondrial oxidative phosphorylation with reduced ATP generation. 
Stored cellular ATP consumption follows thereafter with creation of adenosine 
diphosphate (ADP) and adenosine monophosphate (AMP) and finally adenosine. 
Reperfusion may restore ATP from ADP through phosphorylation. Persistence of 
hypoxia leads to irreversible metabolism of adenosine to inosine and hypoxanthine. 
Sodium-potassium ATPase pump fails in hypoxia due to shortage of ATP which 
consequently causes accumulation of Na+ and K+ intracellularly and extracellularly, 
respectively. Increased osmotic pressure and cytoplasmic decompartmentalization 
will result from the occurrence of cellular oedema.

Cytoplasmic decompartmentalization is a cellular distress condition in which 
ions kept in watertight compartments flood the cytoplasm with resultant activation 
of enzymatic systems that should be inactive. Communication processes are thus 
triggered or free radical production is promoted. Calcium ions and Fe2+ become 
important in this situation. Free Ca2+ in the cytoplasm activates the protease calpain 
followed by the breaking of the peptide bond for xanthine dehydrogenase (XD) to 
alter its activity to xanthine oxidase ((XO). Conversion of hypoxanthine to xanthine 
by XO, unlike XD, required O2. In ischaemia, three events take place, mainly: hypo-
xanthine production from ATP, conversion of XD to XO and cytoplasmic decom-
partmentalization. Iron is subsequently released from ferritin into cytoplasm. During 
reperfusion, on the other hand, hypoxanthine metabolism by XO is catalysed by the 
renewed O2 supply with resultant products of xanthine, uric acid, O2

•− and H2O2.
Production of ROS/RNS mainly occurs during reperfusion, where O2

•− and H2O2 
react together in the presence of iron (Haber-Weiss reaction) to yield OH• radical 
that initiates magnification and propagation of oxidative damage.

23.8  Molecular Haemoglobin (Hb) and Oxidative Stress 
in Malaria

There is a continuous exposure of haemoglobin (Hb) to redox reactions which reac-
tions with oxygen (O2) produce superoxide and hydrogen peroxide (H2O2). Ferryl 
haemoglobin is produced when haemoglobin reacts with H2O2 which may degrade 
the haem. Nitrite found in the circulation may react with deoxygenated haemoglo-
bin to produce NO which in turn produces ONOO- when it reacts with superoxide. 
The reactive species produced have both detrimental outcomes (OS) and beneficial 
effects such as of NO endothelial relaxation.

When malaria parasite merozoites invade the erythrocyte, they consume the red 
blood cell cytoplasm, haemoglobin included, to provide source of amino acids, 
toxic reactive oxygen species and free haem. The parasite evades the toxicity by the 
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formation of relatively inert haemozoin from toxic free haem. Intrinsic red blood 
cell redox reactions and methods to increase or inhibit them provide potential tech-
niques that may be utilized to increase parasite toxicity and/or minimize oxidative 
stress experience by the human host in malaria.

23.8.1  Auto-oxidation Redox Reactions and Oxidative Stress 
in Malaria

Reversible binding of O2 to Fe(II)Hb is required during its transportation which is 
accompanied by a slow rate of haemoglobin autoxidation at 3% per 24 hours and 
subsequent superoxide release [115]. There is a quadratic increase in autoxidation 
at reduced O2 pressure as in hypoxia of malaria when Hb is partially oxygenated. 
During reduced O2 pressure, there is a tendency of Hb binding to the red blood cell 
membrane that makes the ROS generated from autoxidation to be in close proximity 
to sites they are inaccessible from antioxidant activity of the cell. This situation 
invariably exposes the red blood cell membrane to ROS damage and/or to their leak-
age out of the red blood cell thus increasing systemic oxidative especially in the 
microcirculation where O2 partial pressure is naturally low [115]. The same phe-
nomenon is amplified in malarial parasite pRBC.

The superoxide from autoxidation undergoes dismutation to H2O2 which initiates 
a secondary cascade of oxidative reactions (Fig.  23.1). In this reaction cascade, 
H2O2 reacts with Fe(II) Hb resulting in the formation of a highly reactive Fe(IV) 

Fig. 23.1 The cascade of primary and secondary haemoglobin oxidative reactions triggered by 
autoxidation [115]
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ferrylHb. A second H2O2 reacts with ferrylHb to yield superoxide radicals which 
attack the porphyrin before it can escape from the haem pocket [116]. A high-spin 
rhombic haem complex [117] with a g = 4.3 electron paramagnetic resonance signal 
is generated as the initially damaged tetragonal geometry haem rearranges. Further 
reaction with H2O2 of the complex causes haem degradation which releases iron and 
the formation of several fluorescent degradation products [116].

Interestingly, red blood cell antioxidant systems do not react with either the 
rhombic haem complex or the fluorescent degradation products which tend to accu-
mulate in vivo initiating the additional oxidative processes that reflect the oxidative 
stress experienced by the RBC [118] which can also occur in malaria. The malaria 
parasite, on the other hand, does not have the antioxidant systems to combat rising 
rhombic haem and uses the conversion of haem to haemozoin as the detoxification 
method.

23.8.2  Haemoglobin Regulation of Redox Reaction in Hypoxia 
of Malaria

When fully oxygenated, Hb is quite stable and the autoxidation rate in negligible. 
However, nitrite may still react with oxyhaemoglobin in a complicated multi-step 
reaction which gives rise to oxidation of both Hb and nitrite. Methaemoglobin and 
nitrate are formed in the process without a direct electro-transfer from haem iron to 
nitrite, which normally requires reduced O2 partial pressure and dissociation of 
some O2 from Hb. While O2 removal is necessary for a direct reaction of nitrite with 
haem iron, distal histidine is essential for both autoxidation and reduction of nitrite. 
The anion nitrite will normally not be able to react with ferrous haem. However, the 
distal histidine is required in the protonation of nitrite as it binds bringing about the 
cleavage of a OH ion and the nitrosonium cation formation that becomes bound to 
Fe(II) haem. In the malarial parasite parasitophorous vacuole, this process is avoided 
by the formation of haemozoin that sequesters the haem molecule away from the 
NO and other oxidizing agents. Coupled by the antioxidant systems of the parasite 
and generation of excess glutathione exported to the host cell cytoplasm, the para-
site is usually safe from oxidative stress until the haemozoin formation mechanism 
is “busted” by antimalarials that infringes on the haem biocrystallization system.

Overall, Hb redox reactions produce reactive species under hypoxic conditions. 
These O2

•−, ferrylhaemoglobin, haem degradation products, free iron, NO and 
ONOO- are some of the products of the redox reactions. Oxidative stress increase 
may be experienced by subjects with malaria due to the reactive species. However, 
treatment for malaria may harness this phenomenon of haemoglobin reactions to 
destroy the parasite preferentially. On the other hand, Hb can be able to attenuate the 
hydrogen peroxide-induced oxidative stress through antioxidative peroxidase 
activity.
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23.9  Haemoglobin Attenuation of Hydrogen Peroxide- 
Induced Oxidative Stress Through Antioxidative 
Peroxidase Activity

Oxidative stress and antioxidant defences are in built with the physiology of life in 
general. The protective role of free and bound Hb is an interesting phenomenon 
against a backdrop of most oxidative damage having been explored. Intravascular 
haemolysis, extravasation of red blood cells and micro- or macroscopic tissue injury 
lead to creation of free Hb. Free Hb consumes NO through the dioxygenase reaction 
and may be involved in vasoconstriction leading to hypertension [119, 120]. Hb 
may react with physiologic oxidant like H2O2 and cause oxidative cell damage 
through its peroxidative properties. In malaria, there is a large intravascular Hb 
exposures which may cause lipid peroxidation and eventual renal lipid peroxidation 
protein modification [121]. Evidence to Hb involvement in kidney parenchymal 
damage is given by the oxidatively modified Hb found in urine excreted by the 
exposed animals [122]. Propagation of inflammatory reactions that enhance cellular 
susceptibility to OS has been reported for free haem, Hb oxidation products or both 
[123, 124].

The reaction that yields oxidative toxicity by Hb and myoglobin (Mb) involves 
Fe(III) and H2O2. Consumption of H2O2 forms radicals that can abstract environ-
mental hydrogen and initiate oxidative damage. Haem-protein reaction in a H2O2 
environment provides an antioxidative protective and oxidative damage which 
needs to be balanced. Extensive haem degradation, α-globin cross-linking and spe-
cific β-globin amino acid oxidation resulting from Fe(II) and Hb reaction have been 
reported [125–127]. In malaria, the extensive Hb liberation from infected and non- 
infected red blood cells haemolysis may have its oxidative effects mitigated through 
the cross-linking reactions that may absorb a significant amount of radical-derived 
oxidative impact protecting the physiological environment. Compatible with the 
protective activity of Hb involvement in the neutralization of haem-associated oxi-
dative processes is the extensive oxidation of Hb, globulin-chain amino acid and 
protein precipitation [125]. In an experiment to measure the effects of glucose- 
oxidase generated H2O2, extensive Hb amino acid oxidation and precipitation sug-
gested that globin acted as scavenger for haem-generated radicals [125]. Hydrogen 
peroxide-Hb-generated radicals oxidized primarily Hb β-globin amino acids Cys93, 
Trp15 and Cs112 with the H2O2 originating from haeme redox cycling process.

The structural consequences of the Hb β-globin amino acid oxidation and forma-
tion of altered haem-protein products find potential substrates in highly redox 
cycling and associated radical-generating vulnerable groups. Lipoproteins and fatty 
acids, e.g. arachidonic acid and fatty acids, which are ubiquitously present in the 
circulation and as part of cell membranes, may be oxidized to generate biological 
active compounds with inflammatory and vasoactive properties. Specific oxidative- 
stress markers, e.g. 4-hydroxynonenol (4-HNE)-modified proteins, are exceedingly 
increased in tissues when animals are exposed to huge quantities of cell-free intra-
vascular Hb. This gives ample evidence that oxidative reactions do take place [121]. 
In vitro, ferric myoglobin (Mb) has been shown to induce toxicity [128].
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In prolonged OS or during extracellular Hb accumulation, small molecular anti-
oxidants, e.g. ascorbic acid and uric acid, become depleted [129], as in malaria, 
making toxicity resulting from reaction of haem-proteins with H2O2 particularly 
essential in dissipating the highly pro-oxidant molecule. Hb and Mb have been 
known to possess pseudoperoxidase activity, and this could introduce a protective 
role of the proteins. The ability of Hb and Mb to degrade H2O2 provides an antioxi-
dant and protective physiological function. The fascinating and multifaceted orga-
nizational variations detected when Hb is exposed to H2O2, and the apparent 
cytoprotective activity of Hb during H2O2 exposure, support a novel protective 
apparatus by which Hb seems to limit cellular insult, contrary to the previously 
reported data with ferric Mb and certain chemically modified Hb [130]. This under-
standing brings to the fore the fact that malarial oxidative stress is a gradual but 
insidious process formatted by a complicity of parasite and human host responses.

Certain mammalian and plant peroxidases have a haem covalently bound within 
the active site of the enzyme which prevents damage to the active site by reactive 
products of the peroxide enzymatic degradation [131–133]. There is a very high 
possibility that Hb uses a mechanism to defend the external cellular environment by 
redirecting the radical burden towards haem adduct development, internalization of 
haem within the protein, haem cross-linking or a combination [125]. In the same 
manner, a mechanism including irreversible oxidative alterations of globin amino 
acids could shield non-Hb substrates and living cells from OS. In certain experi-
ments, shown by spectrophotometric and electron microscopy, data suggested that 
the cyclic redox reactions involving H2O2 and Hb resulted ultimately with destruc-
tion of the molecule. In this perspective, Hb may act as an antioxidant and cytopro-
tective peroxidase.

Typical clinical situations in which large quantities of extracellular Hb could be 
exposed to H2O2 within an inflammation-prone tissue environment might be found 
in atherosclerotic plaques [134] as well as in malaria. In the atherosclerotic plaque, 
macrophages confined to regions of the intraplaque haemorrhage exhibited expres-
sively less oxidative impairment as equated to the cells within the lipid-core area of 
the same plaques. The antioxidant phenotype of the macrophages itself was invoked 
to elucidate the unexpected result. The Hb-rich environment may be a further pro-
tective antioxidant influence.

While the antioxidant effect of Hb in malaria has not been deduced, there is 
plausible hypothesis that the protein may have considerable effect in the ameliora-
tion of oxidative stress in the disease through its ability to decompose H2O2. This 
assertion intones the view of Hb as being only prooxidant as too simplistic. There is 
a plethora of interactions starting with the baseline Hb oxidative status, possible 
structural Hb modifications, presence or absence of specific Hb or haem scavengers, 
e.g. haptoglobin, hemopexin and their respective receptors that determine Hb impact 
in oxidative conditions [135–137] like in malaria. There being many cell types and 
functions, different cell types may have different responses to Hb or its oxidative 
products and adducts. Haem has been recognized as a ligand for Toll-like receptor 
4 (TLR4) and may encourage or drive an inflammatory response in some particular 
cell types [138] like malaria. Consequently, certain pattern recognition receptors 
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display specificity for adducted haem, oxidized Hb, oxidized globin chains or cross- 
linked Hb species. In view of all these factors, the role of Hb in tissue homeostasis 
during inflammation, tissue injury, haemolytic diseases (e.g. malaria) and vascular 
disease are of paramount importance [125].

23.10  Antioxidant Defence Mechanisms in the Malaria 
Parasite

23.10.1  Parasite Sources of Reactive Species

The parasite has ample capabilities of producing free radical just as the host gener-
ates ROS/RNS. These in turn interfere with pRBC’s biochemical and physiological 
functions. Parasites use ROS/RNS as a means for re-invasion of other hepatocytes 
and npRBCs through the weakening of lipid peroxidized membranes.

Aerobic membrane transport systems are a major source of free reactive species 
generation by the Plasmodium. The absence of NADPH-oxidase expression, a free 
radical generation source in macrophages, did not affect the progression of parasi-
taemia in knockout mice for most murine malaria species as compared to controls. 
Therefore, free radical generation could be a result of infection as opposed to respi-
ratory phagocytic burst or both. There is a high likelihood that the parasite is the 
source of OS [139]. To combat its own created oxidative stress, the parasite has a 
plethora of antioxidant defence mechanism.

23.10.2  Antioxidant Defence Mechanisms in the Parasite

In malaria, redox-active metals are readily available from the breakdown of RBCs 
that release free iron-containing haemoglobin which will increase redox reactions 
and free radical generation processes. Oxidative stress from generated ROS or reac-
tive oxygen intermediates (ROI) feeds from the redox-cycling reactions as well as 
from the redox-inert compounds consumption of reduced glutathione and other 
natural antioxidative molecules. Little to reasonable quantities of ROS have advan-
tageous effects on several physiological processes including killing of assaulting 
pathogens, wound curative effects and tissue repair processes [140], and the parasite 
has developed systems for its protection. The early blood stage of the Plasmodium 
is characterized by a continuous cascade gene expression of at least five different 
antioxidant proteins showing the importance of this process in malaria [141]. The 
parasite has also developed mechanism to reduce its own production of ROS/RNS 
while protecting against host-derived oxidative damage. The apicoplast, a symbiotic 
intracellular apparatus near the mitochondria, synthesizes lipoic acid for parasite 
antioxidant defence [142].

The natural redox homeostasis of the Plasmodium depends on the synthesis of 
reduced glutathione (GSH) and the thioredoxin system (Trx)/thioredoxin reductase 
(TrxR) minus the catalase system. Reduction of GSSH is supported by high 
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proportion of Trx/TrxR system in cells that have no glutathione reductase which 
proves to be important in particular parasite stages [143].

The glutathione complex controls the redox status through the glutathione- 
glutathione disulphide (GSH-GSSG) combination which gives the major redox 
couple determining the antioxidant capacity of the cell and works together with the 
active site dithiol-disulphide of thioredoxins (Trxred-Trxox) [144] limiting, to some 
extent, the deleterious effect malaria generated oxidative stress. Furthermore, there 
is the primary enzymatic antioxidants reacting directly with the pro-oxidants (cata-
lase, superoxide dismutase) and the secondary antioxidant which regenerate low 
molecular weight antioxidant species (GSSG-Trx) [145]. Glutathione reductase 
(GSR) and Trx reductase restore the reduced states of GSSG and the Trx-enzymes 
using NADPH-sourced electrons. Intracellular disulphide reduction is also obtained 
by glutaredoxins utilizing GSH [146]. The Trx system comprised of the Trx, TrxR 
and the Trx peroxidase (peroxiredoxin, Prx) together with the GSH system (enzymes 
for GSH synthesis and cycling) protects against ROS-induced damage and other 
detoxification processes in malaria.

Glutathione reductase will emerge as an important antioxidant molecule which 
seems enhanced in malaria patients with elevated pRBCs. This may suggest that a 
significant portion of the increased GSH may be produced by the parasite itself from 
particular cellular compartmentalized sites of the regenerating enzyme [147].

However, export of GSH-conjugated metabolites and xenobiotics from the host 
(and parasite) is necessarily carried out by the GSH efflux transporters and pumps 
[148]. Additionally, GSH is linked to the degradation of unpolymerized ferriproto-
porphyrin IX (FP) which is intended to increase OS in the parasite food vacuole. 
Increase in GSH generation by the parasite may be implicated in increasing chloro-
quine resistance [149]. Resistance of P. vinckei vinckei to artemisinin appears to be 
GSH action-mediated [150]. Also, the Plasmodium falciparum histidine-rich pro-
tein- 2 (PfHRP2) is connected to FP and has antioxidant characteristics that benefit 
the parasite[151].

Vitamin B6 is described as P. falciparum antioxidant molecule with a functional 
uptake system in place. Biosynthesis in the parasite depends on Pdx1 and Pdx2 
which act simultaneously with glutaminase activity. Activation of vitamin B6 
requires phosphorylation by pyridoxine kinase [152] making inhibition of the vita-
min’s synthesis mechanism a potential hit target in malaria.

23.10.3  Handling of ROS by Malaria Parasite (Fig. 23.2)

Disproportionate production of ROS in malaria from free haemoglobin poses prob-
lematic disruption of bodily homeostasis and may cause oxidative tissue damage. 
Accumulative inflammatory processes of untreated malaria, parasitic infection, 
blood flow occlusion-induced ischemia-reperfusion (I/R) injury and ingestion of 
non-steroidal anti-inflammatory drugs (NSAIDs), which is a common practice in 
malaria, result in elevated ROS generation. Oxidative stress components generated 
in malaria include, but not limited to, hydroxyl radicals (OH), ROS, ONOO- and 
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RNS. It is essential to note that ROS pervades all cells, tissues and organs alike in 
malaria.

Aerobic respiration invariably produces O2 metabolites which comprise of super-
oxide anion O2

•− and H2O2. In the process of forming the mentioned metabolites, 
one and two electrons reductions of molecular oxygen (O2) or the extremely reac-
tive hydroxyl radical (‧OH) is experienced via the Fenton and/or Haber-Weiss reac-
tion in the presence of iron abundant in malaria [153]. Naturally, ROS can function 
as a redox-signalling second messenger where H2O2 provides specificity of interac-
tions with signalling process effectors [154]. To combat ROS, P. falciparum mostly 
uses two interacting systems as mentioned above, the GSH and TRX systems [155–
159], which give maximum protection depending on the cellular context, ROS con-
centration and the redox state of the cell [160].

In the malaria parasite and the human host, harmonizing the creation and elimi-
nation of ROS maintains the proper function of redox-sensitive signalling proteins. 
Severe increases of ROS, as seen in malaria, overrun the GSH-TRX systems which 
are linked by redox protein plasmoredoxin [161]. The rapid multiplication of the 
P.  falciparum and the consequent increased metabolic rate with attending large 

Fig. 23.2 The role of thioredoxins and glutaredoxins in the redox network of P. falciparum. 
Shown are only proteins/pathways that have been verified to exist in P. falciparum. The thiore-
doxin system is shown in dark red and the glutathione/glutaredoxin system in amber shades. Wide 
arrows indicate redox reactions, solid arrows indicate GSH-dependent reactions, and dotted arrows 
indicate functions of the systems. NADPH represents the major source of reducing equivalents 
cellular metabolism. Both thioredoxin reductase (TrxR) and glutathione reductase (GR) reduce 
their respective substrates, thioredoxin (Trx) and glutathione disulphide. Trx reduces Trx- 
dependent peroxidases as well as ribonucleotide reductase (RiboR). GR reduces glutathione which 
serves as a substrate for glutathione S-transferase (GST) or glyoxalases (Glx); when used by the 
glyoxalase system, GSH is recycled. GSH also reduces glutaredoxin, which in turn is able to pro-
vide RiboR with electrons. Also plasmoredoxin (Plrx), which can be reduced by glutaredoxin, is 
able to reduce RiboR [167, 170]

G. A. Mavondo et al.



433

quantities of Hb digestion yield amounts of toxic haem iron. Of necessity, the anti-
oxidant defence systems are necessary in the parasite where they play a critical role 
in the P. falciparum parasite and offer themselves as good targets for antimalarial 
interventions that use redox homeostasis [162]. The two P. falciparum NADPH-
dependent redox systems (thioredoxin reductase [TrxR]-thioredoxin [Trx] and glu-
tathione reductase [GR]-glutathione [GSH]) play an antioxidant role against 
hydroxyl radicals and other sources of ROS [163–165]. The four (thioredoxin-
dependent) peroxidases [156, 166, 167] , one glutaredoxin [168], three glutare-
doxin-like proteins and one glutathione S-transferase [169] are small redox-active 
proteins with functional and structural similarities whose failure to reduce H2O2 
may contribute to ROS in the unbalanced redox homeostasis of malaria. Figure 23.2 
[167] shows the interactions of these molecules and functions in malaria and pos-
sible areas of ROS build- up [170].

The different players of the antioxidant processes are given in the following 
sections.

23.10.3.1  Plasmodium falciparum Glutaredoxins (PfGrxl)
PfGrxl is a classical glutaredoxin which possesses an active CPYC12 and has been 
identified in P. falciparum [168, 171]. More so, recombinant PfGrxl has been shown 
to display glutathione-dependent glutaredoxin activity in an assay that uses 
β-hydroxy-ethyldisulphide (BEDS) as reagent. Importantly, PfGrx1 serves as a 
hydrogen donor for the first step in DNA synthesis catalysed by the enzyme ribo-
nucleotide reductase [172]. In vitro P. falciparum trophozoite extracts from eight 
different chloroquine-resistant and chloroquine-sensitive strains displayed the same 
Grx1 activity pointing to a well-preserved protein homology in the malaria 
parasites.

23.10.3.2  P. falciparum Glutaredoxin-Like Proteins
P. falciparum glutaredoxin-like proteins designated PfGLP1 are a second class of 
glutaredoxins, possessing one conserved cysteine residue at their active site [173]. 
An extension of the Grx’s importance has been the detection of 1-Cys Grxs which 
interacts with protein kinase C that has been termed PICOT proteins (protein kinase 
C interacting cousin of thioredoxins) [174]. These proteins possess additional thio-
redoxin or glutaredoxin domains together with a PICOT homology domain. The 
PICOT proteins have a function in the synthesis of Fe/S-cluster protein [175] and 
protein deglutathionylation process in the yeast Saccharomyces cerevisiae [176]. 
There are other GLPs together with PfGLP1 that have been identified, mainly 
PfGLP2 and PfGLP3 which can be found in gametocyte stage [177], merozoites 
stage [168] and trophozoite stage. There also exist Trx-like proteins with the same 
function as thioredoxins but are yet to be verified.

23.10.3.3  P. falciparum Thioredoxin (PfTrx)
The P. falciparum thioredoxin (PfTrx1) provides reducing equivalents to peroxi-
dases and ribonucleotide reductase and is in turn reduced by PfTrxR. Notably, the 
parasite thioredoxin is a better substrate for the human TrxR with a Km of 2mM, kcat 

23 Oxidative Stress in Malarial Diseases: Plasmodium-Human Host…



434

of 3300 min-1 compared to the isofunctional parasite enzyme which has a Km of 
10.4; kcat of 3100 min-1 making it a suitable alternative in malaria where the parasite 
extrudes excess redox balance materials into the cell cytoplasm. Although found in 
other organisms, the non-enzymatic reduction of glutathione disulphide (GSSG) by 
PfTrx, which has a k2 of 650 M-1S-1, is particularly efficient in the malarial parasite 
[178] to allow for excess GSH to be exported out of the parasitophorous vacuole to 
the cytoplasm.

The PfTrx1is involved in the non-enzymatic buffering of ROS by influencing 
sensitivity to H2O2 as has been described for Escherichia coli-related molecule 
[179]. The hydroxyl radical scavenging is one of the functions of the human and E. 
coli thioredoxin (the former being 13 more potent than the latter) which may be 
extrapolated to the malarial parasite one as well. The human Trx is more likely to 
provide important endogenous antioxidant capacity [180]. When coupled with 
NADPH and thioredoxin reductase, Trx reduces H2O2 slowly [181]. The peroxide 
buffering capacity of PfTrx has been demonstrated and is very relevant in the high 
oxidant potential seen in the parasitophorous vacuole. Therefore, the antioxidant 
capacity may contribute to the overall antioxidant activity of the parasite which does 
not possess glutathione peroxidase and catalase [172].

23.10.3.4  Plasmoredoxin (Plrx) and Oxidative Stress in Malaria
A 22-kDa redox-active thioredoxin-like protein has been identified in the P. falci-
parum besides PfTrx named plasmoredoxin (Plrx) which displays high conserva-
tiveness and exclusivity to the malarial parasite [161]. As a member of the 
thioredoxin superfamily but clustering separately from other members in the phylo-
genetic tree, Plrx is reduced in the second-order rate kinetics, by GSH at pH 7.4, 
250C, k of 1.6 M-1S-1, at pH 6.9, k of 0.5 M-1S-1. Also, reduced Plrx reduces GSSG 
at pH 6.9, k of 640 M-1S-1, and provides electrons for ribonucleotide reductase [172]. 
Due to that, Plrx protein has been demonstrated in blood stage malarial parasite 
making the protein a good candidate for immunological and PCR-based diagnostics 
techniques.

