Iranian J Parasitol: Vol. 8, No. 4, Oct -Dec 2013, pp.499-509

Tehran University of Medical
Sciences Publication
http:// tums.ac.ir

Iranian J Parasitol

Open access Journal at

http// |J pa.tu ms.ac.ir http// iSp.tU ms.ac.ir

Original Article

Myocardial Dysfunction: A Primary Cause of Death Due To Severe
Malaria in A Plasmodium falciparum-Infected Humanized Mouse

Model

*Odaro STANLEY IMADE !, Faith IGUODALA AKINNIBOSUN 2, Bankole
HENRY OLADEINDE 3, Osaro IYEKOWA *

1.Department of Biological Sciences, College of Natural & Applied S ciences, Ighinedion University, Okada, Edo State, Nigeria
2. Microbiology Department, Faculty of Life Sciences, University of Benin, Benin City, Edo State, Nigeria
3. Department of Medical Microbiology, College of Health Sciences, Igbinedion University, Okada, Edo State, Nigeria
4. Chemistry Department, Faculty of Chemical Sciences, University of Benin, Benin City, Nigeria

Received 20 Apr 2013
Accepted 11 Sep 2013

Keywords
Humanized,
Immunosuppressed,
Myocardial,
Parasitemia,
Therapy

*Correspondence Email:
imadestanley754@yahoo.com

499

Abstract

Background: Our study aimed at substantiating the recent claim of myo-
cardial complications in severe malaria by experimentally inducing severe
Plasmodium falciparum infection in a humanized mouse model employed as
human surrogate.

Methods: Twenty five humanized mice were inoculated with standard i vitro
cultured P. faliparum and blood extracts collected from the inner cardiac
muscles of infected mice that died were examined for the presence of the
infectious cause of death. The therapeutic effect of quinine on 7 mice se-
verely infected with P. falciparum was also evaluated.

Results: All the 25 humanized mice inoculated with the 77 vitro cultured P.
falciparum tevealed peripheral parasitemia with a total of 10 deaths recorded.
Postmortem examination of the inner cardiac muscles of the dead mice also
revealed massive sequestration of mature P. faliparum as well as significant
infiltration of inflammatory cells such as lymphocytes and monocytes. Post-
mortem evaluation of the inner cardiac muscles of the P. falkiparum-infected
mice after quinine therapy showed significant decline in parasite density with
no death of mice recorded.

Conclusions: Data obtained from our study significantly corroborated the
findings of myocardial dysfunction as the primary cause of death in recent
case reports of humans infected with P. faliparum.
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Introduction

alaria is the world's leading parasitic
disease and affects approximately
40% of the wortld's population (ap-

proximately 2.4 billion people) in more than
100 countries (1). A life threatening illness
arising from malaria infection, usually referred
to as severe malaria, may occur in 1 — 2 % of
infection (2, 3). Of the five clinically relevant
Plasmodinm species (Plasmodium falciparum, P.
vivax, P. ovale, and P. malariae, P. knowlesi), P.
Jfaleiparum mainly accounts for severe malaria,
an important cause of morbidity and mortality
in infected hosts (4). Studies have shown that
mortality resulting from severe malaria is
higher in children, due to inflammatory re-
sponses that are characterized by proliferation
of leukocyte and platelets in the vessels of the
implicated organs (5, 6), than in adults, with
severe malaria that are commonly reported to
have only sparse leukocyte and platelet seques-
tration in the vessels of implicated organs (6).
Severe malaria (SM) can have many manifes-
tations and involve multiple organs. These
manifestations include cerebral malaria (CM),
severe malaria anemia (SMA), acute respira-
tory distress syndrome (ARDS), hyperpara-
sitemia, hypoglycemia, metabolic acidosis,
jaundice, and renal failure (1). However, myo-
carditis was reported as a rare manifestation of
Saleiparum malaria (7). “These dinical manifesta-
tions of severe malaria are thought to occur because of a
combination of a high parasite burden and the seques-
tration of mature P. falciparum-infected erythrocytes
(IEs) in microvascular beds throughout the body” (8)
which leads to microvascular obstruction (3),
as well as metabolic disturbances, such as aci-
dosis (9) and release of damaging inflammato-
ry mediators (10, 11), which can combine to
cause severe disease and death of the human
host. The sequestration of mature P. falipa-
rum-infected erythrocytes serves as an immune
evasion strategy by the parasite that prevents
the removal of parasitized erythrocytes in the
spleen, thus facilitating parasite survival (12,
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13). “In addition to parasite-induced pathology, a
large body of work indicates that host immune
responses to parasites also play an important role in
CM pathogenesis” (14). A robust proinflamma-
tory response mediated by activated T cells
and cytokines, as well as recruitment of acti-
vated leukocytes to the implicated organs,
have been associated with severe malaria (5,
10). Evidence from mouse models of experi-
mental cerebral malaria (15) as well as from
patients with severe malaria (16), has identified
tumor necrosis factor (TNF) as an important
proinflammatory cytokine associated with ma-
laria pathology.

