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Redox-Active Antiparasitic Drugs
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Abstract

Significance: Parasitic diseases affect hundreds of millions of people worldwide and represent major health
problems. Treatment is becoming extremely difficult due to the emergence of drug resistance, the absence of
effective vaccines, and the spread of insecticide-resistant vectors. Thus, identification of affordable and readily
available drugs against resistant parasites is of global demand. Recent Advances: Susceptibility of many para-
sites to oxidative stress is a well-known phenomenon. Therefore, generation of reactive oxygen species (ROS) or
inhibition of endogenous antioxidant enzymes would be a novel therapeutic approach to develop antiparasitic
drugs. This article highlights the unique metabolic pathways along with redox enzymes of unicellular (Plas-
modium falciparum, Trypanosoma cruzi, Trypanosoma brucei, Leishmania donovani, Entamoeba histolytica, and
Trichomonas vaginalis) and multicellular parasites (Schistosoma mansoni), which could be utilized to promote ROS-
mediated toxicity. Critical Issues: Enzymes involved in various vital redox reactions could be potential targets
for drug development. Future Directions: The identification of redox-active antiparasitic drugs along with their
mode of action will help researchers around the world in designing novel drugs in the future. Antioxid. Redox
Signal. 17, 555–582.

Introduction

Approximately 1 billion people of the world’s popula-
tion suffer from neglected tropical diseases, including the

vector-borne parasitic diseases (52). Parasitic diseases such as
malaria, trypanosomiasis, leishmaniasis, amoebiasis, tricho-
moniasis, and schistosomiasis are major health problems,
particularly in poverty-stricken areas (7, 31, 90, 133, 149).
Unlike most antibiotics there are no ‘‘broad spectrum’’ anti-
parasitic drugs. The selection of antiparasitic drugs varies
between different organisms (87). The intrinsic biological
factors such as the relative similarity between human and
protozoan cells (compared with bacteria) and the pharmaco-
economic condition of developing countries act as major
hindrances to the development of novel antiparasitic drugs.
The situation is further complicated due to the development
of resistance to the commonly available drugs, especially
against malaria (94, 141). Therefore, we are now in urgent
need of new antiparasitic drugs that will be effective against
resistant parasites.

The redox system plays an important role in the survival of
the parasite in the host (150). All aerobic organisms are ex-
posed to reactive oxygen species (ROS) such as superoxide
anions (O2

� - ), hydrogen peroxide (H2O2), and hydroxyl
radicals (OH) generated by their metabolism (150). Parasitic
protozoa not only have to eliminate their endogenous toxic
metabolites but they should also cope with the oxidative (or

respiratory) burst of the host immune system. Redox imbal-
ance occurs in the parasite when the endogenous antioxidants
fail to cope with the excessive ROS (both endogenous and
exogenous), and this leads to the development of oxidative
stress (111). In general, antiparasitic drugs, which have the
ability to inhibit vital redox reactions or promote oxidative
stress in parasites, are considered redox-active antiparasitic
drugs (135). In this article, we have focused on the redox-
active antiparasitic drugs used against diseases caused by
unicellular parasites such as malaria, trypanosomiasis, leish-
maniasis, amoebiasis, and trichomoniasis, as well as diseases
produced by multicellular parasites such as schistosomiasis.
Here, for a better understanding, we first discuss the role of
important redox-active enzymes and the redox reactions in-
volved in different metabolic pathways in the parasites. Next,
we concentrate on various redox-active antiparasitic drugs
along with their mode of action. In this context, we believe
that a review on highlighted inventions and innovative ideas
in this field could be of importance to scientists, managers,
and decision makers for developing novel antiparasitic drugs.

Redox Reactions and Redox Enzymes in Parasites

Redox systems have a variety of important functions in
parasitic protozoa, and the key enzymes involved are vital for
growth and development of the organisms. In this section, we
discuss the reactions carried out by different redox-active
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enzymes in the parasite. We have summarized the important
redox enzymes present in parasites that could be potential
drug targets (Table 1).

Trypanothione [T(SH)2] exclusively occurs in trypanoso-
matid protozoa (91) and carries out several redox reactions.
T(SH)2 is synthesized by the conjugation of glutathione (GSH)
with spermidine. This reaction is catalyzed by glutathionyl-
spermidine synthetase (GspS) and T(SH)2 synthetase (75, 117).
GSH is synthesized in two steps. First, the reaction of gluta-
mate with cysteine is catalyzed by c-glutamylcysteine syn-
thetase, forming the intermediate c-glutamylcysteine, which
then reacts with glycine in the presence of glutathione syn-
thetase yielding GSH. In African trypanosomes, spermidine is
also synthesized in two steps. In the first step, decarboxylation
of ornithine by ornithine decarboxylase gives putrescine,
which in the presence of spermidine synthase yields spermi-
dine (Fig. 1A). GspS catalyzes the reaction of GSH with
spermidine to produce glutathionylspermidine, which reacts
with another molecule of GSH catalyzed by T(SH)2 synthetase
to produce T(SH)2. T(SH)2 is also synthesized by the reduction
of trypanothione disulfide (TS2) (Fig. 1A). TS2 is reduced to
T(SH)2 by the flavoenzyme TR at the expense of nicotinamide
adeninine dinucleotide phosphate (NADPH) (Fig. 1A). T(SH)2

carries out numerous reactions in trypanosomatid protozoa
(Fig. 1B) and is a spontaneous reductant of dehydroascorbate
as well as of the disulfides of GSH, ovothiol, and the parasitic

thioredoxin. T(SH)2 is involved in the detoxification of metals
and drugs and in ketoaldehyde reduction. T(SH)2 also re-
duces nucleoside diphosphate (NDP) in the presence of try-
paredoxin (TXN)/ribonucleotide reductase (RiboR) (Fig. 1B).
Methionine sulfoxide reductase (MSR), a TXN-dependent
enzyme, is a known antioxidant protein for maintaining the
redox system in trypanosomes. T(SH)2 is the specific reduc-
tant of TXN, a multipurpose redox protein belonging to the
TRX superfamily. MSR detoxifies methionine sulfoxide
(MetSO) in trypanosomes by using the T(SH)2/TXN couple as
a reducing system (Fig. 1B) (10).

The biological reactions based on GSH and thioredoxin
(Trx) in Plasmodium falciparum are shown in Fig. 2A–D. Two
systems interact to protect malarial parasites against ROS. The
GSH system comprises GSH, glutathione reductase (GR),
glutathione S-transferase (GST), and different glutaredoxin-
like proteins. The Trx system includes Trx, thioredoxin re-
ductase (TrxR), and Trx-dependent peroxidases (73, 81–83,
92–93, 123, 160). The newly discovered redox protein plas-
moredoxin is one of the links between the two systems (19).
TrxR reduces thiredoxin-S2 in the presence of NADPH (Fig.
2A). In order to maintain adequate levels of GSH, GR converts
glutathione disulfide into GSH in the presence of NADPH
(Fig. 2B) (155). GSH, which is known to safeguard P. falci-
parum from oxidative damage, also has an additional pro-
tective role through the promotion of heme catabolism (20, 39,
82, 90). GSH-specific reactions in the parasite involve the re-
moval of 2-ketoaldehydes such as methylglyoxal by the
glyoxalase (GLX) system (GLX I and II) (69, 102) as well as the
detoxification of drugs/xenobiotics by GST (Fig. 2C) (147). A
well-known function of both Trx and GSH is the reduction of
NDPs to deoxynucleoside diphosphates catalyzed by RiboR.
Reduced thioredoxin [Trx(SH)2] directly interacts with the
enzyme, whereas GSH spontaneously reduces glutaredoxins,
which subsequently reduce RiboR in P. falciparum (Fig. 2D)
(122). In Schistosoma mansoni, methionine residue is oxidized
by ROS to form the MetSO. The product is then converted
back to its previous form by the action of the MSR system in
the presence of Trx(SH)2 (Fig. 2E) (115).

Redox-Active Drugs Against Unicellular Parasites

The redox system is the backbone for the survival of par-
asites (150). Targeting this system would be a parasite-killing
strategy (135). Compounds having a redox center and/or af-
fecting redox biology and, hence, causing death of parasites
are collectively called redox-active antiparasitic drugs. In this
section, we have discussed the redox-active drugs against
unicellular parasites based on our literature survey. P. falci-
parum, Trypanosoma cruzi, Trypanosoma brucei, Leishmania do-
novani, and Entamoeba histolytica are important parasites, and
we have selected these protozoa, because they are the major
infectious parasites of the world.