23.11  Malaria Infection in the Mosquito and Oxidative Stress

The Anopheles mosquito is the vector responsible for transmitting the Plasmodium 
parasite sporozoites. There is a correlation existing between oxidative stress and 
antioxidant defences that allows the survival of the parasite passaging in the 
vector.

Vector susceptibility to certain Plasmodium species allows the development and 
maintenance in such a way that immunological barriers are trespassed during the 
evolution of the parasite to sporozoite stage. In some species of the Anopheles gam-
biae, there is resistance to parasitic evolution driven by OS. In this process, tyrosine 
is oxidatively converted to melanin [182] unlike in others where the melanin source 
is obtained for the covering of the mosquito ova, thereby exposing the parasite to 
possible sterility [183]. These strains also lack the antioxidant defence mechanism 
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in such a way that even when the catalase mRNA is steadily expressed, there is no 
influence on H2O2 production.

The molecule NO exerts a protective role in the mosquito with parasitaemia 
reduction effects. Glycophosphatidylinositol (GPI), a parasite molecule, induces 
NOS expression in the same way as haemozoin.

Haemozoin changes malaria vector function as there is an inordinate amount of 
blood in acute phases of infection. The molecule induces NOS gene expression in 
A. stephensi and A. gambiae in vitro and in vivo in A. stephensi [184]. In the midgut 
of the mosquito, NO induction is mediated via GPI. Of note, while exerting insulin- 
like signalling, GPI is not insulinomimetic as it requires AKT/PTB activation [185].

In the A. gambiae mosquito, the GSH gene expression is missing which is com-
pensated through the synthesis of TrxR-1 which has glutathione-like activity [186]. 
Glutathione transferase synthesizes GSH in A. cracens, a Thailand malaria vector to 
introduce antioxidant actions [187]. Different redox responses expressed in certain 
mosquitos have the possibility of determining resistance to parasite infection.

23.12  Oxidative Stress and Malaria Treatment

The antimalarial quinine is an active ingredient extracted from the bark of the tropi-
cal tree of the genus Cinchona. Although having been used for over 100 years, 
quinine principle of actions is not well known. However, DNA synthesis inhibition 
is thought to be the most plausible. Use of quinine is now assigned to acute cases; 
otherwise, synthetic drugs and derivatives of acridine and quinoline structures like 
chloroquine and mefloquine have become first-line drugs in current use as combina-
tion therapy. These inhibit haem polymerase preventing haem polymerization to 
haemozoin and subsequently increasing oxidative stress for the parasite through 
generation of free radicals from iron catalysed reactions [187]. Another similar anti-
malarial primaquine destroys the malaria parasite gametocytes.

Basically, the antimalarial therapeutics pharmacological mechanism against 
plasmodium depends on the oxidative susceptibility and inhibition of metabolic 
pathways synthesizing essential molecule(s) for parasite growth. Essentially, most 
molecules used as antimalarials have pro-oxidant characteristics, e.g. chloroquine, 
primaquine and artemisinin. Some drugs produce free radicals directly (artemisinin) 
[188], while others inhibit function of molecule with antioxidant capacities, e.g. 
GSH reductase by quinolones [189].

The most ancient antimalarial plant, Artemisia annua which has been used for 
>2000 years in China, contains artemisinin a parasiticidal agent against blood-stage 
parasite species resistant to chloroquine. When in contact with iron, which is abun-
dant in pRBCs, the drug releases free radicals. Free radical produced by artemisinin 
is effective against the parasite with minimum host damages. The rapid action, low 
half-life of artemisinin (t1/2 = 2.6hrs), quick patient recovery and fast decreases in 
plasma concentration favour parasite recrudesces [190] as some patients may stop 
treatment prematurely. Many have testified that artemisinin depends on oxidative 
stress for its antimalarial action [191–194].
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Elevated lipid peroxidation markers and reduced ascorbate/glutathione have 
been observed in malaria-infected pregnant women as compared to non-infected 
pregnant women. Higher concentrations of lipid peroxidation with more intense 
reduction in GSH and ascorbate in women administered with antimalarials in com-
parison to those not treated have been reported [195]. Of note is the synergism noted 
between metalloporphyrins and artemisinin against chloroquine-resistant P. falci-
parum [196].

Increased antioxidant enzymes and NO expression with induction of lipid per-
oxidation and protein carbonylation have been observed in P. yoelii-infected mice 
treated with pyrimethamine [197]. Antioxidant protein expression by parasites 
seems to be the basis of antimalarial resistance by certain species as early antioxi-
dant gene transcription is associated with adaptive capacity to chloroquine [198]. 
Inhibition of haemo-peroxidase by antifungal drug clotrimazole increases oxidative 
stress in malaria providing a pro-oxidant alternative therapy strategy [199].

23.13  Antimalarial Phytotherapeutics and Oxidative Stress 
in Malaria

Natural products continue to form basis of most modern medicine whether modified 
or not. Different classes of medicinal plants are currently used to manage malaria 
fever, and the mechanism has speculated their ability to be pro-oxidants and antioxi-
dants. Medicinal plants are considered cost-effective and less toxic to human bio-
logical systems. Entry of medicinal plants through the system is mainly through 
fruits and vegetables. After all, the lead compounds used in the current antimalarials 
are from plant materials or natural compounds.

One of the mechanism for antimalarials is the creation or increase of OS; how-
ever, certain plants and their extract have been shown to have a high antioxidant 
content which is associated with interruption of malarial disease processes through 
modulation of cellular signalling pathways as well as inducing parasite death [200]. 
What is exciting about this “anti-disease” and anti-parasitic approach exerted by the 
phytotherapeutics is the schizonticidal effect with minor challenges to host redox 
balance. Piper betle L. leaves [201], Anogeissus leiocarpus [202], Nigella sativa 
seeds [203], Artemisia annua [204], asiatic acid (AC) [205], maslinic acid (MA), 
oleanolic acid (OA) and ursolic acid (UA) have been reported to have efficacy 
against malaria through redox balance mechanism.

A correlation of reduction in P. berghei parasitaemia with increase in total anti-
oxidant capacity, decrease in lipid peroxidation and NO markers has been observed 
in malaria-infected animals administered with Agaricus sylvaticus, a mushroom 
with high antioxidant capacity [206]. Also, the damage caused by antimalarial treat-
ment to the host may be reversed or minimized by administration of antioxidant 
supplements like curcumin [207].
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23.13.1  Terpenes and Oxidative Stress in Malaria

Terpenes are one of the largest groups of compounds of plant-based natural products 
comprising of approximately 30 000 species. Terpenes are divided into monoterpene, 
sesquiterpene, diterpene, triterpene and tetraterpene [208]. A terpene is defined as a 
hydrocarbon molecule and terpenoid is a derivative of a terpene. For simplicity, these 
terms are used interchangeably. Naming these molecules is not short of complexity; 
the isoprene unit is a five-carbon molecule. The single isoprene unit, therefore, rep-
resents the most basic class of terpenes [209]. Monoterpenes (C10) are two-bonded 
isoprene units. Sesquiterpenes contain three isoprene units (C15); diterpenes (C20) 
and triterpenes (C30) contain two and three terpene units, respectively. Tetraterpenes 
consist of four terpene units and polyterpenes contain more than four terpene unit 
[209]. Of interest in this chapter are the antimalarial effects of diterpenes and triter-
penes as they have recently attracted attention due to their widespread biological 
activities. These compounds exhibit hydroxyl, carboxyl, indole, acetoxy and thiol 
functional groups capable of redox reactions tending to alter or influence redox 
metabolism, homeostasis and/or environment with fatal outcomes for the parasite 
while ameliorating disease aspects of malaria [205, 210, 211].

23.13.2  Diterpenes

Diterpenes contain essential oils that is made up of four isoprene units (molecular 
formula: C20H32), which display antioxidants, pro-oxidant, antimicrobial and anti- 
protozoal effects. Several antimalarial diterpenes distributed in various medicinal 
plants provide promising lead/crude compounds for development of new derivatives 
[212]. Caesalpinia crista LINN. (Fabaceae) has previously been used to extract 44 
cassane and norcassane-type diterpenes. Of the diterpenes extracted, norcaesalpin E 
and C-17 norcassane type with acetoxy group at carbon-1 and hydroxyl-group at 
carbon 17 have been shown to have three times more potency than chloroquine 
against malaria parasite in vitro [213]. Introduction of acetoxy group in carbon 1 
and hydroxy group in carbon 17 plays a major role in inhibiting malarial growth 
presumably due to the redox reaction of the anion groups. A recent study by Nondo 
et  al. suggests that plant-derived norcaesalpin D exhibits antiplasmodial activity 
against chloroquine-sensitive, chloroquine (CHQ)-resistant and artemisinin- 
resistant P. falciparum in vitro with less potency (IC 50: 0.98 μm) [214] compared 
to norcaesalpin E (IC 50 0.09 μM) [213]. Sesquiterpenes derived from Acanthella 
klethra can inhibit plasmodial activity and shows no cytotoxic effects on human cell 
lines [215]. Derivatives of natural diterpenes have developed through addition of 
more potent free radical generators which ultimately increase oxidative stress to the 
Plasmodium parasite.

23 Oxidative Stress in Malarial Diseases: Plasmodium-Human Host…



438

23.13.3  Triterpenes and Oxidative Stress in Malaria

Pentacyclic triterpenes (PT) are widely distributed throughout the plant kingdom 
and have been widely used as a natural product against infectious disease such as 
malaria. There are six main types of PTs, and these include hopane, taraxastane and 
friedelane, oleanane, ursane and lupane groups [216, 217]. Oleanane, ursane and 
lupane groups are thought to have more biological activities; thus more research 
focuses on these compounds [216]. Oleanane and derivatives demonstrated high to 
low antimalarial activity which is based on the molecule’s oxidative functional 
groups. Triterpenes display hydrogen donor and hydrogen acceptor characteristics 
(Table 23.1) that allow them potential to participate in redox reactions.

23.13.3.1  Oleanolic Acid (OA) and Oxidative Stress in Malaria 
(Fig. 23.3)

Viola verecunda-derived epi-OA exhibits an IC50 of 0.018  μgmL−1 against 
chloroquine- sensitive D10 strain of Plasmodium falciparum which is comparable to 
that of the artemisinin (0.015 μgmL−1) [218]. These interesting in vitro results still 
warranted verification in vivo. Oral administration of Syzygium aromatic-derived 
OA (160 mg/kg) eliminates malaria parasite after 6 days of infection and chloro-
quine-attenuated malaria after 5  days of infection in male Sprague-Dawley rats 
showing the adjuvant characteristics of the molecule derived from redox capacities. 
Animals administered with this compound displayed lower MDA, indicating 
reduced oxidative stress, while increased activity of the antioxidant enzymes SOD 
and GPx in renal and hepatic tissues was observed as compared to untreated con-
trols or those treated with CHQ [219].

Fig. 23.3 Chemical 
structure of oleanolic acid. 
Molecular weight, 456.7 g/
mol; hydrogen bond donor, 
2; hydrogen acceptor 3

Table 23.1 Chemical properties of the different triterpenes [209]

Compound Hydrogen bond donor Hydrogen bond acceptor
Ursolic acid 2 1
Oleanolic acid 2 3 [218]
Betulinic acid 2 3
Maslinic acid 3 4 [225]
Asiatic acid 4 7 [226]
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23.13.3.2  Maslinic Acid and Oxidative Stress in Malaria (Fig. 23.4)
Antimalarial properties of MA (Fig. 23.1) have previously been determined on P. 
falciparum cell cultures [220]. MA inhibits proliferation of P. falciparum in infected 
red-blood cells, and these results were future validated by use of this triterpene in 
mice models [221]. Studies indicate that proteolytic enzymes as well as the oxida-
tive stress play a role in the development of inflammation [222]. MA exhibits anti-
oxidants properties by decreasing lipid peroxidation and enhancing production of 
antioxidants on diabetic animals [223]. MA also lowered lipid peroxidation and 
increased SOD and GPx in renal and liver tissues of the Plasmodium berghei- 
infected rats [224]. Structure relationship studies offer insight regarding the mecha-
nism of action of this triterpene. The ability of this triterpene to donate 3 hydrogens 
and accept 4 hydrogens gives it an ability to have pro and anti-oxidant properties. 
Additionally, the presence of OH group in carbon 2 of MA is thought to enhance its 
properties when compared to OA [225]. Therefore, the postulated mechanism action 
is as follows: the lipid soluble MA is able to freely diffuse through the infected red- 
blood cell where it acts as an oxidant since the parasite is well known to thrive in an 
antioxidant environment. Notably, MA acts as an antioxidant (anti-disease) in other 
tissues (liver, kidney and hearts) possibly due to pH differences compared to the 
infected RBCs.

23.13.3.3  Asiatic Acid and Oxidative Stress in Malaria (Fig. 23.5)
Table 23.1 indicates that AA is a stronger oxidant and antioxidant compound than 
OA and MA as shown by the higher number of hydrogens that can be donated and 
accepted. Indeed, it has been indicated that treatment of P. berghei with AA (5 mg, 
10 mg and 20mg/kg) significantly reduces parasitaemia [226]. The efficacy of AA 
may be attributed to its strong ability to reduce antioxidant capacity of the parasite 

Fig. 23.4 Chemical 
structure of maslinic acid 
(MA), molecular weight 
472.7 g/mol, donate 3 
hydrogen and accept 4 
hydrogen

Fig. 23.5 Chemical 
structure of asiatic acid 
(AA). Molecular weight 
488.7 g/mol, can donate 4 
hydrogens and accept 7 
hydrogens
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within the pRBCs. The presence of an additional OH group in carbon 4 gives this 
triterpene more efficacy in comparison to its counterparts shown in Table 23.1.

Research also indicate oral administration of AA in streptozotocin-induced 
(STZ) diabetic rats lowers lipid peroxidation to levels close to normal [227], indi-
cating its ability to prevent oxidative stress in the liver and heart tissues. These 
results were also accompanied by increased levels of SOD, CAT and GPx which are 
often low in diabetic rats [227]. Therefore, AA indeed offers the antiparasite and 
anti-disease effects which may be beneficial in malaria patients.

23.14  Conclusion

The host-parasite relationship is a complex system driven by a plethora of activities 
of which oxidative stress plays a critical role as it initiates and exacerbates malarial 
pathophysiology consequently expunging human resistance to the disease. The ori-
gins of ROS/RNS generation implicated in the malarial disease include (i) inflam-
matory host responses to parasitic infection, (ii) activation of Haber-Weiss and 
Fenton reaction from the abundant haem and free iron, (iii) alternating ischaemia- 
reperfusion syndrome cycles which enable oxygen transportation during malarial 
paroxysm and cytoadherence, (vi) parasitic sources of ROS and antioxidant defences 
and (v) effects of pro-oxidant antimalarials. Oxidative stress also drives processes in 
the mosquito affecting malarial transmission. Ultimately, the use of antioxidant 
phytotherapeutics such as triterpenes constitutes an effective adjuvant and/or thera-
peutic antimalarial strategy that protects the host from both malarial parasite and 
treatment oxidative damage.
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Abstract
With advances in genomics, proteomics, and bioinformatics, identification of 
unique parasite-specific metabolic pathways has facilitated development of anti-
leishmanial chemotherapeutics. In view of Leishmania parasites having a com-
promised antioxidant defense mechanism, induction of oxidative stress is a 
universal strategy adopted by conventional antileishmanial drugs with mitochon-
drial dysfunction being the major source of free radicals. However, a limitation 
is that mammalian mitochondria too are inhibited. Therefore, an attractive thera-
peutic option would be compounds like endoperoxides which owing to their 
unusual peroxide bridge mediate parasiticidal activity primarily via generation 
of free radicals. Accordingly, exploring the leishmanicidal potential of endoper-
oxides like artemisinin and ascaridole having established antimalarial and anti-
helminthic properties respectively, was the focus of this study. Leishmania 
proved to be a susceptible target for these free radical generating endoperoxides, 
making this therapeutic modality worthy of future pharmacological 
consideration.
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24.1  Is there a Role for Drug Repurposing in Leishmaniasis?

Drug repurposing or reprofiling has been responsible for 30% of the new drugs and 
vaccines approved by the Food and Drug Administration [1], and as these repur-
posed drugs are typically approved for clinical uses, this process translates into 
significant savings in terms of time and cost. Thus, repositioning of approved 
drug(s) is a particularly attractive strategy for neglected tropical diseases  like leish-
maniasis, a group of diverse diseases that ranges from a life-threatening visceral 
form to multiple dermal manifestations caused by various species of Leishmania. 
An estimated 700,000 to 1 million new cases and 20,000–30,000 deaths occur due 
to leishmaniasis annually, and is endemic in 89 countries with 350 million people 
being susceptible [2, 3]. Owing to the limited R&D resources, the antileishmanial 
arsenal includes several repurposed drugs, e.g., amphotericin B, which was discov-
ered in the 1950s, against threatening fungal and bacterial infections, along with 
miltefosine, which was established in the 1980s to have antitrypanosomal and anti-
neoplastic activities [4–6]. The discovery and development of effective drugs 
against parasitic diseases are challenging due to differences in clinical forms of the 
disease, variable pharmacokinetics, and difficulty in genetic manipulation of some 
parasites. Accordingly, to maximize the chances of success against the Leishmania 
parasite, a practical approach would be to study established antiparasitic drugs, e.g., 
artemisinin, chloroquine etc. [7–10].

24.2  Modulation of the Redox Status of Macrophages

Macrophages upon encountering a pathogen conventionally respond by phagocyto-
sis followed by phagosome-lysosome fusion and generate toxic reactive oxygen and 
nitrogen intermediates to eliminate the engulfed pathogen [11]. The first and fore-
most player among the prooxidants include the superoxide anion (O2

•-) produced by 
NADPH oxidases present in host cell membranes. This molecule marks the start of 
a rampage by free radicals aimed at creating a milieu where the parasite would find 
it difficult to survive (Table 24.1). Nonetheless, the parasite evolves devious strate-
gies to bail themselves out, and therefore, the persistence and proliferation of para-
sites within the macrophages is determined by a balance between the host’s ability 

Table 24.1 Reactive oxygen and nitrogen species encountered by Leishmania within host 
macrophages

Free radicals Host source Stages of infection
Superoxide (O2

•-) NADPHox Phagocytosis
Nitric oxide (NO•) iNOS Amastigotes
Peroxynitrite (ONOO−) O2

•- + NO• Amastigotes
Hydrogen peroxide (H2O2) SOD Promastigotes and Amastigotes
Hypochlorous acid (HOCl) Myeloperoxidase Promastigotes
Hydroxyl radical (•OH) H2O2 Promastigotes
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to sufficiently activate Leishmania-infected macrophages and tenacity of the para-
site to resist the host’s cytotoxic mechanisms [12].

Oxidative burst is a potent signal against pathogens manifested by an enhanced 
production of reactive oxygen species (ROS) intermediates with NADPH oxidase 
and xanthine oxidase being the major sources. Activated intracellular NADPH oxi-
dase reacts with the  substrate NADPH, to reduce oxygen to superoxide (O2

•-). 
Through enzyme catalysis, superoxide dismutase spontaneously converts superox-
ide into hydrogen peroxide (H2O2), hydroxyl radical (OH•-), hypochlorous acid 
(HOCl), and peroxynitrite (ONOO−). Xanthine oxidase is also responsible for the 
synthesis of O2

•-and nitric oxide (NO)  by donating an electron from xanthine to 
oxygen and reducing nitrite to NO, respectively [13; Fig. 24.1].

24.2.1  Leishmania Possesses a Unique Antioxidant Defense

Leishmania lacks two major H2O2-metabolizing enzymes usually present in eukary-
otes, namely catalase and classical selenocysteine-containing glutathione peroxi-
dase, thus rendering the parasites more vulnerable to free radical toxicity [14]. 
Instead, the presence of ascorbate peroxidase (LmAPX) from Leishmania major is 
considered as a potential candidate for scavenging ROS and serves as the central 
redox defense system [15]. Another important difference in African trypanosomes 
and Leishmania is the unique presence of trypanothione, the glutathione-spermidine 
conjugate N1, N8-bis(l-γ-glutamyl-l-hemicystinylglycyl) spermidine [16, 17]. The 
biosynthesis of trypanothione comprises the synthesis of GSH and spermidine, fol-
lowed by their conjugation. Taking into account all the enzymes involved in the 
synthesis and reduction of trypanothione, virtually all components of the Leishmania 
trypanothione pathway are potential drug targets [18–20]. However, drug develop-
ment approaches have focused on two central enzymes, trypanothione reductase 
and trypanothione synthase [21].

24.2.2  Antileishmanials Cause Induction of Oxidative Stress

The parasiticidal activity of antimonials like sodium antimony gluconate (SAG) 
involves increased generation of ROS and NO as studied in murine macrophages 
and modulation of the mitogen-activated protein kinase (MAPK) cascade, resulting 
in enhanced production of TNF-α [22, 23]. Similarly, other antileishmanials such as 
amphotericin B, miltefosine, and pentamidine also enhance generation of free radi-
cals within parasites, along with enhanced membrane permeability and collapse of 
the mitochondrial membrane potential [24–26]. The orally administrable repur-
posed anticancer drug miltefosine mediates its leishmanicidal activity by mitochon-
drial dysfunction including membrane depolarization, cytochrome c release, and 
DNA fragmentation leading to parasite apoptosis [27, 28]. Likewise, amphotericin 
B-triggered the generation of free radicals which led to lipid peroxidation, cell cycle 
arrest, and DNA damage of L. donovani promastigotes [29, 30].
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24.2.3  Endoperoxides and Generation of Free Radicals 
Within Parasites

Organic peroxides generate a major group of ROS as a by-product of carbon- 
centered radicals with oxygen. More than 600 peroxides have been isolated and 
structurally characterized from natural sources, mainly as constituents of the family 
Compositae or Asteraceae. Among different peroxides studied, fatty acid 

Fig. 24.1 Modulation of the redox status of macrophages as a critical survival strategy of 
Leishmania
Leishmania encounter several free radicals inside the host macrophages. Within the macrophages, 
molecular oxygen (dioxygen) following addition of one electron is reduced to superoxide (O2

•-) in 
the presence of activated intracellular NADPH oxidase (NOX), which upon enzyme catalysis in 
the presence of superoxide dismutase (SOD) is converted into hydrogen peroxide (H2O2), which 
further gets converted into hydroxyl (•-OH) and hyp Fochlorous acid (HOCl). Nitric oxide (NO) is 
formed either by xanthine oxidase (XO) or by inducible nitric oxide synthase (iNOS) [13]. The 
parasite employs several sequestering mechanisms by inhibiting these enzymes (—¦) along with 
modulation of  signalling  pathways, e.g., MAPK pathway to ensure its survival within 
macrophages
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derivatives, sesquiterpene endoperoxides, and Quinghaosu have been clinically 
approved as antimalarials. These endoperoxides, a class of heterocyclic compounds, 
contain a peroxide bridge that can partially escape the host’s detoxification systems 
and target the parasite. Both synthesized and natural peroxides have been reported 
to exhibit biological activities [31]. Among naturally occurring peroxides, fatty acid 
derivatives represent a large group of compounds which have been shown to possess 
anticancer activities [32]. Naturally occurring cholesterols and terpenoids identified 
from marine and terrestrial plants exhibited cytotoxic activities against human lung 
carcinoma and colon carcinoma cells [31, 33].

Ascaridole, a bicyclic monoterpene with an unusual peroxide bridge has been iso-
lated from the leaves of Chenopodium ambrosioides, and reported to exhibit anti- 
inflammatory, antifungal, antimalarial, as well as anticancer activities [34–37]. 
Dihydroascaridole, a derivative of ascaridole, showed antimalarial activity against 
Plasmodium falciparum and in mice against Plasmodium berghei [31]. Another ses-
quiterpene endoperoxide artemisinin and its derivatives are clinically used as anti-
malarials. Currently, new artemisinin analogues and/or derivatives are being 
developed, and studies of their structure-activity relationships, antimalarial mecha-
nisms, their interaction with ferrous ions, and the DNA damage associated with 
these processes are being actively pursued. In addition, both ascaridole and artemis-
inin derivatives demonstrated  antiparasitic activities against Trypanosoma cruzi 
[38] and Leishmania amazonensis [39] and anticancer activities against tumor cell 
lines in vitro (CCRF-CEM, HL60, MDA-MB-231) [40].

Endoperoxides affect parasites differently from other prooxidants and are pro-
posed to mediate their mechanism of action by generation of carbon-centered free 
radicals causing damage to cellular biomolecules causing DNA, protein, and lipid 
damage secondary to oxidative stress. The endoperoxide bond present in artemis-
inin and ascaridole is proposed to be activated by reduced heme or ferrous iron 
(FeII), which following reductive scission of the peroxide bridge produced oxygen- 
centered radicals and following rearrangement, produces carbon-centered radicals 
[41, 42 and references therein]. These proved to be cytotoxic, alkylating agents and 
caused damage to cellular organelles [41–43]. The importance of the carbon- 
centered free radicals for mediating the antimalarial action of endoperoxides was 
confirmed by studies using artemisinin derivatives that lacked  the endoperoxide 
bridge and failed to demonstrate antimalarial activity [44]. In Plasmodium, it has 
been postulated that artemisinin may target organelles such as the mitochondrion, 
endoplasmic reticulum, and the digestive vacuoles [45]. However, the precise target 
for the free radicals generated remains open-ended, as unlike conventional prooxi-
dants, one molecule of artemisinin can only generate one free radical, and therefore 
the proportion of oxidant end products does not justify its parasiticidal activity [46].

The bioactivation of artemisinin as an endoperoxide has been proposed with the 
aid of different model systems where hemolytic or heterolytic cleavage of the phar-
macophore leads to formation of primary and secondary radicals which directly 
cause damage to cellular components (Fig. 24.2). Heterolytic cleavage of the endo-
peroxide bridge in artemisinin with subsequent capture of water leads to the forma-
tion of unsaturated hydroperoxides and hydroxyl radical, which is capable of 
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irreversibly modifying protein residues by direct oxidation [47, 48]. On the other 
hand, due to the asymmetrical nature of the endoperoxide bridge, iron was found to 
interact with the peroxide in different ways to produce either a primary carbon- 
centered radical or a secondary carbon. Both primary and secondary radicals were 
efficiently spin trapped by electroparamagnetic resonance spin-trapping techniques 
after being activated by iron [44].