Amongst the plethora of manifestations due
to severe malaria, cerebral malaria (severe
Plasmodial infestation of the cerebrum) has
been the central focus of most studies (17, 18),
and has consistently been reported as the most
common clinical presentation and cause of
death (1). Cerebral malaria (CM) is a serious
complication of P. falciparum infection. In adult
patients with cerebral malaria, previous neuro-
pathological studies have indicated the pres-
ence of adhesion and sequestration of P. falci-
parum—infected red blood cells (IRBCs) in
brain microvessels, ring hemorrhages (RHs),
and Diirck's granulomas as well as axonal in-
jury (19) and blood-brain-barrier (BBB) dys-
function (20). However, the syndrome of cer-
ebral malaria in children is different from that
in adults (21).

Recently, only very few case reports have
suggested complications in the heart of P. fa/-
ciparnm-infected patients as a primary cause of
death due to severe malaria (22, 23). These
cases revealed myocardial injury due to acute
lymphocytic myocarditis with myocardiolysis.
To our knowledge, this myocardial dysfunc-
tion seen in human patients with severe ma-
laria has not been experimentally demon-
strated using mouse models.

Our study utilized an experimental human-
ized mouse model to substantiate the claim
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that myocardial complications may indeed be
the primary cause of death due to severe ma-
laria caused by P. faciparum, so as to negate
previous assertions (1, 7) that cardiac func-
tions were well preserved in severe malarial
infections.

Materials and Methods

Development of experimental humanized
mouse model

Mice: Balb/c mice weighing 20 — 33 g were
used. They were housed in standard mos-
quito-netted metal cages under standard con-
ditions of light and temperature and were
maintained on a standard diet and water ad
libitum. They were acclimatized for 14 days
and were treated in accordance with guidelines
for animal care approved by the Animal Eth-
ics Committee of the Igbinedion University,
Okada, Nigeria.

Modification of mice: The Balb/c mice
were modified by using pharmacological com-
pounds (4mg aspirin/kg body weight and 4mg
anhydrous doxycycline eq./kg body weight) to
retard their innate immune responses (Javeed
et al. (24); Bellahsene and Forsgren (25);
Imade et al. (26)) followed by engraftment of
human blood (Imade et al. (26); Moreno et al.

(27)).

Infection of experimental humanized mou-
se model with Plasmodium falciparum
Thirty humanized Balb/c mice were divided
into six experimental groups with each group
having 5 mice. One of the experimental
groups represented the control group, while
the remaining experimental groups repre-
sented the test group. The 25 humanized mice
in the test group were inoculated with clinical
isolates of P. faliparum that had been previ-
ously cultured in vitro (Trager and Jensen (28);
Lambros and Vandenberg (29)) to obtain the
parasite density (8%) required for inducing in
vivo infection, while the 5 humanized mice in
the control group were not inoculated with P.
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Saleiparum. 0.5ml of the in vitro-cultured P. fa/-
ciparnm was intraperitoneally injected into the
humanized Balb/c mice to induce in vivo in-
fection. For the mice that died after inocula-
tion with P. falciparum culture, postmortem
was performed according to previously de-
scribed standard procedures (30) to collect
cardiac blood materials from the inner layers
(myocardium and endocardium) of the ani-
mal’s heart so as to determine the presence of
the infectious cause of death. Thick and thin
blood films of the extracted cardiac materials
were then hematologically stained with 3%
Giemsa (BDH, England) according to the
method of WHO (31) and examined for P.
faleiparum parasites. For the mice that survived
after inoculation with P. faliparum cultures,
venous blood samples were collected to pre-
pare thick and thin films that were subse-
quently stained and examined for P. falciparum
parasites. All films were examined under a dig-
ital/analog research microscope (Motic China
Group Co., Ltd.). Parasitemia was also calcu-
lated according to the method of WHO (31).

Antimalarial chemotherapeutic investiga-
tion of Plasmodium falciparum-infected
humanized mouse model

Fourteen P. falciparum-infected humanized
mice that survived the infection phase were
equally divided into two experimental groups
with each group representing the control and
test groups respectively. To evaluate the effect
of drugs on the behavior of P. faliparum, the
P. falciparnm-intected humanized mice in the
test and control groups were orally treated
with 73 mg quinine/kg body weight and 4 mg
dimethyl sulfoxide/kg body weight three times
daily for four days respectively (26, 27). Dur-
ing the course of treatment, postmortem was
done on the infected mice that died, according
to the procedure of Schlam and Caroll (30),
and extracted cardiac blood materials from the
inner muscles were hematologically stained
and examined for P. falciparum parasites, ac-
cording to the methods of WHO (31). Parasi-
tacmia was also expressed as a percentage of
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red blood cells infected, in accordance to the
assertion of Moody (32), who stated that a 1%
patasitaemia represented 50,000 parasites/ul
of blood. For the mice that survived during
the course of treatment, venous blood sam-
ples were collected to prepare thick and thin
films that were subsequently stained and ex-
amined for P. falciparum parasites. However,
for the infected mice that survived after the
four days chemotherapeutic protocols, some
were sacrificed and their hearts were removed
to obtain cardiac blood materials from their
inner muscles, which were also he-
matologically stained and examined for P. fa/-
ciparnm parasites according to the methods of
WHO (31) and the assertion of Moody (32).
Net mean chemosuppression due to drug ad-
ministration was calculated according to the
formulation of Bassey et al. (33) with slight
modifications (20).

Data analysis

Mean values were expressed as mean and
standard error of the mean. Chi-square test
were used to determine the level of signifi-
cance, and P-value less than 0.05 (P< 0.05)
were considered significant. The software

SPSS version 16 was employed for the data
analysis.