Redox-Active Antimalarial Drugs

The erythrocyte is the safest place for the malaria parasite to
hide from its host’s immune system, and the erythrocytic
stages of Plasmodium spp. are responsible for clinical mani-
festation. The parasite is becoming increasingly resistant to
conventional antimalarial drugs, and this has contributed to
increasing morbidity and mortality (158). Malaria infection
damages several major organs such as the liver, kidney, brain,

Table 1. Enzymes in the Redox System of Selected

Parasites as Potential Drug Targets

Diseases Parasite Target

Malaria Plasmodium
falciparum

Glutathione
reductase (GR)

Glutathione-S-
transferase (GST)

Thioredoxin
reductase (TrxR)

Peroxiredoxins
Glutaredoxin
GSH peroxidase

African
trypanosomiasis
(sleeping
sickness)

American
trypanosomiasis
(Chagas disease)

Trypanosoma
brucei

Trypanosoma
cruzi

Trypanothione
reductase (TR)

Leishmaniasis Leishmania
donovani

Trypanothione
reductase (TR)

Amoebiasis Entamoeba
histolytica

Pyruvate: ferredoxin/
flavodoxin
oxidoreductases
(PFORs)

Trichomoniasis Trichomonas
vaginalis

Pyruvate: ferredoxin/
flavodoxin
oxidoreductases
(PFORs)

Schistosomiasis Schistosoma
mansoni

Thioredoxin-glutathione

reductase (TGR)
Methionine sulfoxide

reductase (MSR)

GSH, glutathione.

556 PAL AND BANDYOPADHYAY



spleen, heart, and lungs (42, 44, 49, 67, 113). In fact, severe
malaria is characterized by multi-organ failure (64). Here, we
have discussed the compounds that interrupt the redox sys-
tem of the parasite and lead to cell death. In general, com-
pounds that disturb the redox system of the parasite could be

categorized into three different groups: (i) molecules which
inhibit the activities of enzymes that are responsible for the
maintenance of the redox balance of the parasite; (ii) mole-
cules that prevent the inherent scavenging of pro-oxidant
metabolic products (i.e., hemozoin [Hz] formation in malaria

FIG. 1. Biosynthesis and
redox reactions carried out
by T(SH)2 in trypanosoma-
tids. (A) Biosynthesis of
T(SH)2. (B) T(SH)2-mediated
reactions in trypanosomatids.
T(SH)2 is a spontaneous re-
ductant of dehydroascorbate
as well as of the disulfides of
glutathione, ovothiol, and the
parasitic thioredoxin. T(SH)2

is also involved in the detox-
ification of metals and drugs
and in ketoaldehyde reduc-
tion. T(SH)2 also reduces
NDP in the presence of TXN/
RiboR. MSR reduces L-Met-
SO to L-Met using TXN1-
(SH)2/T(SH)2 couple [T(SH)2

keeps TXN1 in reduced
state]. T(SH)2, trypanothione;
TXN, tryparedoxin; RiboR,
ribonucleotide reductase;
NDP, nucleoside diphos-
phate; dNDP, deoxynucleo-
side diphosphate; MSR,
methionine sulfoxide reduc-
tase; MetSO, methionine
sulfoxide; Met, methionine.
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parasites) and lead to oxidative stress to induce parasite
death; and (iii) molecules that produce ROS by themselves
and, thus, lead to parasite death.

Drugs inhibiting enzymes in the redox system

GSH plays important roles in the maintenance of the redox
and antioxidant status of protein-SH moieties in P. falciparum
(84). An elevation of GSH content in parasites leads to an
increased resistance toward chloroquine (CQ), while GSH
depletion in resistant P. falciparum strains is expected to re-
store the sensitivity to CQ. GSH is involved in the reductive
detoxification of free heme (11, 110) and also directly partic-
ipates in the termination of radical-based chain reactions in
which a single electron is transferred from thiyl radicals or
disulfide radicals (53). GR is a key enzyme in the cell’s defense
mechanisms against oxidative stress, and based on this no-
tion, several compounds were synthesized. They show anti-

malarial activity and inhibit P. falciparum GR (PfGR) (57, 65).
A quinol-quinoline hybrid (2a) shows an antimalarial effect
against CQ-sensitive (CQ-S) D6 strain as well as CQ-resistant
(CQ-R) P. falciparum FcB1R strain and inhibits PfGR in a re-
versible manner (Table 2) (39). Compound 2a also shows an
antimalarial effect in vivo and does not show cytotoxicity as
evaluated using human diploid embryonic lung cell line
(hMRC-5, Bio-Whittaker 72211D). Compound 2a suppresses
> 99.9% parasitemia in mice (Plasmodium berghei strain) at a
dose of 40 mg/kg (39). Some synthesized compounds (2b–e)
having quinine scaffold irreversibly inhibit PfGR and show
excellent antimalarial activity against multidrug-resistant
(MDR) P. falciparum clone Dd2 strain (112). 2e shows anti-
malarial activity in vivo and does not show any cytotoxicity as
evaluated in human cell lines such as the buccal carcinoma cell
line (KB) and the lung MRC-5 fibroblasts. 2e suppresses
> 34.9% parasitemia in mice (P. berghei strain) at a dose of
30 mg/kg (112). 2b, 2c, and 2e inhibit human GR (hGR) with

FIG. 2. GSH, TrxR and MSR-dependent reactions identified in Plasmodium and other protozoa. (A) The NADPH-
dependent reduction of TrxS2 by Trx reductase in Plasmodium falciparum. (B) The reduction of glutathione disulfide (GSSG) by
GR in presence of NADPH in P. falciparum. (C) GSH-specific reactions to remove 2-ketoaldehydes by the glyoxalase (GLX)
system (GLX I and II) and the detoxification of drugs/xenobiotics by GST in P. falciparum. (D) A well-known function of both
Trx and GSH is the reduction of NDPs to dNDPs catalyzed by RiboR. Trx(SH)2 directly interacts with RiboR to bring about
this reduction. GSH does not directly interact with RiboR. It converts oxidized glutaredoxin to its reduced form, which
subsequently interacts with RiboR. (E) Detoxification of MetSO in Schistosoma mansoni. Methionine residues are oxidized by
ROS to form MetSOs. The product is then converted back to its previous form by the action of the MSR system in the presence
of Trx(SH)2. GSH, Glutathione; TrxR, thioredoxin reductase; Trx, thioredoxin; Trx(SH)2, reduced thioredoxin; TrxS2, oxidized
thioredoxin; ROS, reactive oxygen species; GR, glutathione reductase; NADPH, nicotinamide adeninine dinucleotide phos-
phate; GST, glutathione S-transferase.

558 PAL AND BANDYOPADHYAY

http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2011.4436&iName=master.img-001.jpg&w=357&h=340


Table 2. Compounds Inhibiting Plasmodium falciparum Glutathione Reductase

and Plasmodium falciparum Growth

PfGR
inhibition

Antimalarial
activity

[IC50 (mM)] [EC50 (mM)]
Compound Structure M – SEM

Mode
of inhibition M – SEM (Ref)

Quinol-quino-
line hybrid
compound 2a

O

O
O

O

H
NHN

N

N

O

Cl

5

- Reversible
inhibition

0.027 – 0.003
(CQ-S)

0.0231 – 0.006
(CQ-R)

(39)

BenzylNQ 2b
O

O

CF3

> 50 Irreversible
inhibition

0.029 – 0.002
(MDR)

(112)

F-BenzylNQ 2c
O

O

CHF2

Br

13 Irreversible
inhibition

(ki = 0.025 min - 1)

> 16
(MDR)

(112)

AzaNQ 2d

N

O

O

Br

- - 0.608
(MDR)

(112)

F-benzoylNQ
2e O

O

CHF2

Br

O

12 Irreversible
inhibition

(ki = 9.0 min - 1)

> 1.6 (112)

Quinone de-
rivatives (M5)
2f

O

O

COOH
5

4.5 Reversible
uncompetitive
inhibition

4.0
(CQ-R)

(21)

(continued)
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Table 2. (Continued)

PfGR
inhibition

Antimalarial
activity

[IC50 (mM)] [EC50 (mM)]
Compound Structure M – SEM

Mode
of inhibition M – SEM (Ref)

2g
O

O
NH

CN

O

4

57.0 Reversible
uncompetitive
inhibition

1.5 – 0.4
(CQ-R)

(21)

2h
O

O
N

N
NN

CN

4

10.8 Reversible
uncompetitive
inhibition

1.4 – 0.2
(CQ-R)

(21)

Phenolic
Mannich
bases 2i

NCl

HN

H
N

O

O

- - 0.023
(CQ-S)
0.028

(CQ-R)