Similarly, the prooxidant action of ascaridole was delineated during the search 
for reasons behind the generation of contact allergy using the essential oils of 
Chenopodium and Melaleuca plants that contains the compound, a bicyclic mono-
terpene having an unusual bridging peroxide. Mechanistically, activation of the 
endoperoxide with Fe(II) was proposed to facilitate cleavage of the O-O bond to 
form oxygenated radicals (Fig.  24.3). Thin-layer chromatography studies have 
shown formation of isoascaridole along with many other diastereomers (DP1–DP5) 
which were further confirmed by NMR spectroscopy [35, 49]. These compounds 
give rise to Michael adducts along with other radical adducts which caused further 
radical-mediated damage [50]. This was also demonstrated in Leishmania tarento-
lae when spin adducts were detected in the presence of ascaridole incubated with 
increasing concentration of Fe2+ [51].

Fig. 24.2 Generation of carbon-centered radicals by artemisinin
Homolytic cleavage in the presence of Fe(II) and heterolytic cleavage with subsequent capture of 
water lead to the formation of 1°, 2°C radicals and unsaturated hydroperoxides, respectively, 
which are capable of irreversibly modifying protein residues by heme alkylation or lipid peroxida-
tion causing protein/DNA damage leading to artemisinin-mediated apoptosis [47, 48]
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In principle, endoperoxides as free radical generators can act against Leishmania 
akin to their mode of action as antimalarials [52, 53]. Indeed, artemisinin and ascar-
idole generated free radicals causing cell death in Leishmania promastigotes [7, 54]. 
Identification of the divalent cation transporter Nramp1 as a host susceptibility gene 
for infections with L. donovani and L. infantum was among the first indications that 
Leishmania is critically dependent on iron availability for intracellular replication 
[55]. It has been reported that Leishmania expresses two membrane proteins that 
play a central role in iron acquisition: (i) LFR1, a ferric reductase which reduces the 
insoluble Fe3+ to soluble Fe2+ and (ii) LIT1, a ferrous ion transporter which is a 
member of the ZIP family of metal transporters [56]. Endoperoxides require low 
molecular iron for initiation of cleavage of their peroxide bridge which is the hall-
mark of their mechanism of action, and as Leishmania can acquire iron from the 
host, it enhanced their vulnerability and selectivity to endoperoxides (Fig. 24.4). 
Exploiting the compromised antioxidant defense of Leishmania, this ‘Achilles heel’ 
enhances the potential of endoperoxides to create a redox imbalance (Table 24.2).

Ascaridole

Fe(II)

Iso-ascaridole (DP1)

Michael adducts
Radical adducts

Cell damage

DP2 DP3

DP4 DP5

Fig. 24.3 Radical formation by ascaridole
Ascaridole is cleaved into carbon-centered radicals in the presence of Fe(II) forming isoascaridole 
and diastereomers which upon transformation into Michael adducts causes cell damage [50, 51]

24 Exploring Endoperoxides as Leishmanicidal Compounds



460

24.3  Mitochondria: A Source or a Target for Free Radicals?

Mitochondria are considered as the cell’s powerhouse being the primary cellular 
source of ATP generated via oxidative phosphorylation [63]. In this process, elec-
trons liberated from reducing substrates are delivered to O2 so as to establish an 
electrochemical gradient needed for driving ATP synthesis. Following the mono-
electronic reduction of O2, the primary ROS generated by mitochondria is superox-
ide anion (O2

•-), which is the precursor of most ROS and a mediator of oxidative 
chain reactions. This formation of superoxide occurs on the outer mitochondrial 
membrane, in the matrix, and on both sides of the inner mitochondrial membrane 
[64].

Fig. 24.4 A proposed mechanism of action for endoperoxides
Endoperoxides upon cleavage of their peroxide bridges generate carbon-centered radicals which 
either cause damage to biomolecules directly or via impacting upon mitochondria leading to mem-
brane depolarization, cytochrome C release along with blockage of the electron transport chain 
leading to an apoptotic-like cell death in Leishmania
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The mammalian mitochondria are composed of four integral membrane enzyme 
complexes and are provided with a robust energy package of 100–1000 mitochon-
dria. This backup is adequate as it ensures compensation of functionally impaired 
mitochondria. However, parasites being unicellular organisms do not enjoy such 
privileges and have to make do with a single mitochondria, whose functioning is 
imperative for its survival. Furthermore, mitochondria of mammalian vs. parasites 
have important morphological and functional differences (Table 24.3), the strongest 
differences being in the respiratory complexes e.g., complex I, which could poten-
tially be a target for the development of antiparasitic drugs [71]. In parasites, 
the complex I is either absent or not very active based on the lack of impact of the 
classical inhibitor rotenone. However, irrespective of the mitochondrial source, 
complex III appears to be responsible for the maximal contribution of the O2

-• [77–
80]. Taken together, efforts are ongoing to validate mitochondria as a potential tar-
get [71, 81].

Established antileishmanials (e.g., miltefosine) as well as plant-derived products 
(e.g., chalcones) have been shown to inhibit specific mitochondrial respiratory com-
plexes, enhance membrane permeability, and trigger collapse of the mitochondrial 
membrane potential which culminate in an apoptosis-like death in Leishmania para-
sites [75, 82; Table 24.4]. Experimental evidence about the exact target in mitochon-
dria has been described for 2-hydroxybenzoic acid that acts on trypanosome 
alternative oxidase in Trypanosoma brucei [128], and chalcones that inhibited the 
fumarate reductase in L. donovani and L. major [75].

Table 24.2 Peroxides as Antileishmanials

No. Name Source Mode of action References
1. Ascaridole Essential oil 

from 
Chenopodium 
ambrosioides

Generation of free 
radicals by cleavage 
of the endoperoxide 
bridge in presence 
of low molecular 
iron

[51, 57]

2. Artemisinin Leaves of 
Artemisia annua

Oxidative stress 
leading to caspase- 
independent 
apoptosis

[7]

3. Analogues of artemisinin Synthesized Presence of 
peroxide bridge

[58, 59]

4. Fluoro-artemisinin derivatives Synthesized [60]
5. Isoascaridole Essential oils 

from C. 
ambrosioides

– [57]

6. Artesunate Artemisinin – [61]
7. Artemisinin and its derivatives 

(dihydroartemisinin (DHA), 
anhydrodihydroartemisinin, and 
seven derivatives from DHA)

Artemisinin – [62]
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A common strand for triggering parasiticidal activity of conventional antileish-
manial drugs like amphotericin B, miltefosine, and pentamidine is collapse of the 
MMP which occurs secondary to multiple factors that include (i) direct inhibition of 
the ETC, (ii) blockade of ATP synthase, (iii) stimulation of uncoupling proteins, 
and/or (iv) permeabilization of the inner membrane [68]. Plant-derived compounds 
like xanthohumol have been shown to exert their antileishmanial activity, secondary 
to inhibition of the mitochondrial electron transfer complexes II–III [73]. This strat-
egy is adopted by several compounds that include albendazole, an alkaloid from 
Peschiera australis [127], azasterols [129], nifurtimox [130], and triazolopyrimi-
dine derivatives [123], among others (Table 24.4).

During normal/unstressed conditions, mammalian cells require only a fraction of 
their mitochondrial bioenergetics capacity. However, when energy demands 
increase, supply is ensured as the difference between the maximal respiratory capac-
ity and basal respiratory capacity, referred to as the “spare or reserve respiratory 
capacity,” is increased. In mammalian cells, this uncoupler-accelerated respiration 
is enhanced by 200% above the basal respiration. However, parasites have a poor 
respiratory reserve; as demonstrated in L. tarentolae, the maximal uncoupled mito-
chondrial respiration was barely above normal mitochondrial respiration [73] and 
thereby parasite vulnerability is enhanced.

The generation of ATP is one of the major functions of mitochondria and depends 
on mitochondrial F0F1-ATP synthase and consequently is a chemotherapeutic target. 

Table 24.3 Morphological and functional differences between mammalian and Leishmania 
mitochondria

No. Features Mammals Leishmania References
1. Number of mitochondria per cell >1000 1 [65]
2. Kinetoplast containing 

mitochondrial DNA
Absent Present [66]

3. Location of mitochondrial DNA In mitochondrial 
matrix

In kinetoplast [67, 68]

4. % of cell volume occupied 20–40 12 [68]
5. Classical complex I of electron 

transport chain
Present Absent [69]

6. Number of NADH dehydrogenase 
subunits

Multiple 1 [70]

7. Ability to use preformed pyrimidines Present Absent [71]
8. Coupling efficiency, respiratory 

control ratio, spare respiratory 
capacity

High Low [72, 73]

9. Dihydroorotate:Ubiquinone 
oxidoreductase

Part of a 
multienzyme 
complex

Present as a 
single enzyme

[71]

10. Acetate:Succinate CoA transferase Absent Present [74]
11. Fumarate reductase (FRD) Absent Present [75]
12. Import of tRNA for 

intramitochondrial protein synthesis
No Yes [76]
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Table 24.4 Antileishmanial drugs that impact on parasite mitochondria

No. Compounds
Type of 
compounds Target

Effect on 
mitochondria References

1 Quinoline derivatives Natural Leishmania 
amazonensis

Loss of 
mitochondrial 
membrane potential 
(MMP), swelling, 
ultrastructural 
changes

[83]

2 Flau-A [2-(2,3,4-tri-O- 
acetyl-6-deoxy-β-l- 
galactopyranosyloxy)-
1,4-naphthoquinone], a 
naphthoquinone 
derivative

Natural L. infantum Depolarization of 
mitochondrial 
membrane potential

[84]
L. 
amazonensis

3 Anthracene compounds Synthetic L. tarentolae Generation of 
superoxide, 
decrease in oxygen 
consumption

[85]

4 Essential oil from 
Chenopodium 
ambrosioides

Natural L. tarentolae Increased 
mitochondrial 
superoxide and 
impaired coupling, 
mitochondrial 
membrane 
depolarization

[54, 57]
L. 
amazonensis
L. infantum

5 Kalsome TM10 Synthetic L. donovani Depolarization of 
MMP, disruption of 
mitochondrial 
integrity, depletion 
of ATP

[29]

6 Fruits of Sapindus 
saponaria L.

Natural L. 
amazonensis

Ultrastructural 
changes, 
mitochondrial 
membrane 
depolarization

[86]

7 Phthalimido-triazole 
derivatives

Synthetic L. infantum Swelling, loss of 
MMP

[87]

8 Edelfosine Synthetic L. 
panamensis

Kinetoplast DNA 
cleavage, 
translocation of 
F0F1-ATP synthase

[88]

9 Perifosine Synthetic L. 
amazonensis

Loss of MMP, 
decreased ATP 
levels

[89]

L. donovani
10 A3K2A3, a 

dibenzylideneacetone
Synthetic L. 

amazonensis
Swelling, depletion 
of ATP

[90]

(continued)
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Table 24.4 (continued)

No. Compounds
Type of 
compounds Target

Effect on 
mitochondria References

11 Xanthohumol and 
resveratrol

Natural L. tarentolae Decrease in oxygen 
consumption, 
inhibition of ETC 
complexes, loss of 
MMP

[73]

12 Plumbagin, a plant- 
derived naphthoquinone 
metabolite

Natural L. donovani Generation of 
superoxide, loss of 
MMP, depletion of 
ATP

[91]

13 Sesquiterpene 
(−)- αbisabolol

Natural L. major Loss of MMP, 
mitochondrial 
swelling

[92]
L. tropica

14 Phytol-rich hexane 
fraction (PRF) from the 
leaves of Lacistema 
pubescens

Natural L. 
amazonensis

Mitochondrial 
membrane 
depolarization

[93]

15 Apigenin Natural L. donovani Swelling, decrease 
in mitochondrial 
membrane potential

[94]

16 Strychnobiflavone from 
Strychnos pseudoquina

Natural L. infantum Depolarization of 
the mitochondrial 
membrane potential

[95]

17 Nemorosone and 
guttiferone A

Natural L. tarentolae Inhibition of ETC 
complexes, decrease 
in mitochondrial 
respiration, 
generation of 
superoxide

[96]

18 Fractions from 
Arrabidaea chica

Natural L. 
amazonensis

Swelling [97]

L. infantum
19 Melatonin Natural 

hormone
L. infantum Inhibition of ETC 

complexes, 
increased 
mitochondrial 
nitrite levels

[98]

20 Clerodane diterpene 
(K-09)

Natural L. donovani Impairment of ATP 
production, 
depolarization of 
mitochondrial 
membrane, release 
of cytochrome c

[99]

21 5′-Trityl-substituted 
thymidine derivatives

Synthetic L. infantum Alterations in 
mitochondrial 
transmembrane 
potential, generation 
of superoxide

[100]

(continued)
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Table 24.4 (continued)

No. Compounds
Type of 
compounds Target

Effect on 
mitochondria References

22 2,2-dipyridyl, an iron 
chelator

Synthetic L. (Viannia) 
braziliensis

Decrease in 
mitochondrial 
membrane potential

[101]

23 Nitazoxanide, a 
nitrothiazolyl- 
salicylamide derivative

Synthetic L. infantum Enlargement and 
progressive swelling 
of mitochondria, 
loss of MMP

[102]

24 LQB-118, a 
pterocarpanquinone

Synthetic L. 
amazonensis

Decrease in MMP [103]

25 Itraconazole and 
posaconazole

Synthetic L. 
amazonensis

Collapse of MMP, 
ultrastructural 
alterations in the 
mitochondrion

[104]

26 Benzaldehyde 
thiosemicarbazone

Synthetic L. 
amazonensis

Generation of 
superoxide, 
mitochondrial 
membrane 
depolarization

[105]

27 Geranylgeraniol Natural L. 
amazonensis

Generation of 
superoxide, 
swelling

[106]

28 Epigallocatechin-3- 
gallate (EGCG)

Natural L. 
amazonensis

Mitochondrial 
membrane 
depolarization, 
swelling

[107]

29 Tomatidine Synthetic L. 
amazonensis

Swelling, loss of 
MMP, ATP 
depletion

[108]

30 Quercetin Synthetic L. 
amazonensis

Loss of MMP [109]

31 Chromanol 
derivatives from Cuban 
propolis extracts

Synthetic L. 
amazonensis

Inhibition of ETC 
complex III, loss of 
MMP

[110]

L. tarentolae
32 Benzophenone-derived 

bisphosphonium salts
Synthetic L. donovani Inhibition of ETC 

complex II, loss of 
MMP

[111]
L. pifanoi

33 Tafenoquine Synthetic L. donovani Depletion of ATP 
levels, 
mitochondrial 
membrane 
depolarization, 
inhibition of ETC 
complex III

[112]

34 Berberine chloride Natural L. donovani Mitochondrial 
membrane 
depolarization

[113]

(continued)

24 Exploring Endoperoxides as Leishmanicidal Compounds



466

Table 24.4 (continued)

No. Compounds
Type of 
compounds Target

Effect on 
mitochondria References

35 2,6-dimethyl-4-(3-O- 
benzyl-1,2-O- 
isopropylidene-beta-l-
threo-pentofuranos-4- 
yl)-1-phenyl-1,4- 
dihydro- pyridine-3,5- 
dicarboxylic acid 
diethyl ester, a glycosyl 
dihydropyridine 
analogue

Synthetic L. donovani Depolarization of 
MMP

[114]

36 Nimodipine Synthetic L. chagasi Enlargement of 
mitochondria

[115]

37 Ethanolic extract of 
leaves of Piper betle 
(Paan) Linn

Natural L. donovani Depolarization of 
mitochondrial 
membrane potential

[116]

38 3,3′-Diindolylmethane 
(DIM)

Natural L. donovani Inhibition of 
F0F1-ATP synthase, 
decrease in ATP 
levels, loss of MMP, 
inhibition of ETC 
complexes

[117]

39 Human antimicrobial 
peptide (Histatin 5)

Natural Leishmania Decrease of 
mitochondrial ATP 
synthesis

[118]

40 Aloe vera leaf exudate Natural L. donovani Loss of MMP, 
release of 
cytochrome c

[119]

41 Artemisinin Natural L. donovani Loss of MMP [7]
42 Sterol methenyl 

transferase inhibitors
Synthetic L. 

amazonensis
Ultrastructural 
changes in the inner 
mitochondrial 
membrane

[120]

43 Miltefosine Synthetic L. donovani Loss of MMP and 
release of 
cytochrome c

[27]

44 Dinitroaniline 
sulfonamides

Synthetic L. donovani Loss of MMP [121]
L. mexicana

45 3-substituted quinolines Synthetic L. chagasi Swelling [122]
46 Pt/Ru-Triazole- 

pyrimidine complexes
Synthetic L. donovani Ultrastructural 

changes in the inner 
mitochondrial 
membranes

[123]

47 Polyamine derivatives Synthetic L. infantum Loss of MMP [124]
48 3-(biphenyl-4-yl)-3- 

hydroxyquinuclidine 
(BPQ-OH)

Synthetic L. 
amazonensis

Swelling, 
ultrastructural 
changes

[125]
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The F0F1-ATPase in Leishmania spp. consists of two oligomeric components F0 and 
F1, the former being an integral membrane protein that contains the proton channel, 
whereas the latter is a peripheral membrane protein [131]. Importantly, ATP synthe-
sis requires both F0 and F1 components, and to generate ATP from this chemios-
motic gradient, presence of a proton impermeable inner mitochondrial membrane 
and a functional complex V (ATP synthase) is necessary. Therefore, compounds 
capable of inducing oxidative stress by generating free radicals can impact on the 
mitochondrial membrane potential and have a deleterious effect on the F0F1-ATPase. 
Indeed, in plant-derived antileishmanial compounds like camptothecin and 3,3′-diin-
dolylmethane (DIM), the depolarization of MMP and inhibition of complex V, F0F1-
ATP synthase decreased levels of ATP [68 and references therein].

24.4  Endoperoxides Cause Minimal Mitochondrial 
Dysfunction

With regard to ascaridole, there was minimal involvement of the mitochondria in 
mediating its leishmanicidal activity, as evidenced by its inability to act as an uncou-
pler, except upon prolonged incubation and at higher doses. Furthermore, it was 
unable to inhibit oxygen consumption, indicating its minimal impact on the mito-
chondrial ETC [51, 54]. Similarly, artemisinin demonstrated a minimal inhibitory 
effect on the mitochondrial ETC, as it did not increase oxygen consumption and 
showed no immediate uncoupling effect, collectively endorsing its minimal impact 
on mitochondria [132].

24.5  Conclusion

Antileishmanial therapy remains challenging largely because of the disease com-
plexity coupled with the ongoing problem of resistance and drug toxicity emphasiz-
ing the need for identifying new compounds. One of the characteristic features in 
the process of drug development is target identification, and in view of trypanoso-
matids phylogenetically branching out quite early from higher eukaryotes, signifi-
cant differences in their cell organization have been exploited. Indeed, this has 
translated into the identification and validation of potential targets in Leishmania 

Table 24.4 (continued)

No. Compounds
Type of 
compounds Target

Effect on 
mitochondria References

49 Phenyl-phenalenone 
phytoalexins from the 
Musa acuminata

Natural L. donovani Inhibition of FRD [126]

50 Indole alkaloid from 
Peschiera australis

Natural L. 
amazonensis

Ultrastructural 
alterations

[127]

51 Chalcones Synthetic L. donovani Inhibition of FRD [75]
L. major
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that include enzymes of the thiol metabolism pathways, cell cycle, and DNA repli-
cation, as well as proteins and biomolecules critical for their survival and virulence 
[133, 134]. Naturally occurring and synthetic endoperoxides exhibited promising 
antiparasitic activities based on their potential to be potent free radical generators, 
without impacting majorly on mitochondrial function [135], and therefore, further 
studies to delineate the in vivo efficacy of endoperoxides are warranted.
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Abstract
Microbial infections remain to be one of the main causes of mortality and the 
culprits behind these infections are biofilm-forming multiple drug-resistant 
strains of bacteria. Biofilm are the surface attached, three-dimensional structure 
of heteromorphic microbial communities embedded in self-producing extracel-
lular polymeric substances (EPSs). Biofilm-associated bacteria exhibit several 
antibiotic-resistance mechanisms; antibiotic penetration, efflux of the antibiotic, 
and EPS production are the main mechanisms of antibiotic resistance as they 
deny drug access to the cell interior. Due to the severity of biofilm-related infec-
tions, there is an urgent need to explore novel approaches like photodynamic 
therapy (PDT) to circumvent this increased resistance. PDT employs a nontoxic, 
light-sensitive dye called photosensitizer (PS), and harmless visible light of 
appropriate wavelength to match the absorption peak of the PS in presence of 
oxygen-rich environment produces a phototoxic response. PDT appears the most 
promising alternative methodology against multidrug resistance and biofilm-
related infections.

Keywords
Antimicrobial resistance · Biofilm · Photodynamic therapy · Type I and Type II · 
Reactive oxygen species

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8763-0_25&domain=pdf
mailto:asad.k@rediffmail.com
mailto:asadukhan72@gmail.com


478

25.1  Biofilm

Earlier bacteria have been regarded as unicellular organism growing in homoge-
neous planktonic free-floating populations. They are able to grow, divide, sense, and 
adapt to environmental changes. Despite their self-sufficiency, bacteria communi-
cate with neighbors to carry out cooperative activities such as biofilm development, 
bioluminescence production, and exoenzyme secretion. The rediscovery of a micro-
biological phenomenon was first described by Anton van Leeuwenhoek, who 
scraped the plaque biofilm from his teeth and observed the “animalculi” that pro-
duced this microbial community with his primitive microscope [1]. However, the 
general theory of biofilm predominance was not appreciated until 1978. The exis-
tence of biofilm was well-known for a long time, but the comprehensive research 
began from the 1980s [2]. Microbial biofilm is an assemblage of sessile microbial 
communities that is irreversibly associated with substratum and embedded in the 
pool of self-produced extracellular polymeric matrix consisting of proteins, poly-
saccharides, and nucleic acids [3]. Biofilm-associated bacteria differ from their 
planktonic counterparts with respect to growth rate and gene transcription because 
embedded bacteria experience a different microenvironment with higher osmolar-
ity, nutrient limitation, and higher cell density. The three-dimensional structure of 
biofilm formation is a dynamic process with heterogeneous bacterial communities. 
Biofilm is formed to capitalize on energy, communication, and special arrangement 
and to maintain the community of microorganisms. Bacteria living within the bio-
films are protected from environmental stress, such as desiccation, antimicrobials 
attack by the immune system, and protozoa ingestion; hence this architecture proves 
to be superior over planktonic bacteria [4]. The fluidity of biofilm is due to the for-
mation of void and water channels which help in the uptake and flow of nutrient and 
oxygen and elimination of harmful metabolic by-products [5]. Coordination within 
the biofilm bacteria occurs through a cell-to-cell communication called quorum 
sensing. Quorum sensing is an intracellular response of high population density due 
to the accumulation of signaling compound in the extracellular environment which 
regulates the expression of specific genes. Many bacterial species use QS to coordi-
nate the disassembly of the biofilm community [6].

25.2  Photodynamic Therapy

Photodynamic therapy (PDT) is a light-based treatment for cancer and infectious 
diseases. PDT involves delivering visible light of appropriate wavelength to excite 
nontoxic photosensitizers (PS). This sensitization reaction occurs in an ambient 
environment which may be oxygen rich. The excitation occurs when the wavelength 
of the applied light overlaps with the absorption spectrum of the PS. These nontoxic 
photoactivatable dye or photosensitizer (PS) absorbs the photons of light of the cor-
rect wavelength to excite the PS.  After excitation, PS from excited singlet state 
converts to a long-lived triplet excited state. Reactive triplet-state photosensitizers 
transfer this energy to surrounding oxygen molecules that results in the formation of 
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reactive oxygen species (ROS). These reactive oxygen species are highly toxic and 
consequently damage the microbial cell by targeting membrane lipids, proteins, 
nucleic acids, and other cellular components [7].

25.2.1  History of Photodynamic Therapy

Light has been used as therapy for more than thousands of years. Ancient Egyptian, 
Indian, Greece, Rome, and Chinese civilizations used light to treat various diseases, 
including vitiligo, psoriasis, rickets, and skin cancer [8]. The utilization of sunlight 
as a therapeutic agent was introduced in ancient Greeks. Heliotherapy, the whole 
body sun bath or exposure for the treatment of disease, was well familiarized in the 
olden days. The famous Greek physician Herodotus was regarded as the father of 
heliotherapy and emphasized the importance of sun exposure for the restoration of 
health [9]. It disappeared for many centuries but reemerged recently; the therapeutic 
effects of sunlight in medicine were rediscovered by the Western civilization through 
Arnold Rikli, Oscar Raab, Niels Finsen, and Herman von Tappeiner [10]. In the 
eighteenth and nineteenth centuries, Danish physician Niels Finsen further devel-
oped “phototherapy” or the use of light to treat diseases. He successfully treated 
small pox using red light and cutaneous tuberculosis using ultraviolet light and 
developed the use of carbon arc phototherapy for which he was awarded a Nobel 
Prize in 1903 [11].

The PDT concept of using a dye as a PS in the photodynamic process was devel-
oped by Oscar Raab, a medical student working with Professor Herman von 
Tappeiner in Munich. He accidently discovered the combination light and acridine 
red that had the adverse effect on paramecium while performing the experiment 
during a thunderstorm. He identified the effect caused by fluorescent compound 
acridine in the presence of light and without light this compound showed no adverse 
effect on paramecium [12]. He hypothesized that acridine dye converts light into a 
form of active chemical energy, which was a finding that formed the basis of 
PDT. After this finding, von Tappeiner predicted the promising application of com-
pounds of fluorescent type in the clinical use [13]. Later in 1905, von Tappeiner, in 
coordination with a dermatologist named Jesionek, treated skin tumors with topi-
cally applied eosin and white light. They described this phenomenon as “photody-
namic action,” and they discovered that oxygen is required in photosensitization 
reactions [14, 15]. In the current scenario, photodynamic therapy has been success-
ful in trial and is also approved for clinical application (Fig. 25.1).