Results

Parasite density obtained from five clinical
inocula, their 92 hours synchronized in vitro
cultures, as well as their growth factors (degree
of parasitemia) are recorded in Table 1. As
recorded in Table 1, varying parasite densities
were obtained for the five different P. falipa-
rum-infected human blood samples (A — E)
used as inocula for the in vitro cultures. Para-
site densities obtained from the in vitro cul-
tures were markedly different from the values
of their inocula after 92 hours of incubating
synchronized cultures of the blood samples.
Sample A had the highest growth factor (82-
fold increase), while the lowest growth factor
(62-fold increase) was recorded in sample C.
All the synchronized in vitro subcultures were,
however, diluted using different dilution fac-
tors so as to obtain in vitro cultures with the
same parasite biomass (8%), from which
equivalent volume (0.5ml) were used as inoc-
ula for in vivo infection of humanized mice.

Table 1: Parasite density obtained from in vitro culture of Plasmodium falciparnm-infected human blood

Human Parasite counts
blood samples Inocula 92 hours Diluted 92 hours
Synchronized Synchronized Growth
cultures cultures factors
(%103 /pl) %)  (X103/ul) (%)  (Xx103/pl) (%)
A 20.22 0.40 1,640 32.8 400 8 82
B 18.15 0.36 1,368 27.36 400 8 76
C 24.36 0.49 1,519 30.38 400 8 62
D 26.73 0.54 1,809 36.18 400 8 67
E 21.58 0.43 1,527 30.53 400 8 71

(X103/ul) = x1000 cells/microlitet.

Table 2 shows hematocrit obtained from the
petipheral blood of P. faliparum-intected hu-
manized mice that survived the infection
phase. In the control group containing hu-
manized mice that were not infected with P.
Sfaleiparum (Table 2), mean hematocrit recorded
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ranged between 40.20£0.74% and 40.8£0.86%;
while in the test group containing humanized
mice that were infected with P. falciparum, it
ranged between 31.5810.60% and 40.48£0.34%.
When the values of hematocrit obtained with-
in the control group were compared, no sig-
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nificant difference (P=0.996) was observed.
There was however, a significant difference
(P< 0.001) in the values of mean hematocrit
obtained within the test group when they were
compared. When the values of mean hemato-
crit obtained between the control group and
test group were compared, a significant differ-
ence (P= 0.002) was also observed. During the
infection phase, the values of mean hematocrit
obtained in the control group significantly in-
creased, while the values of mean hematocrit
in the test group were significantly decreased.
A total death of 10 infected mice was record-

ed in the test group. The first death was rec-
orded on day 3 of infection. Hematological
examination of the dead mice revealed a P.
Jfaleiparum parasite density of 2.54+0.00% in
the inner cardiac muscles of the dead mice.
Another three deaths were recorded on day 4
of infection with an overall mean P. faliparum
parasite density estimated at 2.73%0.04%.
Three deaths were each recorded on day 5 and
6 of infection respectively with overall mean
P. falciparum parasite density estimated at
2.8520.05% and 2.80£0.05% respectively.

Table 2: Hematocrit obtained from the humanized mice during the infection phase

Days of Humanized mice that survived infection and their mean haematocrit
infection Number of mice that survived infection Mean hematocrit (%)
Control group Test group Control Test group
group
0 5 25 40.20+0.74 40.4810.34
1 5 25 40.40%0.93 39.08%0.08
2 5 25 40.4010.93 35.64%0.47
3 5 24 40.40%0.75 34.56%0.52
4 5 21 40.6010.75 33.72%0.94
5 5 18 40.60%0.68 32.47£0.55
6 5 15 40.8010.86 31.58%0.60

Figure 1 represents photomicrographs of the
cardiac blood materials obtained from the in-
ner cardiac muscles of a humanized mouse
that died of malaria infection caused by P. fa/-
ciparum. The photomicrographs revealed a
morphological alteration in the blood picture
of the infected mouse, as indicated by a signif-
icant proportion of lysed erythrocytes in the
thin films, as well as a proliferation of lym-
phocytes, monocytes, and mature trophozo-
ites of P. falciparum that were largely at the
same stage of growth in both the thick and
thin films. Photomicrographs of other in-
fected mice that died had similar patterns with
that shown in Fig. 1.

Table 3 represents parasite density and para-
site chemosuppression obtained from the pe-
ripheral blood of P. faliiparnm-intected mice
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treated with quinine and dimethyl sulfoxide
(DMSO). In the group of mice treated with
quinine, mean parasite counts were estimated
at 1.06£0.05% and 0.16£0.01% at day 0 and 4
of therapy respectively; while in the group
treated with DMSO, parasite counts were esti-
mated at 1.09£0.03% and 1.13£0.00% at day
0 and 4 of therapy respectively. Unlike the
DMSO therapy, where a total of 6 deaths were
recorded, no death was recorded in the experi-
mental group of P. falciparnm-intected human-
ized mice treated with quinine. Quinine was
well tolerated in the P. faliparum-infected hu-
manized mouse model, and it exhibited a
highly potent effect by significantly clearing
(P< 0.001) the parasite density of the infected
mice, as indicated by net mean chemosuppres-
sion of 83.09% at day 4 of therapy.
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Leukocyte