(54)

2j

NCl

HN

H
N

O

O

F3C

- - 0.127
(CQ-S)
0.016

(CQ-R)

(54)

2k

NCl

HN N

OH

NHCOMe

- - 0.022
(CQ-S)
0.317

(CQ-R)

(54)

Isoalloxazines
2l

N

N

NH

N O

O

F
F

F

F F

- Noncompetitive
inhibition

ki = 1.9 lM

- (131)

(continued)
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IC50 values of 16, 17, and 12 lM, respectively (112). 6-[2¢-(3¢-
methyl)-1¢,4¢-naphthoquinolyl] hexanoic acid [M5] (2f) and 2f

derivatives (2g, h) also show antimalarial activity against the
CQ-R strain (FcB1R) and inhibit PfGR in a reversible manner
(21). 2f–h do not exhibit any cytotoxicity against the hMRC-5
cell line. 2f–h inhibit hGR with IC50 3.2, 22.7, and 27.0 lM,
respectively (21). These data indicate that 2f–h by inhibiting
PfGR offer antimalarial activity. Some synthesized phenolic
Mannich bases (2i–k) possess antimalarial activity against
CQ-S (3D7 strain) as well as CQ-R (K1 strain) parasites and do
not show any cytotoxicity against human KB cells (54). Iso-
alloxazines (2l), quinacrines (2m, n), and tertiary amides (2o,

p) are potential PfGR inhibitors and offer antimalarial activity
at low doses against the CQ-S P. falciparum strain 3D7 and the
CQ-R strain K1 (29, 54, 131). 2l also inhibits hGR, and the
inhibition constant (ki) of 2l for hGR is 2.5 lM. Peroxynitrite
(2q) has antimalarial activity and inactivates PfGR through
the nitration of Tyr86 and Tyr94. By oxidizing the catalytic
dithiol to a disulfide, peroxynitrite itself can act as a substrate
of unmodified and bisnitrated PfGR (90, 132). These indicate
that 2q shows antimalarial activity by inhibiting PfGR. Me-
thylene blue (MB) (2r), a noncompetitive inhibitor as well as
subversive substrate of PfGR, shows antiplasmodial activity.
2r does not show toxicity against mammalian cells and

Quinacrines
2m

N

HN N
H

N
H

O

Cl

MeO
6

- - 0.14
(CQ-S)

(29)

2n

N

HN N
H

N
H

O
S

Cl

MeO
3

O

O

- - 0.0005
(CQ-S)
0.015

(CQ-R)

(29)

Tertiary
amides 2o

NCl

HN
N

O

O

O

- - 0.012
(CQ-S)
0.005

(CQ-R)

(54)

2p

NCl

HN
N

O

OMe

OMe

- - 0.052
(CQ-S)

0.3
(CQ-R)

(54)

Peroxynitrite
2q

ONOO - 15 Inactivates
PfGR through
the nitration
of Tyr86 and
Tyr94.

- (90, 132)

Methylene
blue 2r

N

S NN 5.4 Irreversible
noncompetitive
inhibition

0.003
(CQ-S)
0.004

(CQ-R)

(21, 50, 90,
134)

-, not evaluated; CQ-S, chloroquine-sensitive; CQ-R, chloroquine-resistant; MDR, multidrug-resistant; PfGR, Plasmodium falciparum
glutathione reductase.

Table 2. (Continued)

PfGR
inhibition

Antimalarial
activity

[IC50 (mM)] [EC50 (mM)]
Compound Structure M – SEM

Mode
of inhibition M – SEM (Ref)
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Table 3. Compounds Inhibiting Enzymes Involved in the Redox System

of Plasmodium falciparum As Well As Growth of Plasmodium falciparum

Enzyme
inhibition

Antimalarial
activity

[IC50 (mM)] [EC50 (mM)]
Compound Structure

Target
enzyme M – SEM

Mode of
inhibition M – SEM (Ref)

Glycoconjugate
3a

O

PhH2CO

O

O

Me

HO

NO2
PfGST - - 74.4

(CQ-R)
(3)

Isoxazole
derivative 3b

ON

HN

N

HO

EtO2C

PfGST 100 - 100
(CQ-R)

(3)

Glycosyl urea 3c

H
N

O NH2

N N
H

O O

PhH2CO

NH2

O

O

O

PfGST 50 - 50
(CQ-R)

(3)

Eosin B 3d

O
Br

O2N

HO O
Br

COO-

NO2

PfTrxR 4.2 Reversible
uncompetitive
inhibition

21.9
(CQ-S)

0.11
(CQ-R)

(105)

Chalcone
derivative 3e O

N

Cl

Cl

PfTrxR - - 0.20
(CQ-R)

(100)

Mannich
bases 3f OCl

N

PfTrxR 1.9 Irreversible
competitive
inhibition

ki = 147 – 2.8 lM

(41)

Nitro
compound 3g

N
S

N

NO2
PfTrxR 2 Reversible

uncompetitive
inhibition

ki = 1 lM

11 (8)

(continued)
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inhibits hGR (IC50 = 16 lM) (21, 25, 50, 90, 134). 2r is active
against all blood stages of both CQ-S and CQ-R P. falciparum
strains (4, 12, 15, 58). The comparative effects of compounds
inhibiting PfGR and their antiplasmodial activity are pre-
sented (Table 2). It is evident that 2n (EC50 = 0.0005 lM) is the
most effective antimalarial agent compared with the other
PfGR inhibitors (2a–r) depicted in Table 2.

GST is one of the vital components of the GSH system. It
uses GSH as a substrate and catalyzes the conjugation of GSH
to a variety of electrophilic substrates (130). GST is a good
target for designing antiparasitic drugs. Glycoconjugate (3a),
isoxazole (3b), and glycosyl urea (3c) inhibit P. falciparum GST
(PfGST) and show antimalarial activity (Table 3) (3, 128). P.
falciparum thioredoxin reductase (PfTrxR) may be a promising
antimalarial drug target as well (16). Inhibition of PfTrxR may
affect the parasite at several vulnerable points, resulting in
enhanced oxidative stress, ineffective DNA synthesis, hin-
drance in cell division, and disturbed redox regulatory pro-
cesses (16). Eosin B (3d) and chalcone derivatives (3e) exhibit
antiplasmodial activity and also inhibit PfTrxR (100, 105).
Mannich bases (3f) and nitro compounds (3g–i), which are
PfTrxR inhibitors, show antimalarial activity against CQ-R
(K1) strain and no toxicity against mammalian cells (8, 41, 97).
These data suggested that 3g–i show antimalarial activity by
inhibiting PfTrxR. 3g–i also inhibit human TrxR (hTrxR) with
IC50 values of 50, 140, and 4 lM, respectively (8). Mannich
base (3j) and naphthazarine derivatives (3k) competitively
inhibit PfTrxR and demonstrate antimalarial activity against
the CQ-S P. falciparum 3D7 strain (90). 3k also inhibits hTrxR
(ki = 0.005 lM) (90). The comparative effects of compounds
inhibiting different redox enzymes and their antiplasmodial
activities are presented (Table 3). The PfTrxR inhibitor Eosin B

(3d) [EC50 = 0.11 lM] is the most effective antimalarial agent
as compared with other agents within this series (3a–c, 3e–k)
(Table 3).

Drugs inhibiting Hz formation and inducing
oxidative stress

Hemoglobin (Hb) is the major protein inside the erythro-
cyte, and the parasite has evolved a unique metabolic path-
way to digest Hb. Hb degradation occurs inside the food
vacuole (FV), which involves many enzymes (112). Heme is
the degradation product of Hb, which is extremely toxic to the
parasite. The released free heme (Fe + III) can offer a major toxic
insult to the parasite through the generation of ROS (106, 112).
A number of antimalarial drugs are known to act as inhibitors
of Hz formation by binding to heme. Inhibition of Hz for-
mation may develop oxidative stress in P. falciparum due to
the accumulation of free heme and, thus, cause parasite death
(106).

