J Parasit Dis (Jan-Mar 2020) 44(1):49-61
https://doi.org/10.1007/s12639-019-01160-0

®

Check for
updates

ORIGINAL ARTICLE

J|P|D

Immunomodulatory and antiparasitic effects of garlic—arteether
combination via nitric oxide pathway in Plasmodium berghei-

infected mice

P. G. Vathsala'® - P. Krishna Murthy'

Received: 5 July 2019/ Accepted: 13 September 2019/ Published online: 24 September 2019

© Indian Society for Parasitology 2019

Abstract Many reports indicate medicinal value of garlic
(Allium sativum), a popular herbal medicine used world-
wide, and its therapeutic effect against several diseases.
Earlier studies in our laboratory have shown a potential
therapeutic role of garlic—artemisinin combination in mice
infected with Plasmodium berghei. A single dose of o, B-
arteether with three oral doses of garlic provides almost
95% protection. The present study aims to understand the
mode of action of this combination. We have documented
the level of nitric oxide (NO), a key molecule of protection
and have seen in the reversal of organ morphology caused
by malaria infection. The combination effects on the
(a) survival rate and degree of parasitemia and (b) NO
levels in blood, liver, spleen and thymus of malaria-in-
fected mice were investigated. During the study, liver,
spleen and thymus cell suspensions were assessed for
immunobiochemical alterations of NO levels. The increase
in NO level after infection appears to be unable to protect,
whereas striking increase in spleen and thymus leads to
protection against infection, and is further confirmed by
detection of increased inducible nitric oxide synthase
mRNA expression levels in different organs by RT-PCR.
In addition, the role of T cell subsets during combination
treatment was also studied. All these results indicate a
potential mechanism of protection through NO pathway in
combination-treated animals after malaria infection and
may lead to an immunotherapy trial of malaria disease.
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Introduction

Malaria, a parasitic disease, is very common in tropical and
subtropical regions of the world (Evans 2009). Plasmodium
species, causative agent of malaria, exerts a greater influ-
ence on the world population with millions of people being
at risk every year, especially children below 5 years and
the pregnant women. Owing to the drug resistance,
research groups around the world are focused on identi-
fying new antimalarials to be used in combination with a
potent antimalarial drug, artemisinin (Adjuik et al. 2004;
Nandakumar et al. 2006). Our laboratory has entered this
group by showing garlic (Allium sativum) in combination
with artemisinin has significant antimalarial effect (Palak-
kod Govindan et al. 2016). In continuation, the current
study focuses on identifying mechanism of protection by
this combination against malaria infection in the experi-
mental rodent model of malaria. Garlic (Allium sativum),
for years, has been widely used as a medicine to reduce
various risk factors associated with several diseases. It
contains bioactive components that have proven beneficial
in treatment of cancer, infection, inflammation, etc.
(Amagase 2006). It is also known to exhibit anticoagulant,
antioxidant, antibiotic, hypocholesterolemic, hypoglycemic
and hypotensive activities (Mikaili et al. 2013). There is a
clear necessity for standardization of garlic preparations,
especially for use in biological studies. More recent bio-
logical studies have attempted to rectify this problem.
Hence, we have used the ayurvedic medicine garlic pearl
oil, locally available in India which is already in use for
management of cholesterol, hypertension, digestion and to
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improve immunity. Garlic pearls are made from extract of
concentrated source of a special variety of garlic. It is well
known that malaria infection leads to modulation of host
immune responses (Coban et al. 2007) and one such
mechanism explored in this study is nitrogen and oxygen
double-bonded molecule, nitric oxide (NO). This biologi-
cally less half-life molecule is a primary product of nitric
oxide synthase (NOS) enzyme which exists in three iso-
forms: two are constitutively expressed and one is induci-
ble (iNOS) (Griffith and Stuehr 1995). In this study, the
main focus is on the role of NO in conferring protection
during garlic and arteether combination treatment in
malaria-infected mice.