25.2.2  Mechanism of Photodynamic Therapy

Photodynamic therapy involves the use of a nontoxic light-sensitive dye called a 
photosensitizer (PS) combined with harmless visible light of appropriate wave-
length to match the absorption spectrum of the PS. These are individually harmless 
components but when combined result in the formation of reactive oxygen species 
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(ROS). PS are usually aromatic molecules and have molecular structures that are 
typified by conjugated double bonds containing a delocalized system of π electrons 
[17]. In its ground (singlet) state, the electrons of the PS are spin paired in low- 
energy orbitals. When a photosensitizer absorbs a photon of light corresponding to 
the absorption peak of the PS, an electron in the highest occupied molecular orbital 
(HOMO) of the PS is excited to the lowest unoccupied molecular orbital (LUMO). 
The elevation of the photosensitizer from ground (singlet) state (S0) to an unstable, 
very reactive, and short-lived excited singlet state (electron spins paired). In this 
state, several processes may rapidly occur. The excited photosensitizer molecule 
can release its energy via different electronic or physical processes (intersystem 
crossing) and return to the stable ground state. It can lose energy either by fluores-
cence or by phosphorescence. The excited electron from the excited singlet state 
(S1) returns back to the ground state (S0) by losing the absorbed energy via fluores-
cence (S1 → S0) through internal conversion system. The lifetime of conversion of 
singlet state to ground state by fluorescence is 109–106 s. Another most important 
process is spin reversal; in this process reversal of the excited electron’s spin takes 
place, known as intersystem crossing, to give the triplet state of the PS. This excited 
triplet state has a longer lifetime and is less reactive than the excited singlet state. 
Now the excited electron spins parallel to its previous paired electron, and it may 
not be able to return to its lower energy level according to Pauli exclusion principle. 
In alternative phosphorescence, the electron from triplet state may change its spin 
orientation and emits its energy in the form of phosphorescence; it is relatively a 
slow process. Apart from phosphorescence, excited triplet state of PS may interact 
with molecular oxygen. According to the selection rules, triplet state are spin 
allowed with triplet state while triplet state are spin-forbidden with that singlet state. 
So, the triplet state of PS can react with molecular oxygen because ground elec-
tronic state of oxygen is a triplet [18]. The two outermost orbital of oxygen are 
unpaired and spin parallel and this excited triplet photosensitiser can react further 
by one or both the pathway known as the type I and type II photo chemical reaction 
[19] (Fig. 25.2).

The type I reaction involves electron transfer or sometimes with proton donation 
from the triplet-state photosensitizer to the ambient substrate (unsaturated mem-
brane phospholipids or aminolipids) to produce lipid-derived radicals or hydroxyl 
radicals (HO•) derived from water. These radicals can further react with oxygen to 
produce reactive oxygen species such as superoxide, hydroxyl radical, and hydro-
gen peroxide. These radical can cause lipid peroxidation leading to cellular damage 
and cell death [20]. Hydroxyl radical (•OH) is considered as the most reactive 
among the three, and it is a strong electrophile. H2O2 is less reactive, and O• − 2 is 
considered as least reactive because O• − 2 may be converted into H2O2 and O2 by 
superoxide dismutase. H2O2 shows its reactivity when it reacts with ferrous ion, 
known as Fenton reaction [21].

 H O Fe OH OH Fe2 2 2
3+ + → −+ + +•  
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H2O2 is also converted into water and oxygen by catalase, while •OH is not degraded 
by any enzymatic pathway; it may be quenched by some antioxidants like glutathi-
one and ascorbic acid.

Type II reaction involves energy transfer from the triplet-state PS to ground-state 
(triplet) molecular oxygen to produce excited singlet-state oxygen, which is respon-
sible for the oxidation of various cellular constituents [17]. The Type II reaction 
involves in flipping the spin of the two outermost unpaired and parallel spin electron 
of oxygen and shifting it into one orbital, which in turn leaves one orbital entirely 
unoccupied known as singlet oxygen (1O2). This is extremely reactive, short-lived, 
and electronically unstable species and is not considered a radical as its electrons 
are spin paired which is against Hund’s rule. The 1O2 Σg form of singlet oxygen is 
too short-lived; it is the 1O2 Δg form that is involved in photodynamic response [22]. 
1O2 can react with sulfur moieties, double bonds, and aromatic components of mac-
romolecules. Singlet oxygen is known to modify guanine residue selectively and 
few stand break and site of base loss (AP site), the major product of base modifica-
tion caused by singlet oxygen is 8-hydroxyguanine (7,8- dihydro-8-oxoguanine) 
[23]. The susceptibility of proteins is due to double bond or sulfur moieties; sulfides 
are generally oxidized to sulfoxides, while disulfides react to form thiolsulfinates 
[24, 25]. Singlet oxygen reacts with unsaturated lipids to form lipid hydroperoxides 
and with the aid of ferrous iron can play an important role in initiating free radical 
chain reactions [26].

Many biological molecules such as proteins, nucleic acids, and lipids contain 
these components and can easily be oxidized by 1O2 [27, 28].

Fig. 25.2 Mechanism of photodynamic therapy
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25.2.3  Effect of Photodynamic Therapy

Low levels of superoxides and hydrogen peroxides are normally produced by the 
cells as a consequence of aerobic respiration and metabolism; these are neutralized 
by the antioxidant defense (superoxide dismutase (SOD) and catalase) system with-
out causing any damage. However, higher concentrations of these ROS may over-
come these defenses. Small amounts of hydroxyl radical (•OH) and singlet oxygen 
species may prove lethal, especially to microorganisms because organisms do not 
have adequate defenses for these ROS. Membrane lipid is the major site of action by 
ROS by readily attacking the polyunsaturated fatty acids. The pathway of lipid per-
oxidation is illustrated in Fig. 25.3. Lipid peroxidation is a self-propagating chain 
reaction; if only few lipids are initially oxidized, it results into significantly large 
tissue damage [30]. These three (O−2, •OH, and H2O2) species together with unsta-
ble intermediates from the peroxidation of lipids are responsible for many diseases 
such as Alzheimer’s, Parkinson’s, atherosclerosis, myocardial infarction, and auto-
immune diseases during oxidative stress condition [31]. The major by-product of 
high-energy ionization of water molecules and from Fenton reaction cascade pro-
duces •OH radicals; this radical is an extremely aggressive oxidant, and it can 
degrade various biological molecules and impair their proper functioning.

 
H O OH H e H O2 aq 2 2→ + + →−• • •  

Fenton reaction

 Fe H O Fe OH OH2
2 2

3+ + −+ → + + •  

Singlet-state oxygen is deemed to be one of the most damaging ROS. It is a very 
reactive species form of oxygen and can react with its environmental biomolecules 
in the cell, such as peptides, nucleic acids, and phospholipids causing the destruc-
tion of target cell.

25.2.4  Broad-Spectrum Antimicrobial Activity

Photodynamic therapy is used to treat various types of infection that include bacte-
rial, fungal, viral, protozoan, or even parasitic. The advantage of the broad spectrum 
exhibited by PDT is that it could be used to treat localized infection before identify-
ing the microbes. It was reported that BODIPY photosensitizers at nanomolar con-
centrations and short illumination times are sufficient to reduce clinically relevant 
microbes, including gram-positive, gram-negative, and drug-resistant bacteria, as 
well as pathogenic yeast and viruses [32]. It has been reported that neutral, anionic, 
and cationic photosensitizers effectively destroyed gram-positive bacteria, but only 
cationic photosensitizers were found to photoinactivate gram-negative bacteria 
[33]. The resistance of gram-negative bacteria to the action of photosensitizers can 
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Fig. 25.3 Oxidative degradation of lipid. (Adapted from [29])
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be explained by the physiology of outer membrane, which hinders the interaction of 
the photosensitizer with the cytoplasmic membrane. Gram-positive bacteria consist 
of a relatively simple envelope; its cytoplasmic membrane is surrounded by a rela-
tively porous cell wall, while gram-negative bacterial cell envelope is more com-
plex, and its relatively impermeable structure consists of an inner cytoplasmic 
membrane and an outer membrane which are separated by a peptidoglycan layer 
[34, 35]. It was also reported that positively charged PS binds to negatively charged 
bacterial cell membrane and in some cases penetrated to the microbial cells due to 
the porous nature of gram-positive bacterial cell wall [36]. Photosensitizing of 
gram-negative bacteria can be increased by the presence of cell membrane disorga-
nizing substances that include EDTA, nitrilotriacetic acid, sodium hexametaphos-
phate, and polycationic agent polymyxin nonapeptide (PMNP) [37]. PDT has 
significant advantages over conventional treatment owing to its ability of selective 
binding to the membranes of pathogenic cells and the possibility for accurate deliv-
ery of light to the affected tissue, such that there is maximum damage to the microbes 
with minimal damage to the host tissue [38] (Fig. 25.4).

25.2.5  Photodynamic Therapy Against Microbial Biofilm

As described above, the major mode of action of PDT against microbes is mediated 
by the reactive oxygen species. Broad spectrum of antimicrobial action suggests 
that there is no or little selectivity for microbes, but the selectivity of the microbial 
cells over human cells is entirely dependent on the property of the photosensitizer. 
The effect of PDT on biofilm was demonstrated by Wainwright and Crossley [40]. 
Phenothiazinium photosensitiser new methylene blue was used to photoeliminate 
extracellular polymeric substance (EPS) in Pseudomonas aeruginosa biofilm. 
Breakdown of EPS leads to disruption of biofilm, and it may also inhibit plasmid 
exchange in drug-resistant bacteria. Electron microscopic study suggested that the 
photosensitizer (cationic zinc phthalocyanine) is taken up by the dental biofilm, and 
when treated with light significant reduction in the number of cells was observed 
due to reduced cell-to-cell and cell-to-matrix binding [41].

Fig. 25.4 Broad-spectrum effects of PDT. (Source: [39])
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The outermost layer of dental biofilm is more susceptible than the innermost 
biofilm; this is due to the inability of the photosentizer to diffuse through the inner 
biofilm. Most of the photosensitizers are charged which are taken up by the outer-
most cells and EPS. Cationic photosensitizers have tenfold higher rate of binding 
efficiency by the cells than anionic charged [42]. In one of the report, it was found 
that young biofilm are less susceptible than older biofilm. They suggested that it 
may be due to the formation of voids and channel in mature biofilm which allow 
greater access of photosensitizer to cells or it may be due to higher metabolic activ-
ity and more effective repair mechanism in young biofilm [43].

Inactivation of Staphylococcus biofilm by toluidine blue O (TBO) is light dose 
dependent. Confocal laser scanning microscope confirmed that bacterial cell mem-
brane is the major site of damage caused by photodynamically treated biofilm. 
Presence of dead cells throughout the biofilm implies that there is no hindrance in 
the penetration of photosensitizers through the biofilm [44].

25.2.6  Advantages of Photodynamic Therapy Biofilm

Some of the advantages of PDT are:

• PDT provides a broad spectrum and is able to kill a wide variety of microorgan-
ism, such as yeast, fungi, filamentous algae, virus, protozoa, and gram-positive 
and gram-negative bacteria.

• It has not yet been reported to develop any kind of photoresistance species even 
after multiple treatments.

• There is a low risk of inducing mutagenic effects.
• It is fast, and it can kill many folds of microbial cells over a minute, while con-

ventional antibiotics can take days to work.
• PS and drug-light intervals can be designed such that there is maximum damage 

to the microbes with minimal damage to the host tissue.
• PS can also be topically delivered into infected areas in traumatic infections 

where the blood supply is compromised preventing antibiotics reaching the 
microbes.

• It is also reported that PDT can effectively reduce biofilm infection that are resis-
tant to antibiotics.

• Antibiotic penetration is a major challenge in biofilm-based infection; PDT is 
not hindered by EPS production in biofilm, since ROS produced at the cell exte-
rior are still effective in reducing bacterial biofilm.

• It is selective and painless.
• Last but not the least, it is inexpensive.
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Abstract
Currently, type 2 diabetes is one of the most widespread noncommunicable mal-
adies that inflict more than 400 million people globally. Diabetes-induced oxida-
tive stress and distortion in gastrointestinal microbiota seem to play an important 
role in the occurrence of metabolic syndrome and related disorders. Oxidative 
stress causes imbalance between highly reactive oxygen species (ROS) and anti-
oxidant systems of the body, resulting in metabolic syndrome, atherosclerosis, 
cardiovascular diseases, kidney problem, neuropathy, retinopathy, cancer risk, 
etc. Some studies show that imbalance in the gut microbiota also contributes in 
the development of type 2 diabetes. Microbial dysbiosis is considered to cause 
diabetic complications like cardiometabolic syndrome. Soluble dietary fibers 
have beneficial effects on gut microbiota and promote metabolic benefits on glu-
cose control, but the underlying mechanisms remain unknown. Oral administra-
tion of purified and standardized phytopharmaceuticals containing bioactive 
compounds of different medicinal plants which help to normalize blood sugar 
level and promote healthy microbiota have proven useful in the prevention, miti-
gation, and management of diabetes as well as associated cardiometabolic syn-
drome. Recently, probiotics/prebiotics/synbiotics have gained importance in 
promoting healthy microbiota in diabetic patients. Probiotics consist of live bac-
teria present in foods like yogurt/cheese that confer health benefits on the host, 
while prebiotics are indigestible oligosaccharides that promote growth of benefi-
cial bacteria in the gut. The focus of the review is to highlight the therapeutic 
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potential of various types of phytomedicines and their known mechanistic actions 
involved in the management of type 2 diabetes. Results of clinical trials of herbal 
remedies and probiotics/prebiotics in humans and in  vivo effects observed in 
animal models will also be described in this review. Randomized, placebo- 
controlled, and double-blind clinical studies with robust endpoints are needed for 
establishing the long-term safety, efficacy, and therapeutic relevance of phyto-
pharmaceuticals and probiotics/ prebiotics/synbiotics in treating patients suffer-
ing from type 2 diabetes.

Keywords
Type 2 diabetes · Phytopharmaceuticals · Oxidative stress · Gut microbiota · 
Probiotics/prebiotics/synbiotics

26.1  Introduction

Type 2 diabetes mellitus or diabetes mellitus, also known as non-insulin-dependent 
diabetes, is a serious malady that afflicts approx. 8% of adults in the United States 
and over 400 million people globally. The classic symptoms of type 2 diabetes 
include increased thirst, weight loss, and frequent urination. One of the major com-
plications resulting from type 2 diabetes is hyperglycemia, which can be treated 
with insulin injection and oral antidiabetic drugs (e.g., metformin) that normalize 
blood sugar. However, other diabetes-related risks such as metabolic syndrome, 
insulin resistance, hypercholesterolemia, atherosclerosis, heart attack and stroke, 
kidney problems, obesity, neuropathy, and cancer cannot be managed by antidia-
betic drugs. Lifestyle changes, dietary interventions, exercise, and alternative ther-
apies help to reduce the incidence of type 2 diabetes. It has been reported that 
lifestyle interventions are far more effective than metformin in high-risk persons 
[1]. Administration of aqueous extracts of Cassia fistula stem bark have shown 
promising results in the treatment of hyperglycemia in streptozotocin-induced dia-
betes in rats [2].

Oxygen is required for the survival of each and every aerobic living organism 
and caters to the need for high energy requirement. While reactive oxygen radicals 
are needed for cell signaling, excessive production of ROS can be toxic due to the 
generation of highly reactive intermediate species. Cellular membrane and DNA 
damage is caused by intermediate reactive species that include superoxide radical, 
hydrogen peroxide, and hydroxyl radical. Collectively, these three species are 
referred to as reactive oxygen species (ROS). In order to prevent or reduce the dam-
age caused by ROS, nature has developed numerous enzymatic and nonenzymatic 
systems for cell survival. The defense mechanism includes enzymes like superoxide 
dismutase (SOD), catalase, and glutathione peroxidase, as well as macromolecules 
like ceruloplasmin, albumin, and vitamins E and C [3].

Recently, a hypothesis stated that oxidative stress causes superoxide produc-
tion that is considered to be the most common pathogenic factor that leads to 
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β-cell dysfunction, insulin resistance, weakened glucose tolerance, ultimately 
leading to type 2 diabetes mellitus. It also plays a part in the development of long-
term diabetes complications, such as macrovascular and microvascular dysfunc-
tion [4]. Oxidative stress can be defined as a disruption in the level of reactive 
oxygen species/free radicals and antioxidant defenses [5]. In this condition, a 
disturbance in the antioxidant and prooxidant balance occurs. Superoxide dis-
mutases (SOD) catalyze the disproportionation of superoxide into oxygen and 
hydrogen peroxide. Corresponding to oxidative stress, SOD levels show a signifi-
cant increase. Due to the presence of superoxide, polyunsaturated fatty acids and 
other macromolecules in membrane lipids undergo alteration leading to the for-
mation of malondialdehyde (MDA). MDA, a naturally occurring organic com-
pound is considered a reactive species as well as a marker of oxidative stress. In 
patients suffering from type 2 diabetes, the levels of both MDA and SOD are 
increased due to increased oxidative stress [6]. Protein malnutrition can result due 
to an increased level of oxidative stress.

Type 2 diabetes is caused due to hyperglycemia, along with peripheral and 
hepatic insulin resistance. According to the recent studies, the gut microbiota plays 
a crucial role in the development of diabetes. Gut microbiota alters fatty acid and 
glucose metabolism. Thus, microbial dysbiosis is common in patients suffering 
from type 2 diabetes. Patients diagnosed with type 2 diabetes possess less amounts 
of butyrate-producing bacteria and increased number of potential pathogens in com-
parison with metabolically healthy individuals [7]. Vrieze et al. showed a relation-
ship between altered microbial diversity and insulin resistance. Metagenomics also 
showed that microbial dysbiosis is commonly observed in patients with T2D. A 
reduction in the number of butyrate-producing bacteria and an increase of patho-
gens such as Gram-negative bacteria like Bacteroides caccae and Escherichia coli 
as well as Gram-positive bacteria like Clostridia are observed in diabetes patients 
when compared to healthy individuals [8]. Both Qin et al. [9] and Karlsson et al. 
[10] reported a decrease in the number of butyrate-producing bacteria such as 
Faecalibacterium prausnitzii and Roseburia, both are Gram-positive bacteria, in the 
microbiota of patients compared with healthy people. The gut microbiota of 345 
Chinese participants were examined in the study of Qin et al. Moderate dysbiosis 
with a difference of 3% of the microbial genes was reported in patients suffering 
from the disorder [9]. A total of 145 Scandinavian women in postmenopausal stage, 
some having normal glucose metabolism, and some with impaired glucose toler-
ance were examined by Karlsson et al. An increase in the number of Streptococcus 
mutans, Escherichia coli, and Lactobacillus grasseri was considered to be a precur-
sor for insulin resistance in obese, postmenopausal females in Sweden [10]. Wu 
et al. reported that metformin influences the microbial composition in individuals 
recently diagnosed with type 2 diabetes. The composition of microbiota showed 
changes due to metformin, along with these changes, improvement in fasting blood 
glucose and HbA1c concentrations were also observed. These changes were even 
found to be transferable to mice after colonization with microbiota of donors treated 
with metformin. Thus, it was concluded that metformin’s antidiabetic activity is due 
to an alteration in the composition of microbiota [11].
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The gut microbiota influences the progression of insulin resistance, a prediabetes 
condition. Clinical studies have suggested that people with insulin resistance and 
obesity showed an altered composition of gut microbiota, where an elevated 
Firmicutes/Bacteroidetes ratio was observed in comparison with healthy people 
[12, 13]. It is also suggested that changes in the microbiota due to obesity increases 
the metabolic endotoxin secretion by modulating intestinal permeability, leading to 
extreme low-level inflammation, insulin resistance, and finally T2DM [14, 15]. 
Akkermansia muciniphila, Escherichia coli, Bacteroidetes thetaiotaomicron, and 
other commensal bacterial species have varying influence on the intestinal mucus as 
well as glycocalyx layer, thus effecting intestinal permeability [16]. Microbiota- 
dependent changes in the intestinal alkaline phosphatase activity, endocannabinoid 
system, and gut tight-junction proteins can be responsible for changed intestinal 
permeability. This can result into insulin resistance [15].

Moreover, the association between triggered low-level inflammation and changed 
microbiota has also been considered as a reason for the development of type 2 dia-
betes. Gut-derived bacterial inflammatory molecules (e.g., flagellin and peptidogly-
cans) in intestine are responsible for the acceleration in the inflammation in type 2 
diabetes [17, 18].

Apart from the gut microbiota, the oral microbiota also plays a significant 
role in the diabetic conditions. Studies suggest that there is a direct connection 
between periodontal pathogenic bacteria (such as Porphyromonas gingivalis 
and Aggregatibacter actinomycetemcomitans) and diabetes risk and glycemic 
control [19–22].

Diabetes is one such malady that has affected many and is known to be the fifth 
leading cause of death [23]. Effective treatment is highly required as this disease 
has high prevalence, progressive process, variable pathogenesis, and complica-
tions of diabetes. Treatment options like pharmacotherapy, insulin therapy, as 
well as diet therapy can be used in the management of diabetes. Pharmacotherapy 
involves the usage of many types of drugs that help by lowering glucose levels. 
Antidiabetic drugs like biguanides and thiazolidinediones act by increasing the 
peripheral absorption of glucose, sulfonylurea, and meglitinides drugs act by 
stimulating the insulin secretion [24], alpha-glucosidase act by delaying the 
absorption of carbohydrates from the intestine, biguanides act by reducing the 
hepatic gluconeogenesis [25]. However, these treatments possess certain disad-
vantages like resistance toward drug, adverse effects, and even toxicity. If we 
consider an example of sulfonylureas, sulfonylureas lose their effectiveness in 
44% of patients after 6 years of treatment. In addition, the side effects of medi-
cines and their interactions with other drugs are numerous. Thus, numerous treat-
ments that make use of medicinal plants are recommended [26]. Carotenoids, 
flavonoids, terpenoids, alkaloids, glycosides are present in most of the plants; they 
often have antidiabetic effects [27]. Plants improve the performance of pancreatic 
tissue, by enhancing insulin secretions or reducing the intestinal absorption of 
glucose, thus demonstrating antihyperglycemic activity.
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26.1.1  Oxidative Stress-Induced Type 2 Diabetes

26.1.1.1  Oxidative Stress and Antioxidants
Oxidative stress is generally defined as a disturbance in the balance of antioxidants 
and oxidants or prooxidants due to different factors such as diabetes-induced hyper-
glycemia, lesser amount of glutathione, environmental toxicants, drug-induced tox-
icity, blood vessel obstruction and reperfusion, and addiction due to substances of 
abuse [28]. Basically, oxidative stress results from the excessive production and/or 
insufficient removal of highly reactive oxygen/nitrogen/chlorine species [29]. It is 
well recognized that oxidative stress and hypoxia promote inflammation in the vas-
cular wall and initiate coronary heart disease and stroke. Antioxidants reduce oxida-
tive stress by mopping free radicals.

Free radicals have extremely short half-life. They are highly reactive chemical 
entities that contain a single or more unpaired electrons. The free radicals can cause 
damage to the cell membrane components and DNA. They also adversely affect the 
cell signaling mechanisms [30].

26.1.1.2  Classification of Free Radicals
Free radicals can be classified as:

• Reactive Nitrogen species (RNS).
• Reactive oxygen species (ROS).
• Reactive chlorine species (RCS).

26.1.1.3  Oxidative Stress and Diabetes Mellitus
Oxidative stress plays a crucial role in the development of cardiovascular complica-
tions in diabetic patients, especially type 2 diabetics [31]. The decreased mopping 
of ROS observed in diabetes is usually due to the lowered production of superoxide 
dismutase (SOD), glutathione peroxidase (GSH-Px), and catalase (CAT—enzy-
matic/nonenzymatic) antioxidants. Tissues become vulnerable to oxidative stress 
due to the reduced amounts of these enzymes, leading to the development of meta-
bolic syndrome and other complications associated with diabetes mellitus [32].

In diabetes, free radical production occurs due to enhanced lipid peroxidation 
and glucose oxidation as well as nonenzymatic glycation of proteins, which leads to 
the dysfunction of cellular machinery and greater insulin resistance because of oxi-
dative stress [33]. As per latest research, due to hydroxyl radical-induced cross- 
linkage occurring between apo-B monomers, lipids as well as LDL’s apolipoprotein 
component form insoluble aggregates that are responsible for oxidative damage in 
complications related to diabetes [31]. Mitochondria act as the main sources of 
oxidative stress in diabetes mellitus. During oxidative metabolism in mitochondria, 
a reduction of a component of the utilized oxygen occurs to water, and the remain-
ing oxygen gets converted to oxygen free radical (O·) that is further converted to 
other reactive species such as ONOO−, OH, and H2O2 [34]. ROS/RNS modulates 
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insulin signaling by two ways. As per the first way, in response to insulin, the ROS/
RNS are produced to exert full physiological function. As per the second way, both 
of them have got negative regulation on insulin signaling, leading them to develop 
insulin resistance, a risk factor for type 2 diabetes [35] (Fig. 26.1).

26.1.2  Impact of Gut Microbiota in Type 2 Diabetes

Recently, several studies have suggested that the gut microbiota play a crucial role 
in the development of type 2 diabetes. Differentiation of the gut microbiota between 
patients suffering from diabetes and healthy individuals can help in obtaining fur-
ther knowledge about the pathogenic mechanisms. It may also help in providing 
preventive incentives for prediabetic patients about the modification of the gut 
microbes for prevention of diabetes.