Quinolines, azoles, isonitriles, xanthones, and their deriv-
atives adopt the aforementioned strategy to kill the parasites.
Quinoline-containing derivatives such as CQ, amodiaquine,
amopyroquine, tebuquine, mepacrine, pyronaridine, halo-
fantrine, quinine, epiquinine, quinidine, and bisquinoline
show antimalarial effects and inhibit Hz formation (Fig. 3) (48,
89, 114, 152). It is evident that amopyroquine (EC50 = 5.3 nM)
and halofantrine (EC50 = 2.8 nM) are the most active antima-
larial agents against CQ-S (3D7) and CQ-R (K1) strains, re-
spectively (Fig. 3). Amodiaquine shows in vivo antimalarial
activity against the Plasmodium yoelii NS strain in mice at a low
dose (ED50 = 7.65 mg/kg) (114). Azole derivatives such as
clotrimazole (CLT), ketoconazole, and miconazole (15, 125)

Table 3. (Continued)

Enzyme
inhibition

Antimalarial
activity

[IC50 (mM)] [EC50 (mM)]
Compound Structure

Target
enzyme M – SEM

Mode of
inhibition M – SEM (Ref)

3h

N

NO2N

O2N

PfTrxR 2 Reversible
uncompetitive
inhibition

15
(CQ-R)

(8)

3i

S
NO2

O2N

NO2

NO2

PfTrxR 0.5 Reversible
uncompetitive
inhibition

ki = 0.2 lM

18
(CQ-R)

(8)

Mannich
base 3j O

N

Cl
PfTrxR - Irreversible

inhibition
16.2

(CQ-S)
(97)

Naphthazarine
derivative 3k

O

O

OH

Br
Br

OH

PfTrxR - Competitive
inhibition

ki = 0.5 lM

- (90)

PfTrxR, Plasmodium falciparum thioredoxin reductase; PfGST, P. falciparum glutathione S-transferase.
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inhibit Hz formation and show antimalarial effect against
both CQ-S and CQ-R P. falciparum strains (62) (Fig. 4A). The
azoles, including CLT (IC50 = 12.9 lM), ketoconazole (IC50 =
6.5 lM), and miconazole (IC50 = 21.4 lM), reversibly block the
growth of ferriprotoporphyrin crystals and induce oxidative
stress in malaria parasites (30). CLT shows low in vitro toxicity
in human and murine cell lines (61–62).

Xanthones have been identified as a novel class of anti-
malarial compounds (45). The antimalarial activity of xan-
thone and its derivatives (Fig. 4B) is based on the ability to
interact with heme and, hence, prevent Hz formation (76,
162). Antimalarial activity is positively correlated with the
number of hydroxyl substituents (51). 2,3,4,5,6-Pentahydrox-
yxanthone was found to be active against both the sensitive
(3D7) and resistant strains (K1) of P. falciparum (76) (Fig. 4B)
1,3,6,8-Tetrahydroxyxanthone is very potent against P. berghei
in vivo and was found to be better than the other oxygenated
xanthones in this series (51). Xanthones bearing a hydroxyl
group at any peri-position (1 or 8) show decreased antima-
larial activity. These derivatives lose their affinity for heme
due to intramolecular H-bond formation between the OH
group and the carbonyls (77).

Several isonitrile derivatives (Fig. 4C) exhibit antimalarial
activity and inhibit Hz formation (95, 161). Synthetic iso-
nitriles were screened for their antimalarial activity against
P. falciparum and MDR P. yoelii in the Swiss mice model (142).
These isonitriles show antimalarial activity at a very low
concentration (EC50 = 9.02 - 196.65 nM) (Fig. 4C). A series of
synthesized [(aryl)arylsufanylmethyl]pyridines (AASMP)
derivatives (15, 94) (Fig. 4D) show antimalarial activity.
These compounds inhibit Hz formation, form complexes
(KD = 12 to 20 lM) with free heme (ferriprotoporphyrin IX) at
a pH close to the pH of the parasite FV, and exhibit anti-
malarial activity in vitro against P. falciparum (MDR strain).
AASMP developed oxidative stress in the parasite by re-
ducing the level of GSH and increasing the formation of lipid
peroxide H2O2 and OH in P. falciparum. AASMP also exhibits
profound antimalarial activity in vivo against CQ resistant P.
yoelii. These AASMP derivatives suppressed the day 4 mean
parasitemia by 30%, 50%, and 80% at doses of 25, 50, and
100 mg/kg, respectively, against MDR strain P. yoelii in
BALB/c mice models (94). AASMP derivatives do not show
any cytotoxicity against mammalian MCF-7 cells. Benzyl-
menadione (benzylNQ) derivatives have antimalarial

FIG. 3. Antimalarial quinoline com-
pounds inhibiting hemozoin forma-
tion. IC50, inhibitory concentration
required to inhibit 50% hemozoin
formation; EC50, effective concentra-
tion required to inhibit 50% P. falci-
parum growth; *Chloroquine-sensitive
(CQ-S); **Chloroquine-resistant (CQ-
R) P. falciparum strain.
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activity against the CQ-R P. falciparum strain (Dd2) by in-
hibiting Hz formation and do not show any cytotoxicity
against two human cell lines, the buccal carcinoma cell line
cell (KB) and the human lung MRC-5 fibroblasts (Fig. 5A)
(112). It is suggested that the benzylNQ are initially oxidized
at the benzylic chain to benzoyl naphthoquinones in a heme-
catalyzed reaction within the FV of the parasite. The major
putative benzoyl metabolites are found to function as redox
cyclers. The benzoyl metabolites (benzoylNQ, metabolite 1)
are reduced by NADPH in GR-catalyzed reactions within the
cytosol of infected red blood cells, and those benzoyl me-
tabolites (reduced benzoylNQ, metabolite 2) can convert
methemoglobin to oxyhemoglobin. This ultimately leads to
the inhibition of Hz formation (Fig. 5A) (40). Since such in-
hibition is a validated antimalarial strategy (106), synthesis
of a new inhibitor of Hz formation or identification of a new
inhibitor against it from natural products will be helpful in

developing novel antimalarials (106, 148). Liu et al. (103)
suggested that 8-AQ causes heme toxicity by oxidizing Hb to
methemoglobin. Both iron and 8-AQ donate an electron to
the p* orbital of O2, which facilitates the formation of H2O2 in
the parasite and leads to cell death (103). Since the pH in the
FV is *5.2, in order to enter the compartment and exhibit
antimalarial activity, compounds should be alkaline and
stable in an acidic environment. Thus, synthesis of com-
pounds (high pKa) specific for FV is necessary for antima-
larial drug development, capitalizing Hz formation as a
target.

Drugs self-generating ROS and causing oxidative
stress in the parasite

Many compounds kill Plasmodium spp. by self-generating
ROS in the parasite. Fluoromenadione shows an antimalarial

FIG. 4. Selected nonquino-
line antimalarial compounds
inhibiting hemozoin forma-
tion. (A) Azoles (B) Xanthones
(C) Isonitriles (D) (Aryl)-
arylsufanylmethyl]pyridines.
*Chloroquine-sensitive (CQ-S);
**Chloroquine-resistant (CQ-R)
P. falciparum strain; IC50 and
EC50 are presented as M – SEM.
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effect against the CQ-S strain 3D7 as well as the CQ-R strain
K1 through the generation of ROS (O2

� - ) but much lower
cytotoxicity against human cells (18). Fluoromenadione is
activated via GR-catalyzed one-electron reduction (two-
electron transfer is also possible). Hydrogen fluoride is re-
leased from the activated fluoromenadione to form a quinone
methide radical. Nucleophilic attack of the catalytic Cys58 of
GR leads to covalent modification of the GR. The radical can
react with oxygen, leading to the formation of O2

� - , which
causes oxidative stress and parasite death (Fig. 5B) (40). MB, a
well-known PfGR inhibitor, shows antimalarial activity by
inducing oxidative stress in malaria parasite. MB not only
inhibits the physiological reaction but also serves as a sub-
versive substrate of PfGR. PfGR catalyzes the reduction of MB
to leuco MB by NADPH. The product leuco MB is auto-oxi-
dized back to MB with the concomitant production of H2O2

(ROS) resulting in oxidative stress in malaria parasite (Fig. 6A)
(25, 40, 71). Curcumin (Fig. 6B) shows activity against both
CQ-susceptible (3D7) and resistant (Dd2) P. falciparum strains
by increasing ROS in the parasite (34). Curcumin’s cytotoxic

effect could be antagonized by co-incubation with antioxi-
dants and ROS scavengers (34). Pyrimethamine (Fig. 6B)
shows an antimalarial effect by inducing oxidative stress in
parasites both in vivo and in P. yoelii 17XL-infected mice at a
dose of 10 mg/kg (98). The minimum inhibiting concentration
of pyrimethamine for activity against the P. falciparum NF-54
strain is 10 lg/ml (2).

