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Figure 56: Effects of methyl gallate and palmatine combination in the presence
of piperine on glutathione peroxidase activity in the heart of P. berghei
NK65-infected mice on days 4 and 8 post inoculation

Figure 57: Effects of methyl gallate and palmatine combination in the presence
of piperine on glutathione peroxidase activity in the kidney of P.
berghei NK65-infected mice on days 4 and 8 post inoculation

Figure 58: Effects of methyl gallate and palmatine combination in the presence
of piperine on glutathione peroxidase activity in the brain of P. berghei
NK65-infected mice on days 4 and 8 post inoculation

Figure 59: Effects of methyl gallate and palmatine combination in the presence
piperine on glutathione reductase activity in the erythrocyte of P.
berghei NK65-infected mice on days 4 and 8 post inoculation

Figure 60: Effects of methyl gallate and palmatine combination in the presence
piperine on glutathione reductase activity in the liver of P. berghei
NK65-infected mice on days 4 and 8 post inoculation

Figure 61: Effects of methyl gallate and palmatine combination in the presence
piperine on glutathione reductase activity in the heart of P. berghei
NK65-infected mice on days 4 and 8 post inoculation

Figure 62: Effects of methyl gallate and palmatine combination in the presence
piperine on glutathione reductase activity in the kidney of P. berghei
NK65-infected mice on days 4 and 8 post inoculation

Figure 63: Effects of methyl gallate and palmatine combination in the presence
piperine on glutathione reductase activity in the brain of P. berghei

NK65-infected mice on days 4 and 8 post inoculation

XXX

228

229

230

232

233

234

235

236



Figure 64: Effects of methyl gallate and palmatine combination in the presence
of piperine on reduced glutathione concentration in the erythrocyte of P.
berghei NK65-infected mice on days 4 and 8 post inoculation

Figure 65: Effects of methyl gallate and palmatine combination in the presence
of piperine on reduced glutathione concentration in the liver of P.
berghei NK65-infected mice on days 4 and 8 post inoculation

Figure 66: Effects of methyl gallate and palmatine combination in the presence
of piperine on reduced glutathione concentration in the heart of P.
berghei NK65-infected mice on days 4 and 8 post inoculation

Figure 67: Effects of methyl gallate and palmatine combination in the presence
of piperine on reduced glutathione concentration in the kidney of P.
berghei NK65-infected mice on days 4 and 8 post inoculation

Figure 68: Effects of methyl gallate and palmatine combination in the presence
of piperine on reduced glutathione concentration in the brain of P.
berghei NK65-infected mice on days 4 and 8 post inoculation

Figure 69: Effects of methyl gallate and palmatine combination in the presence
of piperine on glutathione-S-transferase activity in the erythrocyte of P.
berghei NK65-infected mice on days 4 and 8 post-inoculation

Figure 70: Effects of methyl gallate and palmatine combination in the presence
of piperine on glutathione-S-transferase activity in the liver of P.
berghei NK65-infected mice on days 4 and 8 post inoculation

Figure 71: Effects of methyl gallate and palmatine combination in the presence
of piperine on glutathione-S-transferase activity in the heart of P.

berghei NK65-infected mice on days 4 and 8 post inoculation

XXXI

239

240

241

242

243

246

247

248



Figure 72: Effects of methyl gallate and palmatine combination in the presence
of piperine on glutathione-S-transferase activity in the kidney of P.
berghei NK65-infected mice on days 4 and 8 post inoculation

Figure 73: Effects of methyl gallate and palmatine combination in the presence
of piperine on glutathione-S-transferase activity in the brain of P.
berghei NK65-infected mice on days 4 and 8 post inoculation

Figure 74: Effects of bio-enhanced methyl gallate and palmatine combination
on alkaline phosphatase activities in kidney and liver of rats

Figure 75: Effects of bio-enhanced combination of methyl gallate and
palmatine on alkaline phosphatase activities in heart, brain and plasma
of rats

Figure 76: Effects of bio-enhanced combination of methyl gallate and
palmatine on gamma glutamy| transferase activities in kidney, liver and
plasma of rats

Figure 77: Effects of bio-enhanced combination of methyl gallate and
palmatine on aspartate aminotransferase activities in heart, liver and
plasma of rats

Figure 78: Effects of bio-enhanced combination of methyl gallate and
palmatine on alanine aminotransferase activities in liver and plasma of
rats

Figure 79: Effects of bio-enhanced combination of methyl gallate and
palmatine on lactate dehydrogenase activities in heart and plasma of rats

Figure 80: Effects of bio-enhanced combination of methyl gallate and
palmatine on glutamate dehydrogenase activities in liver and plasma of

rats

XXXIi

249

250

262

263

264

266

267

268

270



Figure 81: Effects of bio-enhanced combination of methyl gallate and
palmatine on malate dehydrogenase activities in liver of rats

Figure 82: Effects of bio-enhanced combination of methyl gallate and
palmatine on creatine kinase activities in brain, heart and plasma of rats

Figure 83: Effects of bio-enhanced combination of methyl gallate and
palmatine on acetylcholinesterase activity in brain of rats

Figure 84: Effects of bio-enhanced combination of methyl gallate and
palmatine on Na*,K*-ATPase activities in kidney, heart and brain of rats

Figure 85: Effects of bio-enhanced combination of methyl gallate and
palmatine on Ca%*,Mg?*-ATPase activities in kidney, heart and brain of
rats

Figure 86: Effects of bio-enhanced combination of methyl gallate and

palmatine on Mg?*-ATPase activities in kidney, heart and brain of rats

XXXl

271

272

273

275

276

277



LIST OF TABLES

Table 1: Inhibition of B-hematin formation as a measure of in vitro antimalarial
activities of methyl gallate and Palmitine

Table 2: Nature of interaction of methyl gallate and palmatine combinations

Table 3: Summary of ligand-amino acid interactions in various in silico studies

Table 4: Summary of Binding affinities of methyl gallate, palmatine and
artesunate in various in silico studies

Table 5: Effects of methyl gallate and palmatine on parasitaemia and mean
survival time of P. berghei NK65-infected mice assessed by
suppressive test

Table 6: Effects of methyl gallate and palmatine combination on parasitaemia
and mean survival time of P. berghei NK65-infected mice assessed by
suppressive test

Table 7: Effects of methyl gallate and palmatine combination on parasitaemia
and mean survival time of P. berghei NK65-infected mice assessed by
curative test

Table 8: Effects of methyl gallate and palmatine combination on parasitaemia
and mean survival time of P. berghei NK65-infected mice assessed by
prophylactic test

Table 9: Effects of bio-enhanced methyl gallate and palmatine combination on
selected organ-body weight ratios of rats

Table 10: Effects of bio-enhanced methyl gallate and palmatine combination
on selected red blood cells indices of rats

Table 11: Effects of bio-enhanced methyl gallate and palmatine combination

on platelet count and white blood cell indices of rats

XXXIV

165

166

198

199

202

203

204

205

252

253

254



Table 12: Effects of bio-enhanced methyl gallate and palmatine combination
on plasma concentrations of selected electrolytes of rats

Table 13: Selected kidney function indices of rats administered bio-enhanced
methyl gallate and palmatine combination

Table 14: Selected liver function indices of rats administered bio-enhanced
methyl gallate and palmatine combination

Table 15: Effects of bio-enhanced methyl gallate and palmatine combination

on selected cardiovascular disease indices of rats

XXXV

257

258

259

261



ABSTRACT

Resistance of malaria parasite to conventional drugs and the high cost of potent ones
have necessitated the search for new drugs. Methyl gallate and palmatine are
compounds with known in vitro activities against multidrug-resistant strains of
Plasmodium falciparum, but without in vivo activities, which are associated with
plants from which they have been isolated. This, therefore, necessitates the evaluation
of antimalarial activities of combination of isolated compounds. Thus, the objectives
of this study were to evaluate: (i) in vitro antimalarial activity of methyl gallate and
palmatine combination (MGPAL); (ii) interaction of methyl gallate and palmatine with
selected P. falciparum proteins in silico; (iii) antimalarial activity of MGPAL in P.
berghei-infected mice; (iv) antimalarial activity of MGPAL when co-administered
with a bio-enhancer in P. berghei-infected mice; (v) antioxidant activities of MGPAL
in vitro and in P. berghei-infected mice when co-administered with a bio-enhancer;
and (vi) in vivo toxicity of MGPAL when co-administered with a bio-enhancer using

selected organ function indices.

In vitro antimalarial activity of methyl gallate and palmatine combination was
determined using inhibition of B-hematin formation assay. Suppressive and curative
antimalarial activities of the individual drugs and their combination, with or without
piperine (bio-enhancer), were evaluated using P. berghei NK65-infected mice.
Antioxidant activities of MGPAL in vitro and in P. berghei-infected mice when co-
administered with piperine were evaluated. Toxicological effects of MGPAL when co-
administered with piperine were also evaluated in rats. Data were analyzed using

Analysis of Variance at P<0.05.
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The findings of this study were that:

Vi.

MGPAL inhibited B-hematin formation in vitro (ICso - 0.73 pg/mL, indicating
antimalarial activity), with the compounds exhibiting synergistic interaction
when combined in ratio 3:2;

Methyl gallate and palmatine exhibited higher affinity for plasmepsins I, 1l and
I11 than for other proteins studied in silico;

MGPAL in ratio 3:2 (MGPAL3:2), in the absence of piperine, exhibited no in
vivo antimalarial activity, causing less than 30% reduction in parasitemia;
MGPAL3:2, in the presence of piperine, caused more than 30% reduction in
parasitemia (especially at 12.5 and 25 mg/kg body weight in the suppressive
and curative antimalarial tests) in P. berghei NK65-infected mice mainly on
days 6 and 8 post-inoculation;

MGPAL3:2 demonstrated DPPH, nitric oxide, hydroxyl radical scavenging
activities and induced antioxidant defense system in murine malaria model in
the presence of piperine; and

MGPAL3:2, in the presence of piperine, significantly increased (p<0.05)
plasma conjugated bilirubin concentration (at the highest dose), HDL-
cholesterol concentration (at doses higher than 12.5 mg/kg body weight) and
liver aspartate aminotransferase activity (at doses higher than 25 mg/kg body
weight) but significantly reduced (p<0.05) atherogenic index and Low density
lipoprotein-cholesterol concentration (at doses higher than 6.25 mg/kg body
weight) and plasma Ca?* concentration (at the highest dose) compared to

controls.