Several immunological and non-immunological inter-
actions are known to mediate mechanisms of host defense
during infections (Deans and Cohen 1983), and NO is one
such versatile molecule which is shown to have a lead role
in pathology or protection during malaria infection. NO has
been well known to be an effecter molecule involved in
several biological processes (Amini et al. 2009; Iadecola
et al. 1994) especially in host defense against numerous
pathogens (Convit et al. 2004; Machado-Pinto et al. 2002;
Toledo et al. 2001). Plasmodium berghei is one such
pathogen of rodent malaria model which is reported to be
susceptible to NO mediators (Ali et al. 2010). We have
used this model for demonstrating the mechanism for
protection after the drug treatment by manipulating NO
levels in the host. Previous reports showed manipulation of
NO levels in mosquito’s gut, which will provide to control
malaria transmission (Luckhart et al. 1998). Nitric oxide
(NO), derived from molecular oxygen and the guanidino
nitrogen of L-arginine, in a reaction catalyzed by NO-
synthase (NOS) displays manifold activities (Badaro et al.
2001; Murray et al. 2003). NO has been well known to be
an effector molecule of immunological reactions in host
defense against numerous pathogens (Convit et al. 2004;
Machado-Pinto et al. 2002; Toledo et al. 2001). NO has
been implicated in different aspects of malaria parasite
infection. NO-mediated non-specific host defense con-
tributes to the protective immunity to plasmodium exo-
erythrocytic forms and blood-stage malaria parasites
during early phase of infection (Acosta and Cazorla 2004;
Borja-Cabrera et al. 2004; Gamboa-Le6n et al. 2006;
Santos et al. 2003). However, the role of NO in the pro-
tection against malaria remained to be debated. In the
current study, the immunomodulation of host during
malaria infection and protection after garlic and arteether
combination treatment was investigated via NO pathway
and its possible relationship with NO production and
protection.
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Materials and methods
Drugs and chemicals

Commercially available antimalarial drug o, B-arteether (E
MAL™, Themis Medicare Ltd., Uttarakhand, India) and
ayurvedic medicine garlic pearl oil (Sun Pharmaceutical
Ind. Ltd., Mumbai, India) were procured locally. Roswell
Park Memorial Institute (RPMI) medium 1640 and heat-
inactivated fetal bovine serum (FBS) are procured from
Gibco by Life Technologies (NY, USA) and 5000 U/mL
penicillin, 5 mg/mL streptomycin from HiMedia Labora-
tories (Mumbai, India), Griess reagent (5% phosphoric
acid, 1% sulfanilamide and 0.1% N-(1-naphthyl)-
ethylenediamine dihydrochloride (NED) from Sigma, anti-
mouse CD4"-FITC, anti-mouse CD8'-PE and anti-mouse
CD3*"-PE were procured from eBioscience (TM, USA),
RBC lysis buffer from BioLegend Inc. (CA, USA), Revert
Aid first strand cDNA synthesis kit and PCR master mix
(2X) from Thermo Scientific (MA, USA) and iNOS and
GAPDH Primers from Sigma (MI, USA).

Test animals

Swiss albino male mice of 4-5 week old (25 g) were used
in all the experiments. They were obtained from the Cen-
tral Animal Facility, Indian Institute of Science, Bangalore.
All precautions were undertaken to minimize suffering.
Animal experiments were carried out as per the guidelines
of the “Committee for the Purpose of Control and Super-
vision of Experiments on Animals (CPCSEA)” Govern-
ment of India (Registration No: 48/1999/CPCSEA) and as
approved by the Institutional Animal Ethics Committee
(IAEC) (CAF/Ethics/282/2012 and 585/2018).