Redox-Active Drugs Against Trypanosomiasis

Trypanosomes are parasitic protozoa within the order Ki-
netoplastida that comprise the causative agents of African
sleeping sickness (Trypanosoma brucei gambiense and T. b.
rhodesiense), South American Chagas disease (T. cruzi), and
Nagana cattle disease (Trypanosoma congolense) (60, 88). Hu-
man African trypanosomiasis (HAT) or sleeping sickness is
caused by two subspecies of T. brucei. In West and Central
Africa, T. b. gambiense causes the chronic form of sleeping
sickness, while in East Africa, T. b. rhodesiense causes the more
fulminant form (79). T. cruzi is the causative agent of Chagas

FIG. 5. Proposed mechanism of antimalarial activity of 3-benzylmenadione (BenzylNQ) and fluoromenadione deriva-
tives. (A) Putative redox cascade through which the BenzylNQ derivatives inhibit P. falciparum trophozoite development and
hemzoin formation. (B) Mechanism of ROS production by fluoromenadione in P. falciparum. Fluoromenadione is activated via
GR-catalyzed one-electron reduction (two-electron transfer is also possible). Two molecules of fluoromenadione are reduced
by one NADPH to two semihydroquinones. Elimination of HF due to the formation of an intramolecular hydrogen bond
results in the formation of a quinone methide radical. Nucleophilic attack of the catalytic Cys58 of GR on the quinone methide
causes covalent modification of the enzyme. The radical can further react with oxygen, leading to the formation of super-
oxide, which can kill the parasite. Hb (oxy)FeII; oxyhemoglobin, Hb (met)FeII; methemoglobin; HF, hydrogen fluoride.
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disease, the most important parasitic infection in Latin
America. Approximately 8 million people are thought to be
infected (124). T. cruzi infects many mammalian species (163)
and is transmitted to humans primarily by the infected feces
of hematophagous triatomine bugs coming in contact with
mucosal membranes or damaged skin. Transmission also
occurs via blood transfusion, congenitally, or, rarely, by in-
gestion of food contaminated by infected triatomine feces (5,
164). Chemotherapy against all forms of trypanosomiasis is
very limited and unsatisfactory (85). Sleeping sickness is
transmitted by the tsetse fly in sub-Saharan Africa with an
estimated incidence of 70,000–80,000 cases and *30,000
deaths per annum (145). Once the infection has spread to the
central nervous system, the disease is invariably fatal without
treatment (145). Trypanothione reductase (TR) is an NADPH-
dependent flavoprotein disulfide oxidoreductase unique to
and essential for growth of trypanosomes, whose function is
to convert TS2 into the physiologically relevant reduced form
T[SH]2 (72, 146). In trypanosomes, T[SH]2 serves as a substi-
tute for many of the metabolic and antioxidant functions as-
cribed to GSH in mammalian cells (32). Mammalian GR is the
nearest homolog to TR. However, both enzymes of the host
and parasite have significant differences in their active site
architecture, resulting in a pronounced ability to discriminate
between their respective disulfide substrates. These features
make TR an attractive target for selective drug design (144). T.
brucei TR and T. cruzi TR are the key enzymes for controlling
the redox system of their respective parasites (Table 1) (36).

Thus, inhibitors of T. brucei TR and T. cruzi TR are suitable
candidates for drug development against HAT and American
trypanosomiasis, respectively (28, 90).

Drugs inhibiting enzyme activity in the redox system

In this section, we discuss the drugs that inhibit the activity
of T. brucei TR. Quinolines (4a), synthesized from substituted
isatine derivatives show antitrypanosomal activity, and in-
hibit T. brucei TR (IC50 = 4.2 lM) (144). Pyrimidopyridazines
(4b) and indatraline derivatives (4c) are used for the treatment
of HAT and inhibit T. brucei TR (Table 4). 4a–c show anti-
trypanosomal activity by inhibiting T. brucei TR. IC50 of 4b
and 4c for the inhibition of T. brucei TR are 12.8 and
2.23 – 0.66 lM, respectively (144, 156). Dimethylamine-
bearing diaryl sulfides (4d) and piperazine-bearing diaryl
sulfides (4e) show antitrypanosomal activity against the T. b.
rhodesiense STIB900 strain and inhibit T. b. rhodesiense TR (146).
Polyamines such as kukoamine (4f) and reversible mixed type
T. brucei TR inhibitor (ki = 1.8 lM, ki¢ = 13 lM) show anti-
trypanosomal activity (120, 143). 2-Substituted promazines
(4g) are also effective against HAT and inhibit T. brucei TR
(27). Naphthoquinone derivatives (4h), Mannich bases (4i),
and acridines (4j–k) show activity against American try-
panosomiasis and inhibit T. cruzi TR. These molecules do not
show toxicity against human cell lines (23, 97). Benzylammo-
nium compounds (4l) and N-(3-phenylpropyl) polyamine
(4m), competitive inhibitors of T. cruzi TR, show activity
against American trypanosomiasis (101). 1-Phenethyl-4-
aminopiperidine derivatives (4n) show antitrypanosomal
activity against T. b. rhodesiense STIB900 strain and inhibit
T. b. rhodesiense TR (37). Some metal complexes such as
Pt complex-acridone conjugate (4o) inhibit T. cruzi TR at
low concentrations (IC50 = 1 lM) (78). Triflupromazine (4p),
T. cruzi TR inhibitor (IC50 = 110 – 18 lM) has been found ef-
fective against American trypanosomiasis (27). Tricyclic de-
rivative (4q) inhibits both T. brucei TR (IC50 = 11.5 – 0.4 lM)
and T. cruzi TR (IC50 = 14.6 – 0.8 lM) (118). Quaternary alky-
lammonium phenothiazine derivatives (4r) inhibit T. cruzi TR
at low concentrations (IC50 = 1.2 – 1.20 lM) (86). Thus, it ap-
pears that 4p–r show antitrypanosomal activity by inhibiting
T. cruzi TR. The comparative effects of compounds on the
antitrypanosomal activity are presented (Table 4). From
the comparative studies, it is evident that 4r is the most ef-
fective (EC50 = 0.062 lM) antitrypanosomal agent compared
with other antitrypanosomal agents (4a–q) (Table 4).

Drugs self-inducing oxidative stress in the parasite

Chinifur [1] (Fig. 7), a noncompetitive inhibitor and sub-
versive substrate of T. congolense TR, shows antitrypanosomal
activity by generating O2

� - anion radicals in the parasite (26).
Aromatic nitro compounds (ArNO2) show antitrypanosomal
activity by producing ROS in the trypanosomatid protozoa
(68, 159). The key step in this process involves reactions cat-
alyzed by a group of nitroreductases (NTRs). Based on oxy-
gen sensitivity, the enzymes can be divided into Type I NTRs
and Type II NTRs (126). Type I NTRs mediate the sequential
reduction of the nitro group via a series of 2-electron transfers
from NAD(P)H through a nitroso (ArNO) intermediate to
produce hydroxylamine derivatives. This nitroso compound
scavenges thiols of the parasite. Type II NTRs are ubiquitous

FIG. 6. Compounds self-producing ROS. (A) Mechanism
of MB mediated production of ROS in P. falciparum. P. falci-
parum GR catalyzes the reduction of MB to leuco MB in the
presence of NADPH. Leuco MB is auto-oxidized back to MB
with the concomitant production of H2O2 (ROS), which
causes oxidative stress in malaria parasite. (B) Compounds
self-producing ROS in parasites. MIC, minimum inhibitory
concentration for inhibiting the development of schizont
stage from ring stage parasites; *Chloroquine-sensitive (CQ-
S); **Chloroquine-resistant (CQ-R) P. falciparum strain. MB,
methylene blue.
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Table 4. Redox-Active Antitrypanosomal Compounds

Inhibition
constant

Antitrypanosomal
activity

Target
enzyme

Mode of
inhibition

(lM) [EC50 (lM)]
Compound Structure M – SEM M – SEM (Ref)

Quinoline
derivative 4a

N

O

N

O

Br

OH2N

T. brucei TR Linear
mixed type
inhibition

ki = 3.0 – 0.2
ki¢ = 4.3 – 0.3

25.6 (144)

Pyrimidopyridazine
derivative 4b

N

N N
N

N
O

O

S
T. brucei TR Linear

uncompetitive
inhibition

ki = 3.0 – 0.2 1.43 (144)

Indatraline
derivative 4c

Cl

MeO

Cl

HN

T. brucei TR Linear
mixed type
inhibition

ki = 3.5 – 0.4
ki¢ = 16.8 – 3.3

1.26 – 0.13 (156)

Dimethylamine-
bearing diaryl
sulfide 4d S

Cl

H
N N

N

NH

T. b. rhodesiense
TR

- - 1.56 (146)

