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The applications of nanotechnology to pharmacology are the potential appliance of biodegradable polymers and convection-
enhanced drug delivery in the diagnostics and treatment of diseases. Chitosan is a natural polysaccharide that has attracted
significant scientific interest during the last two decades. The present study was to evaluate the possible effects of chitosan
tripolyphosphate conjugated nanochloroquine against Plasmodium berghei infection on select makers of oxidative damage and
antioxidant status in mitochondria of liver and spleen. P. berghei infection was developed in Swiss mice by intraperitoneal injection
of 200 𝜇L of infected blood. Parasite-infected mice were treated with chloroquine and nanoconjugated chloroquine. Superoxide
radical generation, nitrate level, and oxidized glutathione were increased significantly (𝑃 < 0.05) in the mitochondria of infected
group as compared to control group, and reduced glutathione level, activity of SOD, GPx, GR, and GST, and mitochondrial
transmembrane potential were decreased significantly (𝑃 < 0.05), which were increased or decreased significantly (𝑃 < 0.05)
near to normal in nanoconjugated chloroquine treated group than chloroquine treated group. So, the findings may suggest
the advantageous role of nanoconjugated chloroquine against the P. berghei induced oxidative damage in hepatic and splenic
mitochondria.

1. Introduction

Despite years of effort, the developments of effective drug
against malaria are available. To date, antimalarial drugs
remain the major way to treat the disease. Presently, the most
effective way of dealing with malaria is the administration
of chemotherapeutic agents. Although drug treatments of
malaria are currently the best means of disease management,
there is an urgent need for the development of structurally
novel and effective antimalarial drugs because of increasing
resistance to most presently available antimalarial drugs [1–
3].

The multiplication of the malaria parasite in the blood
causes the pathology such as anemia, hemolysis, and damage
of the essential organs of the host by the parasite products.
Like other microbes, P. berghei is also a causative agent that
should change the normal condition of host by utilizing
or protecting defence factors. It is generally accepted that
ROS, NO, and peroxynitrite kill intraerythrocytic malarial

parasites [4, 5], but the parasite protect itself by antioxidant
enzyme [6]. Reactive oxygen species are considered med-
iators of the inflammatory response and tissue damage in
malaria. After a short period of development and multiplica-
tion, these parasites leave the liver and invade erythrocytes
where they multiply by schizogony, undergoing develop-
ment through ring, trophozoite, and schizont stages that
are responsible for malaria pathogenesis [7]. Plasmodium
parasites ingest large quantities of hemoglobin and break it
down in their food vacuole. The heam prosthetic group of
hemoglobin is considered toxic, possibly due to the gener-
ation of oxygen radicals. Malaria infection damages several
major organs, such as liver, kidney, brain, spleen, heart, and
lungs, and severe malaria is characterized by multiorgan
failure. Malarial infection induces mitochondrial pathology
by inhibitingmitochondrial respiration, dehydrogenases, and
transmembrane potential and damaging the ultrastructure
as evident from transmission electron microscopic studies.
Mitochondrial GSH depletion and formation of protein
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carbonyl indicate that mitochondrial pathology is associated
with mitochondrial oxidative stress [8].

Although it is true that the pharmacokinetics of drugs
differ between humans and mice, it is also true that all
mammalian Plasmodium species have comparable life cycles
and are sensitive to the same drugs [9]. The increasing resist-
ance of malaria parasites to available drugs increases the bur-
den of disease and the need to develop new and effective anti-
malarial agents [10]. The outbreed albino mouse inoculated
with P. berghei is generally considered to be a valid model
for the primary and large scale screening of drugs for event-
ual use against human malaria [11]. The use of strains of
rodent malaria parasites can yield additional information
concerning both its potential value against strains of human
malaria and the mode of action of a compound.