In vivo infection and drug treatment protocols

Our laboratory has shown the in vivo antimalarial activity
and protection after garlic pearl oil and arteether combi-
nation treatment, and we have followed the same protocol
as previously described elsewhere (Palakkod Govindan
et al. 2016). In brief, experimental infections were initiated
with 60-70% parasitized erythrocytes obtained from a
passaged donor animal and injected intraperitoneally (i.p.)
on start of experiment (Day 0) after appropriate dilution.
All the control mice died between Day 5 and Day 6 post-
infection. 72 h later (Day 3), when the parasitemia was
about 2-4%, infected mice were treated with either single
dose of arteether (500 pg) intramuscularly (i.m.) and/or
three oral doses of garlic pearl oil (100 pL/mouse on Day
3, 4 and 5) to non-anesthetized mice. Blood was drawn
from tail vein to check the parasitemia progression or
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inhibition at regular time intervals, and mouse mortality
was noted daily by staining blood smears with Giemsa.
Blood was drawn from tail vein of infected animals every
alternate day and further 5 days post-treatment. In vivo
antimalarial activity was examined in groups of ten male
mice in three independent experiments for the study
duration (30 days). Tables 1, 2 and 3 show the clear picture
of the workflow of the study.

Histopathological investigation

Experimental mice were anesthetized by inhalation of
diethyl ether and killed for organ collection, which
includes the brain, liver and spleen. The organs excised
were immediately fixed with 4% paraformaldehyde,
embedded in paraffin, cut into 5 pm sections and finally
stained with hematoxylin and eosin (H&E). The morpho-
logical alterations in the tissues of P. berghei-infected and
treated mice were examined under light microscopy at 10x
magnification. The results of histopathological examination
were confirmed by observation of not less than 10 fields per
section.

Short-term culturing of cells
Peripheral blood cell culture

Blood was collected from mouse by cardiac puncture in a
heparinized tube and centrifuged 350 x g for 5 min; RBC
pellet was resuspended in RPMI 1640 medium for short-
term culture. 1 x 10° cells/mL of medium (pH = 7.4) was
propagated in vitro at 37 °C in an incubator with 5% CO,
for 24, 48 and 72 h (in triplicates). After the terminal time
as mentioned in Table 3, 500 pL of cell culture medium
was aliquoted, centrifuged, and supernatant was used for
NO analysis.

Table 1 Experimental mice in different groups

Primary cell culturing of splenocytes and thymocytes

Mouse spleen was excised aseptically and disrupted in the
sterile culture dish with 10 mL of RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 100 U/mL of penicillin and 100 pg/mL of
streptomycin. Cells were filtered through a sterile fine mesh
and later centrifuged at 350 x g for 10 min at room tem-
perature. RBCs were lysed with cold RBC lysis buffer, and
cells were washed twice with fresh medium. Cell viability
was determined by Trypan Blue exclusion and was 95%.
Splenocytes were adjusted to a final concentration of
1 x 107 cells/mL in RPMI, and 1.5 mL aliquots of the
suspended cells per well were incubated in 12-well flat-
bottom tissue culture plates (Tarsons Products Pvt. Ltd.,
Kolkata, India) in triplicates for 24, 48 and 72 h. At each
terminal time point, after thorough suspension of cells, 500
pL was collected from each well and was centrifuged at
350 x g for 10 min at room temperature. Supernatant
aliquots were stored at — 80 °C until further analysis. Cell
pellet was used for surface phenotype analysis by FACS.

Thymocytes were released from aseptically removed
thymus by disrupting in RPMI medium using a pair of
blunt ended forceps and passed through fine wire mesh in
order to obtain a single-cell suspension and centrifuged
350 x g for 10 min. Thymocytes were suspended with
RPMI to get the final concentration of 1 x 10° cells/mL
and followed the same protocol like splenocytes culture (as
above). Pooled blood, splenocytes and thymocytes from
two mice were subjected to analysis.