The study concluded that, in the presence of piperine, MGPALS3:2 exhibited

antimalarial activity, ameliorated ROS-mediated secondary complications of
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malaria and adversely affected some liver and kidney functions, especially at
higher doses. Further studies on the mechanisms of action of the compound

combination should be carried out.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background of Study

Malaria is an infectious parasitic disease that causes mortality and morbidityin
Africaand other parts of the world. Transmitted by female anopheles mosquitos and
caused by Plasmodium species, malaria has serious socio-economic and health impact
on lives especially in tropical regions.Worldwide, malaria is estimated to be about 212
millioncases resulting in about 429,000 deaths annually with 90% of the cases and
92% of deaths occurring in the WHO African Regionwith Nigeria bearing the highest
burden (WHO, 2016).Severe complications of malaria include severe anaemia,
jaundice, renal impairment, pulmonary oedema, cerebral oedema, decreased
consciousness leading to coma and death (Cohee and Laufer, 2017) and severity of
malaria is suggested to be mediated by oxidative stress, which results in intravascular

haemolysis (Plewes et al., 2017), hence depriving vital organs of oxygen and nutrients.

While different medications are available and approved for the treatment of
malaria, emergence of parasite resistance to these lines of drugs has limited the
therapeutic usage of several of them. Hence, the recommendation of combination
therapy for the treatment of malaria with artemisinin-based combination therapies
(ACTs) recommended as first line treatment for malaria caused by Plasmodium
falciparum,but emergence of resistance against ACTs has also threatened their
effectiveness (WHO, 2016). Therefore, there is the need for alternative treatment

options.

Despite the availability of conventional drugs, due to cheaper cost, cultural and

historic reasons, herbal medicine remains popular in Africa for the treatment of



malaria(Hirt et al.,2008; Adebayo and Krettli, 2011) and the decoction, infusion or
tincture of bark, fruits, leaves and/or roots of different medicinal plants are usually
formulated (Odugbemi et al., 2007).The combinations of different species of plants or
plant parts are favoured because of the understanding that each of these plant
species/parts are made of arrays of chemical components that serve as defence agents
against pathogens (Rasoanaivo et al., 2011). Hence, various phytochemicals are
available to work together in overcoming the parasite, its resistance and the clinical
manifestations of malaria.Some of these herbal plants areAlstonia boonei, Annickia
kummeriae, Azadirachta indica, Curcuma longa, Dacryodes edulis, Enantia
chlorantia, Khaya grandifoliola, Piper nigrum, Zanthoxylum zanthoxyloides
(Odugbemi et al., 2007; Jantarat, 2013; Malebo et al., 2013; Zofou et al., 2013) and
they possess active or supportive components such as methyl gallate, palmatine, and

piperine.

Using scientific approaches, many active chemical constituents of herbal plants
have been isolated with reported in vitro antiplasmodial activity. These isolated, pure,
active agents when administered in vivo, singly, were mostly without tangible
antimalarial activity, despite the substantial activity associated with the crude extract
of the plants (Wagner and Ulrich-Merzenich, 2009; Rasoanaivo et al., 2011).Since the
focus has been on the usage of a single isolated chemical agent to treat malaria, several
of these chemical compounds that were active in vitro but inactive in vivo were
consequently left out of consideration for malaria treatment.Methyl gallate and
palmatine are some of the pure active agents from antimalarial plants with reported in
vitro antiplasmodial activities (Malebo et al., 2013; Zofou et al., 2013), but without in

vivoantimalarial activity. Also, piperine is a compound from herbal antimalarial



remedy plant reported as a natural bio-enhancer but without antimalarial activity

(Lambert et al., 2004; Martinelli et al., 2008; Jantarat, 2013).

Mimicking the traditional combination of plant species and/or parts in the
treatment of malaria, pure chemical agents which are usually discarded due to poor in
vivo antimalarial activities, could be refocused through appropriate combinations

especially those with additional benefits such as antioxidant properties.



CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Malaria Burden and Prevalence

Malaria is a life-threatening infectious disease that majorly affects people in
tropical areas of the world, with children and pregnant women being the most

vulnerable (Arama and Troye-Blomberg, 2014).

Malaria was said to be endemic in 91 countriesand territories at the start of
2016 and estimated cases of malaria was recorded as 212 million worldwide in 2015
with 90% of the cases occurring in WHO African Region (WHO, 2016). From this
number of cases in 2015, an estimated 429,000 deaths were recorded with about 92%
of these deaths occurring in the WHO African Region(WHO, 2016). Children suffer
the most blows as 70% ofglobal deaths from malaria occur in children aged less than 5

years and a child’s life is estimated to be taken every 2 minutes (WHO, 2016).

Countries in sub-Saharan Africa dominated global burden of malaria in 2015,
with both Nigeria (26%) and Democratic Republic of the Congo (10%) accounting for
more than 36% of malaria deaths worldwide (WHO, 2016). In Nigeria, transmission of
malaria occurs all year round and almost all malaria cases in the country are caused by

Plasmodium falciparum(Adebayo et al., 2012).

Over the years there has been notable progress in the fight against malaria, yet
the effects of malaria on health and livelihoods of humans continue to be
overwhelming. Worldwide there has been about 60% reduction in death rate over the
last 15 years and this can be attributed to increase accessibility and availability of
preventive measures such as insecticide treated bed nets, indoor residual spraying and

new but more effective diagnostic tools and treatment approaches (Cohee and Laufer,
4



2017). Of these interventions aimed at eliminating malaria cases and/or mortality,
widespread deployment of insecticide treated bed nets has been declared as most
important (Bhatt et al., 2015). Five countries (Armenia, Morocco, Sri Lanka,
Turkmenistan and United Arab Emirates), as at 2016, have been declared free from
malaria and twenty-six more are prepared to attain such status by 2020 (Newby et al.,
2016). Further progress in malaria control is majorly challenged by increase in drug

and insecticide resistance.

2.2 Susceptibility to Malaria

All individuals in nonendemic and low transmission areas are at risk of malaria
whereas multiple malaria infections in highly endemic areas may lead to development
of partial immunity to a strain of malaria parasite but not complete immunity against
the infection. Also, this partial immunity is not life-long because if such individuals
are no longer exposed to the infection for about a year they become highly susceptible

upon repeated exposure (Cohee and Laufer, 2017).

Susceptibilities to malaria infection is altered by haemoglobinopathies, as
sickle cell trait (HbAS) provides about 90% defence from severe malaria, 75% safety
from hospitalization due to malaria but no defence from asymptomatic infection
(Williams et al., 2005). Also, haemoglobin C, alpha-thalassemia and beta-thalassemia
provide protection from malaria. However, despite these protections, individuals with
any of these haemoglobinopathies can still have severe malaria (Cohee and Laufer,

2017).

People with partial immunity or those who took incomplete or ineffective
prophylactic drugs may have delayed clinical manifestation of malaria. P.

malariaemay persist at low levels for up to a year while P. vivax and P. ovale, due to



their dormant stages, may persist after initial infections for months to years (Cohee and

Laufer, 2017).

2.3 Malaria Parasite

Malaria is caused by Plasmodium and six species of Plasmodium, that is,
Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmodium
malariae, Plasmodium knowlesi, Plasmodium cynomolgi(the last twountil recently
were considered as a nonhuman primate parasite) are known to cause human malaria
and are transmitted by over 30 species of female Anopheles mosquitoes (Philippe et

al., 2012).

Malaria in humans is primarily caused by P. falciparumand P. vivax, though
with distinct geographical distribution. P. falciparumwas responsible for about 99% of
malariadeaths worldwide whereas P. vivax was responsible for majority of malaria
deaths (about 86%) occurring outside Africa (WHO, 2016). P. malariae has similar
geographical distribution as P. falciparumwhile P. ovale is mainly found in West
Africa. Though P. knowlesiand P. cynomolgimainly infect nonhuman primate, there

are few human cases in Southeast Asia.

2.3.1 The Life Cycle of Plasmodium species

Malaria parasite requires both female anopheles mosquitoes (the definitive host
or vector) and human (an intermediate host) for a complete life cycle and the parasite
goes through 10 morphological changes in five different tissues of hosts (Mackinnon
and Marsh, 2010). The parasite cycle (Figure 1) can be summarized thus: Sporozoites
from an infected mosquito pass to the human host during a blood meal. These infect
hepatocytes and then erythrocytes for their asexual cycle. The sexual forms of the

parasite that develop during the erythrocytic stage are ingested by a feeding mosquito.



The sexual cycle takes place in the mosquito to generate new sporozoites, hence

completing the cycle.
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Figure 1: Life cycle of Plasmodiumspecies in human host and Anopheles mosquito
vector

Source: Cowman et al. (2016).



The parasite cycle in human and mosquito hosts includes;

I.  the skin stage;

ii.  the pre-erythrocytic or hepatic stage, which involves inoculation of sporozoites
to infect the hepatocytes;

iii.  the erythrocytic stage, which involves asexual reproduction of the parasite in
theblood and consequently producing the clinical symptoms of the disease;

iv.  the gametocyte stage, which makes possible the male and female gametocytes;
and

v. the sexual or sporogonic stage, which involves the sexual fusion of

gametocytes that subsequently form sporozoites.