Nanocarriers may also allow the use of potentially toxic
antimalarials which are still under development. Therefore,
chitosan, a natural linear biopolyaminosaccharide obtained
by alkaline deacetylation of chitin, was used as a nanodrug
carrier for the development of a potent antimalarial com-
pound with conjugating the different age-old drug such as
pyrimethamine [12], chloroquine [13], and chitosan have no
toxic effect on liver, the most detoxifying organ, and has been
recognized as biocompatible. It is also reported that chitosan
nanoparticles reduced mitochondrial dehydrogenase activity
and also inflicted extensive damage to the cell morphology.

Here, we aimed to isolate themitochondria from liver and
spleen and to study its oxidative stress, antioxidant enzymes
level, and mitochondrial membrane potential of these vital
organs and also compare the efficacy between only drug and
nanoconjugated drug against P. berghei induced oxidative
damage.This study seeks to demonstrate the potency of chito-
san tripolyphosphate conjugated nanochloroquine on the
mitochondrial oxidative status of Plasmodium berghei infect-
ed Swiss mice.

2. Materials and Methods

2.1. Chemicals and Reagents. Sodium chloride (NaCl), gi-
emsa, Tris buffer, Triton-X 100, potassium dihydrogen
phosphate (KH

2
PO
4
), dipotassium hydrogen phosphate

(K
2
HPO
4
), ethylene diamine tetra acetate (EDTA), sodium

hydroxide (NaOH), chloroform, sodium acetate, ammonium
acetate, potassium hydroxide (KOH), methanol, Tris-HCl,
formaldehyde, alcohol, and diphenylamine (DPA) were pro-
cured from Merck Ltd., SRL Pvt. Ltd., Mumbai, India. 5,5-
dithio (bis)-2-nitrobenzoic acid (DTNB), standard reduced
glutathione (GSH), glutathione reductase (GR), NADPH,
Na4, NADPH, and oxidized glutathione (GSSG) were pro-
cured from Sigma (St. Louis, MO, USA). Commercially
available histopaque 1077, HEPES, phorbol mirested aceted
(PMA), horse heart cytochrome-c were purchased from
Sigma Chemical Co., USA. All other chemicals were from
Merck Ltd., SRL Pvt., Ltd., Mumbai, India, and were of the
highest purity grade available.

2.2. Parasite. The lethal rodent parasite, Plasmodium berghei
NK65 strain, was maintained into sex- and age-matched wild

type mice by weekly passage by intraperitoneal injection, and
blood stage parasites were stored at −80∘C.

2.3. Animals. Swiss albino mice, aged 6–8 weeks and weigh-
ing 20–25 g were kept up in accordance with the guidelines
of the National Institute of Nutrition, Indian Council of
Medical Research, Hyderabad, India, and approved by the
ethical committee of VidyasagarUniversity.The animals were
housed for a week for acclimatization in groups of five in
standard polypropylene cages (Tarson) in the departmental
animal house with stainless steel top grill. A clean paddy husk
was used as a bedding material. The animals were fed on
commercial pellet diet and water ad libitum in polypropylene
bottles with stainless steel sipper tubes. The animals were
maintainedunder standard conditions of humidity (55–65%),
temperature (22±3∘C), and light (12 h light/12 h dark cycles).
The animals used in this study did not show any sign of
malignancy or other pathological processes.

2.4. Preparation of Chitosan-Tripolyphosphate Nanoparti-
cle and Loading of Chloroquine. Chitosan-tripolyphosphate
(CS-TPP) nanoparticle preparation by ionotropic gelation
and drug loading was followed according to our previous
laboratory report [14].

2.5. Particle Characterization. The drug loaded particle char-
acterization was carried out in different techniques like FTIR,
DLS, and zeta potential study, and also the in vitro drug
toxicity, the actual drug content, and encapsulation efficiency
was reported in our previous study [14].