Larsen et al. made a comparison between the gut microbiota of 18 adult males 
suffering from type 2 diabetes, who had a high range of age and body-mass indices 
with 18 healthy subjects with similar range of BMI and age. The compositional 
changes seen in the gut microbiota were linked with type 2 diabetes at both class 
and phylum levels [36]. In a recent study, three groups of healthy individuals were 
investigated: those who were (a) recently diagnosed with type 2 diabetes (b) pre-
diabetes and who had (c) normal glucose tolerance; the gut microbiota was found 
to be different in the three groups. The authors made use of a high-throughput 
sequencing based on 16S rRN, by which a type 2 diabetes-related dysbiosis was 
observed. A total of 28 taxonomic units associated with type 2 diabetes was 
observed, whereas the normal glucose tolerance group showed a higher amount of 

Fig. 26.1 Diagrammatic representation of pathogenesis of oxidative stress-induced type 2 
diabetes
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butyrate-producing Faecalibacterium prausnitzii L2–6 and A. Muciniphila 
ATCCBAA-835 than the group with prediabetes. Both the prediabetes and type 2 
diabetes groups had reduced amount of Verrucomicrobiae in comparison to the 
normal glucose tolerance group [37]. These results conclude that not only the gut 
microbiota of type 2 diabetes sufferers is different from healthy control individu-
als, but also the alterations in gut microbiota are linked with the progress of glu-
cose intolerance (Fig. 26.2).

26.2  Anti-inflammatory and Antioxidant Effects of Botanical 
Products in Oxidative Stress-Induced Type 2 Diabetes

Oxidative stress has a crucial role in β-cell dysfunction and insulin resistance [38]; 
hence, a hypothesis based on loads of data has been made, according to which, a 
viscous connection exists between free radicals and hyperinsulinemia. These free 
radicals may be responsible for degeneration of insulin action [39], mainly by 
downregulating insulin-mediated glucose uptake [40].

Fig. 26.2 Pathogenesis of periodontal disease and type 2 disease
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Antioxidants are mostly used as complementary agents to reduce complications 
related to diabetes in patients [41–44]; persistent attempts are going on to discover 
antioxidants that can be used as drugs to combat complications related to diabetes.

Herbal drugs or phytopharmaceuticals have significance in oxidative stress, a 
major factor that is responsible for type 2 diabetes.

26.2.1  Ficus carica (Figs) [Family: Moraceae]

Chemical composition: Figs comprise of many phytochemicals, polyphenols like 
chlorogenic acid, gallic acid, syringic acid, (−)-epicatechin, rutin, and (+)-catechin. 
Its color may be different from cultivars to cultivators because of the varying 
amounts of anthocyanins, with particularly high content of cyanidin-3-O-rutino-
side. Leaves comprise of flavonoids, mucilages, vitamins, nicotinic acid, enzymes, 
and tyrosin. Bergaptene, ficusin, psoralen, stigmasterol, beta-sitosterol, taraxasterol, 
sapogenin, rutin, lepeolacetate, calotropenyl acetate, and oleanolic acid sistos-
terol are other bioactive components present in the leaves of this plant.

Uses: It is reported to possess significant hepatoprotective activity, anticancer 
activity, hypoglycemic activity, hypolipidemic activity, antifungal activity, antibac-
terial activity, antipyretic activity, and antioxidant activity.

Ficus carica exhibit antioxidant properties by restoring levels of vitamin E and 
fatty acids [45].

26.2.2  Azadirachta indica (Neem) [Family: Meliaceae]

Chemical composition: Neem tree possess manifold medicinal properties because 
of its chemical composition. Azadirachtin, in highest concentration is present in the 
seeds of neem tree. Apart from azadirachtin, gedunin, salannin, azadirone, nimbi-
dine, nimbin, nimbinol, nimbicidine, etc. are other liminoids of neem

Uses: Neem has numerous medicinal uses such as antiarthritic, anti- inflammatory, 
antipyretic, antifungal, diuretic, antimalarial, spermicidal, antibacterial, and hypoglyce-
mic properties. Leaves, flowers, seeds, and bark of neem are used in home remedies. 
Bark of neem has antipyretic properties; thus it helps in relieving fever. Flowers find 
their use in intestinal disorders. Skin diseases, obesity, and wounds can be treated by the 
juice from fresh leaves. Neem helps in treating skin diseases due to its antifungal, anti-
biotic, as well as blood-purifying properties. Ayurveda principles state that skin diseases 
occur due to increased pitta and kapha. Neem controls vitiated pitta and kapha, thus 
relieving skin ailments. Wound healing is achieved, as it is antibacterial and astringent in 
nature. It reduces irritation, itching, and roughness of the skin and heals the psoriatic 
patches. Similarly, it heals eczema too. It also treats acne by reducing infection and 
inflammation. Neem helps to maintain the condition of scalp thus preventing dandruff

Arthritis, muscular sprains, and skin diseases can be treated by oil obtained from 
neem seeds. Neem is very useful in the treatment of gum diseases
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Azadirachta indica extract acts by lowering the glucose level in blood, inhibiting 
lipid peroxides production, reactivating the antioxidant enzymes, and restoring 
metal and GSH levels [46]

26.2.3  Allium sativum (Garlic) [Family: Liliaceae]

Chemical composition: The most active ingredient is Allicin. It also comprises of 
allin, mucilage, albumin, alpha-glutamyl peptides, volatile oils, and vitamin C 
amino acids such as methionine, lucine, and cysteine.

Uses: It has significant anticancer activity, cardioprotective activity, antidiabetic 
activity, and antifungal activity. It is used as a flavoring agent. It is also used as an 
expectorant and a stimulant.

Allium sativum also acts by lowering the glucose level in blood, inhibiting lipid 
peroxides production, reactivating the antioxidant enzymes, and restoring metal and 
GSH levels [46]. Antidiabetic action is exhibited by its antioxidant nature as well as 
its capacity to increase insulin secretion [63].

26.2.4  Momordica charantia (Bitter Melon or Bitter Gourd) 
[Family: Cucurbitaceae]

Chemical composition: It mainly comprises of curcubitane, momordenol, momordi-
cin I, and momordicinin. It also comprises of numerous vitamins and minerals.

Uses: Traditionally, bitter melon is famous for its medicinal uses against diseases 
like diabetes and cancer. It also possesses antivirus, anti-inflammatory, and 
cholesterol- lowering effects. Antimutagen and antioxidant properties are mainly 
due to the presence of many phenolic compounds.

Extracts of Momordica charantia act by lowering the glucose level in blood, 
inhibiting lipid peroxides production, reactivating the antioxidant enzymes, and 
restoring metal and GSH levels [46]

26.2.5  Ocimum sanctum (Tulsi) [Family: Lamiaceae]

Chemical composition: It comprises of eguenol, sitosterol, urosolic acid, euginal, 
carvacrol, limatrol, linalool, methyl carvicol, caryophyllene, and fatty acids.

Uses: It has antidiabetic activity, cardioprotective activity, wound healing activ-
ity, radio-protective effect, genotoxicity, and antioxidant activity.

Ocimum sanctum extracts act by lowering the blood glucose level, inhibiting 
lipid peroxides production, reactivating the antioxidant enzymes, and restoring 
metal and GSH levels [46]
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26.2.6  Momordica grosvenori (Momordica Fruit, Luohanguo) 
[Family: Cucurbitaceae]

Chemical composition: Luohanguo is a round green fruit that upon drying turns 
brown in color. Mogrosides are a group of terpene glycosides that are present at the 
level of about 1% of the fleshy part of the fruit and are mainly responsible for the 
sweet taste of the fruit. A powder that is 80% or more mogrosides can be extracted 
from both the dried and fresh fruits. The main component of mogrosides is known 
as mogroside-5, previously known as esgoside. Neomogroside and siamenoside 
are also present. The mixed mogrosides are considered to be about 300 times as 
sweet as sugar in terms of weight; thus 80% extracts are nearly 250 times sweeter 
than sugar; pure mogrosides, i.e., 4 and 5, may be 400 times as sweet as sugar in 
terms of weight

Uses: Antioxidative, anticarcinogenic, and anti-inflammatory. It is used to relieve 
sore throat and in the removal of phlegm

In alloxan-induced diabetic mice, Momordica grosvenori, a Chinese medicinal 
herb, used as a substitute for sugar for patients with obesity and diabetes, was tested. 
A correction in the altered glucose level was observed. Also, the immune balance 
was effectively regulated in diabetic mice. These effects were linked to the upregu-
lation of heme oxygenase-1 (HO-1) protein, which has antioxidant and anti- 
inflammatory properties [47]

26.2.7  Scutellaria baicalensis (Scutellaria Root, Scute, Skullcap, 
Baical Skullcap Root) [Family: Lamiaceae]

Chemical composition: It comprises of baicalin, wogonin, oroxylin A, and baicalein 
as the main constituents. Flavones like wogonoside, baicalin, and their aglycones, 
wogonin, and baicalein are the most important bioactive compounds extracted from 
the root of S. baicalensis.

Uses: It finds use in the treatment of dysentery, diarrhea, hemorrhaging, hyper-
tension, insomnia, respiratory infections, and inflammation. Flavones have various 
pharmacological functions like hepatoprotective, anticancer, antiviral, antibacterial, 
anticonvulsant, and antioxidant as well as neuroprotective effects.

The ethanolic extract of Scutellaria baicalensis has antioxidant role in rats that 
had STZ-induced diabetes; reports have also stated that it enhances the antidiabetic 
effect of metformin [48].

26.2.8  Acanthopanax senticosus (Siberian Ginseng) [Family: 
Araliaceae]

Chemical composition: Lignans, triterpenoid, coumarins, saponins, and flavones 
are present. Eleutheroside E and syringing that are phenolic in nature were consid-
ered to be the most active components.
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Uses: It has hepatoprotective, antiulcer, anti-stress, anticancer, anti-irradiation as 
well as anti-inflammatory properties.

Based on a study, in most of the assays, except the assay for inhibiting formation 
of early glycation products, Aralia taibaiensis proved to be better in comparison to 
other extracts. Acanthopanax senticosus extract showed maximum inhibition of the 
early glycation product formation. High saponin content mainly was responsible for 
its antiglycation and antioxidant activities [49].

26.2.9  Albizia lebbeck (Siris, Shiris) [Family: Fabaceae]

Chemical composition: The chemical constituents include D-catechin, melacacidin, 
β-sitosterol, albiziahexoside, betulinic acid, and echinocystic acid glycosides.

Uses: The traditional uses include antidiarrheal, anti-inflammatory, antiasth-
matic, antifertility, antiseptic, antidysenteric, as well as antitubercular activities.

In alloxan-induced diabetic rats, the antioxidant property of aqueous extract of 
Albizia lebbeck was checked [50].

26.2.10  Lycium barbarum (Chinese Boxthorn, Chinese  
Wolfberry, Tibetan Goji, Himalayan Goji) [Family: 
Solanaceae]

Chemical composition: The main chemical constituents include palmitic acid, lin-
oleic acid, and myristic acid.

Uses: It is used in diabetes, dry eyes, cancer, blood circulation problems, fever, 
dizziness, hypertension, ringing in the ears (tinnitus), malaria, as well as sexual 
problems (impotency).

Purified polysaccharide fractions (LBP-X) and crude polysaccharides (LBP) 
extract of Lycium barbarum fruit showed hypolipidemic as well as hypoglycemic 
effects that were shown in diabetic rabbits induced by alloxan [51]. Although the 
blood glucose-lowering effect of LBP-X was better than the rest of the extracts, the 
latter showed better antioxidant activity because of the presence of antioxidants like 
riboflavin, carotenoids, thiamine, nicotinic acid, and ascorbic acid in the crude 
extracts. Li isolated polysaccharides of Lycium barbarum, which were considered 
to be the chief ingredients of the fruits, and studied its ability to fight the oxidative 
insult using a STZ-induced hyperglycemic model [52]. Wu et al. also studied these 
polysaccharides and the antidiabetic effects associated with them, using rats with 
NIDDM. The study concluded that Lycium barbarum polysaccharides can control 
glucose levels in blood by modulating glucose metabolism; this further helps in 
improving oxidative stress markers (SOD, MDA) and decreasing DNA damage by 
creating a balance between antioxidants and oxidants [53]. It was concluded by 
these findings that Lycium barbarum polysaccharides can fight against oxidative 
stress; hence, they prevent the progress of complications related to diabetes.
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26.2.11  Strobilanthes crispus (Pokok Pecah Kaca or Pokok Pecah 
Beling) [Family: Acanthaceae]

Chemical composition: Rutin, (+)-catechin, myricetin, (−)-epicatechin, luteolin, 
naringenin, kaempferol, and apigenin are the active compounds present in 
Strobilanthes crispus.

Uses: It is used to treat constipation as it has potential laxative effect. It helps in 
the management of liver maladies and gallbladder stones. Hemorrhoids can also be 
treated. S. crispus’s leaves have diuretic properties and thus are used extensively to 
treat bladder and kidney stones. Baby corns along with the decoction of the leaves 
can expel kidney stone within a short period of time. It also finds use in the relief 
from poisonous bites like snakebites. Skin diseases like eczema can also be treated.

Strobilanthes crispus, when tested in rats suffering from diabetes, induced by 
STZ, has shown antilipidemic and antihyperglycemic properties. The antioxidant 
effect of both fermented and unfermented herbal hot water extract is responsible for 
these properties [54].

26.2.12  Silybum marianum (Milk Thistle) [Family:  
Asteraceae]

Chemical composition: Extract of milk thistle prepared from the seeds contains 
4–6% silymarin approximately. The extract consists of about 20–35% fatty acids, 
including linoleic acid, and the rest is all silymarin [8]. Silymarin comprises of 
many polyphenolic molecules that also include seven minutely related flavonolig-
nans (isosilybin A, silybin A, isosilybin B, silybin B, silydianin, isosilychristin, and 
silychristin) along with taxifolin, a flavonoid. A semipurified fraction of silymarin 
known as silibinin is primarily a mixture of silybin A and B, in a 1:1 ratio roughly.

Uses: Milk thistle helps in treating disorders related to the liver and bile duct. 
Silymarin prevents kidney and liver cells from adverse reactions of drugs. It has also 
lowered enzyme levels in the liver and demonstrated T-cell modulation and anti- 
inflammatory effects. A major preclinical evidence exists for silymarin’s anticar-
cinogenic and hepatoprotective effects. It is used in the treatment of skin, prostrate, 
cervical, and breast cancer. In case of gastrointestinal upset, milk thistle acts as a 
mild laxative.

In a double-blind, randomized, placebo-controlled, clinical study of 51 patients 
suffering from type 2 diabetes, it was concluded that Silybum marianum seed extract 
(silymarin) has potential antioxidant activity, and this extract showed a tremendous 
improvement in the blood glucose profile of these individuals [55].
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26.2.13  Pueraria lobata (Kudzu Root) [Family: Fabaceae]

Chemical constituents: It comprises of beta-sitosterol, beta-sitosterol palmitate, 
lupeol, pueraro, lupeone, bis(2-ethylhexyl) phthalate, diisobutyl phthalate, sophora-
coumestan A, allantoin, coumestrol, diadzein, 3′-methoxy diadzein, formononetin, 
3′-hydroxy diadzein, ononin, genistin, 8-methoxy ononin, diadzein, sucrose, 
(6S,9R)-roseoside, (−)-puerol B 2-O-glucopyranoside, and sissotorin.

Uses: It has been used as a medicinal drug for various ailments such as cancer, 
alcoholism, angina, migraine, and hypertension. Furthermore, it has been used tra-
ditionally as a remedy for psoriasis, diarrhea, muscle pain, some symptoms related 
to menopause, and infections in the upper respiratory tract such as sinus infection, 
the common cold, and hay fever.

Xiong et al. studied the preventive effect of puerarin, an isoflavone purified from 
Pueraria lobate on rat pancreatic islets damage induced by hydrogen peroxide. It 
was concluded by this study that puerarin is capable of preserving pancreatic islet 
cells from the damage caused by reactive oxygen species [56].

26.2.14  Plantago depressa (Plantains) [Family:  
Plantaginaceae]

Chemical constituents: It comprises of ursolic acid, plantamajoside, acteoside, plan-
tainoside D, majoroside, 10-hydroxymajoroside, and geniposidic acid.

Uses: It is commonly used as a bulk laxative as it soothes membranes that are 
irritated. Sometimes, only seed husks are used.

Similarly, the extract of Plantago depressa var. montata showed effects due to its 
free radical scavenging capability as well as antioxidant property. It was found that 
the herb was capable of correcting homeostasis of lipid and glucose; it also helps in 
restoring redox status in mice suffering from diabetes induced by alloxan [57].

26.2.15  Morinda officinalis (Indian Mulberry) [Family:  
Rubiaceae]

Chemical constituents: It mainly comprises of 2-methyl-anthraquinone, beta- 
sitosterol, 24-ethylcholesterol, and rubiadin-1-methyl ether.

Uses: It helps in providing nourishment to the kidney and strength to the bone. 
Conditions of impotence, depression, osteoporosis, and inflammatory diseases such 
as dermatitis and rheumatoid arthritis can be treated by enhancing 
immunofunction.
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The dried roots of Morinda officinalis is also tested for its antioxidant and hypo-
glycemic activities, A test was conducted in STZ-treated rats and results showed a 
reduction in lipid peroxide and fasting glucose levels, along with the resurrection of 
the imbalanced redox indices. Thus, antidiabetic and antioxidant potentials of 
Morinda officinalis were concluded by the study [58].

26.2.16  Amaranthus esculentus (Blood Amaranth, Purple 
Amaranth) [Family: Amaranthaceae]

Chemical constituents: It comprises of thiamine, riboflavin, niacin ascorbic acid, 
amino acids like lysine, leucine, alanine, cysteine, serine, proline, and arginine.

Uses: It finds use against cancer and cardiovascular diseases. It has high antioxi-
dant properties.

Oil and grain fraction of Amaranthus esculentus have both antidiabetic and anti-
oxidant activity, suggesting their usefulness in combatting against hyperglycemia 
and preventing complications related to diabetes [59].

26.2.17  Gentiana olivieri (Gentian) [Family: Gentianaceae]

Chemical constituents: It comprises of isoorientin along with secoiridoidal and iri-
doid glycosides such as xanthones, gentiopicroside, polyphenol, flavones, and 
monoterpene alkaloid.

Uses: It acts as an anodyne, antibilious, anthelmintic, antioxidant, anti- 
inflammatory, astringent, antipyretic, cholagogue, bitter, digestive stimulant, dia-
phoretic, tonic, hepatic, stomachic, and sialagogue. The herb encourages the 
gallbladder and liver to function more efficiently by acting as a stimulant. It also 
provides nourishment to the pancreas, spleen, kidneys, and stomach. It was used as 
a cure for liver and stomach ailments by both Greeks and Arabs. It is useful in con-
ditions like splenitis, edema, hepatitis, stomatitis, jaundice, and cirrhosis. Stimulation 
of digestion and appetite occurs through stimulation of digestive juices, which in 
turn increases the production of saliva, bile, and gastric juices. It also helps in quick 
gastric emptying. It is suggested in the remedy of dyspepsia and flatulence. It is also 
advised in conditions like anorexia, exhaustion, and debility.

Due to its potent antioxidant properties, Gentiana olivieri Griseb. (Gentianaceae), a 
Turkish folkloric medicine, is utilized as a hypoglycemic plant [60]. Isoorientin con-
tributed to the hypoglycemic activity as it saves β-cells from oxidative damage [61].

26.2.18  Panax ginseng (Korean Ginseng)  
[Family:Araliaceae]

Chemical constituents: Ginseng consists of several saponin glycosides like panaxo-
sides, chikusetsusaponin, and ginsenosides. Aglycone dammarol is present in 
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ginsenosides; panaxosides contain aglycone, i.e., oleanolic acid. Panaxosides give 
panaxadiol, panaxatriol, and oleanolic acid on decomposition.

Uses: It acts as an immunomodulator by increasing natural resistance. It also 
increases the ability to overcome illness and exhaustion. It acts as a stimulating 
agent, sedative, and aphrodisiac. It is useful for thyroid dysfunctioning and 
adrenal dysfunctioning. It cures giddiness and prolongs life. It is used as demul-
cent. It is used to treat gastritis and anemia. Ginseng extracts are used externally 
in cosmetics.

Ginseng is capable of scavenging free radicals, and thus this adds to its antidia-
betic mechanisms [62]. Ginseng acts by decreasing the rate of auto-oxidation of 
monosaccharides, elevates the activity of enzymes such as SOD, and directly elimi-
nates the free radicals.

26.2.19  Phyllanthus amarus (Gale of Wind) [Family: 
Euphorbiaceae]

Chemical constituents: It comprises of lignans (hypophyllanthin, phyllanthin, nirt-
etralin, niranthin, phyltetralin), ellagitannins (amariinic acid, phyllanthusiin D, 
elaeocarpusin, geraninic acid B, and repandusinic acid A), tannins, and flavonoids 
(quercetin-3-O-glucosides).

Uses: It helps fight problems related to the genitourinary system, stomach, liver, 
spleen, and kidney. It is astringent, bitter, diuretic, stomachic, antiseptic, and feb-
rifuge. It also finds its use in menorrhagia, gonorrhea, and other genital affections. 
It helps in diarrhea, gastropathy, intermittent fevers, dysentery, scabies, ophthal-
mopathy, wounds, and ulcers. Pharmacological activities include antibacterial, 
antiviral, anti-inflammatory, antimalarial, antiplasmodial, anticancer, antimicro-
bial, hypolipidemic, antidiabetic, antioxidant, nephroprotective, diuretic, and hep-
atoprotective properties.

Phyllanthus amarus’s methanolic extract depicted a potent antioxidant activity 
and antihyperglycemic efficacy tested in diabetes induced due to alloxan in rats [64].

Punica granatum, Capparis deciduas, Emblica officinalis, Camellia sinensis, 
Ficus bengalensis, and Musa sapientum are also known to have significant antidia-
betic property [65]. Also, Vaccinium arctostaphylos L. (Ericaceae) fruit was checked 
for its antidiabetic property. It shows notable increase in the amount of catalase 
(19%), glutathione peroxidase (35%), and erythrocyte superoxide dismutase (57%) 
activities of the alloxan-treated rats [66].

Activation of enzyme aldose reductase due to hyperglycemia leads to the reduc-
tion of NADPH that is necessary for GSH reductase; thus, alteration of the endog-
enous defense system occurs. Therefore, components that inhibit aldose reductase 
can be beneficial for the management of diabetes. Feng et al. showed that flavonoid 
compounds like puerarin, quercetin, silymarin, and others and their derivatives are 
capable of inhibiting the activity of aldose reductase [67]. Also, mangiferin, an 
active constituent derived from the extract of S. reticulata stems demonstrated 
aldose reductase inhibitory activity [68].
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26.3  Phytopharmaceuticals in Microbiological-Induced Type 
2 Diabetes

Oral efficacies of herbs like amlaki and triphala for stress modulation and other 
bioactivities increase with increasing numbers, and that is mostly because of their 
modulating effects on microbiological ecology inside the gastrointestinal tract [69]. 
Bacterial diarrhea was treated with berberine, active ingredient of a Chinese herb 
Coptis chinensis (Huang-Lian) [70–72], found to be clinically useful for the treat-
ment of diabetes in a randomized, multicentered, placebo-controlled, and double- 
blinded clinical trial [73]. It was found out in a recent study that berberine helped in 
preventing obesity caused due to high-fat diet. It also combatted insulin resistance 
by enriching short-chain fatty acid-producing bacteria, reducing the numbers of 
beneficial pathogens, and reliving inflammation in Wistar rats [74]. As both type 2 
diabetes and bacterial diarrhea have common dysbiotic gut microbiota, drugs like 
berberine that can treat bacterial diarrhea might also be useful for T2D treatment. 
Gegen Qinlian Decoction (GQD), a Chinese herbal formula, can relieve T2D. In 
order to understand the mechanism behind it, 187 patients suffering from T2D, in a 
double-blinded trial, were randomly decided to receive placebo (n = 41), low dose 
GQD (n = 50), moderate dose (n = 52), or high dose (n = 44) for 12 weeks. Patients 
administered with high or moderate dose showed remarkable reductions in adjusted 
mean changes from baseline of glycated hemoglobin (HbA1c) and fasting blood 
glucose in comparison with the placebo and low-dose groups. Gut microbiota 
showed a dose-dependent deviation in response to GQD treatment due to pyrose-
quencing of the V3 regions of 16S rRNA genes. This deviation preceded improve-
ment in symptoms of T2D. 47 GQD-enriched species level phylotypes were 
discovered, out of which 17 were negatively correlated with FBG and 9 with HbA1c 
by redundancy analysis. It was confirmed with real-time quantitative PCR that 
Faecalibacterium prausnitzii were enriched by GQD significantly, a negative cor-
relation with FBG, 2-h postprandial blood glucose levels and HbA1c was made. A 
positive correlation was made with homeostasis model assessment of β-cell func-
tion. Therefore, as per this data, it was indicated that Chinese herbal formula GQD 
made structural changes of gut microbiota. Also, the quantities of beneficial bacteria 
like Faecalibacterium spp. were increased due to treatment by GQD. Thus, it can be 
concluded that a correlation exists between antidiabetic effect of GQD and altera-
tions in the gut microbiota [75]. In order to understand the effects on gut microbiota 
due to type 2 diabetes, rats suffering from diabetes were fed a bitter melon formula-
tion as a lyophilized superfine powder (BLSP). BLSP treatment significantly 
reduced serum insulin levels (p < 0.05) along with glucose levels in blood under 
fasting conditions (p  <  0.05) of the diabetic rats. Pyrosequencing of 16S rRNA 
genes (V3–V9 region) and PCR amplification of the gut microbiota of control and 
treated rats were done. The ratio of Firmicutes to Bacteroidetes in diabetic rats was 
reduced due to BLSP administration; however, the relative quantity of Bacteroides, 
Ruminococcus, and Ruminococcaceae showed severe reduction in rats treated with 
BLSP in comparison to diabetic rats. BLSP also showed a significant suppression of 
the activation of MAPK (p38 and JNK). As per the results, BLSP can significantly 
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alter the amount of a specific gut microbiota in rats with diabetes, without disturb-
ing diversity in the normal population. Thus, BSLP acts against type 2 diabetes by 
suppression of MAPK signaling pathway.

Phytopharmaceuticals have been considered beneficial against type 2 diabetes 
induced due to both oxidative stress and/or microbiota. However, caution must be 
taken when preclinical data are interpreted that evaluate the effects of natural func-
tional compounds on antioxidation [76].