Piperazine-
bearing diaryl
sulfide 4e

S

Cl

H
N N

N

T. b. rhodesiense
TR

- - 0.70 (146)

Polyamines
Kukoamine (4f)

N
H

N
H

N
H

N
H

O O

OH

OH

HO

OH

3 4 3

T. brucei TR Reversible
mixed type
inhibition

ki = 1.8
ki¢ = 13

- (120,
143)

2-Substituted
Promazine 4g

N

S

N

BzON

T. cruzi TR Reversible
inhibition

ki = 204 – 16 > 30 (27)

(continued)
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Table 4. (Continued)

Inhibition
constant

Antitrypanosomal
activity

Target
enzyme

Mode of
inhibition

(lM) [EC50 (lM)]
Compound Structure M – SEM M – SEM (Ref)

Naphthoquinone
derivative 4h O

O

O

H
N NO2

T. cruzi TR - - 86.3 – 4.6 (36)

Mannich base 4i
O

N

Cl
T. cruzi TR Irreversible

inhibition
ki = 8 11.8 (97)

Acridines 4j

N

HN

Cl

OMe
N

T. cruzi TR Competitive
inhibition

ki = 5.5 – 1 - (23)

4k

N

S

Cl

OMe

N

T. cruzi TR Mixed type
inhibition

ki = 21 – 3
ki¢ = 67 – 3

- (23)

Benzylammonium
compounds 4l

N+

Cl

Cl
N
H

S

Cl
Cl-

T. cruzi TR Competitive
inhibition

ki = 9 – 5 (146)

N-(3-phenylpropyl)
substituted
polyamines 4m

N N
N NH

T. cruzi TR Competitive
reversible
inhibition

ki = 0.151 3.05 (101)

1-Phenethyl-4-
aminopiperidine
derivative 4n N N

H
N O

O

Et
O

12

T. b. rhodesiense
TR

- - 3.16 (37)

(continued)
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oxygen-sensitive enzymes that contain flavin adenine dinu-
cleotide as a cofactor. They function by mediating the one
electron reduction of the nitro group to form an unstable ni-
tro-radical. In the presence of oxygen, this radical undergoes
futile cycling to produce O2

� - /H2O2 (ROS), with the subse-
quent regeneration of the parent nitro-compound. ROS oxi-
dizes T(SH)2 into TS2 in the parasite (22, 68, 159) (Fig. 8). In
trypanosomes, Type II NTR activity has been proposed to be
the main source of ROS (45, 154). Type I NTR has the capacity
to metabolize a wide range of nitroheterocyclic drugs and that
a reduction in this activity in both T. cruzi and T. brucei confers
resistance to these trypanocidal agents (159).

Molecules having nitro group as well as metal complexes
have the potential to become drugs against trypanosomiasis.
N-oxide-containing heterocycles such as benzofuroxans [2]
(EC50 = 7.0 lM), benzimidazoles [3] (EC50 = 12.5 lM), and
indazole derivatives [4] (EC50 = 25.0 lM) show antitrypa-
nosomal activity against T. cruzi epimastigotes (Tulahuen 2

strain) by inducing oxidative stress in and depleting free
thiol in T. cruzi (Fig. 7) (22). Some metal-based compounds
such as pyridine-2-thiol N-oxide Pd complex [5], pyridine-
2-thiol N-oxide Pt-complex [6], and Pt-complex [7] show
activity against T. cruzi by producing intraparasitic nitro
anion radicals (Fig. 7) (153). Nifurtimox [8] (EC50 = 7.0 lM)
and benznidazole [9] (EC50 = 1.97 lM) show anti trypanoso-
mal activity by inducing oxidative stress via production of
nitro anion radicals as well as depletion of free thiol in the
parasite (Fig. 7) (35, 37, 153). Nifurtimox [8] leads not only to
cellular damage to T. cruzi, but also to mammalian tissues by
the formation of free radicals and redox cycling. The electron
transfer from drugs generates O2

� - and other ROS (H2O2

and OH) (121). ROS interacts with macromolecules and
causes cellular damage (lipid peroxidation, membrane de-
struction, DNA damage, and enzyme inactivation) (121).
Benznidazole [9] and its metabolites are thought to disturb
the T(SH)2 metabolism of T. cruzi, and an involvement of

Table 4. (Continued)

Inhibition
constant

Antitrypanosomal
activity

Target
enzyme

Mode of
inhibition

(lM) [EC50 (lM)]
Compound Structure M – SEM M – SEM (Ref)

Pt complex-
acridone
conjugate 4o

N N

N

S

Pt
+

S N
H

NH

MeO

Cl

2

OH
2 NO3

-

T. cruzi TR Mixed type
inhibition

ki = 2
ki¢ = 2.8

- (78)

Triflupromazine 4p

N

S

N
F F

F

T. cruzi TR Reversible
inhibition

ki = 30.2 – 2.6 3.2 (27)

Tricyclic
derivative 4q

S

O

NH

T. brucei TR
T. cruzi TR

Reversible
inhibition

ki = 0.1–50 - (118)

Quaternary
Alkylammonium
Phenothiazine 4r

N+

S

N

Cl

CHPh2

T. cruzi TR Linear
competitive
inhibition

ki = 0.71 – 0.1 0.062 (86)
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several free radical species similar to nifurtimox may lead to
various types of cellular damage (121). Type I NTRs activate
nifurtimox and benznidazole to offer antitrypanosomal ac-
tivity (159).

Redox-Active Antileishmanial Drugs

The leishmaniases are a group of diseases caused by in-
fection with the protozoan parasite Leishmania, transmitted
by the sand fly. The most fatal form of the disease is visceral
leishmaniasis, which results from infection with L. donovani
and L. infantum. The amastigote form replicates in macro-
phages of the liver, spleen, and bone marrow, causing
persistent fever, hepatosplenomegaly, weight loss, and
pancytopenia. If untreated, it eventually becomes fatal and
is thought to account for 41,000 deaths per year (66, 119).
According to current WHO statistics, about 12 million
people living in 88 countries, mainly of 5 continents, that is,
Asia, Europe, Africa, South America, and North America
are suffering from leishmaniasis with 1.5–2 million new
cases annually (139). This disease is endemic in the low-
income population of Central and South American coun-
tries. Thus, there is an urgent need for new and less toxic
treatments for leishmaniasis (139). Targeting the redox

system of the parasite via small molecules would be a good
strategy for drug development against Leishmania. In this
section, we refer to a series of such small molecules that
inhibit the enzyme activity, which maintains the redox
system of L. donovani.

L. donovani TR is a validated drug target against leish-
maniasis (Table 1). Doxorubicin (5a) and mitomycin C (5b)
show antileishmanial effect and inhibit L. donovani TR (Table
5) (139). These compounds act as subversive substrates and
subvert the physiological function of L. donovani TR by con-
verting it from an antioxidant to a pro-oxidant. 5a and 5b also
show significant effect on redox homeostasis of the parasite
(139). It has been documented that 5a and 5b generate ROS in
L. donovani by inhibiting L. donovani TR (139). The N-
substituted phenothiazine 5c shows an antileishmanial
effect and reversibly inhibits L. donovani TR (27). Dini-
trodiphenylthioethers (5d–e) generate ROS in L. donovani
promastigotes and reduce the level of parasitemia in perito-
neal macrophages (43, 149). Alterations to the 1,3-dinitro-5-
(trifluoromethyl) benzene ring of 5d have more influence on
antiparasitic activity with two aromatic nitro groups and a
third electron-withdrawing group. These structural orienta-
tions increase the ability to generate ROS in the parasites (43).
5e shows in vivo antileishmanial activity and causes a 28%

FIG. 7. Redox-active com-
pounds induce oxidative
stress in Trypanosoma cruzi.
EC50, effective concentration
required to inhibit 50% T.
cruzi growth in vitro.