2.6. Parasite Density Determination and Inoculums Prepara-
tion. Standard inoculum was prepared from a donor mouse
with P. berghei parasitized erythrocytes. Infected blood from
the donor mouse was obtained by cardiac puncture after
anesthesia with chloroform. Parasitaemia was established
by microscopic examination of a thin blood film under oil
immersion at ×100 magnification andmeasured as a percent-
age of infected erythrocytes in fields of 1000 erythrocytes.
Each mouse was infected with a standard inoculum of the
106 parasitized erythrocyte suspension in phosphate buffered
saline (0.2mL) from a donor mouse that was prepared based
on percentage parasitaemia.

2.7. Experimental Design. Mice were randomized into con-
trol, experimental, and treated groups of twenty four (24)
animals and in each group six animals (6) were taken.
Randomly selected eighteen (18) mice among twenty four
mice were challenged by P. berghei (200𝜇L of infected blood
containing 1 × 105 parasites) intraperitoneally (i.p.) for 10
days for successive infection development [15]. Other six
mice (Group A) were injected with 200𝜇L 0.9gm% NaCl
intraperitoneally (i.p.) and kept isolated from the infected
group. After infection development for 10 days, themice were
isolated in three groups and marked as in the following.

Group “A”: Control: Only 0.9 gm% Nacl;

Group “B”: Infected control: P. berghei infection +
0.9 gm% NaCl;
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Group “C”: CQ treated: P. berghei infection + CQ
drug with the concentration of actual drug content
(27.36%) of 250mg/Kg bw nanochloroquine [14];

Group “D”: Nch treated: P. berghei infection +
250mg/kg bw nanoconjugated chloroquine (effective
dose) [14].

All the groupswere treated for 15 days of the effective duration
of Nch [14]. After the experiment was terminated at the end
of schedule, all animals were sacrificed, and liver and spleen
were collected to isolate mitochondria.

2.8. Isolation of Mitochondria from Liver and Spleen. After
decapitation, tissues were excised from experimental mice
of different experimental groups and washed with cold
normal saline. Washed tissues of mice from each group were
perfused with normal saline and were transferred for homo-
genize. Mitochondria of liver were isolated using the method
described by Aprille and Austin [16]. Tissue was homoge-
nized in the ice-cold buffer containing 0.25M sucrose, 1mM
EDTA, 1mM Tris-HCl, and pH 7.4. The homogenate was
centrifuged at 600×g for 10min at 4∘C, and supernatant
fraction were collected and further centrifuged 8000×g for
20min at 4∘C to pellet mitochondria and after that it was
washedwith sucrose buffer solution and then used for follow-
ing parameters determination.

2.9. Biochemical Estimation

2.9.1. Superoxide Radical Generation. The superoxide pro-
duction was measured according to the method of Boveris
[17] by the SOD-inhibitable reduction of acetylated cyto-
chrome c. Cytochrome c reduction by generated superoxide
wasmonitored spectrophotometrically at 550 nmwavelength
with or without the addition of 31M SOD. The superoxide
generation assay was performed in room air conditions.

2.9.2. Nitrite (NO) Level. 100𝜇L ofGriess reagent (containing
1 part of 1% sulfanilamide in 5% phosphoric acid, and 1 part
of 0.1% of N-C-1 napthyl ethylene diamine dihydrochloride)
was added to 100𝜇L of mitochondria, incubated at room
temperature for 10 minutes; readings were taken in a UV
spectrophotometer at 550 nm and compared to a sodium
nitrite standard curve (values ranging between 0.5 and
25 𝜇M). The levels of NO were expressed as 𝜇M/mg protein
[18].

2.9.3. Determination of Superoxide Dismutase (SOD) Activity.
SOD activity of mitochondria of liver and spleen was deter-
mined from its ability to inhibit the auto-oxidation of pyro-
gallol according to KarMahapatra et al. [18]. The reaction
mixture considered consisted of 50mMTris (hydroxymethyl)
aminomethane (pH 8.2), 1mM diethylen-etriamine penta
acetic acid, and 20–50𝜇L of isolated mitochondria of liver
and spleen. The reaction was initiated by the addition of
0.2mM pyrogallol and the absorbance measured kinetically
at 420 nm at 25∘C for 3min. SOD activity was expressed as
unit/mg protein.