26.4  Conclusions

Oxidative stress was found to be one of the many factors that help in progression of 
diabetes as per numerous studies. This involves disruption of insulin action and 
enhancement of incidences of complications related to the disease. Many studies 
have also proved the efficacy of antioxidants against diabetes of both type 1 and 
type 2. Nonenzymatic glycation of proteins, oxidation of glucose, and lipid peroxi-
dation are all related to rise in the levels of nitrogen and oxygen free radicals. These 
conditions contribute to diabetes and its complications. Relationship between oxi-
dative stress and diabetes along with their complications related to the liver, kidney, 
eye, and heart has also been established. Thus, oxidative stress is a grave danger to 
metabolic disorders specially type 2 diabetes. Similarly, Microbiota contributes not 
only during onset of type 2 diabetes by causing low-level inflammation, but also in 
the development of the malady due to faulted inflammatory components. It also is 
responsible for the rise in diabetes-related complication like kidney toxicity, dia-
betic retinopathy, hypertension, atherosclerosis, diabetic foot ulcers, Alzheimer’s 
disease, and cystic fibrosis. These studies thus support the important role of micro-
biota in the maintenance of the integrity of intestinal barrier. Microbiota also helps 
in keeping metabolic homeostasis as per normal levels, protecting infection to host 
by pathogens, and thus improving defense system of host and even impacting the 
nervous system in type 2 diabetes. However, the potential mechanisms that can link 
type 2 diabetes with the microbiota have not been fully cleared, and extensive 
research efforts are required. Phytopharmaceuticals have been considered beneficial 
against type 2 diabetes induced due to both oxidative stress and/or microbiota.
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Abstract
Artemisinin-based combination therapy (ACT) is nowadays the most effective 
treatment for P. falciparum malaria: artemisinin is the most active drug able to 
rapidly kill all erythrocyte stages of the malaria parasite. However, due to its 
short half-life, it requires the association with other long-acting drugs. Even if 
the exact mechanism of action of most antimalarial drugs is still unknown, many 
of these compounds are able to interact directly or indirectly with the redox 
metabolism of the parasite and/or the host, enhancing the effectiveness of the 
antimalarial therapy. This review focuses on many natural compounds, isolated 
mainly from plants, and used as traditional antimalarial treatments, known to 
possess a potent antimalarial activity (IC50 lower than 1 ug/mL). These com-
pounds belong to some specific chemical family, mainly alkaloids, terpenoids, 
quassinoids, limonoids, and polyphenols, sharing some common chemical fea-
tures. These natural molecules could offer new possibilities of combination ther-
apies development as antimalarials when associated with artemisinin.
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27.1  Introduction

27.1.1  Current Antimalarial Therapy

The natural antimalarial product artemisinin and its semisynthetic derivatives represent the 
frontline treatment of P. falciparum malaria, as they are the most active antimalarials avail-
able, rapidly killing all blood stages of the malaria parasite. Artemisinins contain an endo-
peroxide bridge which plays a key role in the antimalarial activity with a mode of action 
starting from radical transient species initiated by the cleavage of this bridge. Few other 
natural compounds with such a peroxide bridge are known. On the other hand, the oxygen-
oxygen bridge, being chemically unstable, determines a very short plasma half-life, con-
stituting a major limiting factor to the use of artemisinin as a single drug [1]. To solve this 
problem, artemisinin was used early on in combination with partner drugs characterized 
by much longer half-life. Artemisinin-based combination therapy (ACT) is the most effec-
tive treatment for P. falciparum malaria. Artemisinin derivatives such as dihydroartemis-
inin, artesunate, and artemether are combined with a partner drug such as lumefantrine, 
mefloquine, amodiaquine, and piperaquine. Since the introduction of artemisinin- 
combination therapies (ACTs), the overall number of malaria cases displayed a marked 
decline, but since the last few years, the rate of decline has stalled or even reversed in some 
regions [2].

The reasons of the recent increase of the number of malaria cases are plausibly 
multifactorial, including insufficient investments for treatment and prevention, 
insecticide resistance, and antimalarial drug resistance. The relative role of each 
factor is undefined.

In the Greater Mekong subregion, artemisinin resistance raised concern and is 
currently defined as “partial artemisinin resistance” in patients showing a delayed 
parasite clearance following treatment with an ACT. Notably, in the same region, 
resistance to the partner drugs is present. To rule out between artemisinin and part-
ner drugs resistance in the development, treatment failure is obviously very diffi-
cult. Currently, no evidence of artemisinin resistance has been observed in African 
countries accounting for about 90% of malaria cases and deaths worldwide.

27.2  Interactions of Antimalarial Drugs with Host-Parasite 
Redox Homeostasis

27.2.1  Antimalarial Drugs Showing Redox Activity

Although the precise mechanism of action of most of the antimalarial drugs is still 
unknown, most of the antimalarial drugs have the potential of interacting directly or 
indirectly with redox metabolism of the parasite and/or of the host.

A direct redox effect exerted by some antimalarial drugs on the host cells is 
clearly evidenced as hemolysis (oxidative damage and rapid destruction of erythro-
cytes leading to variable degrees of anemia) in G6PD-deficient individuals. Powerful 
antimalarial drugs such as primaquine, methylene blue, and sulfonamides cause 
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acute and severe hemolytic anemia in G6PD-deficient subjects [3, 4]. In addition, 
popular antimalarial drugs and their combinations such as halofantrine, quinine, 
chloroquine, and chlorproguanil-dapsone have been associated with variable 
degrees of hemolytic anemia, generation of ROS, and depletion of erythrocyte GSH 
[5, 6]. Artemisinin and its derivatives also cause delayed hemolysis. The central role 
of the endoperoxide bridge of artemisinin and the generation of free radicals follow-
ing its cleavage has been clearly established. Artemisinin activation needs iron pro-
vided by the host cells, resulting in the rapid generation of free radicals and the 
formation of heme-artemisinin adducts. To explain its high activity (IC50 ≈ 2 nM), 
specific molecular targets are expected to play a role in its mechanism of action.

27.2.2  Antimalarial Drugs Causing the Accumulation of Free 
Heme Through the Inhibition of Hemozoin Synthesis

Many antimalarial drugs including chloroquine, lumefantrine, mefloquine, amodia-
quine, and piperaquine show the capability to inhibit heme polymerization to form 
hemozoin, an inert crystal, in a specialized digestive vacuole of P. falciparum [7, 8]. 
Heme detoxification and its polymerization constitute a central step of the parasite 
metabolism, and its inhibition leads to parasite death. On the other hand, free iron 
released during hemoglobin digestion and heme constitute a powerful source of free 
radicals needing to be neutralized by both parasite and erythrocyte enzymes [9, 10]. 
Although the chemical and metabolic interactions occurring between artemisinin 
derivatives and heme polymerization inhibitory drugs are scarcely understood, it is 
interesting to notice that the drugs that inhibit hemoglobin metabolism are the best 
candidates to be utilized in combination with artemisinin in ACTs [11] suggesting a 
combined mechanism of action [12, 13].

27.3  Response of the Host Cell to Redox Changes Exerted 
by Parasite Growth and/or Antimalarial Drugs

Redox metabolism of the parasitized erythrocyte depends on the equilibrium 
between the antioxidant defenses of both erythrocyte and parasite and on the free 
radicals produced by the parasite and by the erythrocyte [14]. Iron plays a central 
role in free radical production in the parasite through hemoglobin digestion and in 
the parasitized erythrocyte which accumulates large amounts of denatured hemo-
globin generated by the oxidative stress exerted by the parasite [15, 16].

As an evidence of this unstable equilibrium, a large number of mutations have 
been selected by malaria such as G6PD deficiency (defect of production of NADPH), 
sickle cell anemia, thalassemias, HbC, HbE, and many other hemoglobin disorders 
triggering oxidative stress through hemoglobin denaturation and plausibly amplify-
ing the redox stress exerted by the intracellular parasite. More than 500 million 
people living in malaria endemic areas are affected by one or more of those muta-
tions conferring variable levels of protection to severe malaria [17, 18].
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It has been demonstrated that mild oxidative stress exerted by malaria parasite 
activates a specific redox signaling pathway in the host erythrocyte inducing the Tyr 
phosphorylation of some membrane proteins [19] which, in turn, appear to be essen-
tial for the remodeling of the parasitized erythrocyte membrane needed to activate 
new functions essential for the parasite growth such as import of nutrients and inser-
tion of parasite proteins binding to endothelium [20]. The activation of Syk kinase, 
constituting a key element of such pathway, has been directly implicated both in the 
egress of merozoites and in the infection of new erythrocytes occurring after the 
48-hour life cycle of the parasite. A new class of drugs has been developed to inter-
fere with this pathway revealing good antiplasmodial efficacy [21].

Targeting the redox metabolism of P. falciparum by antimalarial drugs is believed 
to create an overload of oxidative stress leading to parasite death [22]. Anyway, 
much more complex mechanism of action appears to be involved in the interactions 
occurring between parasite and host cell metabolism and in the interference exerted 
by a large number of redox active antimalarial drugs (Fig. 27.1).

27.4  Natural Antimalarial Compounds

In addition to artemisinin, a large number of natural compounds present in plants, 
are known to possess a potent antimalarial activity. In some cases, their clinical 
efficiency and activity have been demonstrated by their use as traditional antima-
larial treatments.

A comprehensive list of plant compounds with antimalarial activity, quantified as 
in vitro IC50, is reported in Table 27.1. Only the compounds whose IC50 is lower 
than 1 ug/mL have been selected.

Fig. 27.1 Redox homeostasis perturbation between host and parasite
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It shall be noticed that most of these compounds belong to the families of alka-
loids, in particular, indole and naphthoisoquinoline alkaloids, with few exceptions 
including sequiterpenes, quassinoids, limonoids, and a polyphenolic compound 
(ellagic acid).

27.4.1  Alkaloids

Alkaloids are one of the most important antimalarial compound classes known from 
ancient time. Quinine, which represents the first antimalarial natural drug used, 
belongs to this group. It is a quinidine alkaloid isolated from the bark of Cinchona 
succirubra and it has been used for more than three centuries for the treatment of 
malaria [23]. Numerous studies reported in literature described the significant anti-
malarial activity of over 100 natural alkaloids, which have been considered more 
potent than chloroquine [24]. Some of the active reported alkaloids can be also 
grouped according to their structural chemical classes. In particular, indole alka-
loids which from a chemical point of view contain an important indole group in 
their structure and derive from the amino acid tryptophan, represent one of the larg-
est class of alkaloids grouping together many antimalarial compounds [25]. The 
naphthoisoquinoline alkaloids represent as well potential antimalarial compounds. 
These compounds are secondary metabolites naturally present mainly in some 
plants of the Ancistrocladaceae and Dioncophyllaceae families. Structurally, they 
are chiral molecules characterized by the presence of C-C and C-N bonds typical of 
the naphthalene and isoquinoline structures contained in them. In addition to the 
antimalarial activity, these alkaloids have shown many biological activities includ-
ing anti-leishmanial, anti-trypanosomal, fungicidal, insecticidal, and larvicidal [26].

27.4.2  Sesquiterpenes

An important medicinal plant used from ancient time because of its content in anti-
malarial artemisinins is the Artemisia annua, an herb used in Chinese traditional 
medicine. As already mentioned, artemisinin-combination therapies (ACTs) are 
nowadays the standard treatment in the world against P. falciparum [1, 27]. 
Chemically, artemisinin belongs to sesquiterpenes, namely, terpenes characterized 
by three isoprene units (C15H24), which represent a very important class of second-
ary metabolites obtained from plants. In addition to artemisinin, several other ses-
quiterpene compounds have shown a potentially antimalarial activity [25]. 
Structurally, as already mentioned, artemisinin presents a characteristic endoperox-
idic group which is considered responsible for its activity. However, the other ses-
quiterpene compounds reported in Table 27.1, do not contain the typical peroxide 
group of artemisinin. Interestingly, this chemical group is found in another antima-
larial compound, named Plakortin, recently isolated from a tropical sponge instead 
of from plants. It is a polyketide endoperoxide isolated from the sponge Plakortis 
simplex, and it has shown antiparasitic activity against P. falciparum. It has been 
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shown that the activity of this compound also depends on the functionality of the 
peroxide [28].

27.4.3  Quassinoids

Quassinoids are related to terpenes group too. They are a class of degraded triter-
penes, and most of them are characterized by a C-20 and δ-lactone skeleton [22]. 
Concerning the quassinoids, in particular, three compounds have reported signifi-
cant antimalarial activity with very low IC50 values as a result of our free research: 
Ailanthone and 6-alpha-tigloyloxychaparrinone isolated from Ailanthus altissima 
and simalikalactone D obtained from the roots of Simabaorinocensis. The presence 
of the ester function seems to be important for in vitro antiplasmodial activity of 
these compounds [29].

27.4.4  Limonoids

Limonoids present a similar structure to quassinoids. These compounds, classed as 
tetranortriterpenes, present different variations of the furanolactone core structure. 
Meliaceae, Cucurbitaceae, and Rutaceae are the plant families richer of these phy-
tochemical compounds, some of which have demonstrated different biological 
properties such as antimalarial activity [23].

27.4.5  Polyphenolic Compounds

As regards the polyphenolic compounds, only the ellagic acid (EA) has shown a 
very interesting IC50 value. This is an antioxidant molecule which chemically 
belongs to the hydrolysable tannins class, known for its antimalarial activity. EA is 
derived from the hydrolysis of ellagitannins (ETs). ETs are hydrolyzed, chemically 
by acids or bases or enzymatically, into hexahydroxy diphenic acid, which sponta-
neously tends to EA [30]. EA explains its antiplasmodial activity by interfering with 
hemoglobin metabolism and, in particular, inhibiting the β-hematin formation [31]. 
For these reasons, ellagic acid could be a potential candidate to be utilized in com-
bination with artemisinin in ACTs.

27.5  Conclusions

This work has revealed a wide range of natural products with potent antimalarial 
activity, belonging to some specific chemical group, mainly alkaloids, terpenoids, 
quassinoids, limonoids, and polyphenols.

Selected compounds from a physicochemical point of view are characterized for 
larger molecular mass and higher hydrophobicity index (logP). These properties 
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may be considered necessary for the achievement of the intracellular target [66]. 
Furthermore, most of these compounds are hydrogen bond acceptors. Structurally, 
there are recurrent chemical groups that share these molecules. Most compounds 
present a rigid scaffold of at least 3 cycles which confers high rigidity to the mole-
cule. However, further structure-activity relationship studies are necessary for the 
possible identification of a pattern of functional groups (pharmacophore) responsi-
ble for the antimalarial activity.

Many of the selected compounds, including artemisinin, are likely expected to 
exert redox activity in biological systems, but, in most instances, a direct evidence 
is missing.

At this regard, it should be considered that the erythrocyte-plasmodium system 
represents a unique environment combining two interconnected oxidative defense 
systems, extremely high concentration of heme iron contained in the host compart-
ment and intense hemoglobin digestion and heme detoxification in the parasite [22]. 
Experiments to test the interference with the host-parasite redox state of any poten-
tial antimalarial compounds should be, therefore, tested in infected erythrocytes at 
different development stages.

It should be also noticed that, the antimalarial mechanism of action of redox 
compounds is complex involving very sensitive host targets [67] that could be con-
sidered for the screening of antimalarial drug candidates.
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Abstract
Malaria is a devastating infectious disease affecting mostly tropical and sub- 
tropical regions. Owning to the emergence of resistance to the existing chemo-
therapy, the development of anti-malarial drugs as novel chemotherapeutics 
remains unavoidable. Malaria parasite, Plasmodium, experiences oxidative stress 
throughout its life cycle upon infection, and underlying redox metabolism is 
quite complex. Alterations in the redox homeostasis occur during host-pathogen 
interactions. Parasite is highly vulnerable to such alterations in redox homeosta-
sis. To circumvent this, the parasites engage in an efficient redox system having 
protective roles towards the turbulence faced by the parasite. Targeting the redox 
system of malaria parasite is tempting in developing novel antimalarial drugs. 
On the other hand, oxidative stress, generated during anti-malarial drug metabo-
lism, acts as a source of inhibition against progression of this outrageous para-
site. This review aims to provide updated knowledge on redox networks of 
parasite and structural insights of redox system enzymes, underpinning the bal-
ance between antioxidant and pro-oxidant candidates throughout the host- 
parasite interactions. Furthermore, it also highlights the importance of reactive 
oxygen species generation during anti-malarial drug metabolism. This review 
summarises on the vulnerabilities of the malaria parasite due to oxidative stress 
and the potential cues towards development of the novel antimalarial drugs.
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28.1  Introduction

Malaria is still a major health threat affecting millions of people worldwide. 212 
million cases of malaria had been estimated with 429,000 deaths globally (WHO 
malaria report 2016) [1]. Apicomplexan parasite of genus Plasmodium causes 
malaria by completing its developmental life stages in human host and female 
anopheles vector [2]. Cure to malaria is artemisinin chemotherapy which is under 
threat due to the emergence of resistance. Thus, immediate measures are required to 
develop novel antimalarial drugs [3, 4].

28.1.1  Oxidative Stress Faced by Malaria Parasite

During the developmental stages of malaria parasite in human host, most clinical 
symptoms of malaria occur during the erythrocytic stage of asexual development of 
the parasite. During infection in human host, the parasite encounters oxidative stress 
leading to the enhanced production of reactive oxygen species (ROS, e.g. superox-
ide anion, hydroxyl ions, hydrogen peroxide) [5]. Inside the host cells, ROS is 
majorly produced by activated neutrophils, due to increased metabolic rate as the 
parasite enters trophozoite stage and degradation of haemoglobin during the eryth-
rocytic stage. Malaria parasite is exposed to the oxidative stress. Evidently, the para-
site has to cope up with this stress as susceptibility to the oxidative stress is a widely 
known phenomenon in the case of pathogenic parasites [6].

28.1.2  Redox Systems

Aerobic microorganisms have evolved a defence mechanism like redox and 
antioxidant systems, which are efficient in protecting the oxidative effects of ROS 
and keeping a reduced environment. These systems regulate the antioxidant and 
redox homeostasis and comprise of antioxidant enzymes and molecules. The major 
players of these systems are cellular antioxidant enzymes and molecules, such as 
glutathione peroxidase, superoxide dismutase, catalase and peroxiredoxin, NADPH, 
and thiols like thioredoxin and glutathione (Fig. 28.1).

In malaria parasite, compartmentalisation of the redox network within the organelles 
like cytosol, mitochondria and apicoplast is done into sub-cellular systems. The parasites 
engage in an efficient redox system comprising NADPH-dependent thioredoxin system 
and glutathione system, to impede the oxidative stress and maintain a redox homeostasis 
under normal physiological conditions [7]. These systems detoxify and maintain the 
redox state by thiol-sulphide exchange reactions. This is achieved by oxidised and 
reduced glutathione, thioredoxins and their disulphides with NADP+/NADPH. However, 
the intracellular reduced state is maintained by various enzymatic and non-enzymatic 
antioxidants as well as peroxiredoxins and superoxide dismutases (Figs. 28.1 and 28.2).
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Malaria parasites Plasmodium possess ubiquitous peroxidases as peroxiredoxins 
(Prxs), instead of catalase or genuine peroxidase. The basal cellular peroxide flux is 
maintained by Prxs by using cysteine residue in their active site to reduce reactive 
oxygen species [8, 9]. Prxs belong to the distinct classes of protein family: typical 
2-Cys peroxiredoxins, atypical 2-Cys peroxiredoxins and 1-Cys peroxiredoxins. 
These are localised mainly in cytosol and mitochondria. Plasmodium parasites also 
have a glutathione peroxidase-like protein which uses thioredoxin as a reducing fac-
tor, which might be localised in apicoplast, not experimentally verified though 
[10–14].
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Fig. 28.1 Model showing schematic of redox networks of malaria parasite Plasmodium. Proteins 
of glutathione system and thioredoxin system involved in the redox homeostasis of parasite are 
shown in different compartments like mitochondria, apicoplast and parasite cytosol. The proteins 
are shown in their reduced and oxidised forms. Abbreviations: TPxGI, glutathione peroxidase-like 
thioredoxin peroxidase, 1-cys-Prx 1-cysteine peroxiredoxin, AOP antioxidant protein, TPx1, 2 
thioredoxin peroxidase 1,2, Trx1,2,3 thioredoxin 1,2,3, Tlp1,2 thioredoxin-like protein 1,2, TrxR 
thioredoxin reductase, GR glutathione reductase, GSH reduced glutathione, GS-SG oxidised gluta-
thione, Trx-S2, oxidised thioredoxin, Trx-SH2, reduced thioredoxin, HbO-Fe3+ oxyhaemoglobin 
with ferriprotoporphyrin, HbO-Fe3+ oxyhaemoglobin containing ferriprotoporphyrin, SOD1 
superoxide dismutase 1, SOD2 superoxide dismutase 2
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28.1.3  Glutathione System

In malaria parasite, the glutathione system is composed of glutathione and the low 
molecular weight thiol which is present in abundance and regulates the redox bal-
ance primarily. The other thiol-disulphide exchange enzymes like oxidoreductases 
are glutathione reductase, glutathione S-transferase, thioredoxin peroxidase-like 
glutathione peroxidase, glutathione redoxins and glutathione-like proteins. In this 
system, the thiol-sulphide exchange (GSH-GSSG) acts as the major redox regulator 
in malaria parasite [15, 16].

28.1.4  Thioredoxin System

The thioredoxin system in malaria parasite comprises small proteins like 
thioredoxins, thioredoxin-like proteins, thioredoxin reductase, thioredoxin 

Fig. 28.2 Phylogenetic relationships of thioredoxin reductase of parasites belonging to different 
taxonomic groups. Phylogenetic analysis involved 26 amino acid sequences was done by Maximum 
Likelihood method conducted in MEGA 7
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peroxidase and peroxiredoxins, which are localised in endoplasmic reticulum, 
cytosol and parasitophorous vacuole [17, 18]. The antioxidant enzyme thioredoxin 
reductase is the most important enzyme of this system which helps the Plamsodium 
parasites to maintain a reduced intracellular environment during intraerythrocytic 
development. Hence, this enzyme is crucial for the survival of the parasites in the 
intraerythrocytic stage of malaria parasite life cycle.

28.1.5  The Unique Feature of Enzyme Thioredoxin Reductase

There are two low molecular weight isoforms of thioredoxin reductase (TrxR) which 
are expressed by Plasmodium falciparum. These two forms of TrxR are located in 
mitochondria and cytosol, act by reducing its substrate thioredoxin [19]. The cata-
lytic site of P. falciparum TrxR is composed of two active sites in which NADPH-
dependent electron transfer occurs to its disulphide substrate. The active centre of the 
malaria parasite is unique from its counterpart in human and insects in having the 
two cysteine redox pair (535 and 540) separated by four amino acid linker in contrast 
to cysteine-selenocysteine redox pair at the C-terminal redox centre. The active site 
C-VNVG-C is conserved among the species of Plasmodium [20–23]. The N-terminal 
of parasite TrxR has an extended coil region which replaced by a helix and strand in 
human TrxR. This suggests the difference in the electrostatic surface properties of 
the enzymes in human and malaria parasite which is responsible for the different 
modes of interactions with other protein candidates. It has been previously reported 
that P. falciparum TrxR shows almost 40–42% sequence identity to the human 
TrxR. This distinctive feature of malaria parasite TrxR makes it unique from human 
vis-a-vis making it a fascinating druggable target [24–26].

28.1.5.1  Known Inhibitors Against PfTRxR
As the enzymes of redox system help the parasite to survive and dodge the 
deadly oxidative effects of its metabolism or host immune response, these 
enzymes present to be attractive targets for the design of repertoire of anti-
parasitic compounds. The unique specificity of the enzyme makes it convenient 
for the design of rational drug candidates. There had been a  few inhibitors 
which are reported till date as inhibitors of TrxR. Some of the inhibitors are 
illustrated in Table 28.1. Andricopulo et al. have discovered plausible inhibitor 
of parasite TrxR, which was believed to interact with the interactive cavity of 
the enzyme [33]. One of the inhibitors reported was aurothiomalate which 
showed inhibition of enzyme TrxR by inducing eryptosis. Eryptosis-like condi-
tion is triggered when red blood cells experience oxide stress [34, 35]. Similarly, 
the compounds 1,4-napthoquinone (1,4-NQ) and 4- nitrobenzothiadiazole 
(4-NBT) were reported to be active against Plasmodium falciparum. Other 
inhibitors reported are bis-(2,4-dinitrophenyl)sulphide (2,4- DNPS) and mena-
dione (MD) which showed moderate activity against malaria parasite [36]. 
However, the active compounds 1,4-NQ, 2,4- DNPS, 4-NBT and MD showed 
more toxicity than 3-DAP against the mammalian cells.
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28.1.5.2  Pro-oxidant and Antioxidant Property of Redox Enzymes
In malaria parasites, the administration of drugs like artemisinin and its derivatives 
acts as pro-oxidants and inhibits the growth of parasite both in vivo and in vitro dur-
ing intra-erythrocytic stage. Likewise, in the case of cerebral malaria, the ROS pro-
duction is responsible for the pathology of the host tissue causing vascular 
endothelial dysfunction. When pro-oxidants act on vascular tissue, it causes the 
damage potentially in contrast to supporting the host defence while acting near the 
infected cell. The paradox of ROS production remains, as it could be both beneficial 
and pathological which highly depends on the site and amount of production.
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Abstract
Targeting redox metabolism of the parasite may prove to be a rewarding strategy 
in leishmaniasis since it plays a crucial role in the survival of Leishmania para-
sites inside the host cells where they face intense oxidative stress. Enzymes 
involved in redox metabolism have been widely studied establishing their signifi-
cance in survival and virulence of Leishmania. Moreover, the selective presence 
of some of these enzymes makes them validated drug targets in Leishmania. 
Kinetoplastids like Leishmania are one of the most primitive eukaryotes possess-
ing a single large branched mitochondrion spanning the cell body of the parasite, 
and their survival depends on the proper functioning of this single mitochon-
drion, which makes them vulnerable to mitochondrial stress. Mitochondria are 
primary sites where intracellular reactive oxygen species (ROS) are generated by 
the electron transport chain composed of multi-protein complexes present in the 
inner mitochondrial membrane. Several leishmanicidal agents have been identi-
fied to induce oxidative stress and disrupt the structural as well as functional 
integrity of the mitochondrion, thereby triggering an apoptosis-like cell death in 
Leishmania. Here, we provide an overview of the role of the antioxidant defense 
mechanism in Leishmania and highlight the potential of compounds inducing 
oxidative stress for their development as new anti-leishmanial agents.
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29.1  Introduction

Leishmaniasis is a neglected vector-borne parasitic disease, which is prevalent 
mainly in tropical and sub-tropical regions of the world. This disease is caused by 
more than 20 species of parasitic protozoa of the genus Leishmania and is transmit-
ted by phlebotomine sand flies. The life cycle of Leishmania includes two forms − 
extracellular motile promastigotes residing in the gut of the sand fly, while 
intracellular non-motile amastigotes reside inside parasitophorous vacuoles of 
mammalian host cells. There are three manifestations of leishmaniasis − cutaneous 
leishmaniasis (CL), mucocutaneous leishmaniasis (MCL), and visceral leishmani-
asis (VL), among which VL, caused by Leishmania donovani, is the most fatal one 
if left untreated. According to the recent report by World Health Organization, 0.2–
0.4 million new cases and 20,000–30,000 deaths per annum occur due to VL com-
monly in developing countries. The standard drugs currently used to cure 
leishmaniasis patients are antimonials, miltefosine, amphotericin B, and its formu-
lations, whereas paromomycin and pentamidine are also effectively used. However, 
the limitations of these drugs like resistance, high toxicity, high cost, and painful 
routes of drug administration restrict their uses and necessitate the development of 
new safer drugs [1–4]. To achieve this goal, researchers have been targeting unique 
and essential metabolic pathways of the parasite, which differ from their mamma-
lian counterpart. Here, we discuss the redox metabolic pathways in Leishmania and 
highlight how oxidative stress-inducing agents could have a potential for develop-
ing new chemotherapeutics against leishmaniasis.