Fig. 1: Photomicrographs of the cardiac blood materials obtained from the inner cardiac muscles of a human-
ized mouse that died of malaria infection. (A) Thick film of cardiac blood extracts showing massive sequestra-
tion of mature P. faliparum and infiltration of leukocytes, predominantly lymphocytes and monocytes; (B)
Thin film of cardiac blood extract revealing extensive lysis of erythrocytes, massive sequestration of mature P.
Jfaleiparnm and extensive infiltration of lymphocytes and monocytes. Giemsa, X 1000 (A) and X 1000 (B); origi-
nal magnification. (Source: Photomicrographs were obtained from our study)

Table 3: Parasite density and parasite chemosuppression in the peripheral blood of Plasmodium falciparum-
infected mice treated with quinine and dimethyl sulfoxide

Days Infected mice treated with quinine Infected mice treated with DMSO
of n=7) n=7

ther. NTS (X103cells /pl) (%) chem. (%) NTS (X103cells /ul) (%)
0 7 53.13+2.52  1.06+0.05 0.00 7 54.41+1.27 1.09£0.03
1 7 40.26x2.37  0.80%0.05 28.87 7 58.54+1.57 1.17£0.03
2 7 22.98+1.43  0.46%0.03 58.60 7 59.68+2.29 1.19£0.05
3 7 14.39£1.10  0.29£0.02 70.89 3 54.7810.49 1.10£0.01

4 7 7.79£0.71 0.16£0.01 83.09 1 56.60£0.00 1.13%0.00

Note: Ther. represents therapy, NTS represents number that survived, n = number of mice in each experi-
mental group, Chem. represents chemosuppression, DMSO represents dimetylsulfoxide, Mean parasite counts
in the inner cardiac layers of infected mice treated with DMSO that died on day 3 and 4 of therapy were
2.98%0.05% and 2.99£0.11% respectively, Values of parasite counts are represented as mean® standard error
of mean.

Table 4 shows hematocrit obtained from the difference (P< 0.001) was observed. There
peripheral blood of P. faliparum-infected hu- was also a significant difference (P< 0.001) in
manized mice treated with quinine and dime- the values of hematocrit obtained from P. fa/-
thyl sulfoxide. Values of mean hematocrit rec- ciparnm-infected mice treated with dimethyl
orded during the chemotherapy phase ranged sulfoxide from day 0 to 4 of infection when
between 29.71£0.29% and 35.1£0.51% for P. they were compared. When the values of
Jfaleiparum-infected mice treated with quinine; mean hematocrit obtained from the P. fakipa-
while it ranged between 25.0010.00% and rum-infected mice treated with quinine and
29.86%0.34% for P. falciparum-infected mice those of P. falparum-infected mice treated
treated with dimethyl sulfoxide. When the val- with dimethyl sulfoxide were compared, a sig-
ues of hematocrit obtained from P. falciparum- nificant difference (P= 0.013) was also ob-
infected mice treated with quinine from day 0 served. While the values of mean hematocrit
to 4 of therapy were compared, a significant obtained from day O to 4 of therapy signifi-
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cantly increased in the P. faliiparum-infected
mice treated with quinine, the values of mean
hematocrit obtained from day 0 to 4 of ther-
apy significantly decreased in the P. faliparum-
infected mice treated with dimethyl sulfoxide.
At the end of treatment of the infected mice
with quinine and DMSO respectively, post-
mortem evaluation of the parasitological re-
sponses of the mice to antimalarial therapy
were also conducted, as shown in the photo-

micrographs displayed in Fig. 2. The photomi-
crograph of quinine-treated mice (Fig. 2A)
showed an absence of knobs on the surface of
their erythrocytes with a relatively low para-
sitemia, unlike the photomicrograph of
DMSO-treated mice (Fig. 2B) that showed a
proliferation of knobs produced by the se-
questered P. falciparum over the surface of their
host erythrocytes, with a relatively high level
of parasitemia.

Table 4: Hematocrit obtained from the Plasmodium falciparum-infected mice treated with quinine and dimethyl

sulfoxide

Days of Mean haematocrit (%)
infection Infected mice treated with quinine Infected mice treated with DMSO

0 29.71£0.29 29.8610.34

1 30.00£0.31 29.29%0.29

2 31.29%0.52 27.00%£0.31

3 32.72%0.52 25.83%0.31

4 35.14%0.51 25.00%0.00

Intact erythrocyte
Knobbed erythrocyte

P. falcip-

qarum

Leukocyte

1000 (B); original magnification. (Source: Photomicrographs were obtained from our study)

Fig. 2: Photomicrographs of the cardiac blood materials obtained from the inner cardiac muscles of human-
ized mice that were sacrificed at the end of treatment with quinine and dimethyl sulfoxide. (A) Thin film of
cardiac blood extract revealing monocytes and intact erythrocytes with absence of knobs as well as a signifi-
cantly low P. falciparum biomass. (B) Thin film of cardiac blood extracts showing a proliferation of knobs pro-
duced by sequestered P. faliparum over the surface of erythrocytes. Giemsa, X 1000 (A) and X 1000 (B); origi-
nal magnification. (Source: Photomicrographs were obtained from our study)

Discussion

Our study substantiates the findings ob-
tained from recent case studies in human pa-
tients which revealed that myocardial func-
tions may not be well preserved in severe ma-
laria disease, contrary to previous assertions
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(1,7) which indicated that myocardial func-
tions was well preserved even in severe malar-
ia disease. According to previous studies (34-
36), myocardial damage may be caused by a
plethora of factors that may probably be the
result of mechanical (microcirculatory ob-
struction), metabolic (systemic acidosis and
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related tissue hypo-oxygenation), or humoral
mechanisms. Besides, cardiotoxicity arising
from antimalarial chemotherapy may also rare-
ly induce myocyte apoptosis which could
cause damage to the myocardium (37).