2.9.4. Determination of Reduced Glutathione (GSH) Level.
Reduced glutathione estimation was performed by the
method of KarMahapatra et al. [18]. The required amount
of mitochondria of liver and spleen was mixed with 25% of
TCA and centrifuged at 2,000×g for 15min to settle the pre-
cipitated proteins. The supernatant was aspirated and diluted
to 1mL with 0.2M sodium phosphate buffer (pH 8.0). Later,
2mL of 0.6mMDTNBwas added. After 10minutes, the opti-
cal density of the yellow-colored complex formed by the reac-
tion of GSH and DTNB (Ellman’s reagent) was measured
at 405 nm. A standard curve was obtained with standard
reduced glutathione. The levels of GSH were expressed as 𝜇g
of GSH/mg protein.

2.9.5. Determination of Oxidized Glutathione (GSSG) Level.
The oxidized glutathione level was measured after derivatiza-
tion of GSH with 2-vinylpyidine according to the method of
KarMahapatra et al. [18]. In brief, with 0.5mL mitochondria,
2 𝜇L of 2-vinylpyidine was added and incubated for 1 hr at
37∘C. Then, the mixture was deproteinized with 4% sulfo-
salicylic acid and centrifuged at 1,000×g for 10min to settle
the precipitated proteins. The supernatant was aspirated and
GSSG level was estimated with the reaction of DTNB at
412 nm in spectrophotometer and calculated with standard
GSSG curve. The levels of GSSG were expressed as 𝜇g of
GSSG/mg protein.

2.9.6. Determination of Glutathione Peroxidase (GPx) Activity.
The GPx activity of was evaluated by the method of KarMa-
hapatra et al. [18]. The reaction mixture contained 50mM
potassium phosphate buffer (pH 7.0), 1mM EDTA, 1mM
sodium azide, 0.2mM NADPH, 1U glutathione reductase,
and 1mM reduced glutathione.The hepatic and splenic mito-
chondria, after its addition, were allowed to equilibrate for
5min at 25∘C. The reaction was initiated by adding 0.1mL of
2.5mMH

2
O
2
. Absorbance at 340 nmwas recorded for 5min.

Values were expressed as nmol of NADPH oxidized to NADP
by using the extinction coefficient of 6.2 × 103M−1 cm−1 at
340 nm. The activity of GPx was expressed in terms of nmol
NADPH consumed/min/mg protein.

2.9.7. Determination of Glutathione Reductase (GR) Activity.
TheGR activity was determined by the method of KarMaha-
patra et al. [18]. The tubes for enzyme assay were incubated
at 37∘C and contained 2.0mL of 9mM GSSG, 0.02mL of
12mMNADPH,Na4, 2.68mLof 1/15Mphosphate buffer (pH
6.6), and 0.1mL of mitochondria. The activity of this enzyme
was determined by monitoring the decrease in absorbance at
340 nm. The activity of GR was expressed in terms of nmol
NADPH consumed/min/mg protein.

2.9.8. Determination of Glutathione-S-Transferase (GST) Acti-
vity. Themitochondrial GST activity of liver and spleen was
measured by the method of KarMahapatra et al. [18]. The
tubes of enzyme assay were incubated at 25∘C and con-
tained 2.85mL of 0.1M potassium phosphate (pH 6.5) con-
taining 1mM of GSH, 0.05mL of 60mM 1-chloro-2, 4-dinit-
robengene and 0.1mL of mitochondria from liver and spleen.
The activity of this enzyme was determined by monitoring
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the increase in absorbance at 340 nm.The activity of GSTwas
expressed in terms of nmol NADPH consumed/min/mg pro-
tein.

2.9.9. Protein Estimation. Protein was determined using
bovine serum albumin as a standard according to Lowry et
al. [19].