29.2  The Unique Mitochondrion of Leishmania

The unicellular Leishmania parasites have several organelles that are unique to 
Kinetoplastids out of which the mitochondrion deserves special mention. A single 
ramified mitochondrion with disk-shaped DNA containing kinetoplast is present in 
these organisms which constitutes 12% of body weight differing from mammalian 
cells containing thousands of mitochondria (Fig. 29.1). Kinetoplast DNA is made 
up of parallel DNA fibers and constitutes ~30% of whole genome that encodes 
rRNAs and subunits of respiratory chains and guide RNA. However, most of the 
mitochondrial proteins are encoded by nuclear DNA [5–7].

The inner mitochondrial membrane of trypanosomatids comprises various com-
plexes to generate energy  – NADH-ubiquinone oxidoreductase (complex I), 
succinate- ubiquinone oxidoreductase (complex II), ubiquinol-cytochrome c oxido-
reductase (complex III or cytochrome bc1), and cytochrome c oxidase (complex IV) 
as in higher eukaryotes. These complexes generate proper proton gradient involving 
ubiquinone and cytochrome c as electron carriers across the inner mitochondrial 
membrane. This proton gradient helps in ATP synthesis by ATP synthase (complex 
V) which is called coupling of respiration with oxidative phosphorylation. Despite 
these similarities, there are growing evidences of differences in ETCs (electron 
transport chains) in Leishmania parasites from their mammalian host. First, there is 
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controversy over presence of complex I in trypanosomatids as it has been reported 
that oxygen consumption is independent of rotenone, a complex I inhibitor, and also 
no effect in oxygen consumption after deletion of its subunits (ND4, ND5, and ND7) 
in case of T. cruzi has been reported [8, 9]. Interestingly, some reports have shown 
that KCN, inhibitor of complex IV, cannot slow down the respiratory process of 
trypanosomatids suggesting the presence of other alternative oxidase (AOX) [10]. 
Though the presence of AOX and its inhibition by salicylhydroxamic acid (SHA) 
have been confirmed in trypanosomes, SHA does not affect AOX of Leishmania 
parasites that are cyanide-insensitive. However, cyanide-insensitive respiration is 
impaired by another cytochrome c inhibitor orthohydroxydiphenyl (OHD) explain-
ing the need of further study related to this enzyme in trypanosomatids. Succinate, 
substrate of complex II, has been reported to participate actively in oxidative 

Fig. 29.1 Unique features of the Leishmania parasite – (a) SEM (scanning electron microscope) 
micrograph depicting elongated cell body with smooth cell membrane and a long flagellum. TEM 
(transmission electron microscope) micrographs of thin sections displaying ultrastructural charac-
teristics – (b) well-defined nucleus, flagellum [inset revealing 9 + 2 microtubule arrangement and 
ribbed paraflagellar rod (PFR)], flagellar pocket, acidocalcisomes, and lipid droplets. (c) Single 
mitochondrion extended along the body length with electron-dense kinetoplast DNA. (d) TEM 
image showing the presence of subpellicular microtubules beneath the cell membrane. (e) TS of 
microtubule (arrowhead) which is absent in the membranes of flagella and flagellar pocket (arrow 
and curved arrow). (f) Confocal micrograph showing single-branched mitochondrion with nucleus 
and kinetoplast (dually stained with MitoTracker Red CMXROS and Hoechst). (g) Confocal 
micrograph exhibiting uniform cell membrane with flagellar pocket stained with FM 4–64 dye. F 
flagellum, FP flagellar pocket, K kinetoplast, M mitochondria, N nucleus, A acidocalcisomes, L 
lipid droplets, TS transverse section
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phosphorylation in these parasites. Besides, in these parasites, there is an alternative 
electron path to produce ATP in which fumarate accepts electrons from NADH and 
produces succinate using fumarate reductase (absent in mammals) [11]. The single 
mitochondrion of these parasites makes them especially vulnerable since proper 
functioning of this organelle is critical for the survival of the parasites in the absence 
of any compensatory mechanism. For this reason, researchers are targeting this 
organelle for developing new leishmanicidal agents.

Since amastigotes live in hypoxic condition inside the parasitophorous vacuole 
(PV), they do not synthesize ATP via oxidative phosphorylation, but through 
substrate- level phosphorylation (SLP) using fumarate and pyruvate as substrates. In 
addition, lack of complex I, II, and IV has also been shown in amastigotes validating 
occurrence of SLP. Nevertheless, inhibitors of complex I and III affect the growth of 
amastigotes, suggesting the presence of substantially different ETC complexes 
which need further investigation [12, 13]. Interestingly, fumarate reductase and 
pyruvate reductase, which participate in SLP, may prove to be potential drug targets 
for amastigotes besides ETC complexes.

29.3  Oxidative Stress in Leishmania

Oxidative stress is a condition when there is an imbalance between the generation 
of reactive oxygen species (ROS) and their regulation by radical scavenging sys-
tems. ROS molecules include peroxides, superoxides, hydroxyl radicals, and singlet 
oxygen, which are chemically reactive molecules and can react with proteins, lipids, 
and DNA of the cells. Under normal conditions, ROS molecules perform physiolog-
ical functions and actively participate in signaling pathways, but excessive ROS 
levels have detrimental effects and sometimes may lead to cell death. Therefore, it 
is essential to regulate ROS generation by reducing its level both with the help of 
antioxidant enzymes and non-enzymatic molecules [14]. Like other higher organ-
isms, Leishmania parasites also possess redox pathways including antioxidants, 
enzymes, and molecules to control ROS levels. Nevertheless, it appears that the 
parasites are very sensitive to oxidative stress whether they face it inside the macro-
phages in the form of amastigotes or in the presence of anti-leishmanial compounds. 
Several reports state that oxidative stress leads to peroxidation of membrane lipids, 
mitochondrial dysfunction, and ATP depletion in these parasites resulting in ham-
pering of other physiological events or organelles and finally causing death of the 
parasites [15].

29.3.1  Oxidative Stress Encountered by Leishmania Parasites 
Due to Immunological Response During Infection

Macrophages are the major host cells in Leishmania infection, whereas other host 
cells may also be infected like dendritic cells, eosinophils, neutrophils, and fibro-
blast. The first type of immune response that occurs post-infection is innate immune 
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response which includes activation of cells like natural killer cells, macrophages, 
neutrophils, monocytes, and dendritic cells through recognition receptor mecha-
nisms (e.g., toll-like receptors) producing soluble products (complement, released 
cytokines including interleukin 12 and TNF) [16]. TLR 2, TLR 3, and TLR 4 have 
been shown to display leishmanicidal activity by inducing the production of TNF-α 
(tumor necrosis factor alpha), NO (induction of iNOS, inducible nitric oxide syn-
thase), and ROS in various species of Leishmania parasites [17]. The adaptive 
immune response during infection includes the participation of T-cells, i.e., CD4 T 
cells. CD4+ T cells comprise of Th (T helper) 1 and Th2 population [18]. Th1 cells 
produce pro-inflammatory cytokines like interleukin 12 (IL-12), gamma interferon 
(IFN-γ), and TNF causing induction of iNOS and suppression of arginase-1 conse-
quently leading to potent anti-leishmanial activities [19, 20]. On the other hand, Th2 
response promotes disease progression by producing anti-inflammatory cytokines 
like IL-4, IL-13, and IL-10 and by enhancing expression of arginase-1 [21]. Infection 
by L. donovani has been shown to suppress TLR 2 action and increase IL-10 pro-
duction which both help in persistence of infection. Furthermore, the parasites 
develop various strategies like the presence of thick layer of lipophosphoglycan 
(LPG) [22] and generation of arginase causing the formation of L-ornithine from 
arginine that is utilized by the parasites for their survival. Metalloprotease gp63 of 
Leishmania also inhibits the NOX2 (phagocytic NADPH-oxidase) production and 
iNOS signaling in macrophage [23]. Hence, oxidative stress is one of the important 
defense mechanisms employed by macrophage against the parasite. However, the 
parasite adopts strategies to combat the oxidative stress in the host for its survival. 
The fine line balance between defense mechanism of the host and the efficiency of 
the parasite to combat it decides the progression of infection in this disease.

29.3.2  Oxidative Stress-Mediated Programmed Cell Death 
in Leishmania

Several studies have illustrated the importance of programmed cell death (PCD) or 
apoptosis in multicellular organisms. It is mostly beneficial over necrosis where cel-
lular lysis generates inflammatory responses [24]. Earlier, apoptosis was believed to 
be restricted only to metazoans. However, there are increasing evidences affirming 
the existence of apoptosis-like cell death in unicellular organisms such as Leishmania 
induced by stress like heat [25], oxidative stress [26], starvation, and serum comple-
ment or stimulated by treatment with various drugs [27]. The significance of apop-
tosis in these parasites is understood to maintain cell number in culture to get 
enough resources as well as to maintain proper cell density or clonality of popula-
tion to evade host immune response [28, 29]. Some of the morphological and physi-
ological features of apoptosis in Leishmania are common to multicellular organisms 
like cell shrinkage, blebbing on the membrane (in some cases, hence controversial), 
nuclear condensation, DNA fragmentation, PS externalization, and mitochondrial 
membrane depolarization. However, there are dissimilarities with typical metazoan 
apoptosis like the absence of classical regulatory or effector molecules, for 
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example, TNF-related family receptors, Bcl-2 family members, and typical cas-
pases in these unicellular parasites. The molecular machinery involved in cell death 
is not clear, and further research in this area may aid in determining the importance 
of these molecules in the life cycle of these organisms and help in designing new 
drugs against leishmaniasis.

In trypanosomatids, interplay of ROS (reactive oxygen species) generation, 
mitochondrial membrane depolarization, and rise in cytosolic calcium (Ca2+) have 
been widely studied with respect to cell death [27, 30]. Rise in ROS level causes 
peroxidation in mitochondrial membrane lipids resulting in mitochondrial depolar-
ization and opening of mitochondrial pore with initiation of PCD. Mitochondrial 
dysfunction leads to disruption in cytosolic Ca2+ homeostasis and to activation of 
various proteases (particularly caspases) and nucleases. A number of reports related 
to apoptosis in trypanosomatids have confirmed the presence of metacaspases con-
taining homologues of caspases that are arginine/lysine specific instead of cysteine 
specific (caspases of mammals) [31]. Activation of metacaspases may result in the 
activation of nucleases causing DNA fragmentation, which is observed in apoptosis- 
like cell death in trypanosomatids. Pro-apoptotic endonuclease G (Endo G) is 
released from the mitochondrion causing DNA fragmentation in Leishmania under 
oxidative stress [32, 33]. The study of novel molecules involved in apoptosis in 
these organisms may help in development of new drugs against leishmaniasis (Fig. 
29.2).

29.4  Redox Metabolic Pathways

Regulation of redox metabolism plays a vital role in the survival of Leishmania 
parasites which experience oxidative stress during their life cycle. Here, we focus 
on the oxidative stress generation and the defense mechanisms of the parasites.

29.4.1  Redox Metabolism in Mitochondria

Since Leishmania parasites are aerobic, ROS generation is a normal process in 
mitochondria. In agreement with other eukaryotes, the transfer of electrons from 
one complex to another in electron transport chain (ETC) may lead to escape of 
some electrons from the chain and cause reduction of molecular oxygen to superox-
ide radicals (O2

•−) (precursor for hydrogen peroxide and other ROS agents). In 
higher eukaryotes, complex I of ETC actively produces ROS while the presence of 
this complex in trypanosomatids is debatable. Nevertheless, in L. donovani, produc-
tion of superoxide radicals is reported in response to rotenone (inhibitor of complex 
I) [34, 35]. In spite of presence of NADH dehydrogenase of complex I having low 
activity, the existence of type II NADH dehydrogenase has also been reported in 
Leishmania genome (LinJ.36.5620; http://tritrypdb.org/tritrypdb), but its role in 
ROS production has not been identified in the case of Leishmania species though 
having ROS-producing activity in trypanosomes [9]. Although ROS generation by 
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complex II is rarely documented in mammalian cells, ROS is significantly produced 
by complex II inhibitor (TTFA, thenoyltrifluoroacetone) in L. donovani [35]. ROS 
generation by complex III has been observed in Leishmania with antimycin A, 
inhibitor of complex III, and tafenoquine treatments [35, 36]. In general, complex 
IV is not involved in ROS production but some obstruction of electron flow even in 
complex IV can lead to generation of ROS from molecular oxygen (O2). In spite of 
having typical respiratory chain complexes, trypanosomatids including Leishmania 
parasites contain NADH-fumarate reductase subunit that is also responsible for 
ROS production [37]. Superoxide radicals (O2

•−) that are primarily produced in 
mitochondria may generate other ROS molecules like hydrogen peroxide (H2O2), 

Fig. 29.2 Schematic diagram describing events leading to apoptosis-like cell death in Leishmania 
parasites induced by either physiological stress or chemicals. Various types of stimuli provoke dif-
ferent stress such as oxidative stress (ROS generation), depolarization of mitochondrial mem-
brane  (Delta Psi m indicates mitochondrial membrane potential), or disruption in calcium 
homeostasis. These three events are interrelated to one another and ultimately lead to cell death 
involving activation of caspase-like proteases and nucleases causing DNA fragmentation
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hydroxyl radicals, peroxides of lipids, and other organic hydroxides which may 
cross the membrane and damage other organelles.

To decrease ROS level inside mitochondria, the conversion of superoxide ions to 
H2O2 and O2 occurs which is catalyzed by superoxide dismutases (SODs) using 
metal iron as cofactor. The existence of two SODs (FeSODA and FeSODB) is docu-
mented in trypanosomatids including Leishmania where SODs of trypanosomatids 
use iron (Fe) as cofactor instead of manganese (Mn) in mammalian SODs. Moreover, 
resistance against ROS-producing agents like nitroprusside and antimycin A has 
been revealed in Leishmania having overexpressive SODs, and also downregulation 
of SODs results in increasing susceptibility of Leishmania parasites for ROS- 
producing agent, menadione. Most importantly, these enzymes help parasites to 
evade immune response of macrophages as reduction in survival of Leishmania 
amastigotes in macrophages has been observed in the absence of FeSOD activity 
[38, 39]. Hence, mitochondria of these parasites are actively engaged in producing 
as well as eliminating ROS molecules like in mitochondria of higher eukaryotes. 
Therefore, the only mitochondrion of the parasite along with their specific ETC 
complexes including fumarate reductase and SODs is a promising drug target 
against leishmaniasis.

29.4.2  Thiol Metabolism

Other than mitochondrial involvement in redox metabolism of these parasites, there 
are also antioxidants which significantly participate in redox cycle and also essen-
tial for the survival as well as virulence of the parasites. In this section, we discuss 
antioxidant molecules, their synthesis, and their role in redox metabolism.

29.4.2.1  Trypanothione Synthesis
The occurrence of specific molecule (N1,N8-bis(L-ƴ-glutamyl-L-hemicystinyl-
glycyl)spermidine) of redox reaction named trypanothione (Try) with a molecular 
weight of 721 has been validated in trypanosomatids [40]. Try in these parasites is 
predominantly used to maintain reducing environment inside the cells while this 
function is performed by glutathione in higher eukaryotes. Try is synthesized using 
glutathione and spermidine as substrates and using ATP as energy source  (Fig. 
29.3). Previous reports have confirmed the presence of TRYS gene encoding try-
panothione synthetase (TS) which catalyzes the reaction of glutathione (GSH) and 
spermidine/glutathionylspermidine to form Try [41, 42]. TS in L. major displays 
substrate inhibition at different concentrations of GSH. TS from L. donovani has 
also been isolated which represents 95% homology with TS of L. major [42]. 
Interestingly, these parasites need TS for their survival in oxidative stress, and inhi-
bition of this enzyme suppresses the growth of Leishmania parasites as well [43]. 
Moreover, the abovementioned enzymes of polyamine biosynthesis have been well- 
studied as promising drug targets against leishmaniasis since several polyamine 
analogues are documented to affect the growth of parasites [44–46]. Transport of 

B. P. Awasthi et al.



547

polyamines is equally important for the growth of parasites since molecules target-
ing polyamine transport exhibit potent activity against Leishmania parasites [47].

29.4.2.2  Trypanothione Metabolism
T(SH)2 and T(S)2 are representative forms of reduced trypanothione and oxidized 
trypanothione, respectively. Using NADPH, T(S)2 is enzymatically reduced to 
T(SH)2 by the enzyme trypanothione reductase (TR), a nicotinamide adenine dinu-
cleotide phosphate (NADP+)-dependent enzyme  (Fig. 29.4). T(SH)2 then reacts 
with GSSG (oxidized glutathione) and reduces it to GSH by oxidizing itself to 
T(S)2. The sum of both the above reactions leads to final reaction explaining how 
trypanothione acts as cofactor for the reduction of GSSG [40]. Interestingly, T(SH)2 
is also involved in detoxification of metals as well as different drugs since more 
T(SH)2 has been found in metal-resistant parasites [48]. TR is the member of FAD 
(flavin adenine dinucleotide) disulfide oxidoreductase protein family and is the key 
enzyme of thiol metabolism of trypanosomatids including Leishmania which is not 
present in mammals where similar function is performed by glutathione reductase 
(GR). Though TR and GR share 40% homology in sequence, there are some differ-
ences in their active sites. The mechanism of reduction of T(S)2 by TR begins with 

Fig. 29.3 Synthesis of trypanothione. Reduced trypanothione is synthesized using reduced gluta-
thione and glutathionylspermidine as substrates in a reaction catalyzed by trypanothione synthe-
tase enzyme. Glutathionylspermidine is produced by the reaction of reduced glutathione and 
spermidine. Spermidine is formed by the reaction of decarboxylated S-adenosylmethionine with 
putrescine which is produced by decarboxylation of ornithine. Arginine reacts with water molecule 
to produce ornithine catalyzed by arginase (only exists in Leishmania, not in other trypanosoma-
tids). Reduced form of glutathione is produced by the reaction of glycine with gamma- 
glutamylcysteine which is formed by reaction of cysteine with glutamate
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donation of electrons from NADPH to FAD producing a transient FADH− anion, 
which attacks the enzyme’s disulfide bond (Cys52– Cys57) at the active site render-
ing redox-active Cys52 and Cys57 in the dithiol form of the enzyme. Cys57 reacts 
with flavin and Cys52 breaks the disulfide group of trypanothione disulfide, forming 
a covalent enzyme-substrate complex. Next, Cys57 interacts with nucleophile and 
breaks the sulfide of Cys52, displacing Try from active site of TR and generating 
protein disulfide group. The histidine (His461′) residue of TR participates as an acid 
and base catalyst. The same reaction is followed in reduction of GSSG by GR with 
differences in the active sites of TR and GR. The active site of TR contains hydro-
phobic and negatively charged region (Glu19, Trp22, Ser110, Met114, and Ala343) 
which helps in binding of spermidine of trypanothione disulfide, while active site of 
GR possesses hydrophilic and positively charged region (Ala34, Arg37, Ile113, 
Asn117, and Arg347) to bind glycine carboxylates of glutathione disulfide [49]. 
Furthermore, the requirement of TR for survival as well as virulence has been evi-
dently demonstrated in these parasites particularly inside the host cells. Leishmania 
cells having only one wild-type allele for TR show weakened activity of TR for 
redox metabolism, thereby with reduced ability to survive in activated macrophages 
[50, 51]. TR is a well-studied enzyme as a drug target against leishmaniasis, and we 
will be describing some inhibitors of TR later.

29.4.2.3  Tryparedoxins and Tryparedoxin Peroxidase
The other antioxidant enzymes found in higher organisms, like catalase, typical 
selenium-containing glutathione peroxidases, and classical thioredoxins which 
reduce hydroperoxides, are absent in trypanosomatids. Thus, to perform functions 
of the above enzymes, there are proteins like tryparedoxins (TXNs) instead of 

Fig. 29.4 Thiol metabolism in Leishmania parasites. TR participates in reduction and oxidation 
of trypanothione from T(S)2 to T(SH)2 using reducing power from NADPH (change to NADP) and 
from T(SH)2 to T(S)2, respectively. TXNP reduces hydroperoxides or organic peroxides by oxidiz-
ing TXN(SH)2 to TXN(S)2 which returns to its reduced form by using power from T(SH)2. T(SH)2 
also helps GR to reduce GSSG while TXN(SH)2 assists RR to reduce NDPs to generate dNDPs 
(precursor for DNA synthesis). TR trypanothione reductase, NADP oxidized nicotinamide adenine 
dinucleotide phosphate, NADPH reduced NADP, T(S)2 oxidized trypanothione, T(SH)2 reduced 
trypanothione, GR glutathione reductase, GSSG oxidized glutathione, GSH reduced glutathione, 
TXN(S)2 oxidized tryparedoxin, TXN (SH)2 reduced tryparedoxin, TXNP tryparedoxin peroxidase, 
RR ribonucleotide reductase, NDPs nucleoside diphosphates, dNDPs deoxynucleoside diphos-
phates, ROOH peroxides (R-H atom or any other)

B. P. Awasthi et al.



549

thioredoxins (TXNs) and tryparedoxin peroxidase (TXNP) and also ascorbate per-
oxidases (APXs) instead of typical peroxidases in these parasites. TXNs are dithiol 
proteins that act as oxidoreductases and share only 15% homology with thioredox-
ins and possess an active site (Trp-Cys-Pro-Pro-Cys-Arg) different from the active 
site of thioredoxins (Trp-Cys-(Gly/Ala)-Pro-Cys-Lys). TXNs use T(SH)2 for their 
reduction during electron transfer between TR and flavoprotein and hence are 
termed as tryparedoxins. TXNs are used as electron donor to reduce peroxides by 
TXNPs [52, 53]. TXNP of L. donovani (LdTXNPx) is a typical 2-cysperoxiredoxin 
(Prx) or peroxidoxin that shares common features with other trypanosomatids and 
with mammals present in cytosol as well as in mitochondria. Basically, catalytic 
reaction of TXNPs involves reduction of peroxides using proximal thiol group of 
Cys (Cys52) that is oxidized to cysteine sulfenic acid (Cys-SOH). The other 
c- terminal thiol group of Cys (Cys173) of TXNPs attacks Cys-SOH and forms a 
stable intersubunit disulfide bond. This disulfide bond is then broken by TXN 
attacking on cys173 of TXNP and reducing it being oxidized itself. Since conforma-
tion of TXNP in its reduced form makes cys52 highly activated and accessible, only 
cys52 is attacked by peroxides, not cys173, whereas oxidized conformation of 
TXNP exposes cys173 and provides space for bulky molecules so that TXN can 
bind and reduce it. Oxidized TXN is reduced by trypanothione as mentioned previ-
ously, indicating Try-TXN-TXNP collectively perform redox metabolism and 
reduce toxic peroxides in these parasites [54]. TXNP in L. donovani is very essen-
tial for the survival, drug response, as well as virulence of the parasites [55]. 
Moreover, elevated level of TXNPs in L. donovani cells resistant to antimonials as 
well as to amphotericin B has been revealed, suggesting importance of TXNP [56, 
57]. Furthermore, overexpression of mTXNP in L. donovani results in protection of 
cells from PCD due to oxidative stress [58]. Cytosolic TXNPs of L. infantum 
(LicTXNPx1 and LicTXNPx2) are reduced by LiTXN1 involving reduction of hydro-
peroxides, alkyl peroxides, and also peroxynitrite and therefore help parasites to 
live inside host cells. On the other hand, LiTXN2 has shown specificity for mito-
chondrial TXNP (LimTXNPx) which prevents parasites from internal peroxides 
[59]. In addition to detoxifying peroxides and other ROS molecules, these peroxi-
doxins are also involved in detoxifying reactive nitrogen species (RNS) challenged 
by L. chagasi parasites harbored inside the host cells [60]. Thus, both cytosolic and 
mitochondrial TXNPs complement one another to maintain reducing environment 
of the parasites. Though mTXNP is abundant in promastigotes, their important role 
in establishing infection by amastigotes in host has shown to be based on the 
chaperone- like activity of this enzyme during heat stress inside host cells [61]. 
Other than assisting in redox metabolism, these enzymes also help in DNA synthe-
sis by donating electrons to ribonucleotide reductase for the synthesis of deoxyribo-
nucleotides. Further, mitochondrial TXNs regulate mitochondrial DNA replication 
by reacting with Universal Minicircle Sequence Binding Protein essential for kDNA 
replication [62]. Recently, purified cTXNP (c, cytosolic) of L. donovani has been 
shown to supress immune response of the host cells against parasites and hence help 
in enhancing growth of the parasites [63]. Interestingly, in the structure of TXN- 
TXNP pair in L. major, the location of the epitopes has been recognized which 
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makes the protein antigenic and therefore possibly fit to become anti-leishmanial 
polyprotein vaccine [64].