To substantiate that myocardial dysfunction
may be the primary cause of death due to se-
vere P. falciparum infection, our study infected
humanized mice (employed as human surro-
gates) by inoculating P. faliparum-infected hu-
man blood which had been cultured in vitro
(Table 1) into their peritonea, and subse-
quently employed hematological procedures to
examine the inner muscles of the hearts of P.
Jfaleiparum-infected humanized mice that died,
for the presence of the infectious cause of
death.

All the 25 humanized mice inoculated with
the in vitro-cultured P. falciparum at a density
of 8% revealed the presence of P. faliiparum
parasitemia in their peripheral blood, thus,
significantly agreeing with the findings of pre-
vious studies (26,38). The presence of periph-
eral parasitaemia in the humanized mice indi-
cates that some of the parasites may have suc-
cessfully circumvented the innate defenses
mounted by peritoneal phagocytes (39-41).
Parasite’s survival, in spite of the enormous
innate defenses exerted in the peritonea of
hosts, may be due to a significant attenuation
of inflammatory responses, as a result of re-
peated intraperitoneal injection of the immu-
nosuppressive drugs (41-43). The high recep-
tivity of the human erythrocyte component of
the blood (43,44) that were repeatedly injected
into the peritonea of the immunosuppressed
mice, which provided a suitable habitat and
nutrient for the parasites, may have also ac-
counted for the parasite’s survival.

Death of the P. faliparum-infected human-
ized mice was first recorded on day 3 of the
infection phase of the experiment. Unlike the
parasite density recorded in the peripheral
blood before the death of the infected mice, a
relatively high parasite biomass (Table 2) were
recorded in the blood extracts obtained from
the inner muscles of the heart in the dead
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mice. This significant difference in parasitemia
may explain the massive sequestration of P.
faleiparum from the peripheral veins into deep
seated capillaries of organs as a result of se-
vere malaria infection (38,45,46). As was simi-
larly recorded in P. falciparum-infected humans
that died of acute lymphocytic myocarditis
caused by cytokine-mediated low vascular re-
sistance triggered by parasite-derived pyrogens
(22,23), excessive level of proinflammatory
cytokines arising from the high parasite bur-
den in the infected humanized mice that died
may have also resulted in a progressive im-
mune pathology that lead to complication,
such as myocarditis, which was characterized
by extensive sequestration of matured P. fali-
parum parasites into the deep seated capillaries
of the myocardial vessels, massive infiltration
of inflammatory cells, such as lymphocytes
and monocytes, as well as extensive lysis of
erythrocytes (Fig. 1). The uninhibited cytoa-
dherance and resultant sequestration of parasi-
tized and non-parasitized erythrocytes into the
deep seated microvasculature may have
blocked blood flow, thus, limiting the local
oxygen supply, which may have hampered mi-
tochondrial ATP synthesis, ultimately resulting
in death of the infected mice (36,47,48). As
was also observed in P. faliparum-infected
humans, the significant decline in the hemato-
crit of the humanized mice infected with P.
faletparum (Table 2) may have complementarily
accounted for the death of the infected mice.
Anemia, which results in the destruction of
non-infected human erythrocytes mediated by
free-oxygen radicals that damaged the mem-
brane of the human erythrocytes, may have
been caused by high parasite burden in the
infected mice which induced increased inflam-
mation in the peripheral blood (49).

Our study also demonstrated the usefulness
of quinine (a standard antimalarial drug) as a
potent therapy for severe malaria caused by P.
Saleiparum. 1n the P. faleiparnm-infected human-
ized mice treated with quinine, there was sig-
nificant apoptosis of P. faliparum parasites in
the blood of peripheral and deep-seated capil-
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laries when compared to DMSO therapy, as
indicated by a net mean chemosuppression of
83.09 % (Table 3). The programmed death of
P. falciparum parasites may have been induced
by a variety of agents including drugs (50), ex-
posures to bilirubin resulting in reactive-
oxygen species increase (51), and binding of
platelets to infected erythrocytes (52). Indeed,
all the seven infected mice treated with qui-
nine survived the P. falciparum infection, unlike
in the DMSO therapy where only one infected
mouse survived at day 4 of therapy. The re-
sults obtained from treatment with quinine in
our study further confirmed that cardiotoxicity
due to quinine administrations will rarely oc-
cur, since quinine is well tolerated when ad-
ministered at the appropriate therapeutic dose.
The significant increase in the hematocrit of
quinine-treated mice (Table 4) also demon-
strated the efficacy of quinine therapy against
severe DP. falciparum infection. To further
demonstrate the chemotherapeutic efficacy of
quinine against P. faliparum infection, blood
materials extracted from the inner muscles of
the heart of infected mice treated with quinine
and DMSO were examined in our study for
the presence of sequestered parasites. Unlike
in the quinine-treated mice that had an ab-
sence of knobs on the surface of erythrocytes,
with a relatively low parasitemia (Fig. 2A); the
mice treated with DMSO showed a prolifera-
tion of knobs produced by sequestered P. fa/-
ciparum over the surface of the host erythro-
cytes (Fig. 2B), indicating that parasites may
have reached the late trophozoite stage as a
result of ineffective antimalarial chemothera-
py. As indicated above in this present study,
all the results obtained showed significant cor-
relation to those recorded in humans, thus,
alluding to the potential immense value of our
new humanized mouse model as a valuable
research tool for studying other human dis-
eases. Though not extensively demonstrated
in our study, and thus, open to further studies,
the successful induction of severe malaria dis-
ease in our new mouse model which resulted
in the proliferation of mature P. falciparum par-
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asites and activation of cells responsible for
adaptive immunity, could provide valuable
proteins that could be extracted, purified, and
employed as vaccine candidates against P. fa/-
ciparum infection.