During a blood meal by an infected female Anopheles mosquito, parasites in
the form of sporozoites are injected into the skin and/or blood stream of human. The
skin-infecting sporozoites stage, which last for about 5-8 minutes, initiate rapid
suppression of immunity and establishes early tolerance to subsequent life cycle stages
of the parasite (Guilbride et al., 2012). The sporozoites in the blood stream moves
about in search of suitable hepatocytes for invasion (Arama and Troye-Blomberg,
2014). Meanwhile, at the site of injection, sporozoites can linger for some time
(‘Yamauchi et al., 2007) and a third portion of sporozoites leaving the site could end up
entering the draining lymph nodes through the lymphatic vessels (Amino et al., 2006).
Hence, for there to be 100% assurance of an individual becoming infected, such must
have been bitten at least five times by P. falciparum-infected mosquitoes because of
the low capacity of sporozoites to generate asexual erythrocytic-stage infection

(Verhage et al., 2005).



These sporozoites then infect susceptible hepatocytes where they may either
remain dormant (as in P. vivax and P. ovale infections) or undergo asexual
reproduction to produce merozoites. This is the hepatic or exoerythrocytic phase.
Increase in number of merozoites causes the rupture of hepatocytes thereby releasing
thousands of infectious merozoites into circulation and consequently they invade
erythrocytes. Within 48 h, this initiate the intraerythrocytic cycle of asexual
reproduction, which is responsible for the clinical symptoms associated with malaria.
Young parasites feed on erythrocyte’s haemoglobin and after 24-32 h, mature from
rings stage, through trophozoites and schizonts stages to form 16-32 infective daughter
merozoites that are released as the erythrocytes rupture (Boddey and Cowman, 2013;
Cowman et al.,, 2016; Cowman et al., 2017). These then invade uninfected

erythrocytes for the cycle to be repeated.

Some of the merozoites, within a 15-day period, differentiate into male and
female gametocytes. Upon ingestion by a feeding female mosquito, the male and
female gametocytes undergo sexual reproduction, by fusion, in midgut of the mosquito
to form a zygote and developing within 24 h into a motile ookinete. The ookinetes
penetrate the midgut epithelial cells and stay between the midgut epithelium and the
basal lamina to form oocysts. The oocysts undergo complex asexual development to
become infective sporozoites (Boddey and Cowman, 2013; Arama and Troye-
Blomberg, 2014; Cowman et al., 2016). These can reach the mosquito’s salivary gland
and are ready to be inoculated into another host through the mosquito saliva during its

blood meal, thereby ensuring the continuation of the Plasmodium life cycle.
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2.3.2 Cellular Impact of Plasmodium species

The cellular impact of Plasmodiumspecies on human can be classified into;

inflammation, anaemia and organ impairment.

Inflammation: Inflammation results from parasite metabolism and rupture of
erythrocyte, but also from parasite sequestration as observed in P. falciparuminfection.
Huge amounts of proinflammatory cytokines are released by splenic macrophages and
monocytes in response to phagocytosis of hemozoin and other erythrocyte remnants

(Cohee and Laufer, 2017). The proinflammatory cytokines then give rise to;

(i)  the systemic inflammatory response syndrome,
(i) oedema and inflammation in perivascular tissues in organs, and
(iii) increased expression of cytoadhesion molecules and more sequestration of

infected erythrocyte.

Anaemia: Anaemia resulting from Plasmodium species infection is multi-level linked.
Haemolysis results, directly, from asexual reproduction in infected erythrocytes. Also,
intraerythrocytic parasites bring about reduction in erythrocyte deformability, thereby
leading to further haemolysis and splenic clearance. This is made worse by splenic
sequestration in Plasmodium falciparuminfections. Furthermore, during infection,
haemolysis is not compensated for because tumour necrosis factor-alpha is released,

and this suppresses haematopoiesis (Cohee and Laufer, 2017).

Organ impairment: Organ impairment is facilitated by cytoadherence (sequestration)
of infected erythrocyte. Of the species capable of infecting humans, onlyPlasmodium
falciparum causes adherence of infected erythrocyte to the endothelial cells of the host.
This cytoadhesion is made possible by a family of antigens called P. falciparum

erythrocyte membrane protein 1 (PFEMP1) which are encoded by the var gene (Cohee
11



and Laufer, 2017). They are produced by the intraerythrocytic parasite and exported to
the membrane of infected erythrocyte to facilitate the adhesion of infected red blood
cells to specific receptors (intercellular adhesion molecule-1[ICAM-1], CD36, E-
selectin, neural cell adhesion molecule, endothelial protein C receptor [EPCR] which
are expressed on the endothelial cells and leucocytes, chondroitin sulfate A for
placental syncytiotrophoblasts, and CD31 [PECAM-1] for on endothelial cells of
organs such as brain, heart, kidney, lung, placenta and subcutaneous tissues (Turneret
al., 2013; Storm and Craig, 2014; Gallego-Delgado and Rodriguez, 2017; Wassmer

and Grau, 2017).

Endothelium breakdown (endothelial activation), obstruction of blood flow
(pro-coagulant response) and inflammation (pro-inflammatory response) are the
outcomes of infected erythrocyte binding with uninfected erythrocyte, platelets and
inflammatory cells thereby causing organ impairment. Moreover, splenic clearance is
evaded because cytoadherence removes parasites from circulation thereby ensuring
that the infection continues (Cohee and Laufer, 2017). Cytoadherence in the brain
brings about cerebral malaria and results in adverse birth consequences, during

pregnancy, when the placenta is involved.

2.4 Clinical Manifestation and Severity of Malaria

Malaria can be classified, clinically, as uncomplicated or severe. It is classified
as uncomplicated when there are symptoms and/or signs of malaria and a positive
parasitological test but no evidence of organ impairment. Symptoms that may be
associated with uncomplicated malaria are; fever (greater than 40°C with severe
rigours and chills), malaise, fatigue, headache, cough, abdominal pain, nausea,
vomiting, anorexia, myalgias, and back pain (Cohee and Laufer, 2017). Mild jaundice
due to haemolysis and splenic enlargement are some signs associated with
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uncomplicated malaria while laboratory abnormalities may include mild anaemia,
thrombocytopenia, mild coagulopathy, increased blood urea nitrogen, and elevated
creatinine level that do not meet criteria for acute kidney injury (Cohee and Laufer,

2017).

Severe malaria is mainly caused by cytoadherence of P. falciparum—infected
erythrocytes to the endothelial cells of organs. Malaria is classified as severe when a
test for the malaria parasite is positive and one or more of the following features is/are
present; impaired consciousness, prostration, multiple convulsions, acidosis,
hypoglycaemia, severe anaemia, renal impairment, jaundice, pulmonary oedema,
significant bleeding, shock, and hyperparasitaemia (Cohee and Laufer, 2017). Severe
anaemia can lead to metabolic acidosis, renal impairment, and noncardiogenic
pulmonary oedema. Cerebral malaria can present with seizures and/or decreased
consciousness, including coma, and can lead to cerebral oedema, increased intracranial

pressure, herniation and death (Cohee and Laufer, 2017).

2.5 Diagnosis of Malaria

Diagnostic test is carried out to ascertain the presence of malaria parasite in
patient. Malaria diagnostic tests are only reliable to detect blood-stage disease but not
reliable for dormant malaria in an asymptomatic patient. The diagnosis could be done
by microscopy, rapid diagnostic tests, polymerase chain reaction, and antibody

detection by serology.

Blood smear and detection by microscopy: For laboratory confirmation of malaria,
thick and thin smears are the gold standard wherein smears are stained with either
Wright’s or Giemsa stain. The thick smear is considered as the most sensitive approach

to detect low-density infection while the thin smear, which gives room for greater
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resolution of the parasite and the erythrocyte morphology, is used to ascertain the

Plasmodium density and the species (Cohee and Laufer, 2017).

Antigen-detecting rapid diagnostic tests (RDTs): These are generally cassette- or
card-based lateral flow immunochromatographic assays. Labelled antibodies detect 1
of 3 Plasmodium antigens that may or may not be species specific, depending on the
test. They could be based on the detection of histidine-rich protein Il (HRP-I1) antigen
or Plasmodium falciparum-specific lactate dehydrogenase (PfLDH). Histidine-rich
protein Il is a water-soluble protein produced by trophozoites and young but not
mature gametocytes of P. falciparum, while PfLDH is produced by asexual and sexual
stages (gametocytes) of Plasmodium. RDTs are considered useful tools for initial
diagnosis since they tend to significantly reduce the time spent on preliminary

diagnosis (Ota-Sullivan and Blecker-Shelly, 2013).

Polymerase chain reaction (PCR): Polymerase chain reaction is highly specific and
sensitive for detecting Plasmodium-specific nucleic acid sequences. Genotyping by
PCR serves as useful way to differentiate between recrudescence and reinfection
(WHO, 2010). However, the use of this method is limited by cost, speed and
availability of technology, and is not presently used for routine clinical practice

(Walker et al., 2014).

Antibody detection by serology: Immunofluorescence antibody testing (IFA) has no
place in the clinical diagnosis of acute malaria. It only measures prior exposure and not
specifically current infection. IFA is based on the knowledge that within 2 weeks of
initial infection by any Plasmodium species, specific antibodies are produced and
continues for about 3 to 6 months after clearance of the Plasmodium. Hence, specific

antigen prepared on a slide is used to quantify both IgG and IgM antibodies in the
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sample. IFA is sensitive, simple, and useful for assessing recent infection in non-
immunes, and likely blood donors. However, it wastes time, cannot be automated,

requires fluorescence microscopy, and result is subjective (Tangpukdee et al., 2009).