29.4.2.4  Other Peroxidases
Another  well-studied peroxidase enzyme of Leishmania is ascorbate peroxidase 
(APX) which is actually a class I heme-containing peroxidase enzymes present in 
photosynthetic organisms. It participates in oxidation of ascorbate in H2O2- 
dependent manner and is extensively studied in L. major. Previous studies have 
reported that APXs of trypanosomatids are different from plant-APXs in using cyto-
chrome c as substrate instead of ascorbate [65, 66]. The significance of APX in L. 
major is affirmed as its overexpression protects cells from ROS-mediated oxidation 
of cardiolipins as well as ROS-mediated PCD [67, 68]. Also, the deletion of gene 
for APX makes parasites more susceptible toward ROS molecules, indicating this 
enzyme is essential for virulence and survival of parasites inside macrophages [69].

29.4.2.5  Other Antioxidants Present in Small Amount
More than 1 mM Ovothiol A has also been reported to be present in five species of 
Leishmania promastigotes while less than 0.25  mM in other trypanosomatids. 
Though ovothiol is present equal to or more than trypanothione in Leishmania pro-
mastigotes, its non-enzymatic activity to eliminate H2O2 is less efficient than try-
panothione. Also, ovothiols have been shown to be absent in amastigotes of L. 
donovani but present in amastigotes of L. major in lesser amount. Varied presence 
and functions in trypanosomatids suggest further investigation of this molecule in 
these parasites [70]. 3-Mercaptopyruvate sulfurtransferase possessing unusual 
C-terminal extension has been revealed to be present in L. major and L. mexicana 
and participates in thioredoxin and antioxidant metabolism. Being itself oxidized, 
this enzyme can reduce TXN using thiosulfate as substrate. This enzyme generally 
catalyzes transfer of sulfur to cyanide to become thiocyanate [71]. Because of its 
selectivity, this enzyme could be an attractive target for Leishmania parasites. In L. 
major, pteridine reductase 1 (PTR1) is generally involved in reduction of biopterin 
to dihydrobiopterin and tetrabiopterin and also participates in balancing oxidative 
stress as its deletion makes parasites more susceptible toward oxidative stress [72].

Trypanothione is reported to mediate not only reduction of GSSG but also reduc-
tion of ovothiol, thioredoxin, and NDP with the help of tryparedoxin/ribonucleotide 
reductase and hence is a validated drug target in leishmaniasis [43].

29.5  Anti-Leishmanial Molecules

Our earlier sections have described how oxidative stress is deleterious for the para-
sites and how important it is to control this stress for parasite survival. Now, we 
discuss the different anti-leishmanial molecules killing the parasites by either inhib-
iting enzymes of redox metabolism or causing ROS-mediated apoptosis-like cell 
death.

B. P. Awasthi et al.



551

29.5.1  Anti-Leishmanial Molecules Targeting TR

The structural differences together with significance of TR in survival of Leishmania 
inside macrophages make TR a validated drug target against leishmaniasis. 
Consequently, a number of natural as well as synthetic molecules have been studied 
to inhibit TR but here we focus on TR inhibitors with potent anti-leishmanial activ-
ity. To begin with, antimonials which have been a first choice to treat leishmaniasis 
inhibit TR to kill parasites. Sb(III) (bioactive trimonial antimony) is coordinately 
attached to TR using the two redox-active catalytic cysteine residues (Cys52 and 
Cys57), one threonine residue (Thr335), and one histidine residue (His461′) from 
the second subunit of the dimer [73]. Furthermore, several tricyclic compounds 
have been screened for TR-inhibiting activity in trypanosomatids, but phenothi-
azine is the most studied in case of Leishmania parasites. ED50 (maximum dose at 
which 50% of population is affected) of chlorpromazine, one of the phenothiazine 
in L. donovani, has been calculated to be 4.9 μM and also chlorpromazine has 
shown strong in vivo activity for the parasites in hamster infected with L. donovani 
[74, 75]. Besides, other tricyclic antidepressant molecules also inhibit TR signifi-
cantly along with promising anti-leishmanial activity among which clomipramine 
displays the most potent activity in amastigotes with LD50 (dose at which 50% of 
population is killed) of 1.18 μM [76]. Based on the previous study of quinacrine 
(also called mepacrine) showing TR inhibition, quinacrine derivatives have been 
synthesized using sulfonamides and urea derivatives and have been examined to 
improve TR activity as well as antiproliferative activity in Leishmania parasites. 
Among them, the derivatives which are found more potent and selective inhibitor of 
TR also present promising anti-leishmanial activity, suggesting strong relation 
between TR inhibition and anti-leishmanial activity [77]. Quaternary arylalkylam-
monium 2-chlorophenyl phenylsulfides have been shown to enhance TR inhibitory 
activity along with better anti-parasitic activity [78]. In spite of tricyclic TR inhibi-
tors, there are also reports of bicyclic and heterocyclic compounds showing strong 
inhibition of TR. However, they have been mostly found toxic toward mammalian 
cells explaining why there are only few reports of these derivatives against 
Leishmania parasites [79]. Considering different substrates used by TR of parasites 
and GR of mammals, several polyamine (spermine and spermidine) derivatives 
have been designed and investigated for their TR-inhibiting activity, and their 
potency against trypanosomes has been evaluated. Conjugates of quinones and nat-
ural polyamines have been observed to possess potent activity against Leishmania 
parasites with mitochondrial dysfunction and ATP depletion [80]. Moreover, several 
plant-derived 1,4-naphthoquinones (like plumbagin, menadione, and lapachol) have 
been demonstrated as subversive substrates of TR which convert antioxidant TR 
enzyme to pro-oxidant form. Basically, TR reacts with subversive substrates like 
quinones and reduces them into semihydroquinones in a single-electron step which 
subsequently react with molecular oxygen to form superoxide radicals leading to 
parasite death. In addition, these naphthoquinones are also known to inhibit TR in 
non-competitive manner. Therefore, using dual effects on TR making harsh oxida-
tive stress status, these naphthoquinones present potent anti-leishmanial activity 
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[81, 82]. In addition to naphthoquinones, doxorubicin and mytomycin are also 
reported to act as subversive substrates and to produce ROS as well as to inhibit TR 
in L. donovani [83]. Furthermore, some nitrofurans like nifurtimox and furazoli-
done also act as subversive substrates for TR with promising anti-leishmanial activ-
ity; however, later studies point out their similar activity toward GR [84]. Some 
other nitro heterocycles like megazole and their derivatives have revealed 
TR-inhibiting activity together with anti-leishmanial activity [85]. Among them, 
dinitrodiphenylthioethers have been studied to kill intracellular amastigotes effec-
tively through generation of ROS. Modifications in the structure of dinitrodiphenyl-
thioethers result in more efficient molecules exhibiting good in vivo activity against 
intracellular Leishmania parasites [86]. Quinazolinone molecules have also been 
investigated to design TR inhibitors which have presented promising leishmanicidal 
activity [87]. Among organometallic compounds inhibiting TR, auranofin (a gold- 
containing drug) is found to be very effective against Leishmania parasites specifi-
cally in in vivo studies [88]. Using bioinformatics tools, several natural compounds 
have been screened for inhibiting TR of Leishmania along with anti-leishmanial 
activity [89]. Recently, some peptides have been designed for promising TR inhibi-
tion as well as anti-leishmanial activity [90]. Several TR inhibitors possessing anti- 
leishmanial activity have been discussed above, suggesting that TR activity is very 
essential for parasite survival.

29.5.2  Leishmanicidal Compounds Inhibiting TS

Being uniquely present in trypanosomatids, TS (trypanothione synthetase) is also a 
potent drug target against leishmaniasis which has been widely studied after TR for 
its importance. However, there are fewer studies on TS and its inhibitors in 
Leishmania parasites. In view of this essentiality, various analogues of GSH have 
been designed to inhibit TS activity in trypanosomatids but have not got successful 
results as their peptidic nature interferes with their entry into the cells without com-
promising membrane [91]. In spite of that, some paullones like N5-substituted paul-
lone in L. infantum also have been tested against TS, displaying both anti-leishmanial 
and TS inhibition activity [92]. In addition, some naturally occurring molecules are 
also reported to possess TS-inhibiting and leishmanicidal activity like conessine, 
tomatine, uvaol, and betulin [93]. Large-scale screening of synthetic compounds 
using bioinformatics tools has been carried out, presenting oxabicyclo[3.3.1]nona-
nones as both TR and TS inhibitors with promising leishmanicidal activity both in 
promastigotes and amastigotes without affecting host [94]. This study suggests a 
validated approach for targeting both the important enzymes of redox metabolism 
simultaneously TR and TS, not allowing the parasites to compensate for one 
enzyme.
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29.5.3  Compounds Inhibiting Other Enzymes of Redox Reactions

As described previously, there are several enzymes that participate in redox metabo-
lism of parasites other than TS and TR. Though other enzymes of redox reaction 
have not been studied in detail yet, some successful results in trypanosomatids sug-
gest other ways to target these parasites. Along these lines, N,N-disubstituted 
3-aminomethyl quinolone derivatives have been reported recently that target tryp-
aredoxin peroxidase of L. major [95]. Recently, a series of ascorbate peroxidase 
inhibitors have also been designed to find promising anti-leishmanial hits among 
several thousand molecules, and three hits have been identified showing potent anti- 
leishmanial activity without affecting host [96]. Moreover, hypericin, an inhibitor of 
spermidine synthase of L. donovani (LdSS), has been identified to impair parasitic 
growth effectively causing necrotic cell death. Although LdSS is an enzyme of 
redox metabolism, the mode of action of hypericin is not based on ROS generation 
but on other functions of spermidine that are essential for parasites survival [97]. 
Thus, inhibiting other enzymes of redox metabolism also halts parasitic growth, 
whereas function of these enzymes sometimes may be performed by TR in their 
absence.

29.5.4  ROS-Generating Compounds Causing Apoptosis-Like Cell 
Death

The significance and occurrence of apoptosis-like cell death in these parasites has 
already been described. Here, we discuss anti-leishmanial molecules that generate 
ROS and remarkably alter the physiology of the parasites causing cell death.

29.5.4.1  Apoptosis-Like Cell Death Induced by Standard Drugs
Starting with standard anti-leishmanial drugs, antimonials have been reported to 
increase ROS production in Leishmania-infected macrophages through phosphory-
lation of protein kinase C (PKC) Ras, phosphoinositide 3-kinase (PI3K), and 
extracellular- signal regulated kinase (ERK) [98]. In antimonial-treated promasti-
gotes, ROS is generated which is preceded by both increase in cytosolic calcium 
level and mitochondrial depolarization leading to apoptotic-like cell death of para-
sites [15]. Involvement of ROS generation in cell death induced by antimonial has 
also affirmed where the presence of antioxidants like N-acetyl cysteine reduces the 
effects of drugs and also by high level of thiols in antimony-resistant parasites [15, 
99]. Recently, it has been reported that liposomal formulation of amphotericin B 
(KalsomeTM10) causes apoptosis-like cell death in Leishmania promastigotes 
including generation of H2O2 and superoxide radicals [100]. Miltefosine-induced 
cell death has also been demonstrated to be dependent on oxidative stress since 
overexpression of superoxide dismutase of L. donovani results in inhibition of PCD 
induced by miltefosine [101]. Also, a recent report has described how clinical iso-
lates of L. donovani have not shown susceptibility toward miltefosine which are 
resistant to oxidative stress [102].
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29.5.4.2  Natural Compounds Causing ROS-Mediated Apoptosis-Like 
Cell Death

In addition to standard anti-leishmanial drugs, various naturally occurring plant- 
derived metabolites have been identified to induce ROS-mediated apoptosis in these 
parasites. Curcumin, a well-studied natural molecule, is known to produce ROS and 
disturb calcium homeostasis to kill Leishmania parasites via PCD involving mito-
chondrial dysfunction [103]. Plumbagin is a plant-derived naphthoquinone that was 
previously reported to inhibit TR and to generate ROS. In our studies on plumbagin, 
the role of ROS in triggering PCD in both promastigotes and amastigotes is evi-
denced with mitochondrial dysfunction. Pretreatment of N-acetyl cysteine (NAC) 
prior to plumbagin causes restoration of cell viability, suggesting cell death princi-
pally depends on disturbing redox metabolism [82, 104]. Another plant-derived 
natural molecule quercetin exhibits promising anti-leishmanial activity in both 
forms of the parasites with significant production of ROS mediating apoptotic-like 
cell death. Also, in the presence of reduced glutathione and NAC, cell death caused 
by quercetin is prevented [105, 106]. The other potent anti-leishmanial agent, baica-
lein, induces caspase-independent PCD through ROS generation. Though baicalein 
mainly targets endonuclease G of L. donovani to cause PCD, reduced level of ROS 
has been revealed in endonuclease G-downregulated cells, confirming relation of 
cell death with oxidative stress [33]. The most potent pterocarpanquinone, LQB- 
118, is demonstrated to stimulate oxidative stress-mediated apoptosis-like cell 
death, including mitochondrial dysfunction in L. amazonensis [107]. Zerumbone 
isolated from Zingiber zerumbet presents promising anti-leishmanial activity in 
both forms of L. donovani parasites and induces apoptosis-like cell death which is 
mediated by ROS generation [108]. One of the broad-spectrum plant-derived flavo-
noids, apigenin, produces oxidative stress in L. amazonensis, resulting in apoptosis- 
like cell death along with significant mitochondria damage. By providing reducing 
environment, the effect of apigenin can be decreased [109]. (−)-Epigallocatechin 
3-O-gallate shows promising leishmanicidal activity in L. braziliensis caused by 
ROS generation together with loss of mitochondrial membrane potential and ATP 
depletion [110]. A plant-derived metabolite from Nyctanthes arbor-tristis termed 
iridoid glucosides inhibits TR and exhibits a rise in ROS level and hence disturbs 
cellular redox homeostasis in Leishmania parasite finally leading to apoptosis-like 
cell death [111]. Other natural molecules which have been shown to imbalance 
redox homeostasis by inhibiting TR to kill L. donovani are b-carboline-quinazoli-
none hybrids, while one of them has displayed features of apoptosis-like cell death 
[87]. Our studies have shown that K-09, an orally active clerodane diterpene, iso-
lated from the leaves of Polyalthia longifolia, induces prominent damage in mito-
chondrial structure with abnormal function which mediates apoptosis involving 
ROS production and disruption in calcium homeostasis [112] (Fig. 29.5). Recently, 
mahanine, isolated from an Indian medicinal plant Murraya koenigii, reveals strong 
anti-leishmanial activity both in vitro and in vivo with apoptosis-like cell death trig-
gers via oxidative stress in L. donovani. Additionally, mahanine activates host mac-
rophages to kill parasites by increasing ROS and NO (nitric oxide) levels. Also, 
mahanine has shown to decrease ascorbate peroxidase level due to excess ROS 
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[113]. Betulin, previously discussed to inhibit TS, has been reported to cause 
apoptosis- like cell death mediated through ROS [114]. Also, the derivative of betu-
lin, disuccinyl betulin, has been shown to trigger caspase-dependent cell death in L. 
donovani involving ROS generation [115].

29.5.4.3  PCD Caused by Inhibitors of Mitochondrial Complexes 
Involving ROS Production

Importantly, inhibitors of mitochondrial ETC complexes are also known to induce 
ROS-mediated apoptosis-like cell death. Tafenoquine inhibits mitochondrial complex 
III which is linked to loss of mitochondrial membrane potential, fall in ATP level, and 

Fig. 29.5 Ultrastructural changes in the mitochondrion of Leishmania parasites under oxidative 
stress – (a) healthy mitochondrion of untreated promastigotes. (b) Mitochondrial damage with 
decondensation of kDNA after treatment with plumbagin (white arrow). (c) Normal mitochon-
drion of untreated amastigotes. (d) Swollen mitochondrion in amastigote post K-09 treatment 
(black arrow). K kinetoplast, FP flagellar pocket, M mitochondria, PV parasitophorous vacuole, N 
nucleus
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rise in ROS level leading to PCD. 3,3-Diindolylmethane impedes F0F1- ATP synthase 
(complex V) functioning and causes depletion in ATP level, and increase in ROS level 
which is followed by collapse of mitochondria ultimately results in cell death [116]. 
8-Aminoquinoline analogue, sitamaquine, inhibits mitochondrial complex II and 
induces depletion in ATP level and depolarization of mitochondrial membrane in asso-
ciation with ROS production which consequently lead to cell death [117]. Furthermore, 
the classical inhibitors of ETC complexes also display apoptosis-like cell death fea-
tures in Leishmania parasites, for example, rotenone, thenoyltrifluoroacetone (TTFA), 
and antimycin A as complex I, II, and III inhibitors, respectively. Inhibition of complex 
I induces superoxide generation followed by hyperpolarization of mitochondrial mem-
brane. TTFA which inhibits complex II causes high production of hydrogen peroxides 
and low production of superoxide with loss of mitochondrial membrane potential. 
Parasites treated with antimycin A result in rise in superoxide level only [35].

29.5.4.4  PCD Induced by Nutrition Deprivation
Moreover, as we have mentioned earlier, apoptosis may occur due to deprivation of nutri-
tion in these parasites; the parasitic cells deprived of L-arginine exhibit ROS- mediated 
apoptosis-like cell death. Lack of L-arginine in culture interferes with the synthesis of 
polyamine and hence trypanothione, which therefore results in increase of ROS level lead-
ing to cell death [118]. Additionally, in a way to find the importance of zinc (Zn) for the 
growth and survival of Leishmania parasites, it has been observed that depletion of Zn in 
these parasites causes ROS generation, promoting mitochondrial depolarization and DNA 
fragmentation and finally causing ROS- mediated caspase-independent PCD [119].

29.5.4.5  Some Other Anti-Leishmanial Agents Related to ROS- 
Mediated Cell Death

Furthermore, among membrane-acting anti-fungal imidazoles, econazole has been 
identified to increase ROS level significantly with disruption in membrane integrity 
of Leishmania parasites [120]. In our study, another anti-fungal Natamycin has also 
shown to induce apoptosis-like cell death via increase in cytosolic calcium level 
which is tightly linked with ROS generation and mitochondrial dysfunction [121]. 
Camptothecin, a topoisomerase inhibitor, induces ROS generation in Leishmania 
parasites along with typical features of PCD [122]. Another report of ROS-mediated 
apoptosis-like cell death is interestingly shown in 15d-prostaglandin J2, a lipid 
mediator-treated parasite [123].

Collectively, we have described how ROS generation significantly causes 
apoptosis- like cell death in these parasites, giving examples of various ROS- 
producing molecules (Table 29.1).

29.6  Concluding Remarks

Redox systems play a crucial role in the survival of Leishmania parasites inside the 
host cells where they are challenged by various ROS and RNS molecules. 
Trypanothione reductase (TR) and trypanothione synthetase (TS) enzymes of redox 
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Table 29.1 Anti-leishmanial compounds showing diverse mode of cell death due to oxidative 
stress

Sl. 
No. Compound Target/Mode of action References
1. Sb(III) Inhibits TR, ROS-mediated 

PCD
[15, 73]

2 KalsomeTM10 (formulation) ROS-mediated PCD [100]
3. Miltefosine PCD and cell death dependent 

on SOD
[101]

4. Chlorpromazine Inhibits TR [74, 75]
5. Clomipramine Inhibits TR [76]
6. Quinacrine Inhibits TR [77]
7. Quaternary arylalkyl ammonium 

2-Chlorophenyl phenyl sulfides
Inhibits TR [78]

8. Quinone conjugates Inhibits TR [80]
9. Napthoquinones: Plumbagin, Menadione Inhibits TR, ROS-mediated 

apoptosis
[81, 82, 
104]

10. Doxorubicin, mitomycin Inhibits TR, subversive 
substrate

[83]

11. Nifurtimox, furazolidone Inhibits TR [84]
12. Megazole Inhibits TR [85]
13. Dinitrodiphenylthioethers Inhibits TR [86]
14. Quinazoline molecules: 

b-carboline-quinazolinone
Inhibits TR, Apoptotic cell 
death

[87]

15. Organometallic compounds: auranofin Inhibits TR [88]
16. N5-substituted paullone Inhibits TS [91]
17. Naturally occurring molecules: 

conessine, tomatine, uvaol, and betulin
Inhibits TS
Betulin, apoptotic cell death

[92, 114]

18. Oxabicyclo[3.3.1]nonanones Inhibits TS [93]
19. N,N-disubstituted 3-aminomethyl 

quinolone
Inhibits TXNP [95]

20. Asinex and ZINC compound databases Inhibits APX [96]
21. Hypericin Spermidine synthase inhibitor [97]
22. Curcumin ROS-mediated PCD 103]
23. Quercetin ROS-mediated PCD [105, 106]
24. Baicalein ROS-mediated PCD [33]
25. Pterocarpanquinones, LQB-118 Oxidative stress-mediated 

apoptosis
[107]

26. Zerumbone Apoptosis-like cell death [108]
27. Apigenin Oxidative stress-mediated 

apoptosis
[109]

28. (−)-epigallocatechin 3-O-gallate ROS-mediated cell death. [110]

29. Iridoid glucosides ROS-mediated apoptosis [111]
30. Mahanine Oxidative stress-mediated 

apoptosis
[113]

(continued)
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system have been confirmed as validated drug targets involved in defending the 
parasites against oxidative stress. In addition, TXNs, TXNPs, and ascorbate peroxi-
dases are also involved in maintaining a reduced environment in the cells as well as 
for the virulence and intracellular survival of parasites. Therefore, in the search for 
molecules inhibiting redox enzymes, several compounds have been designed and 
screened for anti-leishmanial activity using virtual, high throughput screening and 
biochemical studies. A few molecules with potent leishmanicidal activity have been 
identified demonstrating TR-inhibiting activity such as antimonials; tricyclic, bicy-
clic, and heterocyclic compounds; polyamines; and various natural products such as 
naphthoquinones, subversive substrates of TR. TS inhibitors include analogues of 
GSH, paullones, oxabicyclo[3.3.1]nonanones, conessine, tomatine, uvaol, and betu-
lin. However, as compared to TR, fewer studies have been performed in case of 
TS. Also, inhibitors of TXNs, TXNPs, and ascorbate peroxidases exhibit promising 
anti-leishmanial activity like N, N-disubstituted 3-aminomethyl quinolone. We have 
cited several studies related to ROS-mediated apoptosis-like cell death and have 
mentioned the importance of apoptosis-like regulated cell death in these unicellular 
parasites. Interestingly, some molecules induce ROS-mediated cell death of these 
parasites along with inhibition of redox enzymes. In addition, our studies have also 
demonstrated the effectiveness of oxidative stress inducers in killing both forms of 

Table 29.1 (continued)

Sl. 
No. Compound Target/Mode of action References
31. K-09 Mitochondrial dysfunction, 

PCD
[112]

32. Disuccinyl betulin Apoptotic cell death [115]
33. Tafenoquine Complex III inhibitor, 

ROS-generated cell death
[36]

34. 3,3-Diindolylmethane F0F1-ATP synthase inhibitor [116]
35. 8-Aminoquinoline analogue, 

sitamaquine
Complex II inhibitor, PCD [117]

36. Rotenone Complex I inhibitor [35]
37. Thenoyltrifluoroacetone (TTFA) Complex II inhibitor [35]
38. Antimycin A Complex III inhibitors; 

apoptosis-like cell death
[35]

39. Econazole ROS-mediated cell death with 
disruption of membrane 
integrity

[120]

40. Camptothecin Topoisomerase inhibitor 
producing ROS

[122]

41. Natamycin Disruption in Ca2+ homeostasis 
with ROS generation

[121]

42. 15d-prostaglandin J2 ROS-mediated apoptosis [123]

PCD programmed cell death, TR trypanothione reductase, ROS reactive oxygen species, APX 
ascorbate peroxidase, TXNP tryparedoxin peroxidase
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the parasite. We have provided evidences that oxidative stress results in severe struc-
tural and functional disruption of the single parasite mitochondrion, which results in 
apoptosis-like cell death. Unfortunately, among several inhibitors of redox enzymes, 
only a few hold drug-like properties such as selectivity over human counterpart 
enzymes, low toxicity and side effects, high bioavailability, and other drug-like 
characteristics. Several redox inhibitor molecules do not possess potent anti- 
leishmanial activity since these parasites are able to survive with as low as 10% of 
TR activity or 5–10% T(SH)2 levels [94].

The complications of leishmaniasis and the limitations of currently available 
drugs necessitate the discovery of novel and validated drug targets along with new 
safer drug molecules. Probably, a combination of drugs could be used to target both 
TR and TS simultaneously thereby not allowing parasites to use alternatives for 
T(SH)2. Moreover, molecules which are subversive substrates of TR along with TR 
inhibitors may prove to be good approach for drug development because of their 
dual role in killing parasites. Repurposing of available drugs, especially those 
involved in redox metabolism, could be investigated for anti-leishmanial activity. 
Further studies should be undertaken to design new leishmanicidal molecules with 
drug-like properties and to improve drug-like properties of existing redox inhibi-
tors. Likewise, the molecules triggering ROS-mediated apoptosis-like cell death 
along with disrupting redox homeostasis can open another way to target these para-
sites. In addition, other molecules, which have shown potent activity against redox 
enzymes of other trypanosomatids and protozoan parasites, should also be evalu-
ated for leishmanicidal activity. Therefore, targeting the redox system of these para-
sites could be a very attractive strategy for new drug discovery in leishmaniasis.
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