FIG. 8. Mechanism of the production of ROS by aromatic nitro compounds (ArNO2) in trypanosomatids. One-electron
reduction of ArNO2 by Type II NTR promotes formation of ROS (O2

� - and H2O2), which oxidize parasite thiol. Two-electron
reduction of ArNO2 by Type I NTR yields the nitrosocompound (ArNO), a good scavenger of thiols. SOD, superoxide
dismutase; NTR, nitroreductases.
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Table 5. Redox-Active Antileishmanial Compounds

Antileishmanial
activity

[EC50 (mM)]
Compound Structure

Mode
of action M – SEM (Ref)

Doxorubicin 5a

OH

OH

O

O

OOO

HO
HO

O

NH2

HO

Inhibits L. donovani
TR and generates
intraparasitic O2

-

11.76 – 0.11 (139)

Mitomycin C 5b
O

O
H2N

N

O

H2N
O

NH

O

Inhibits L. donovani TR
and generates
intraparasitic O2

-

11.52 – 0.15 (139)

N-Substituted
Phenothiazines 5c

N

S

NH2

Reversible inhibition of
L. donovani TR

3.30 (27)

Dinitrodiphenylthioe-
thers 5d

S

O2N CF3Cl

Cl NO2

Generates
intraparasitic ROS

0.56 – 0.12 (43)

5e

S

O2N CNMeO

NO2

Generates
intraparasitic ROS

0.67 – 0.24 (43)

Antimonial drugs 5f Sb(III) Inhibits L. infantum TR 1.5 – 0.4 (14)
Divinyl Ketone 5g

O

Cl

Inhibits L. donovani TR 68.0 (97)

Plumbagin 5h
O

OOH

Noncompetitive
inhibition of
L. donovani TR
(ki = 2.55 – 0.35 lM)
and generates
intraparasitic ROS

0.34 – 0.11 (138)

2-methoxy 1, 4-
naphthoquinone 5i O

O
O

Noncompetitive
inhibition of
L. donovani TR
(ki = 1.092 – 0.14
lM) and generates
intraparasitic ROS

0.614 – 0.20 (138)

ROS, reactive oxygen species.
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decrease in parasitemia on average, at a dose 25 mg/kg/day
for 5 days (Table 5) (43).

Antimonial drugs (5f) show antileishmanial activity by
inhibiting L. infantum TR (Table 5) (14). The crystal structures
of the complex of reduced TR with Sb(III) suggested that
Sb(III) is coordinated by the two redox-active catalytic cyste-
ine residues (Cys52 and Cys57), one threonine residue
(Thr335), and one histidine residue (His461) of the 2-fold
symmetry related subunit of the dimer and strongly inhibits
TR activity (14). Divinyl ketone (5g) inhibits L. donovani TR
and shows an antileishmanial effect against L. donovani
(strains MHOM/ET/67/HU3) (97). Plumbagin (5h), a plant-
derived naphthoquinone, and its derivative 2-methoxy 1, 4-
naphthoquinone (5i) are reported to possess antileishmanial
properties by inhibiting TR. The ki values for 5h and 5i are
found to be 2.55 – 0.35 and 1.092 – 0.14 lM, respectively. These
compounds also act as subversive substrates and subvert the

physiological function of TR by converting it from an anti-
oxidant to a prooxidant. Both compounds show a significant
effect on redox homeostasis, resulting in morphological
changes and parasite death. The EC50 values of 5h against
promastigotes and axenic amastigotes are found to be
0.34 – 0.11 and 0.214 – 0.15 lM, respectively. 5i shows EC50

values of 0.614 – 0.20 and 0.47 – 0.15 lM for promastigotes
and axenic amastigotes, respectively (138). 5h and 5i also
produce ROS in L. donovani by inhibiting L. donovani TR (138).
The comparative studies suggest that 5h is the most effective
(EC50 = 0.34 – 0.11 lM) antileishmanial agent compared with
other redox-active agents (5a–g, 5i) (Table 5). Curcumin (Fig.
6B), a polyphenol, shows antileishmanial activity by gener-
ating ROS and elevating cytosolic calcium through the release
of calcium ions from intracellular stores as well as by the
influx of extracellular calcium (38). Elevation of cytosolic
calcium is responsible for depolarization of mitochondrial

FIG. 9. Redox-active antileishma-
nial compounds and their mode of
action. (A) Compounds self-produc-
ing ROS in Leishmania donovani. (B)
Mode of action of antileishmanial
DIM. DIM mediated inhibition of
F0F1-ATP synthase causes depletion of
mitochondrial ATP and significant
stimulation of mitochondrial ROS
production, followed by depolariza-
tion of the mitochondrial membrane
(DC). Loss of the membrane potential
results in depletion of cellular ATP
level that promotes cellular ROS gen-
eration, which, in turn, leads to para-
site death. (C) Mechanism of quinone
compounds producing ROS in L. do-
novani. TR reduces quinone derivative
to hydroquinone, which is re-oxidized
by molecular oxygen and generates
O2
� - . TR, trypanothione reductase;

LdTOP1LS, Leishmania donovani to-
poisomerase I; DIM, 3,3¢-diindo-
lylmethane.
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membrane potential (DC) and release of cytochrome c into the
cytosol, which promotes apoptosis of the parasite (38). Cur-
cumin shows an average EC50 of 5.3 lM against promasti-
gotes of various leishmanial strains (129). Antimony sodium
gluconate induces the generation of ROS and nitric oxide by
activating phosphoinositide 3-kinase as well as mitogen-
activated protein kinase in L. donovani-infected macrophages
(109). These activated components of the intracellular
signaling pathway are responsible for an early wave of
ROS-dependent parasite killing and a stronger late wave of
NO-dependent parasite killing (109).

Camptothecin (CPT) (Fig. 9A), an inhibitor of DNA topoi-
somerase I, shows an antileishmanial effect against the L. do-
novani AG83 strain by inducing ROS both in the amastigotes
and promastigotes of L. donovani (137). CPT inhibits growth of
L. donovani AG83 to 65% at a concentration of 5 lM. CPT-
induced cellular dysfunction in L. donovani promastigotes is
characterized by several cytoplasmic and nuclear features of
apoptosis. It has been proposed that CPT-induced apoptosis-
like death is due to mitochondrial dysfunction and ROS
generation. (137). Baicalein (BLN) (Fig. 9A) shows its antil-
eishmanial potency against L. donovani AG83 strain through
ROS generation in parasites without involving caspases (24).
BLN inhibits 73% growth of L. donovani AG83 promastigotes
at a concentration of 10 lM (24). Menadione and withaferin A,
potent inhibitors of protein kinase C (PKC), show an antil-
eishmanial effect by inducing ROS in Leishmania chagasi and L.

donovani, respectively, (Fig. 9A) (107, 136). In L. donovani
AG83 promastigotes, the inhibition of PKC by withaferin A
causes depolarization of DC and generates ROS inside cells.
Loss ofDC leads to the release of cytochrome c into the cytosol
and subsequently activates caspase-like proteases and oligo-
nucleosomal DNA cleavage and causes parasite death (136).
At 6 h, withaferin A inhibits 85% growth of L. donovani AG83
promastigotes at a concentration of 15 lM (136). Mitochondria
are the principal site for the generation of cellular ATP by
oxidative phosphorylation (127). 3,3¢-diindolylmethane, a
DNA topoisomerase I inhibitor, inhibits mitochondrial F0F1-
ATP synthase of L. donovani. This, in turn, causes depletion of
mitochondrial ATP levels and significant stimulation of mi-
tochondrial ROS production, leading to oxidation and frag-
mentation of DNA and hence, death of the parasite (Fig. 9B)
(127). Quinone compounds act as subversive substrates and
are reduced by L. donovani TR to give reduced semihy-
droquinones (139). These semihydroquinones are further
oxidized by oxygen to quinone and O2

� - , which kills the
parasite (Fig. 9C) (80).

Redox-Active Drugs Against Amoebiasis
and Trichomoniasis

E. histolytica, which is responsible for amoebiasis infects,
> 10% of the world’s population, primarily in the tropics and
regions with poor sanitation. Approximately 10% of those

FIG. 10. Redox-active com-
pounds against amoebiasis
and trichomoniasis. (A)
Compounds induce oxidative
stress in Entamoeba histolytica.
(B) Compounds inhibit Tri-
chomonas vaginalis pyruvate:
ferredoxin/flavodoxin oxido-
reductases.
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infected will become clinically symptomatic, resulting in an
annual toll of 50 million to 100 million cases of invasive colitis
and liver abscess and up to 100,000 deaths (99, 104, 151).
Targeting the redox system of E. histolytica is a strategy for the
development of drugs against amoebiasis. Different ni-
troimidazoles such as metronidazole, tinidazole, ornidazole,
secnidazole, sulnidazole, carnidazole, misonidazole, iproni-
dazole, ronidazole, nimorazole, and panidazole show activity
against amoebiasis (13, 47, 56, 121) (Fig. 10A). EC50 value of
metronidazole and tinidazole for their antiamoebic activity
against E. histolytica HM1: IMSS strain are 1.84 and 10.2 lM,
respectively (17, 70).