Conclusion

Data obtained from our study experimental-
ly demonstrated that myocardial complications
due to severe malaria may indeed be the domi-
nant cause of death recorded in P. falciparum-
infected hosts, thus, significantly corroborat-
ing the findings of myocardial dysfunction as
the primary cause of death in recent case re-
ports of humans infected with P. faliparum.
We therefore, support the recommendation
that there is a need to reevaluate the current
perspectives on the pathophysiology of myo-
cardial dysfunction in the course of severe ma-
laria disease.

Acknowledgements

The authors declare that no conflicts of inter-
est exist and funders had no role in study de-
sign.

References

1. Wortld Health Organization (WHO). Severe fali-
parum malaria. Trans Royal Soc Trop Med Hyg.
2000; 94: 1—-90.

2. Marsh K, Forster D, Waruiru C, Nwangi I, Win-
stanley M, Marsh V. Indicators of threatening
malaria in African children. N Eng | Med. 1995;
332: 1399 — 1404.

3. Dondorp AM, Lee §J, Faiz MA, Mishra S, Price
R, Tjitra E. The relationship between age and the
manifestations of and mortality associated with
severe malaria. Clin Infect Dis. 2008; 47: 151 —
157.

4. Snow RW, Guerra CA, Noor AM, Myint HY,
Hay SI. The global distribution of dlinical epi-
sodes  of Plasmodimm  faleiparmm — malaria.  Na-
ture. 2005; 434: 214 —217.

5. Clark IA, Awburm MM, Harper CG, Liomba
NG, Molyneux ME. Induction of HO-1 in tissue

Available at: http://ijpa.tums.ac.ir




10.

11.

12.

13.

14.

15.

16.

17.

Stanley Imade et al.: Myocardial Dysfunction: A Primary Cause ...

macrophages and monocytes in fatal fakzparmm
malaria and sepsis. Malar J. 2003; 2: 41.

Wassmer SC, Medana IM, Turner GDH, Mai
NTH, Day NPJ, Hien TT. Fatal cerebral malaria:
distinct microvascular pathologies in children and
adult patients. Int | Parasitol. 2008; 38: S44.
Gunther A, Grobusch MP, Slevogt H, Abel W,
Burchard GD: Myocardial damage in fakiparum
malaria detectable by cardiac troponin T is rare.
Trop Med Int Health. 2004; 8: 30 — 32.

Rowe JA, Claessens A, Corrigan RA, Arman M.
Adhesion of Plasnodiun: faleiparmm-intected eryth-
rocytes to human cells: molecular mechanisms
and therapeutic implications. Expert Rev Mol
Med. 2009; 11: €l16.

Planche T., Krishna S. Severe malatia: metabolic
complications. Curr Mol Med. 2006; 6: 141-153.
van der Heyde HC, Nolan ], Combes V,
Gramaglia I, Grau GE. A unified hypothesis for
the genesis of cerebral malaria: sequestration, in-
flammation and hemostasis leading to mi-
crocirculatory  dysfunction. Trends  Parasitol.
20006; 22: 503 — 508.

Schofield L. Intravascular infiltrates and organ-
specific inflammation in malaria pathogenesis.
Immunol Cell Biol. 2007; 85: 130 — 137.
Engwerda CR, Beattie L, Amante FH. The im-
portance of the spleen in malaria. Trends Para-
sitol. 2005; 21: 75 — 80.

Schofield L, Grau GE. Immunological processes
in malaria pathogenesis. Nat Rev Immunol. 2005;
5:722—735.

Amante FH, Haque A, Stanley AC, Rivera Fde
I, Randall ILM, Wilson YA. Immune-mediated
mechanism of parasite tissue sequestration dut-
ing experimental cerebral malaria. ] Immunol
2010; 185: 3632 — 3642.

Renia, I, Potter SM, Mauduit M, Rosa DS, Kayi-
banda M, Deschemin JC. Pathogenic T cells in
cerebral malaria. Int | Parasitol. 2006; 36: 547 —
554.

Boeuf PS, Loizon S, Awandare GA, Tetteh JK|
Addaec MM, Adejei GO. Insights into dereg-
ulated TNF and II-10 production in malaria:
Implications for understanding severe malaria
anaemia. Mal J. 2012; 11:253.