2.9.10. Determination of Mitochondrial Membrane Potential
(Δ𝜓
𝑚
). Mitochondrial membrane potential was determined

according to Reungpatthanaphong and Mankhetkorn [20]
with somemodification. Briefly, the hepatic and splenicmito-
chondria were incubated separately with 40 nM rhodamine
B in 1 cm quartz cuvettes containing HEPES-Na+ buffer,
pH 7.3 and vigorously stirred at 37∘C. The rhodamine B
fluorescence at 582 nm (excited at 553 nm) was monitored for
2min usingHitachi F-7000 Fluorescence Spectrophotometer.
Both excitation and emission slit width were set to 5.0.

2.10. Statistical Analysis. The data were expressed as mean
± SEM, 𝑛 = 6. Comparisons between the means of control
and infected group and also infected and treated group were
made by Student’s 𝑡-test (using a statistical package, Origin
6.1, Northampton,Mass, USA),𝑃 < 0.05, level of significance.

3. Results and Discussion

3.1. Particle Characterization. The detail of the test sample
characterization was already described in our previous report
[14]. Therefore, we showed only the brief information about
the sample characterization in the present report. FTIR
spectra showed the most important peaks at 1565 cm−1,
2927 cm−1, and 1406 cm−1 which are assigned to N=O
stretching of amine presence in drug, C–H stretching of
methylene group, stretching vibrations of C=C, and C=N
which are on indicate presence of chloroquine on chitosan
NPs, respectively. The particles size, measured by DLS, were
in the range of 150–225 nm, and the drug loaded nanopar-
ticles size were in the range of 150–300 nm.The highest frac-
tion of chloroquineNPpresent in the solutionwas of less than
250 nm, and the positive charge of Nch (+32.9mV) is slightly
higher than CS-TPP NPs. The cytotoxic activity of chitosan-
TPP nanoparticle on HeLa cell lines showed no significant
difference in cell viability between the cells treatedwith chito-
san-TPPNPs, and our previous study revealed that the paprti-
cle has no activity on parasitemia alteration, and in the drug
loaded particle, the actual drug content was approximately
27.36% and the encapsulation efficiency was over 54% of the
nanoparticles [14].

3.2. Parasitemia. The pathology of malaria depends not only
on the strain of Plasmodium but also on the species and strain
of the vertebrate host [21, 22]. Differences in the pathologies
of Plasmodia strains appear to depend more on the strain
of the parasite rather than on the type of mouse, indicating
that the nature of the parasite and/or its antigens are more
important than the mouse strain in determining the host
defense response [22]. However, giemsa staining of tail vein
blood smearwas observed from control, infected, CQ treated,
and Nch treated group to evaluate the parasitemia. In the
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Figure 1: Graphical presentation of parasitemia level in different
groups. Values are expressed as mean ± SEM, 𝑛 = 6. ∗Indicates the
significant difference (𝑃 < 0.05) compared with control. #Indicates
the significant difference compared with infected group. Images are
photographed at ×100 magnification.

infected group, parasitemia was 26.32%, whereas CQ treated
group and Nch treated groups showed the parasitemia 6.21%
and 0.56%, respectively (Figure 1). It may be due to free heme
which is a powerful free radical generator, which can cause
serious molecular damage to both host and parasite; the
heme group contains Fe2+ atoms that can catalyze Fenton and
Haber-Weiss reactions, generating free radicals [23].

3.3. Superoxide Radical Generation. Alteration of the mito-
chondrial redox status by oxidative stress has been implicated
in organ damage during malaria. Because mitochondria are
the source and target of reactive oxygen species (ROS), we
have investigated whether P. berghei is linked to mitochon-
drial pathology and mitochondrial ROS generation during
malaria. It has been found that in the infected group the O

2

∙

level increased significantly by 41.27% in liver mitochondria
as well as in spleen it also increased by 52.37% but Nch
treatment it decreased by 23.86% in liver mitochondria and
43.14% in spleen as compared to infected control (Figure 2).