Quantitative buffy coat (QBC) technique: This approach enhances detection of
Plasmodium by microscopy. It utilises fluorescent dyes such as acridine orange to stain
the parasite deoxyribonucleic acid in micro-haematocrit, and then use epi-fluorescent
microscopy for detection (Tangpukdee et al., 2009). This method is sensitive for
detection of P. falciparum but not sensitive for other species. The specificity is also
reduced because it stains leukocyte DNA (Moody, 2002). Despite being a simple and
reliable technique, it is more expensive than conventional light microscopy;it requires
special equipment and supplies such as centrifuge, centrifuge tubes, filters and special
light sources and not good for determining numbers of parasites (Tangpukdee et al.,

2009).

2.6 Prevention and Treatment of Malaria

Early diagnosis and treatment is crucial to ensuring reduction of malaria cases,
Plasmodium transmission and prevention of death from malaria. Different malaria
prevention approaches are personal protection against mosquito bite, use of
insecticide-treated mosquito nets and indoor spraying of residual insecticides while
control of mosquito breeding site represents community-level intervention at reducing

malaria (WHO, 2016).

26.1 Vaccine

Unlike P. falciparum, P. vivax has wider geographical distribution but largely
absent in Africa due to the widespread Duffy-negative phenotype that renders

erythrocytes resistant to P. vivax attack (Birkett, 2016). Thus, developing vaccines that
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target all Plasmodiumspecies might prove challenging because of the lack of homology
in antigens as observed in P. falciparumand P. vivax. With pitfall of partial protection
against malaria projected, vaccine is likely to serve as potential complement to the
current set of antimalarial measures, rather than replace them (WHO, 2016), and there

is currently no approved malaria vaccine.

The development of malaria vaccine can be categorized into three approaches
with each targeting different stages of the Plasmodium life cycle. The types of
vaccines are: (i) pre-erythrocytic vaccines, whose target is to induce antibodies that
prevent hepatic attack by sporozoites and/or generate cell-mediated immune responses
that target infected hepatic cells; (ii) blood stage vaccines, which aim to protect against
clinical manifestation by inhibiting parasite multiplication; and (iii) sexual,
sporogonic, and/or mosquito stage vaccines, which aim to interrupt human-to-

mosquito transmission (Birkett, 2016).

Presently, the most advanced malaria vaccine candidate is RTS,S/AS01 and
took 30 years to get it ready to obtain approval from a major regulatory authority
(Greenwood, 2017). The phase Il trial of this candidate vaccine was conducted in
2014 with some successes and challenges. The final results established that vaccination
with the three-dose primary series reduced clinical malaria cases by 28% in young
children and 18% in infants over a median follow-up of 48 months and 38 months
respectively, after first dose across trial sites. A booster dose of RTS,S, administered
18 months after completion of the primary series, reduced the number of cases of
clinical malaria, over the study period, by 36% in young children and 26% in infants,
aged 5-17 months and 6-12 weeks respectively at first vaccination (Theander and
Lusingu, 2015). These results were achieved in conjunction with existing malaria
interventions, such as insecticide-treated mosquito nets, which were used by

16



approximately 80% of the trial participants and efficacy of the vaccine diminished over

time in both age categories (Theander and Lusingu, 2015).

The adverse effects which were observed often after RTS,S administration
include fever and local reactions such as pain or swelling but very few of the adverse
effects were severe (Agnandji et al., 2012). The effectiveness of the vaccine, in infants
at ages 6-12 weeks, was reduced when administered with routine expanded
programme of immunization (EPI) vaccine, and older children (but not in younger
children) had an increase in cases of unexplained meningitis (Theander and Lusingu,

2015).

2.6.2 Antimalarial Drugs

Antimalarial agents target different points of the Plasmodium life cycle, and
thus can be classified as: (i) tissue schizonticides such as pyrimethamine and
primaquine, which act against hepatic schizonts, thereby functioning as prophylactic
agents and preventing invasion of erythrocytes; (ii) hypnozoiticides such as
primaquine, which act against intrahepatic stages of P. vivax and P. ovale, thereby
preventing relapses from the dormant phases; (iii) blood schizonticides such as
chloroquine, mefloguine, quinine, pyrimethamine, halofantrine, sulfadoxine, and
tetracyclines, which act against the asexual intraerythrocytic stages of
Plasmodiumspecies, thereby terminating the clinical manifestation of malaria; and (iv)
gametocytocides such as primaquine and chloroquine, which act against the
intraerythrocytic sexual forms of Plasmodium, thereby preventing transmission from

human to mosquito (Schlitzer, 2007).

17



2.6.21 Classification of Antimalarial Drugs Based on Chemical Family

Based on chemical class, antimalarial drugs can be grouped as 4-
aminoquinolines, arylamino alcohols, 8-aminoquinolines, antibiotics, antifolates,

naphthoquinone, and sesquiterpene lactones (WHO, 2010).

2.6.2.11 4-Aminoquinolines

The 4-aminoquinolines complexes with ferriprotoporphyrin 1X (FPP) in the
digestive vacuole, thus preventing its polymerization. This action of 4-
aminoquinolines ensures that the product of haemoglobin degradation remains toxic to
the parasite (O'Neill et al., 2006). Mutation of the transport protein on the parasite
digestive vacuole facilitates the efflux of antimalarial drugs, thus leading to emergence
of resistance (Wellems, 2004; Bray et al., 2005). Amodiaquine and chloroquine are

examples of 4-aminoquinolines.

2.6.21.1.1 Chloroquine

Chloroquine (CQ) has been the most used single drug for the treatment of
malaria (Stocks et al., 2001) and was effective until resistant strains started to emerge
in the 1960s (Schlitzer, 2008). It is relatively tolerated by the body and has its
therapeutic effect at the dosage of 10 mgkg? b.wt, but with small selective index
(Taylor and White, 2004). Adverse effects associated with chloroquine usage at
therapeutic dosage include; dizziness, headache, nausea, malaise, dysphagia, pruritus,
visual hallucinations, and confusion (Costedoat-Chalumeau et al., 2015; Bogaczewicz
and Sobdw, 2017). Long-term usage can cause rare but serious side effects such as
retinopathy, neuromyopathy and bone-marrow toxicity (Schlitzer, 2007). While most

strains of P. vivax, P. malariae, and P. ovale remain sensitive to chloroquine, more
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than 80% of field isolates of P. falciparum have been reported to be resistant to

chloroquine (Ginsburg, 2005).

Though the mechanism of action of chloroquine remains debateable, a common
consensus is that it acts by inhibiting the polymerization of haem in the digestive
vacuole of the parasite during its erythrocytic stage (Schlitzer, 2007). The digestion of
the protein component of haemoglobin by various proteases yields peptides and haem,
and the oxidation of the central iron in haem produces ferriprotoporphyrin IX also
called haematin (Banerjee and Goldberg, 2001) which can cause membrane disruption,
hence its toxicity to the parasite. Chloroquine interacts and forms complex with this
ferriprotoporphyrin 1X, thus preventing its polymerization by the parasite into a non-
toxic insoluble molecule called hemozoin. The accumulation of ferriprotoporphyrin

IX, and its chloroguine complex, therefore Kills the parasite (Schlitzer, 2007).

2.6.2.1.2 Arylamino alcohols

Arylamino alcohols seem to interfere with the digestion of haem but its
mechanism of action appears to be different from that of 4-aminoquinolines (Hoppe et
al., 2004). Resistance to arylamino alcohols appears to be mainly caused by
polymorphisms of the pfmdrl (P. falciparum multidrug resistance 1) gene which codes
for the transport protein located on the membrane of digestive vacuole (Woodrow and
Krishna, 2006). Changes in pfmdrl sequence or copy number alters sensitivity to many

antimalarial drugs.

The arylamino alcohols are quinine, mefloquine, halofantrine and lumefantrine.
Some adverse effects associated with quinine include nausea, headache, tinnitus,
hearing impairment, dysphoria, blurred vision, and arrhythmogenic potential

(Schlitzer, 2007), while neuropsychiatric side effects, such as insomnia, depression,
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and panic attacks are associated with mefloquine. High risk of cardiac arrhythmias is
associated with halofantrine and its usage has been stopped in several countries, but
lumefantrine is not associated with this risk, though it has lower antimalarial activity

compared to halofantrine (Schlitzer, 2008).

2.6.2.1.3 8-Aminoquinolines

The only member of 8-aminoquinoline presently in use is primaquine. It is
distinguished from other antimalarial agents as it acts against both the hepatic stage
and sexual erythrocytic forms of all human Plasmodium species, and remains the only
antimalarial drug approved for radical (anti-relapse) treatment of P. vivax (Schlitzer,
2008). Primaquine has the adverse effect of being potentially life-threatening causing
haemolysis in people with glucose-6-phosphate dehydrogenase (G6PD) deficiency, a

common genetic polymorphism in Africa (Taylor and White, 2004).

2.6.2.14 Antibiotics

Numerous antibiotics act against protein biosynthesis process of the
mitochondrion and/or the apicoplast. Their action is usually directed towards parasite
that invade a new (secondary) cell but not initial intracellular phase, hence they have
delayed activity which is described as “delayed death phenotype” or “delayed kill
effect” (Dahl et al., 2006). They are therefore usually used in combination with faster
acting antimalarial agents such as artesunate or fosmidomycin (Schlitzer, 2008).
Examples of antibiotics used in malaria treatment are azythromycin, clindamycin, and

doxycycline.

2.6.2.15 Antifolates
Antifolates act against dihydropteroate synthase (DHPS) and dihydrofolate

reductase (DHFR), which are enzymes of tetrahydrofolate biosynthesis (Plowe, 2001).
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Inhibitors of DHPS act as false substrates of DHPS or as competitive inhibitors of 4-
aminobenzoic acid, and have weak antimalarial activity but act synergistically with
inhibitors of DHFR. Sulphonamides such as sulphadoxine and dapsone inhibit DHPS
while pyrimethamine and cycloguanil inhibit DHFR. Mutation over the years has
caused substantial resistance against DHPS inhibitors (Schlitzer, 2008), likewise
DHFR. The mutational status of DHFR is the key factor that determines the success of

antifolate combination (Krudsood et al., 2005).