Estimation of nitric oxide by Griess reagent

As a measure of NO production, concentrations of nitrite
(NO,7) in cell supernatants were determined by the Griess
reaction. The standard Griess reaction protocol was adap-
ted to assay nitrite. 100 pL of culture supernatants was
transferred to a 96-well flat-bottomed microplate (Nunc) in
triplicate, added 100 pL. of Griess reagent, incubated at
room temperature for 10 min in dark, and absorbance was

Group Treatment Dosage Route of administration
Group 1 Uninfected Normal animals

Group 2 P. berghei infected 100 pL of 10%/mL ip?

Group 3 Infected and garlic treated 100 pL (3 doses at 24 h interval) Oral

Group 4 Infected and arteether treated 500 pg (single dose) im.°

Group 5 Infected and garlic + arteether treated 500 pg (single dose) + 100 pL (3 doses at 24 h interval) im.” + oral
“Intraperitoneal

"Intramuscular
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Table 2 Procedure overview of the study

Day 0 P. berghei infection Group 2, 3,4 and 5
Day 3 Ist treatment Group 3: G*-100 uL
Group 4: AE"-500 pg
Group 5: AE"™-500 pg 4+ G*100 L
Day 4 2nd treatment Group 3: G*-100 pL
Group 5: G*-100 pL
Day 5 3rd treatment Group 3: G*-100 pL
Group 5: G*-100 pL
Garlic
" Arteether

Table 3 Short-term culture supernatant collection time points

In vitro culturing of blood, spleen and thymus cells from treated mice

Day 4
Day 5
Day 6

From Day 3 treated mice
From Day 4 treated mice

From Day 5 treated mice

Collection of culture supernatant with day and different time points

24 h
Day 5 From Day 4 culture
Day 6 From Day 5 culture
Day 7 From Day 6 culture
Day 8 -
Day 9 -

48 h

72 h

From Day 4 culture -
From Day 5 culture From Day 4 culture
From Day 6 culture From Day 5 culture

- From Day 6 culture

read at 550 nm using a spectrophotometer (SpectraMax
190 Microplate Reader, Molecular Devices). Values for the
concentration of nitrite assayed were calculated from
standard calibration plots for NaNO, and NaNOj following
nitrate reductase action. For each assay run in this study,
the efficiency of nitrate reductase activity and the recovery
of nitrite from biological samples were determined using
internal standards. Values presented for nitrite concentra-
tions, as a measure of NO, have been corrected for these
losses.

RNA isolation and semiquantitative RT-PCR

Total RNA was isolated from blood, liver, spleen, thymus
and brain tissues of P. berghei-infected and treated animals
using TRI reagent (Sigma) following manufacturer’s
instructions, and semiquantitative RT-PCR was used to
determine iNOS mRNA expression. cDNA was synthe-
sized using an RevertAid first strand cDNA synthesis kit
(Thermo Scientific) following the manufacturer’s instruc-
tions. The primer sequences for iNOS and GAPDH are: 5'-
ATGGCTTGCCCCTGGAAGTTTCTC-3" (forward), 5'-
CAGCTTCCAGCCTGGCCAGATG-3' (reverse) (iNOS)
and 5'-ATGGTGAAGGTCGGTGTGAACGGA-3'
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(forward), 5'-TTACTCCTTGGAGGCCATGTAGG-3'
(reverse) (GAPDH). PCR program conditions were 1.5 min
at 94 °C, 1.5 min at 55 °C, 2 min at 72 °C for 40 cycles for
iNOS and 30 s at 94 °C, 30 s at 58 °C, 45 s at 72 °C for 35
cycles for GAPDH. The predicted PCR products were
486 bp and 496 bp for iNOS and GAPDH, respectively.
10-uL PCR product from a 50-pL reaction mixture was
analyzed by electrophoresis on 1.5% agarose gels. The
product was visualized on ChemiDoc XRS (Bio-rad).