3.4. Nitrate Generation. Nitrate (NO) is an indicator of free
radical generation. NO levels were significantly (𝑃 < 0.05)
increased in mitochondria of liver by 22.92%, due to parasite
infection as compared to control group, in which they were
significantly (𝑃 < 0.05) decreased by 5.36% and 16.43%
after treatment of CQ and Nch, respectively, as compared to
infected control. In case of spleenmitochondria, the NO level
in the infected group increased significantly (𝑃 < 0.05) by
38.48%, and CQ treatment reduced the NO generation by
3.5%, whereas Nch supplementation decreased by 10.5% as
compared to infected control group.The results are shown in
Figure 3.



Journal of Nanoparticles 5

Liver Spleen
0

1

2

3

4

5

6

7

8

9

10

11

12

13

#
#

#
#

Control Infected control
Parasite + CQ Parasite + Nch

Su
pe

ro
xi

de
 ra

di
ca

l g
en

er
at

io
n 

(n
m

ol
e/

m
in

/1
0
6

ce
ll)

∗

∗

Figure 2: Graphical presentation of superoxide radical generation
(O
2

∙) of hepatic and splenic mitochondria. Values are expressed as
mean ± SEM, 𝑛 = 6. ∗Indicates significant difference (𝑃 < 0.05)
compared to control group. #Indicates significant difference (𝑃 <
0.05) compared to infected group.

3.5. Superoxide Dismutase (SOD) Activity. SOD, a chain
breaking antioxidant, plays an important role in protection
against the deleterious effects of lipid peroxidation [24]. Free
radicals such as partially reduced and highly reactive oxygen
species (O

2
), H
2
O
2
or hydrogen peroxide, hydroxyl radical

(OH−), and singlet oxygen have been implicated in the etio-
logy of various diseases. SOD is the major enzyme that
protects cells from damage by catalyzing the dismutation of
the superoxide into oxygen and hydrogen peroxide. From
this study, the SOD generation in mitochondria, SOD level
is decreased in liver mitochondria by 76.4% as compared to
control due to infection of P. berghei, but inNch treated group
it has been increased significantly, similarly, the SOD level
in splenic mitochondria also decreased in infected group by
47.59% and significantly (𝑃 < 0.05) increased in Nch treated
group by 41.11% than CQ (39.16%) treated group as compared
to infected control. The results are shown in Figure 4.

3.6. Reduced Glutathione (GSH) and Oxidized Glutathione
(GSSG). Glutathione is an important antioxidant in cellular
system. So, to understand glutathione level, we have mea-
sured both reduced and oxidized form of glutathione. The
reduced glutathione level was decreased significantly (𝑃 <
0.05) by 53.24% in liver of infected group, as compared to
control, whereas the oxidized glutathione level was increased
significantly (𝑃 < 0.05) by 109.77%, as compared to control.
Treatment of nanodrug significantly (𝑃 < 0.05) increased
GSH level by 52.44% and decreased GSSG level significantly
(𝑃 < 0.05) by 48.93% in liver. Similarly, the Nch supple-
mentation increased the GSH level in splenic mitochondria
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Figure 3: Graphical presentation of nitrite generation (NO) of
hepatic and splenic mitochondria. Values are expressed as mean ±
SEM, 𝑛 = 6. ∗Indicates significant difference (𝑃 < 0.05) compared
to control group. # indicates significant difference (𝑃 < 0.05)
compared to infected group.

as compared to infected control has been shown in Figures 5
and 6.