2.6.2.1.6 Naphthoquinone

Naphthoquinone causes quick fall of the mitochondrial membrane potential by
inhibiting the mitochondrial electron transport chain. It accomplishes this by attaching
to the ubiquinone binding site of cytochrome bci complex, thereby preventing the
mobility of an iron-sulphur cluster protein that is essential for electron transport
(Vaidya and Mather, 2005). Example of a naphthoquinone is atovaquone. The usage of
atovaquone as a single agent has resulted in treatment failure with emergence of
resistant strains. The sensitivity of cytochrome bcl complex to atovaquone is reduced
by over 1000-fold, due to alteration in a single amino acid composition of the

ubiquinone binding site (Looareesuwan et al., 1999; Srivastava et al., 1999).

2.6.2.1.7 Sesquiterpene Lactones

This refers to artemisinin, its derivatives and analogues. Artemisinin is the
active antimalarial ingredient of Artemisia annua (sweet wormwood). The
sesquiterpene lactones act mainly against the ring stages of thelife cycle of
Plasmodiumspecies. They act early and are capable of reducing the parasite biomass in
a single asexual cycle by about 10,000-fold (Woodrow et al., 2005), hence are the

most active and rapid acting antimalarial agents so far. The endoperoxide bridge is the
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main structural feature of the artemisinins, and is thought to be cleaved by

intraparasital iron-11 sources to produce carbon-centred radicals (Schlitzer, 2008).

The sesquiterpene lactones include artemisinin, arteether, artemether,
artesunate, and dihydroartemisinin, of which artemether and artesunate are the most
widely used derivatives of artemisinin (Schlitzer, 2008). Artemether is better resorbed
from the gastrointestinal tract and more lipophilic than artemisinin, hence tolerating
oral administration (Kokwaro et al., 2007), while artesunate is an unstable drug and the
cleavage of its succinic ester releases dihydroartemisinin as the active agent.
Artesunate has the advantage of being water soluble and can be administered for the
treatment of severe malaria via intravenous route (Schlitzer, 2008). Animal
experiments suggest neurotoxicity to be a concern regarding the use of artemisinin
derivatives due to their biotransformation into dihydroartemisinin (Schmuck et al.,

2002).

2.6.2.1.7.1 Artemisinin-based Combination Therapies

Artemisinin-based combination therapy (ACT) is currently the best available
treatment option approved for P. falciparum (WHO, 2016), and are formulated as
combinations of artemisinins, mostly artesunate, with drugs such as amodiaquine,
mefloquine, and sulfadoxine/pyrimethamine that were losing their efficacy as

monotherapy (Schlitzer, 2008).

Artemisinins have the advantage of greatly reducing parasite loads by about
60% within 48 hours of commencement of administration but the disadvantage of
having short plasma half-life of about 1 hour; hence, it is usually partnered with
another drug that has far higher plasma half-life (Dondorp et al., 2017). Therefore, the

partner drug has a mandatory function of clearing the remaining parasite load.
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The partner drug in an ACT should be sufficiently effective against the parasite
otherwise, failure rate of ACT will be high even without artemisinin resistance
(Gadalla et al., 2013; Mishra et al., 2014). And in areas with artemisinin resistance, the
partner drug in ACT should be highly efficacious against the parasite without having
to depend on the artemisinin component (Dondorp et al., 2017), otherwise, high failure
rate will arise. Examples of ACTs are artesunate-amodiaquine, artesunate-mefloquine,
artesunate-sulfadoxine/pyrimethamine, artesunate-chlorproguanil/dapsone, artemether-

lumefantrine, and dihydroartemisinin-piperaquine.

2.7 Resistance and Limitations of Therapeutic Options

The misuse or indiscriminate use of antimalarial drugs results in selective
pressure, hence resistant strains, arising through mutations in sites of drug targets
and/or biochemical alterations in the drug receptors (Foley and Tilley, 1998;
Vennerstrom et al., 1999). The spread of resistant strains has rendered antimalarial
agents, that were once the hallmark of treatment, ineffective in most malaria-
threatened areas (Schlitzer, 2008). Resistance of malaria parasite to artemisinin was
first described in the year 2008, and artemisinin-based combination therapies (ACTS)
which are presently used as the first-line treatment for uncomplicated malaria caused
by P. falciparum are also increasingly losing their effectiveness as resistance continue

to emerge (Dondorp et al., 2011).

Artemisinin is best known for its ability to quickly clear ring-stage parasite
hence artemisinin resistance is easily described by lower rate of blood parasite
clearance, expressed as increase in parasitaemia half-life or as higher number of patient
remaining parasitaemic at 72 hours after commencement of treatment (Flegg et al.,

2011; White, 2011).
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Of note is that emergence of artemisinin resistance also facilitates the
emergence of resistance towards the partner drug in an ACT and this is so because the
partner drug alone is now exposed to high residual parasite biomass even after the 3-
day ACT regimen, hence giving room for selection of partner drug resistance and
consequently high treatment failure of artemisinin combination therapies (Dondorp et
al., 2017). High failure rates are now being recorded with usage of ACTs containing
mefloquine and piperaquine in malaria treatment (Spring et al., 2015; Phyo et al.,

2016).

Increase in treatment failure will ultimately lead to increase in the transmission
of resistant strain of the parasite and this is made worse by the fact that both
recrudescent infections, and infections with artemisinin-resistant parasites have higher
gametocyte densities (Bousema and Drakeley, 2011; Ashley et al., 2014). Continuous
emergence of resistant strains of Plasmodiumspecies poses a serious threat to malaria

treatment and elimination efforts globally.

2.8 Approaches to Drug Development

There are diverse approaches to developing antimalarial drugs, and several

significant current efforts include, but are not limited to, the following:

i.  Optimization of therapy with available drugs, including the use of combined
therapy;
ii.  Development of analogues of existing agents;
iii.  Discovery of natural antimalarial products;
iv.  Investigation of compounds that were originally developed to treat other
diseases;
v.  Evaluation of drug resistance reversers; and

vi.  Chemotherapeutic exploitation of novel molecular targets (Rosenthal, 2003).
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28.1 Drug Combination

Combination of chemotherapeutic agents appears to be essential for malaria
control, given the increase in resistance of Plasmodium speciesto monotherapy and

advantages associated with combination therapy over monotherapy (Boni et al., 2008).

Combination therapies offer the advantage of improved efficacy. Though the
combinations should be carefully chosen such that it offers additive or synergistic
potency rather than antagonistic potency (Fidock et al.,, 2004). Also, drug
combinations increase the chance of retaining clinical activity against parasite in case
of emergence of resistance, more so that drug combinations are expected to reduce
cases of resistance given their ability to attack the parasite from multiple points
(Plowe, 2007). Also, if the combination of drugs is active against different cellular
targets on the parasite, it may offer the advantage of decrease in dosage of individual

drug, consequently reducing toxicity and/or cost (Fidock et al., 2004).

It is important that the chemotherapeutic agents to be combined are both new
drugs in the treatment of malaria. This is to ensure that resistant parasites to either
agent are not already in circulation. Also, the agents should be efficacious and
preferably have similar pharmacokinetics to ensure that a single agent is not exposed to
resistance pressure (Fidock et al., 2004). Unfortunately, it is challenging to have

combination of agents that fulfil all these requirements.

2.9 Molecular Targets for Antimalarial Activity

Improved understanding of the biochemistry of Plasmodium species has led to
identification of some sites on malaria parasite which are viable targets for antimalarial
drugs (Figure 2). Some targets such as dihydrofolate reductase are shared by both

human host and the parasite, although with some structural differences which are
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exploited. On the other hand, some of these pathways or targets, such as haemozoin,
are only present and/or important to the parasite but not to the human host (Fidock et
al., 2004). Inhibition of these targets suggest antimalarial capability of a compound,
and could help unravel the mechanism of action of antimalarial agents. The different
sites on the parasite that can be targeted for antimalarial action are; cytosol, food

vacuole, mitochondrion, membrane, and apicoplast.

29.1 Cytosol of Plasmodium species

Some of the pathways in the parasite cytosol and molecules that can be targeted
by antimalarial agents are folate metabolism (dihydrofolate reductase, dihydropteroate
synthase), glycolysis (thymidylate synthase, lactate dehydrogenase, peptide
deformylase), protein synthesis (heat-shock protein 90), glutathione metabolism

(glutathione reductase), and signal transduction (protein kinases) (Fidock et al., 2004).

29.1.1 Inhibition of Parasite Lactate Dehydrogenase

Unlike eukaryotes, P. falciparum appears to have incomplete tricarboxylic acid
cycle (TCA) enzymes and a mitochondrial electron transport chain that is not coupled
with ATP synthesis. Hence the parasite relies on anaerobic glycolysis for its source of

ATP (Schlitzer, 2007).
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Figure 2. Representation of intracellular sites in Plasmodiumspecies as targets for
antimalarial drugs

Source: Fidock et al. (2004).
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The parasite lactate dehydrogenase (pLDH) is a cytosolic enzyme that catalyses
the final step in the glycolytic pathway. The enzyme is a 2-hydroxy acid
oxidoreductase that catalyses the interconversion of pyruvate and lactate, with the
concurrent interconversion of NADH and NAD™ (Penna-Coutinho et al., 2011). In
Plasmodium species, LDH functions as the main source of NADH regeneration from
NAD™, and since the supply of NADH is a requirement for glycolysis, inhibition of the
enzyme could starve the parasite of energy, impair its development, and cause its

subsequent death (Cameron et al., 2004).