Brown H., Tumer G., Rogerson S., Tembo M,
Mwenechanya J, Molyneux M. Cytokine expres-
sion in the brain in human cerebral malaria. | In-
fect Dis. 1999; 180: 1742 — 1746.

Available at: http://ijpa.tums.ac.ir

18.

19.

20.

21

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

Taylor-Robinson AW. Validity of modeling cer-
ebral malaria in mice: Argument and counter ar-
gument. ] Neuroparasitol. 2010; 1: 5.
Medana IM, Day NP, Hien TT, Mai NT, Bethell
D, Phu NH. Axonal injury in cerebral malar-
ia. Am ] Pathol. 2002; 160: 655 — 666.
Medana IM, Turner GD, Human cerebral malar-
ia and the blood-brain barrier. Int ] Parasi-
tol. 2006; 36: 555 — 568.
Dorovini-Zis K, Schmidt K, Huynh H, Fu
W, Whitten R, Milner D. The neuropathology of
fatal cerebral malaria in Malawian children. Am J
Pathol. 2011;178: 2146 —2158.
Nieman A,de Mast Q,Roestenberg M, Wie-
rsma J, Pop G, Stalenhoef A. Cardiac complica-
tion after experimental human malaria infection:
a case report. Mal J. 2009; 8: 277.
Costenaro P, Benedetti P, Facchin C, Mengoli C,
Pellizzer C. Fatal myocarditis in course of Plas-
maodinm faliparmm: Case report and review of car-
diac complications in malaria. Case Rep Med.
2011; 2011: 202083.
Javeed A;Hou Y,Duan K,Zhang B,Shen H,Cao
Y, Zhao Y. Aspirin significantly decreases the
nonopsonic phagocytosis and immunogenicity
of macrophages in mice. Infl Res. 2011; 60: 389
—398.
Bellahsene A, Forsgren A. Effect of doxycycline
on immune response in mice. Infect Immun.
1985; 48: 556 — 559.
Imade OS, Iyeckowa O, Edema MO, Akinni-
bosun FI, Oladeinde BH, Olley M. A cost-effec-
tive scheme developed for studying human ma-
laria caused by Plasmodinm faleparnm. ] Nat Sci
Res. 2012, 2 (6): 1-9.
Moteno A, Badell E, Roojjen NV, Druilhe P.
Human malaria in immunocompromised mice:
New in vivo model for chemotherapy studies.
Antimicrob Agent Chemother. 2001; 45: 1847 —
1853.
Trager W, Jensen JB. Human malaria parasites in
continuous culture. 1976. ] Parasitol. 2005; 91:
484 —486.
Lambros C, Vanderberd J. Synchronization of P.
Jalesparinm exythrocyte stages in culture. ] Parasitol.
1979; 65: 418 — 420.
Schlam O, Caroll E. Veterinary Hematology. 3t
ed. USA: Lea and Tebiger; 1975. PP. 207 — 209.
World Health Organization (WHO). Basic Ma-
laria Microscopy Part 1. Learner’s Guide, 2 ed.

508


http://www.ncbi.nlm.nih.gov/pubmed/?term=Rowe%20JA%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Claessens%20A%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Corrigan%20RA%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Arman%20M%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Amante%20FH%5BAuthor%5D&cauthor=true&cauthor_uid=20720206
http://www.ncbi.nlm.nih.gov/pubmed?term=Haque%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20720206
http://www.ncbi.nlm.nih.gov/pubmed?term=Stanley%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=20720206
http://www.ncbi.nlm.nih.gov/pubmed?term=Rivera%20Fde%20L%5BAuthor%5D&cauthor=true&cauthor_uid=20720206
http://www.ncbi.nlm.nih.gov/pubmed?term=Rivera%20Fde%20L%5BAuthor%5D&cauthor=true&cauthor_uid=20720206
http://www.ncbi.nlm.nih.gov/pubmed?term=Randall%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=20720206
http://www.ncbi.nlm.nih.gov/pubmed?term=Wilson%20YA%5BAuthor%5D&cauthor=true&cauthor_uid=20720206
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dorovini-Zis%20K%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schmidt%20K%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Huynh%20H%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fu%20W%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Whitten%20RO%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Milner%20D%5Bauth%5D
http://rd.springer.com/search?facet-author=%22Aqeel+Javeed%22
http://rd.springer.com/search?facet-author=%22Yuzhu+Hou%22
http://rd.springer.com/search?facet-author=%22Kaizhong+Duan%22
http://rd.springer.com/search?facet-author=%22Baojun+Zhang%22
http://rd.springer.com/search?facet-author=%22Hong+Shen%22
http://rd.springer.com/search?facet-author=%22Yuhong+Cao%22
http://rd.springer.com/search?facet-author=%22Yong+Zhao%22
http://rd.springer.com/journal/11

32.

33.

34.

35.

30.

37.

38.

39.

41.

509

Iranian J Parasitol: Vol. 8, No. 4, Oct -Dec 2013, pp.499-509

Switzerland: Wotld Health Organization; 2009.
PP.21-068.

Moody, A. (2002). Rapid Diagnostic Tests for
Malaria Parasites. Clin Microbial Rev. 15, 66 —78.
Bassey AS, Okokon JE, Etim EI, Umoh FU,
Bassey E. Evaluation of the in vivo antimalarial
activity of ethanolic leaf and stem bark extracts of
Awnthodlessta djalonenss. Indian ] Pharmacol. 2009;
41: 258 —261.