Flow cytometric analysis

A single-cell suspension of splenocytes (5 x 10° cells) and
thymocytes (0.5 x 10° cells) in 500 puL of medium was
stained for cell surface expression of the T cell co-recep-
tors, CD4", CD8" and CD3" using the fluorochrome-
conjugated antibodies, anti-mouse CD4*-FITC, anti-mouse
CD8*-PE and anti-mouse CD3*-PE. Staining was done at
4 °C for 45 min in dark, and then, cells were washed twice
with PBS, fixed in 0.5% paraformaldehyde and subjected to
FACS analysis using BD FACS Verse TM flow cytometer.
Approximately 20,000 events in the singlet (FSC-A vs.
FSC-H) and live gate (FSC-A vs. SSC-A) were acquired.
The data were analyzed as dot plots, where the cell subsets
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in the splenocytes and thymocytes were quantified based
on percent cell population.

Statistical analysis

The data were plotted using Graph Pad Prism 5 software.
The data are represented as mean =+ standard error of mean
(SEM), consisting of two or more independent experi-
ments. Experiments with multiple groups were analyzed
using one-way analysis of variance (ANOVA), two-way
ANOVA to compare the means of different unpaired or
paired values, respectively, followed by Tukey’s multiple
comparison test. Values of p < 0.05 were considered as
statistically significant.

Results

Effect of garlic and artemisinin combination
on parasitemia and mortality

Giemsa-stained blood smear observation confirms the P.
berghei infection as compared with uninfected control
(Fig. 1). As we have reported earlier (Palakkod Govindan
et al. 2016), between day 5 and day 6 post-infection, the
infected animals will show clinical signs of malaria like
pale, inactive, biologically weak and death due to anemia
with 80-90% mortality rate, whereas infected mice treated
with garlic survived between day 8 and day 10 and artee-
ther-treated animals survived anywhere between day 18
and day 21. At the same time, garlic and arteether com-
bination-treated animals were healthy and no clinical
symptoms with 0% parasitemia (Fig. 2a) and the survival
rate was 100% (Fig. 2b) for the study duration (30 days).
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Fig. 2 Effect of garlic—arteether combination on parasitemia and
mortality: Percent parasitemia (a) and survival patterns (b) of P.
berghei-infected mice after arteether (500 pg, single dose), garlic oil
(100 pL, three doses) and arteether and garlic oil combination drug
treatment. Data represent a mean of ten mice per group in each
experiment and result of three independent experiments. INF—P.
berghei-infected, =~ G—garlic  oil, = AE—arteether, = AG—ar-
teether + garlic oil

Histopathological findings

Sequestration of pRBCs in the microvasculature of the
tissues was observed. In liver, along with pRBC seques-
tration, centrilobular region degeneration, necrosis with

Fig. 1 Confirmation of P. berghei infection in mice: Giemsa-stained thin blood smears of uninfected (a) and P. berghei-infected mice (b) (black

arrow indicates malaria parasites)
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Fig. 3 H&E-stained sections of liver, spleen and brain tissues from
P. berghei-infected animals before and after treatment. UNINF,
Uninfected; INF, P. berghei infected; G, garlic treated; AE, arteether
treated; AG, arteether + garlic treated; RP, red pulp; WP, white pulp
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Fig. 4 Effect of P. berghei infection on nitric oxide production in
mouse tissue organs: values of NO (in pM)—derived from standard
curve are presented as mean + standard error of mean (UNINF—
uninfected, INF—P. berghei infected) (¥*p < 0.05; **p < 0.01;
##%p < 0.001) (two-way ANOVA) (D1, Day 1; D3, Day 3; D5,
Day 5)

swollen hepatocytes and abundant kupffer cells containing
numerous malarial pigment grains were observed. These
reflect the pathological changes due to malaria infection in
the liver sections. When these changes were compared with
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Brain

(c)

(black arrow indicates malaria pigment, red arrow indicates swollen
hepatocytes, blue arrow indicates kupffer cells containing malaria
pigment, and green arrow indicates centrilobular region degeneration)

monotherapy-treated sections, slight improvement was
observed, whereas in combination drug-treated sections,
significant improvement in morphology and liver archi-
tecture was observed and was comparable with that of
uninfected sections with normal hepatocytes, kupffer cells
without any malarial pigment (Fig. 3a).