The LDH of P. vivax, P. malariae, and P. ovale are closely related to those of
P. falciparum lactate dehydrogenase (PfLDH) having about 90% similarity (Penna-
Coutinho et al., 2011). But PfLDH varies from the human isozymes of LDH, having a
five-residue addition in the substrate-specificity site, change in sequence, and shows
other structural and kinetic differences (Cameron et al., 2004). Hence, any compound
that inhibit the activity of PFLDH could disrupt the glycolytic pathway of the parasite,

and has potent antimalarial potential (Read et al., 1999).

2.9.2 Food VacuoleofPlasmodiumspecies

The parasite digestive vacuole is an acidic (pH 5.0-5.4) organelle where,
among other processes, haemoglobin degradation and haem polymerization (Figure 3)
take place. Essential to these processes are proteins such as aspartic proteases
(plasmepsins), cysteine protease (falcipain), metalloprotease (falcilysin), and haem

polymerase (Banerjee and Goldberg, 2001).
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Figure 3: Illustration of haemoglobin ingestion and degradation by Plasmodium
species

Source: Deshmukh and Trivedi (2014).
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29.2.1 Haemoglobin Degradation

The de novo synthesis of amino acids during intraerythrocytic stages of
Plasmodiumspecies is very limited, hence the parasite relies on the amino acids from
extracellular environment and degradation of haemoglobin for its protein synthesis
(Banerjee and Goldberg, 2001). The parasite also degradeshaemoglobin at a rate that
exceeds its need for amino acids, and the excess is diffused out. This is essentially to
create space within the erythrocyte (host cell) because more space is needed for the
parasite development as it multiplies during this intraerythrocytic phase (Ginsburg,
1990). The parasite also degrades haemoglobin to preserve its osmotic stability (Lew et

al., 2003).

During very early ring stages of development, the parasite may obtain nutrients
micro-pinocytotically from the host erythrocyte cytosol (Banerjee and Goldberg,
2001). While during advance stages of development such as trophozoite stage,
haemoglobin in the cytosol of host erythrocyte is taken up by the cytostome which is
formed by the parasite plasma membrane and the parasitophorous vacuole membrane.
Transport vesicles shoot off from the cytostome, move towards the digestive vacuole
and fuse with it (Slomianny, 1990; Goldberg, 1993). The transport vesicle is
hypothesized to be lysed by a phospholipase, therefore discharging its contents

(Krugliak et al., 1987).

The catabolism of haemoglobin seems to be the primary interest of the
digestive vacuole rather than general protein catabolism (Banerjee and Goldberg,
2001). The haemoglobin tetramer is made up of polypeptide chains called globin, and
prosthetic group of haem. The globin component is catabolised by different proteases

in semi ordered steps. The action of plasmepsins 1-1V (aspartate proteases) is followed
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by the action of cysteine protease called falcipain, and further by the action of zinc
protease called falcilysin (Ersmark et al., 2006). These result in the generation of small
peptides which are transported out of the parasite digestive vacuole into its cytosol,
and are hydrolysed into amino acids by the action of aminopeptidases (Gavigan et al.,

2001).

Inhibition of these proteases results in the accumulation of haemoglobin
thereby starving the parasite of nutrients, and denying it the space needed for its
development, which ultimately leads to the death of the parasite (Banerjee et al.,
2002). Hence, inhibiting these proteases is of therapeutic importance in the treatment

of malaria.

29.2.1.1 Plasmepsins

The plasmepsins are aspartic proteases formerly referred to as aspartic
haemoglobinases. In P. falciparum, plasmepsinsl to X (PIm I to X) have been
identified, with plasmepsin 111 aptly called histo-aspartic protease (HAP) (Coombs et
al., 2001). The transcription of PIm | takes place during the early ring stage of the life
cycle ofPlasmodium species while PIm Il is optimally transcribed during the
trophozoite stage (Francis et al., 1997a). HAP and PIm IV become detectable from
trophozoite stage and all PIm I, II, IV and HAP are expressed to schizont stage
(Banerjee et al., 2002). The proplasmepsins (proenzyme forms) are processed into
mature forms by proplasmepsin convertase, which itself has been proposed as

promising target (Banerjee et al., 2003).

Plasmepsin I, I, and IV and HAP are expressed during the erythrocytic stage
of Plasmodium species development;they are present in the digestive vacuole and are

involved in degradation of haemoglobin, while PIm V, 1X, and X are expressed during

31



this stage but appear not to function in the digestive vacuole. On the contrary, the
expression of PIm VI, VII, and VIII is during the exo-erythrocytic stage of

Plasmodium development (Banerjee et al., 2002).

Both PIm | and Il have amino acid sequence similarity of about 73%, while
PIm IV and HAP have about 60% identity with PIm | and Il (Dame et al., 1994;
Muraleedharan and Avery, 2007). The active site region of PIm I, Il, and IV contains
two aspartic acid residues, Asp32 and Asp215, while HAP has histidine in place of

Asp32 (Berry et al., 1999).

In the degradation of haemoglobin, PIm | and Il appear to act first, cleaving
native haemoglobin in the hinge region of the alpha chain at peptide bond Phe33-
Leu34 (Gluzman et al., 1994), while HAP and PIm IV seem to act later, preferring to
break down globin rather than native haemoglobin (Banerjee et al., 2002). The
combination of these proteases acts synergistically, leaving haemoglobin faster than
isolated action of each enzyme (Liu et al., 2005). Activities of Plasmepsins remain
high after complete degradation of haemoglobin at schizont stage, therefore suggesting

additional functions (Banerjee and Goldberg, 2001).

Inhibitors of PIm has been shown to cause the death of Plasmodium, both in
vitroand in vivo (Bailly et al., 1992; Boss et al., 2003; Ersmark et al., 2006), hence
proving PIm to be a viable drug target. Despite the similarity in sequence, the response
of each PIm to inhibitors differs (McGillewie and Soliman, 2015), and chemical agents
that can inhibit several PIm would be more efficient at killing the parasite and may
delay emergence of resistance (Ersmark et al., 2006). Mammalian aspartic protease
such as lysosomal enzyme cathepsin D, which is the closest human equivalent to PIm

differ from it by about 65% (Dame et al., 1994; Muraleedharan and Avery, 2007).
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Hence, cathepsin D could serve as marker for inhibitor selectivity of the host cell or

the parasite (McKay et al., 2011).

29.2.1.2 Falcipain

Falcipains are cysteine proteases localized in the digestive vacuole of the
parasite, and falcipains 1, 2, 2’, and 3 have been identified. They contain cysteine in
their catalytic site with which they hydrolyse susceptible peptide bonds through
nucleophilic attack on the carbonyl carbon (Rosenthal, 2004). Falcipain-1 is encoded
on chromosome 14, while others are encoded on chromosome 11. Falcipain-1 differs
from others, having 40% sequence similarity to falcipain-2 and falcipain-3 (Sijwali et
al., 2004). Falcipain-2 and falcipain-2' share 99% homology in the catalytic domain,
while falcipain-2 and falcipain-3 have 68% similarity in sequence identity, and have
catalytic domain amino-terminal extension that is absent in falcipain-1 (Rosenthal,

2004).

Falcipain-2 is expressed earlier than other falcipains and it is vital for
haemoglobin degradation (Rosenthal, 2013). Falcipain-2 and falcipain-3 can partially
cleave native haemoglobin but cleaves denatured globin faster, causing hydrolysis at
multiple sites, and require reducing environment in the parasite digestive vacuole,
which appears to be sufficiently provided by reductants such as cysteine and
glutathione (Rosenthal, 2004). Falcipain-2 is the most prominent of the cysteine
proteases performing about 90% of cysteine protease activity during trophozoite stage
at which majority of haemoglobin degradation takes place (Shenai et al., 2000).
Falcipain-1 seems to be essential for oocysts production during parasite development

in mosquito (Rosenthal., 2013).
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The development of the parasite is hindered by inhibitors of falcipain
(Rosenthal., 2013). Inhibition of cysteine proteases has been reported to cause swelling
of the parasite digestive vacuole suggesting that the parasite transports cytosol contents
of erythrocyte into its digestive vacuole unhindered, but its degradation of
haemoglobin is inhibited as proven by the accumulation of large quantities of uncut
native haemoglobin (Rosenthal, 1995; de Dominguez and Rosenthal, 1996; Rosenthal,
2004). Hence, the role of initial cleavage of native haemoglobin is not limited to

plasmepsin.

Inhibition of cysteine proteases appears to also block the rupture of infected
erythrocyte thereby preventing the release of infective merozoites which are needed to
reinitiate the parasite asexual cycle in other erythrocytes (Salmon et al., 2001;

Wickham et al., 2003; Rosenthal, 2004).

2.9.2.2 Haem Polymerization

The digestion of the protein part of haemoglobin leaves behind the potentially
toxic heme part, and the oxidation of the central iron in haem produces
ferriprotoporphyrin 1X (FPP), also called haematin (Banerjee and Goldberg, 2001).
Free haem and haematin cause toxicity through peroxidation of membranes, enzyme
inhibition, productionof reactive species and impaired leukocyte function (Orjih et al.,
1981; Schwarzer et al., 1992). Ferriprotoporphyrin IX can also compete with NADH
for the active site of Plasmodium LDH resulting in parasite death (Egan and Ncokazi,
2005). To circumvent the toxicity threat of FPP, the parasite polymerizes the soluble
FPP to insoluble, crystalline, non-toxic substance called haemozoin, also referred to as

malaria pigment (Egan, 2003). It has been suggested that in the digestive vacuole,
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histidine-rich protein (HRP) Il and 111 promote polymerization of haematin (Sullivan et

al., 1996).

Compounds that inhibit polymerization of FPP can cause the death of
Plasmodiumspecies, hence their antimalarial activity (Krettli et al.,, 2009). The
quinoline derivatives are suggested to prevent formation of haemozoin by complexing
with haematin (Ncokazi and Egan, 2005). Chloroquine is a known inhibitor of haem
polymerisation.Notwithstanding the emergence of chloroquine-resistant strains,
inhibition of haem polymerisation remains a viable target since the process of
polymerization inhibition appears not to depend on any enzyme (Sanchez and Lanzer,
2000). Also, mutation could only result in production of altered proteins essential for
drug action either to transport drugs, or bind drugs. Therefore, resistance strain cannot

emerge against this target by a simple mutation (Wiesner et al., 2003).