Day NP,Hien  TT,Schollaardt T, Loc
PP, Chuong LV, Chau TT. The prognostic and
pathophysiologic role of pro- and ant-
inflammatory cytokines in severe malaria. | In-
fect Dis. 1999; 180: 1288 — 1297.

Naik RS, Branch OH, Woods AS et al. Phospha-
tidylinositol anchors of Plasmodium faleiparnnrz. Mo-
lecular characterization and naturally elicited anti-
body response that may provide immunity to
malaria pathogenesis. ] Exp Med. 2000; 192:
1563 —-1576.

Clark IA, Budd AC, Alleva LM, Cowden ~ WB.
Human malarial disease: a consequence of in-
flammatory cytokine release. Mal J. 20006; 5: 85.
World Health Organization (WHO). Guide-lines
for the treatment of malatia. 2" ed. Switzerland:
World Health Organization; 2010. pp. 194.
Amold 1, Tyagi RK, Maijja P, Swetman C,
Gleeson J, Perignon J. Further improvements of
the P. fakiparnm humanized mouse model. PLaS
One 2011; 6: €18045.

Santini SM, Rizza P, Logozzi MA, Sestli P,
Gherardi G, I.ande R. The SCID mouse reaction
to human peripheral blood mononuclear leu-
kocyte engraftment: Neutrophil recruitment in-
duced expression of a wide spectrum of murine
cytokines and mouse leukopoiesis, including
thymic differentiation. Transplantation 1995; 60:
1306 —1314.

Kirkiles-Smith ~ NC, Harding ~ MJ, Shepherd
BR, Fader SA, Yi T, Wang Y. Development of a
humanized mouse model to study the role of
macrophages in allograft injury. Transplantation
2009; 87: 189 —197.

Arnold L, Tyagi RK, Mejia P, Roojjen NV,
Perignon J, Druilhe P. Analysis of innate defenses
against Plagmodinm faleiparnmn in immunodeficient
mice. Mal J. 2010; 9: 197 — 208.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

Van-Roojjen N. The liposome-mediated macro-
phage ‘suicide’ technique. | Immunol Methods.
1989; 124: 1 0.

Badell E, Ocuvray C, Moreno A, Soe S, Roojjen
N, Bouzidi A. Human malatia in immuno-
compromised mice: An in vivo model to study
defense mechanisms against Plasnodium faleiparmmz.
J Exp Med. 2000; 192: 1653 — 1660.

Ishikawa F, Yasukawa M, Lynos B, Yoshida S,
Mujamoto T, Yoshimoto G. Development of
functional human blood and immune systems in
NOD/SCID/IL2 receptor y chain™! mice.
Blood 2005; 106: 1565 —1573.

Pukrittayakamee S, Clemens R, Pramoolsinsap C,
Karges HE, Vanijanonta S, Bunnag D. Poly-
morphonuclear leucocyte elastase in Plasnodinm
Jalezparn malatia. Trans R Soc Trop Med Hyg.
1992; 86: 598 — 601.

Silamut K, White NJ. Relation of the stage of
parasite development in the peripheral blood to
prognosis in severe falciparum malaria. Trans R
Soc Trop Med Hyg, 1993; 87: 436 — 443.

Ho M, White NJ. Molecular mechanisms of cy-
toadherence in malaria. Am ] Physiol Cell Phys-
iol. 1999; 276: C1231 — 1242.

Horata N, Kalambaheti T, Craig A, Khusmith S.
Sequence variation of PIEMP1-DBLu in asso-
ciation with rosette formation in Plasmodinm fali-
parnm isolates causing severe and uncomplicated
malaria. Mal J. 2009; 8: 184.

Fibach E, Rachilewitz E. The role of oxidative
stress in hemolytic anemia. Curr Mol Med. 2008;
8: 609 —619.

Meslin B, Barnadas C, Boni V, Latour C, Mon-
brison F, Kaiser K. Features of apoptosis in P. fa/
ciparnm erythrocytic stage through a putative role
of pMCATmetacaspase-like proteins. | Infect
Dis. 2007; 195: 1852 —1859.

Kumar S, Guha M, Choubey V, Maity P, Sti-
vastava K, Puri SK. Bilirubin inhibits Plasmwodiune
Jalegparnm growth through generation of reactive
oxygen species. Free Radic Biol Med. 2008; 44:
602 —613.

McMotran BJ, Marshall VM, deGraat C, Drys-
dale KE, Shabbar M, Smyth GK. Platelets kill in-
traetythrocytic malatial parasites and mediate sur-
vival to infection. Science 2009; 323: 797 — 800.

Available at: http://ijpa.tums.ac.ir



http://www.ncbi.nlm.nih.gov/pubmed?term=Clark%20IA%5BAuthor%5D&cauthor=true&cauthor_uid=17029647
http://www.ncbi.nlm.nih.gov/pubmed?term=Budd%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=17029647
http://www.ncbi.nlm.nih.gov/pubmed?term=Alleva%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=17029647
http://www.ncbi.nlm.nih.gov/pubmed?term=Cowden%20WB%5BAuthor%5D&cauthor=true&cauthor_uid=17029647