Nitroimidazoles, through the formation of highly reactive
nitro radical anions, damage susceptible pathogens by rad-
ical-mediated mechanisms (59). Unlike aerobic organisms,
these pathogens possess the electron transport protein fer-
redoxin (small Fe-S protein). Once the drug has entered the
parasitic trophozoite and is within the cell, ferredoxin do-
nates electrons to the nitro group of the drug. The drug be-
comes activated by the reduction of the nitro group. The
active drug binds covalently to DNA, resulting in DNA
damage and, subsequently, to the death of the trophozoite.
The reductive activation of metronidazole, an important
nitroimidazole drug, may also lead to toxic radicals reacting
with essential cellular components. In addition to these ef-
fects, the drug also inhibits trophozoite respiration. O2 is a
competitor of 5-nitroimidazoles. O2 is able to generate both a
decrease in the reductive activation of a 5-nitroimidazole
drug and an increase in the catalytic recycling of the acti-
vated drug (1, 121).

Trichomoniasis is a common sexually transmitted disease
caused by Trichomonas vaginalis, a protozoan parasite. T. va-
ginalis infection has been associated with problems in preg-
nancy, premature birth, and low birth weight (157). T.
vaginalis pyruvate: ferredoxin/flavodoxin oxidoreductases
(PFORs) are key enzymes that maintain the redox system of T.
vaginalis (Table 1). T. vaginalis derives energy from the oxi-
dative fermentation of pyruvate. PFOR, an important enzyme
of the intermediary metabolisms of these organisms, catalyzes

pyruvate decarboxylation. This process releases electrons that
reduce ferredoxin, and the latter, in turn, catalytically donates
its electrons to biological electron acceptors (121). Nitazox-
anide shows activity against trichomoniasis and inhibits T.
vaginalis PFORs in a noncompetitive manner (74). Tizox-
anilide and tizoxanilide glucuronide are also redox-active
antiparasitic drugs against trichomoniasis (Fig. 10B) (1). Re-
cent studies in anaerobic protozoa (T. vaginalis) have shown
that nitazoxanide inhibits T. vaginalis PFOR. Unlike ni-
troimidazoles, nitazoxanide is independent of reduced ferre-
doxin, that is, it appears to interact directly with PFOR. The
different mechanisms of action and resistance may explain the
therapeutic efficacy of nitazoxanide against organisms
showing resistance to 5-nitroimidazoles (e.g., T. vaginalis),
especially metronidazole. In helminths, the mechanism of
nitazoxanide activity is not yet fully understood, but the en-
zymes involved in anaerobic electron transport appear to be
potential targets. The products of nitazoxanide activation do
not induce mutations in DNA (63).

Redox-Active Drugs Against Multicellular Parasites

The muticellular parasite S. mansoni is responsible for
schistosomiasis, affecting more than 200 million people in
> 70 countries (115–116). The parasites can survive for up to
decades in the human host, as it has a unique set of antioxi-
dant enzymes that continuously degrade the ROS produced
by the host’s innate immune response. Since schistosomes do
not have catalase (108), other mechanisms should exist within
the parasite to degrade H2O2. The principal component of this
defense system, thioredoxin-GR (TGR), has been recently
identified and validated as a target for antischistosomiasis
drug development (Table 1) (96). TGR is a multifunctional
selenocysteine-containing enzyme that catalyzes the inter
conversion between reduced and oxidized forms of both GSH
and Trx, which are major contributors to the maintenance of
redox balance (6). Auranofin [10], a gold-containing molecule,
shows activity against schistosomiasis (Fig. 11). Auranofin
inhibits TGR in an irreversible manner and substantially

FIG. 11. Redox-active com-
pounds against schis-
tosomiasis. IC50 = inhibitory
concentration required to in-
hibit 50% S. mansoni thior-
edoxin-glutathione reductase
activity; EC50, effective con-
centration required to inhibit
50% S. mansoni growth.
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reduces worm burden in mice. From the X-ray crystallo-
graphic analysis, it is reported that the gold of auranofin plays
a vital role in the inhibition of TGR. Selenium of TGR also
plays an important role in the inhibition of TGR by auranofin.
Gold from auranofin transfers to the redox-active Cys couples
of TGR during inhibition (9). Some synthesized compounds
such as phodphinic amide [11–13], oxadiazole 2-oxide [14],
isoxazolone [15–16], and phosphoramidite [17] (Fig. 11) also
show activity against schistosomiasis by inhibiting S. mansoni
TGR (9, 140).

Conclusions and Future Perspectives

The major problem of current chemotherapy for parasitic
diseases is the emergence of drug resistance against available
drugs. This situation warrants the identification of function-
ally validated targets in order to discover novel, chemother-
apeutically viable molecules that treat resistant parasites. The
available parasite genome data provide a scope to search for
new targets. Different approaches, such as evolutionary pat-
terning, gene networks, system biology, and synthetic bi-
ology, will be extremely helpful for the identification of
suitable targets. There are so many reported molecules having
antiparasitic activity; however, not all of these are therapeu-
tically viable drug-like molecules due to various limitations
such as toxicity, low bioavailability, rapid inactivation under
in vivo conditions, and development of resistance. Thus,
synthesis of new molecules by cutting down the toxophore
part of active antiparasitic molecules and simultaneously
adding valuable moieties/scaffold to them with a view to
overcome the above-mentioned limitations might be fruitful
for developing novel antiparasitic drugs for a future genera-
tion. Furthermore, studies on drug synergism should receive
special attention, which can open new avenues to improve the
efficacy of antiparasitic drugs in combination with others.
Since parasites such as P. falciparum, L. chagasi, T. brucei, T.
cruzi, and S. mansoni are very susceptible to oxidative stress
(33, 55, 107, 115, 133, 150), the identification of new scaffolds
that affect the redox systems of these parasites and induce
oxidative stress will be a valid rationale to develop new drugs.
However, extreme care should be taken so that the designed
scaffolds/molecules cannot affect the redox system of the host
and the products formed from these molecules after metabolic
turn-over by the parasitic machinery should not be toxic.
Ethnopharmacology is one of the important areas for new
antiparasitic drug development. Ethnopharmacology is the
interdisciplinary scientific exploration of biologically active
agents traditionally employed or observed by man. Medicinal
plants are important source of indigenous medical systems in
many parts of the world, and these resources will be useful for
the development of antiparasitic drugs. We have tried to in-
corporate the maximum number of known redox-active an-
tiparasitic molecules, but the number of reported lead
molecules may be much higher than indicated in this article. It
can be anticipated that effective research in the near future
capitalizing redox-active enzymes and molecules in parasites
will open new avenues for the development of novel anti-
parasitic drugs that combat resistant parasites.
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Abbreviations Used

AASMP¼ [(aryl)arylsufanylmethyl]pyridines
benzylNQ¼ benzylmenadione

BLN¼ baicalein
CLT¼ clotrimazole
CPT¼ camptothecin
CQ¼ chloroquine

CQ-R¼ chloroquine-resistant
CQ-S¼ chloroquine-sensitive
DIM¼ 3,3¢-diindolylmethane

dNDP¼deoxynucleoside diphosphates
FV¼ food vacuole

GLX¼ glyoxalase
GR¼ glutathione reductase

GSH¼ glutathione
GspS¼ glutathionylspermidine synthetase

GSSG¼ glutathione disulfide

GST¼ glutathione S-transferase
HAT¼human African trypanosomiasis

Hb¼hemoglobin
HF¼hydrogen fluoride

hGR¼human glutathione reductase
hTrxR¼human TrxR

Hz¼hemozoin
LdTOP1LS¼ Leishmania donovani topoisomerase I

MB¼methylene blue
MDR¼multidrug-resistant

Met¼methionine
MetSO¼methionine sulfoxide

MIC¼minimum inhibitory concentration
MSR¼methionine sulfoxide reductase

NADPH¼nicotinamide adeninine dinucleotide
phosphate

NDP¼nucleoside diphosphate
NTR¼nitroreductases
PfGR¼Plasmodium falciparum glutathione reductase

PfGST¼P. falciparum glutathione S-transferase
PFOR¼pyruvate: ferredoxin/flavodoxin

oxidoreductases
PfTrxR¼Plasmodium falciparum thioredoxin

reductase
PKC¼protein kinase C

RiboR¼ ribonucleotide reductase
ROS¼ reactive oxygen species
SOD¼ superoxide dismutase
TGR¼ thioredoxin-glutathione reductase

TR¼ trypanothione reductase
Trx(SH)2¼ reduced thioredoxin

TrxR¼ thioredoxin reductase
TrxS2¼ oxidized thioredoxin

T(SH)2¼ trypanothione
TS2¼ trypanothione disulfide

TXN¼ tryparedoxin

582 PAL AND BANDYOPADHYAY