3.7. Glutathione Reductase (GR) and Glutathione-S-Trans-
ferase (GST) Activity. Many enzymes are important for syn-
thesis, turnover, and maintenance of intracellular GSH con-
centrations [23, 24]. For the purpose of this paper, we term
GSH reductase (GR), and glutathione-S-transferases (GSTs)
was measured to understand the antioxidant enzyme activity
of different experimental mitochondria. GR activity is signif-
icantly (𝑃 < 0.05) diminished in liver, in case of P. berghei
infected group in Figure 7. It was recovered after nanocon-
jugated chloroquine treatment which increased antioxi-
dant enzyme activity in mitochondria. Glutathione trans-
ferase (GST) is also measured to understand the antioxidant
enzyme activity. Nanoconjugated chloroquine protects the
mitochondria to elevate antioxidant enzyme activity to keep
the organelles safe from oxidative damage due tomalaria.The
results are shown in Figure 8.

3.8. Mitochondrial Membrane Potential (Δ𝜓
𝑚
). The result in

Figure 9 shows that the P. berghei infection decreased 𝜓𝑚, as
evidenced from 40.74% and 33.66% reduction in hepatic and
splenic mitochondria then control in fluorescence at 582 nm
due to rhodamine b uptake (𝑃 < 0.05), whereas in Nch
treated group showed the membrane potential increment
significantly (𝑃 < 0.05) then infected group.

Recently, biodegradable and biocompatible polymeric
chitosan nanoparticles have attracted a considerable attention
as potential carriers for the controlled and site-specific deliv-
ery of drugs [25]. Due to its unique polymeric cationic cha-
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Figure 4: Graphical presentation of superoxide dismutase (SOD) of
hepatic and splenic mitochondria. Values are expressed as mean ±
SEM, 𝑛 = 6. ∗Indicates significant difference (𝑃 < 0.05) compared
to control group. #Indicates significant difference (𝑃 < 0.05) com-
pared to infected group.

racter, CS has been extensively examined for the development
of drug delivery systems in the pharmaceutical industry [26].
Due to the availability of free amino groups, it carries a posi-
tive charge and reacts with many negatively charged surfaces
of the cell membrane, mucus lining (due to negatively
charged sialic acid residues), and also with other anionic
polymers. The nanodrug delivery systems seem to be a pro-
mising and viable approach for improving malaria treatment
[27]. Plasmodium infection leads to increased oxidative stress
in the vertebrate hosts.The high proliferation rate of parasites
results in the production of large quantities of toxic redox-
active by-products [28]. The role of oxidative stress during
malarial infection needs clear illumination, as some have
demonstrated a protective role while others suggested a rela-
tion with malarial pathophysiology and complication [29].

ROS are generated as by-products of aerobic respiration
and various other catabolic and anabolic processes. Mito-
chondria are the major producer of ROS in cells, and the
bulk of mitochondrial ROS is generated at the electron trans-
port chain. Electrons leak from the electron transport chain
directly to oxygen, producing short-lived free radicals such as
superoxide anion (O

2

−). O
2

− can be converted to nonradical
derivatives such as hydrogen peroxide (H

2
O
2
) either sponta-

neously or catalyzed by superoxide dismutase (SOD).H
2
O
2
is

relatively stable and membrane permeable. It can be diffused
within the cell and be removed by cytosolic antioxidant sys-
tems such as catalase, glutathione peroxidase. Because mito-
chondria are the major producer of ROS in mammalian
cells, the close proximity to ROS places mitochondrial DNA
(mtDNA) prone to oxidative damage. Consistently, many
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Figure 5: Graphical presentation of reduced glutathione (GSH)
level of hepatic and splenic mitochondria. Values are expressed as
mean ± SEM, 𝑛 = 6. ∗Indicates significant difference (𝑃 < 0.05)
compared to control group. #Indicates significant difference (𝑃 <
0.05) compared to infected group.

studies have shown that 8-oxo-dG, one of the common
oxidative lesions, is detected at higher level in mtDNA than
nuclear DNA, suggesting that mtDNA is more susceptible to
oxidative damage [24].