The synthetic equivalent of haemozoin is f-haematin, and the in vitro inhibition
of B-haematin formation allows for the study of antimalarial capacity of compounds

(Ncokazi and Egan, 2005).

2.10 In silico Drug Evaluation

Docking is an important approach in drug design and discovery process
(Kitchen et al., 2004). Molecular docking also called in silico study refers to computer-
aided method for predicting the orientation of ligand within the receptor (protein)
binding site, and the stability of the complex formed (Meng et al., 2011). Molecular
docking is performed to forestall the binding orientation of chemical compounds to
target proteins. This enable the determination of the intermolecular interactions that
stabilize the ligand-receptor complex, and the prediction of binding affinity and

activity of such compounds (Huang and Zou, 2010; Chaudhary and Mishra, 2016).
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Both the ligand and receptor can be modelled with software or obtained from
appropriate database. The docking type could be rigid or flexible. In rigid docking
(lock and key docking), both the ligand and receptor are kept fixed during the docking
process, while in flexible docking (induced fit docking), the ligand, and receptor are
conformationally flexible with the best pose selected from calculated free energy and

surface orientation (Trosset and Scheraga, 1999).

Molecular docking software searches a large conformational space of possible
binding modes, and predict the binding energy associated with each conformation
(Kapetanovic, 2008). Hence, in silico study aims to determine the optimized
conformation in which the free energy of the system is minimized (Chaudhary and
Mishra, 2016), therefore enabling the prediction of the biological activity associated

with the ligand.

In silico methods can be used to: identify drug targets, analyse active sites on
the target molecule, study drug-likeness of ligand, dock ligand to receptor, rank the
binding affinities and optimize ligands to improve binding features (Maithri et al.,

2016).

At variance with what is obtainable in biological system, the solvent molecules
are removed from consideration in molecular docking, leaving behind the ligand and
receptor. This is to reduce the enormous degree of freedom number connected to
solvent molecules, therefore allowing effective sampling of the search space (Sousa et

al., 2006).

2.11 Combination of Compounds from Medicinal Plants

Over the years, there has been a shift from monotherapy to multidrug therapy,

and this is especially so because of loss of effectiveness of drugs due to rapid upsurge
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in resistance associated with monotherapy. Also, since multidrug promotes targeting
multiple site of action to achieve optimum therapeutic effect, hence the preference and

advocacy for combination approaches (Kerbel et al., 2001; Degenhardt et al., 2010).

In traditional practice, the formulation of antimalarial as mixture of several
plants or plant parts is an age long approach. This allows interactions of chemical
components of plants such as alkaloids, polyphenols, and terpenoids which have
diverse biological activities to produce combined therapeutic efficacy (Rasoanaivo et
al., 2011) such as antimalarial and antioxidant activities. Such synergy is observed, for
instance, in combination of polyphenols and terpenoids in which the polyphenols bind
different molecular targets like proteins or glycoproteins, while the terpenoids have
affinities for cell membranes, thereby working synergistically to permeate through cell
membrane of invading organism to exert therapeutic effect (Wagner and Ulrich-
Merzenich, 2009). In other situations, a component of the combination of secondary
metabolites may not directly contribute to the therapeutic effect, but may function to
enhance the overall efficacy of the other active components of the combination (Yang
et al., 2014), like is observed in reported cases of piperine combination with curcumin,
ampicillin, or metronidazole (Shoba et al., 1998; Amar et al., 2010; Janakiraman and

Manavalan, 2011).

2111 Alkaloids

Alkaloids are cyclic, organic, nitrogen-containing bases present in diverse
plants. They represent a group of secondary metabolites with various structures and
functions (Roberts and Wink, 1998; Grycova et al., 2007). While majority of
alkaloids have only one nitrogen atom in their chemical structure, some possess up to

five. The nitrogen atom(s) may occur as primary amine (RNHz), secondary amine
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(R2NH) or a tertiary amine (RsN) (Robbers et al., 1996). Most alkaloids are colourless
with a bitter taste, and are isolated in crystalline, amorphous, and non-volatile forms
except low molecular weight alkaloids and those without oxygen atom in their

structure, which occur in liquid form (Kukula-Koch and Widelski, 2017).

Rather than as free bases, alkaloids exist in tissues of plant as water-soluble
salts of organic acids, esters, or combined with tannins or sugars (Kukula-Koch and
Widelski, 2017). With few exceptions, alkaloids in the free base form are sparingly
soluble in water but soluble in nonpolar organic solvents, whereas their salts are
soluble in water but sparingly soluble in organic solvents (Kukula-Koch and Widelski,

2017).

Alkaloids have been reported to possess pharmacological properties such as
antifungal, anti-inflammatory, antimicrobial, antiplasmodial, antioxidant, antiviral and

vasodilatative activities and they also act as enzyme inhibitor (Wansi et al., 2013).

The classification of alkaloids can be done according to chemical structure,
biochemical origin and/or natural origin (Evans, 2009). Based on chemical structure,
those that contain nitrogen in the side chain are called non-heterocyclic alkaloids (also
referred to as biological amines or proto-alkaloids), while those that contain nitrogen in
the heterocyclic ring are called heterocyclic alkaloids (also referred to as typical
alkaloids), which can further be sub-classified, based on the ring type as indole,
isoquinoline, norlupinane, piperidine, pyridine, pyrrole, pyrrolidizine, and quinoline

alkaloids (Wansi et al., 2013).

21111 Palmatine

Palmatine is a yellow quaternary protoberberine alkaloid found in many plants

(Pustovidko et al., 2013; Dhingra and Bhankher, 2014). The structure of palmatine
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(Figure 4) consists of 5,6-dihydrodibenzo(a,g)quinolizinium, a tetracyclic skeleton,

with four methoxy groups at positions 2, 3, 9, and 10 (Vrba et al., 2015).

Palmatine has been isolated from several medicinal plants such as Berberis
vulgaris (Fatehi et al., 2005), Tinospora cordifolia (Giri et al., 2006), Fibraurea
tinctoria (Su et al., 2007), Coptidis rhizome (Jung et al., 2009), Mahonia oiwakensis

(Chao et al., 2013), Coptis chinensis and Berberis aristata (Lo et al., 2013).
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Figure 4: Structure of palmatine

Source: Liu et al. (2013).
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Palmatine has been identified as the major antiplasmodial agent in Enantia
chlorantha (Vennerstrom and Klayman, 1988) and leaf of Annickia kummeriae
(Malebo et al., 2013), and as the pharmacologically active constituent of some other
plants, demonstrating significant anti-inflammatory effect, hepatoprotective activities,
memory enhancing effect, antidepressant activity, antimicrobial and antimalarial
activities (Smith, 1994; Dhingra and Kumar, 2012; Zhang et al., 2012; Dhingra and

Bhankher, 2014).

The bioavailability of palmatine has been reported to be apparently low in rats
after oral administration (Ma and Ma, 2013), and this has been attributed to

metabolism by intestinal microflora and liver microsomes (Yang et al., 2009b).

The in vitro antiplasmodial activity of palmatine against multi-drug resistant
K1 strain of P. falciparumhas been reported, having anlCso of 0.08 pg/mL and

selectivity index (SI) of 1,154 (Malebo et al., 2013).

211.1.2 Piperine

Piperine (1-piperoyl piperidine) is an amide alkaloid (Figure 5) found in Piper
nigrum L. (black pepper) or Piper longum L (long pepper). Black pepper is a
commonly used component of herbal antimalarial preparation (Jantarat, 2013), and
piperine isolated from it has been reported to act as bioenhancer of other compounds

(Lambert et al., 2004).
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Figure 5: Structure of Piperine

Source: Cho and Yoon (2015).
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The bioavailability and metabolism of chemical agents can be greatly altered
by other plant constituents. This can be achieved through several mechanisms such as
increase in permeability of the membraneof Plasmodiumspecies to antimalarial agents,
inhibition of pump mechanisms for drug efflux, modification of absorption,
distribution, metabolism and excretion of active constituents (Williamson, 2001;

Spinella, 2002; Gilbert and Alves, 2003).

Piperine has been reported to enhance the bioavailability of curcumin by about
2000%. This was suggested to be due to the inhibition of glucuronidation by piperine,
and reduction of gastrointestinal transit rate (Shoba et al., 1998). It has also been
reported to enhance bioavailability by inhibiting efflux transporter (P-glycoprotein),
and hepatic and non-hepatic drug metabolising enzymes (Bhardwaj et al., 2002). Both
P-glycoprotein and cytochrome P450 3A4 (CYP3A4) which piperine inhibits play
major role in first-pass elimination of many drugs (Kesarwani and Gupta, 2013). It was
also reported that 20mg/kg body weight of piperine enhanced the serum concentration,
absorption and bioavailability of curcumin in both rats and humans with no adverse

effects (Shoba et al., 1998).

And piperine has also been reported to possess no antimalarial activity
(Martinelli et al., 2008). Thus, piperine may serve as a bio-enhancer for other natural
products/synthetic compounds. However, piperine may not enhance bioavailability of
all drugs, and may be inconsistence with some drugs (Kesarwani and Gupta, 2013).

Therefore, for best result, its usage may follow traditional recommendation.

Piperine may be essential in chemotherapeutic formulation against malaria
because bioenhancer may help delay/prevent emergence of drug resistance by

increasing the absorption of drugs, altering activities of drug metabolising enzymes,
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altering efflux transporter, delaying drug excretion, and enhancing drug affinity for

targets (Kumar et al., 2018).