In case of infected spleen sections, difference in ger-
minal center with enlarged red and white pulps containing
hemozoin pigments was observed. The overall enlargement
of these pulps was associated with the loss of germinal
center typical structure of malaria-infected mice. Not many
differences were observed with mono-drug-treated and
infected sections, but improved morphological changes
with no severe pathological changes were identified in
combination drug-treated spleen sections (Fig. 3b).

In case of brain sections, pigmentation and sequestration
of infected RBCs especially hemozoin containing red
blood cells in the blood vessels were observed as brownish
small spots and also in mono-drug-treated samples. There
was no significant difference observed in mono-drug-trea-
ted and malaria-infected sections. However, no such
changes were observed in the combination drug-treated
animal sections (Fig. 3c).
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Fig. 5 Drug-treated responses on nitric oxide production in P.
berghei-infected mice: values are presented as mean + standard
error of mean of P. berghei infected (INF), garlic oil (G), arteether
(AE) and arteether + garlic oil (AG) combination-treated animals
(*p < 0.05; **p < 0.01; ***p < 0.001) (two-way ANOVA)

Effect of combination drug treatment on nitric oxide
levels in in vitro short-term cultures of P. berghei-
infected animals

Nitric oxide levels in P. berghei-infected animals

NO levels in blood, spleen and thymus were estimated in P.
berghei-infected animals at different time points during the
course of infection. Assays showed a moderate increase in
NO levels in blood and spleen during the infection when
compared with the uninfected control, whereas a significant
increase in NO levels was observed in thymus on Day 5 of
infection (Fig. 4).

Effect of garlic and arteether combination treatment
on nitric oxide levels in P. berghei-infected animals

Blood, spleen and thymus were collected 24 h after 1st,
2nd and 3rd doses of garlic and arteether combination

treatment independently in vivo system. Single-cell sus-
pension of corresponding organs was made and cultured
in vitro for 72 h. After which, the cell culture supernatant
was collected and NO levels were estimated. After 1st dose
of treatment, there was no difference in NO levels observed
when compared with infected control in blood, spleen and
thymus. After 2nd dose of treatment, no significant change
was observed in NO levels in blood; however, an increase
was observed in all the samples of spleen and thymus,
especially a maximum increase in NO levels was observed
in the thymus of combination-treated animals (Fig. 5a). A
similar pattern was observed after 3rd dose of treatment
with very significant levels of NO (Fig. 5b). Here, we have
compared NO levels of different organ tissues from treated
animals.

Effect of garlic and arteether combination treatment
on iINOS mRNA expression

The iNOS mRNA expression was analyzed after 1st, 2nd
and 3rd treatment from blood, spleen, liver, thymus and
brain tissues. No expression was observed after 1st and 2nd
treatment in any samples. In combination-treated animals,
no change was observed in the expression of iNOS in
blood, liver and brain tissues before and after treatment
(data not shown), whereas a marked increase in iNOS
mRNA expression was observed in spleen and thymus
tissues only after the 3rd treatment. Increased expression of
iNOS was observed in both spleen and thymus of AG-
treated animals when compared with that of AE-treated
animals (Fig. 6a, b). This correlates with the NO levels
detected in respective tissues of AG-treated animals. In
garlic and arteether monotherapy, no change or slight
increase in iNOS mRNA expression was observed across
all the tissues, respectively. Here, we have compared the
increase of iINOS mRNA expression with AE-treated
samples because we did not notice any iNOS mRNA
expression in the infected samples. GAPDH was used as an
internal control.