In the study, it is reported that during the erythrocytic
phase of malaria, red blood cell lysis and the release of hemo-
zoin occur, which consists primarily of ferriprotoporphyrin
IX dimmers andmonomers (FP) andmethemoglobin in plas-
modial proteins. Free heme is a powerful free radical gener-
ator, which can cause serious molecular damage to both host
and parasite; the heme group contains Fe2+ atoms that can
catalyze Fenton and Haber-Weiss reactions, generating free
radicals [30]. This study demonstrates that infection of mice
with Plasmodium berghei malaria produces demonstrable
disturbance in the behavior of hepatic and splenic mitochon-
dria and causes cell damage due to O

2

∙− and NO production
as well as antioxidant enzyme reductionwhereNch treatment
group showed the increment of 𝜓𝑚. Malarial infection
induces mitochondrial pathology by reducing transmem-
brane potential.Mitochondrial GSHdepletion and formation
of O
2

∙− indicate that mitochondrial pathology is associated
with mitochondrial oxidative stress intramitochondrial O

2

∙−

generation during malaria. O
2

∙− inactivates mitochondrial
aconitase to release iron from iron-sulfur clusters, which
forms the hydroxyl radical. OH interacting with H

2
O
2
pro-

duced concurrently [8].
Oxidative stress is known to induce apoptosis in many

cellular systems, including liver [30–32] and spleen [33]. It has
been reported that P. yoelii infection is responsible to induce
opening ofMPTP, as a result of thatmitochondrialmembrane
permeability increases, leading to a decrease in 𝜓𝑚. Mito-
chondrial anomalies and upregulation of apoptosis inducing
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Figure 6: Graphical presentation of oxidized glutathione (GSSG)
level of hepatic and splenic mitochondria. Values are expressed as
mean ± SEM, 𝑛 = 6. ∗Indicates significant difference (𝑃 < 0.05)
compared to control group. #Indicates significant difference (𝑃 <
0.05) compared to infected group.

proteins such as Bax, p53 have also been reported in mice
brain during experimental murine cerebral malaria. Opening
of MPTP causes release of cytochrome c from mitochon-
dria to cytosol [34, 35]. Generation of ROS and associated
oxidative stress has been found to activate mitochondrial
pathway of apoptosis [36]. We have found that P. berghei
infection significantly induces OH generation in the liver
and spleen of infected mice. Scavenging of −OH also signifi-
cantly inhibits the mitochondrial pathway, as evidenced from
the near normal restoration of 𝜓𝑚 [37]. The data suggest
that administration of Nch attenuates P. berghei infection
associated oxidative stress (assayed by lipid peroxidation) as
well as apoptosis (as revealed from reduction of membrane
potential), indicating a causative role of −OH in the initiation
of apoptosis. Asmitochondria play a critical role in regulation
of apoptosis, which is implicated in the pathogenic infection,
the activation of the permeability transition pore in mito-
chondria is believed to play a critical role in cell necrosis
and apoptosis [38]. Such selective oxidativemodificationmay
cause the cells to be more vulnerable to cell damage inducers.

4. Conclusion

From this study it may conclude that, chitosan-tripoly-
phosphate conjugated chloroquine nanoparticles potentially
able to protect the mitochondrial damage of liver as well as
defend the spleen from oxidative damage due to P. berghei
infection by decreasing free radical generation and also
by increasing the antioxidant enzymes level. The nanocon-
jugated drug may become the focus in future as a new
therapeutic antimalarial agent as well as a potent free radical
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Figure 7: Graphical presentation of glutathione reductase (GR)
activity of hepatic and splenic mitochondria. Values are expressed
as mean ± SEM, 𝑛 = 6. ∗Indicates significant difference (𝑃 < 0.05)
compared to control group. #Indicates significant difference (𝑃 <
0.05) compared to infected group.

scavenger against such infection. However, further critical
studies are necessary to clarify the mechanism of activ-
ity and also its role against chloroquine resistant parasite,
including immune mechanisms in the course of medica-
tion.
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