Effect of combination drug treatment on T-
lymphocyte subsets levels in spleen and thymus in P.
berghei-infected animals

In spleen, a slight increase in CD4™ population in garlic
treated and significant increase in AE monotherapy were
observed (Fig. 7a). In thymus, we observed an increase in
garlic and arteether treated; however, in arteether a very
significant level of CD4" cells was observed (19-fold
increase) (Fig. 7b). The CD4" populations dropped to
uninfected levels in combination treated in both spleen and
thymus. With respect to CD8" cell population in spleen, a
significant increase was observed only in garlic-treated
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Fig. 6 Relative mRNA expression levels of iNOS in spleen (a) and thymus (b) of P. berghei-infected and treated animals. INF, P. berghei
infected; G, garlic treated; AE, arteether treated; AG, arteether 4 garlic treated (*p < 0.05; **p < 0.01; ***p < 0.001) (unpaired ¢ test)

animals (Fig. 7c), whereas in thymus, an increase in both
arteether-treated and combination-treated animals observed
(Fig. 7d). In addition, the single-cell suspensions of spleen
and thymus were stained for CD3" 4+ CD47 cells. The cell
population of these double-positive cells exhibited a pat-
tern similar to that of CD4" stained cells in both spleen
(Fig. 7e) and thymus (Fig. 7f). This increase of cytotoxic T
cells during monotherapy in different organs and decrease
in combination-treated might be due to T cell apoptosis and
absence of malarial parasites.

Discussion

We have investigated the mechanism of garlic—arteether
combination treated via histopathological improvement,
NO pathway and also through the flow cytometric analysis
of T cells occurring in mice during infection within the
rodent malaria parasite. The presence of NO or its
metabolites in circulating body fluids gives no indication of
its production site, and it might be detected in circulating
blood or in different host organs during malaria infection
(Nahrevanian and Dascombe 2001). The correlation
between this ubiquitous molecule (NO) and multiple tis-
sues affected by malaria is under debate with respect to
overall value of NO in the host response to malaria
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(Rockett et al. 1994; White 1998). NO has been shown to
inhibit the growth and function of several infectious agents
(Woods et al. 1994) by inactivating several metabolic
enzymes in mammalian cell targets; other potential enzy-
matic targets may exist in parasites (Meshnick and Eaton
1981). Studies so far point to the dual role played by NO
during pathology (Stevenson et al. 1995) or protection
(Aikawa 1988) in P. berghei-infected mice. This uncer-
tainty may be attributed to several factors such as strain of
malaria, degree of parasitemia, tissue samples and assay
methods. It is well documented that iNOS mRNA expres-
sion is an important part of host’s immune response to
several known infections (Kroncke et al. 1998). The down-
regulation or up-regulation of iNOS gene expression may
be an effective therapeutic strategy for prevention or pro-
tection from infection. iINOS gene expression is an
important proximal mechanism for the up-regulation of NO
production. In this regard, the present finding of an asso-
ciation of increased iNOS gene expression leading to
increase in NO production in case of combination-treated
mice supports the possible protective role of NO in the
host, along with the histopathological organ modifications.
This is in addition to the other immune responses that
might be responsible for protection. In case of brain sam-
ples, we did not observe any change either in NO level or
in iNOS expression at any point of our treatment (data not
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Fig. 7 Effect of combination drug treatment on T-lymphocyte
subsets: flow cytometric analysis and comparison of percent cell
populations of CD4* (a, b), CD8" (¢, d) and CD3" 4+ CD4" (e, f)
cells in uninfected (UNINF), P. berghei infected (INF), garlic oil (G),

shown). Several previous studies demonstrated the
histopathological damages of the organs like liver (Meis
et al. 1983). Spleen (Coquelin et al. 1999) and brain
(Franke-Fayard et al. 2005) due to malaria infection. These
abnormalities contribute to architecture loss and affect host
immune response (Cadman et al. 2008). Our results of
histopathological examination showed the combination
organ morphology was as good as the uninfected control
animals, and hence proven, the protection was due to
combination treatment.

Number of studies has shown that CD4" and CD8™ T
cells are the main participants in the development of both
malaria pathogenesis and protective immunity (Engwerda
et al. 2005; Podoba and Stevenson 1991). For blood-borne
infectious diseases, CD4" T cells, from main lymphoid
organs such as spleen and thymus, have been implicated in
the immune responses to malaria parasite (Schofield and
Grau 2005). There are reports where CD4" and CD8' T
cells contribute to the NO responses in lymphoid organs

arteether (AE) and arteether + garlic oil (AG) combination-treated
animals in spleen and thymus. Values are presented as mean =+ stan-
dard error of mean (*p < 0.05; **p < 0.01; **¥p < 0.001) (one-way
ANOVA)

during P. berghei infection in mice (Rockett et al. 1994).
We took advantage of these facts and tried to identify
whether CD4" and CD8™ cells have a role during combi-
nation therapy. We observed variations in CD4" and CD8™*
cell populations in both garlic and arteether monotherapy
in spleen and thymus, whereas the cell populations were
significantly reduced in combination treated when there
was a peaked level due to monotherapy. This suggests that
garlic had a significant cytotoxic T cell effect during
monotherapy, especially in spleen, whereas same increase
was noticed in thymus with arteether monotherapy. With
the combination treatment, the CD4" and CD8" T cell
populations declined probably due to T cell apoptosis as
shown elsewhere (Nussler et al. 1993; Seguin et al. 1994)
and this might be due to complete elimination of parasites
as reported (Liehl et al. 2015). The experiment was planned
with double-positive markers to identify CD3" and CD4"
cells in spleen and thymus to know the ratio of CD4%
T-helper population versus CD3". CD3 is the most
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Fig. 7 continued

common T cell marker which is only expressed by T cells.
By gating for CD3" cells, it is guaranteed that no CD3™
but CD4™" cells are counted as CD4™ T cells. The result of
double-positive labeling matches with the cell counts with
CD4™ labeling. In double-positive ratio with CD3"4+CD4"
cell population, the same results with CD4" were observed
in both spleen and thymus. The pivotal role of CD4" and
CD8* T cells in the development of protective immunity
makes necessary profound comprehension of the mecha-
nisms involved in their activation and regulation during
garlic and arteether combination therapy. Thus, we con-
clude that the cell surface markers such as CD4" and
CD8" T cells have a central role during the onset of
malaria infection and in combination drug treatments
where they are acting in parallel with the protection
mechanism. Taken together, these results strongly support
the potential of garlic—arteether combination for the
immunotherapy of malaria infection and also comple-
mented by the direct inhibitory effect of ajoene, a garlic

@ Springer

component as seen in other parasitic diseases (Ledezma
et al. 2002).

Even though it is a matter of debate whether NO is
involved in pathogenicity or in protection, our study shows
that NO production after garlic—arteether combination
treatment is most important effecter to eliminate the par-
asite and is involved in several immunological interactions
mediating the host defense at different production sites.
Studies showing that any disruption of iNOS gene in ani-
mals failed to produce NO and in turn, failed to control
parasitic disease in vivo system are perhaps an ultimate
demonstration of the relevant of this effecter molecule
(Wei et al. 1995). In addition, our in vivo and in vitro data
show that combination of drug treatment shows
immunotherapeutic effect and is mediated by several
parameters like T cells (CD4+ and CDS8+), different tis-
sues activation to produce NO for parasite elimination
which leads to protection. From the prospective of high
output on NO production via iNOS pathway leads to
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Fig. 7 continued

inactivation of enzymes (as mentioned earlier), hence the
inhibition of cell proliferation (Kwon et al. 1991).

Finally, we conclude that all these changes, subse-
quently, may lead to secondary effects involving NO in
protection with garlic—arteether combination treatment,
which may contribute to reduce organ damage and also
suggests that these may have a pharmacologically and
clinically important role in protection from malaria and the
mechanism is via NO production, which indicates a
potential novel therapy in the treatment of severe malaria.
To understand fully the protection after combination
treatment, studies should be carried out in host/parasite
interaction taking during infection and drug treatment
which may be directly relevant for aspects of protection
after combination drug treatment.
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