2.11.2 Polyphenols

Polyphenols, also called phenolics, refer to a group of compounds that have
one or more aromatic rings as well as one or more hydroxyl groups (Dai and Mumeper,
2010). The phenolics function generally as defence chemicals against ultraviolet
radiation, pathogens, parasites and predators (Dai and Mumper, 2010). The presence of
hydroxyl groups and their relative position to the carboxylic group appears to be

essential in determining the biological activity of polyphenols (Lu et al. 2006).

In animal and human, polyphenols have been shown to; have protective effects
against oxidative stress, improve cardiovascular health, modulate signaling pathways,
and have antimalarial effects (Hamilton et al., 2004; Jayeola et al., 2011; Giovannini
and Masella, 2012; Khurana et al., 2013). The antioxidant capacity of polyphenols is
suggested to be enhanced when combined with other antioxidants (Dai and Mumper,
2010). Phenolics are water-soluble and have the major problem of bioavailability, but

this can be improved by using bioenhancers (Kesarwani and Gupta, 2013).

Polyphenols can be categorized as phenolic acids, flavonoids, tannins and the
less common stilbenes and lignans (Dai and Mumper, 2010). The phenolic acids
category can be sub-classified as derivatives of benzoic acid such as methyl gallate,
and derivatives of cinnamic acid such as coumaric, caffeic and ferulic acids (Dai and

Mumper, 2010).
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211.2.1 Methyl gallate

Methyl gallate (methyl 3,4,5-trihydroxybenzoate), a methyl ester of gallic acid,
is a phenolic compound that is present in many plants (Fan et al., 2014). This
derivative of gallic acid has some hydroxyl groups (Figure 6) through which it can
form bonds with many targetbiomolecules such as enzymes, carriers, ion channels, and
receptors, causing their alteration, thereby exhibiting its therapeutic activities (Wang,

2007).

Methyl gallate has been isolated from diverse plants and plant parts. Among
other plants and parts, it was reportedly isolated from leaf of Sapium sebiferum (Kane
et al., 1988), leaf of Toona sureni (Ekaprasada et al., 2009), seed kernel of Mangifera
indica (Nithitanakool et al., 2009), stem bark of Entada abyssinica (Teke et al., 2011),
leaf of Alchornia cordifolia (Okomor et al., 2012), fruit and stem bark of Dacryodes
edulis (Atawodi et al. 2009; Zofou et al., 2013) and the seed coat of Givotia

rottleriformis (Kamatham et al., 2015).

Methyl gallate has been reported to be capable of diverse biological activities
such as antioxidative, anti-asthmatic, anti-inflammatory, anti-tumour, antiviral,
vasodilative and immune modulatory activities, with attenuation of oxidative stress,
and protection against DNA damage (Chaubal et al., 2005; Acharyya et al., 2012;
Asnaashari et al., 2014; Choi et al., 2014; Khurana et al., 2014). Also reported, is the
strong bactericidal effect of methyl gallate, which it exhibits through inhibition of
bacterial respiratory functions, thereby interfering with their energy metabolism (Fan

et al., 2014).
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Figure 6: Structure of methyl gallate

Source:Lee (2013).
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While methyl gallate and other low molecular weight phenolic compounds can
act as antioxidants, they also possess the ability to act as pro-oxidants, interacting with
target molecules to elicit therapeutic effects (Hagerman et al., 1998; Galati and
O’Brien, 2004; Tachibana et al., 2004; Yang et al., 2009a), and this depends on their

level of assimilation into cells.

Methyl gallate has been reported to be subjected to in vivo sulphate and
glucuronide conjugation after oral administration (Feng, 2006; Jiamboonsri et al.,
2015, 2016). Due to first pass effect, some phenolic compounds are eliminated fast
before reaching systemic circulation, thereby leading to poor bioavailability and

reduced efficacies (Wu et al., 2011).

Methyl gallate reportedly has good in vitro antiplasmodial activity against 3D7
and the multidrug-resistant Dd2 strain of Plasmodium falciparum with ICso of 0.37

pg/ml and 0.55 pg/ml respectively (Zofou et al., 2013).

2.12 Reactive Species, Oxidative Stress, and Antioxidants in Malaria

The generation of reactive species has been reported to be increased during
malaria infection. After a while, the production of reactive species (oxidants) becomes
excessive, and this overwhelms the counter-acting antioxidant system, hence oxidative
stress emerges which promotes systemic complications associated with malaria

(Becker et al., 2004; Sonnen et al., 2010; Percario et al., 2012).

212.1 Free Radicals and other Reactive Species

Free radicals refer to molecular species that contain unpaired electron(s). They
are unstable, very reactive, and can remove electrons from biomolecules thereby

causing their oxidation (Cheeseman and Slater, 1993).
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Reactive species refer to both free radicals and non-radicals, that can directly
initiate oxidation or be converted to radicals. These reactive species could be those that
have unpaired electron(s) in its oxygen, referred to as reactive oxygen species (ROS)
or others that have unpaired electron(s) in association with nitrogen, referred to as
reactive nitrogen species (RNS). Examples of these reactive species are; superoxide
anion radical (057), hydroxyl radical (HO®), alkoxyl radical (RO*®), peroxyl radical

(ROO*), and nitric oxide radical (NO*) (Nimse and Pal, 2015) while hydrogen peroxide
(H,0,) and singlet oxygen (%02) are reactive species that are non-radicals.

Peroxynitrite (ONOO™) is a very potent and versatile oxidant and it is produced by the
reaction of superoxide anion radical and nitric oxide radical (Zhu et al., 1992) as

shown by the following equation;
NO* + 03~ - ONOO™

These reactive species are generated through normal biochemical reactions of
metabolism, and immune response to foreign materials. They can also be induced by
dietary xenobiotics, and environmental factors such as smoke, radiation, and herbicides
(Bagchi and Puri, 1998). Their generation in normal cells is continuous but regulated,
and occur during such processes that involve respiratory chain, phagocytosis,

cytochrome P-450 system, and prostaglandin synthesis (Liu et al., 1999).

Reactive species are essential for cellular roles such as signal transduction,
gene expression, immunity, and destruction of precancerous cells and infective agents
(Salganik, 2001). However, excess radical must be neutralised by antioxidants to
ensure that cells function optimally (Dasgupta and Klein, 2014). While reactive species
could be produced as a defence mechanism in response to disease conditions, they

could also be generated as a consequence of damages from these disease conditions
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(Kehrer et al., 2010). Several pathophysiological conditions are associated with
reactive species as excessive radicals results in release of toxic derivatives, and/or
damage to macromolecules (Sonnen et al., 2010) which causes further cellular
dysfunction. Reactive species attack on cellular membranes bring about increase in cell
membrane permeability and the release of cytosolic constituents into extracellular fluid

(Gupta et al., 2005).

Reactive species can cause cellular damage through four major ways and occur
through: damage to lipids of cell membranes and organelles, leading to their
impairment; damage to proteins and amino acids; damage to genetic materials (RNA
and DNA) thereby altering the function, growth and cellular repair; damage to
lysosomes thereby causing the release of digestive enzymes which could result in self-
digestion of cells (Aldred et al., 2009). Malondialdehyde and 4-hydroxynonenal are
indicators of lipids oxidation, 8-hydroxydeoxyguanosine is an indicator of DNA
damage, while protein oxidation brings about loss of activity through thiol oxidation,

carbonylation, unfolding and misfolding, and fragmentation (Pisoschi and Pop, 2015).

2.12.2 Oxidative Stress

Oxidative stress refers to state of imbalance in the rate of reactive species
generation and the response of antioxidant defence system (Rizvi et al., 2012).
Oxidative stress occurs when the rate of reactive species generation far exceeds the
ability of antioxidant system to detoxify these reactive species. This could result from
either of the following or their combinations: (i) elevated levels of endogenous and
exogenous reactive specie-producing compounds; (ii) reduction of reserves of non-
enzymatic antioxidants; (iii) inactivation of enzymatic antioxidants; and, (iv) reduced

production of enzymatic and non-enzymatic antioxidants (Lushchak, 2014).
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While oxidative stress may arise from injury to tissues caused by trauma,
toxins, drugs, and infections (Lobo et al., 2010), it may also cause damages to tissues.
The production of ROS and RNS is greatly increased during Plasmodium infection,
and the reactive species cause degradation of cells especially red blood cells (both
parasitized and non-parasitized) and consequently, oxidative stress (Isamah and
Asagba, 2003; Bozdech and Ginsburg, 2004). In addition to the damages caused by
Plasmodium to thebiological host, oxidative stress triggered by the infection also
contributes to the pathogenesis of malaria and can lead to development of severe
secondary complications (Becker et al., 2004) such as endothelial dysfunction,
microvascular  obstruction, pulmonary oedema, anaemia, thrombocytopenia,
ischaemia-reperfusion injury, liver and kidney dysfunctions (Autino et al., 2012;

Hanson et al., 2015).

Plasmodium infection has been reported to cause peroxidation of membrane
lipids, and alterations of cellular and extracellular constituents (Nimse and Pal, 2015)

such as enzymes activities, electrolytes concentrations, and haematological make up.

2.12.3 Lipid Peroxidation

Lipid peroxidation is the oxidative degradation of lipids and involves removal
of electrons from the lipids in cell membranes by free radicals thereby causing cell
damage (Fuchs et al., 2014). High level of reactive species can cause direct damage to
lipids. These reactive species are produced, endogenously, primarily from
mitochondria, endoplasmic reticulum, and plasma membrane (Moldovan and
Moldovan, 2004), and can be stirred by stimuli such as pathogen infections, tobacco
smoke, environmental toxins, herbicide/insecticides, ionizing radiation, and drugs

(Ayala et al., 2014). Polyunsaturated fatty acids of membranes are mostly affected
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because of the presence of methylene (CH2) bridge in between multiple double bonds

(Fuchs et al., 2014).

Lipid peroxidation can be segmented into three major processes of initiation,
propagation, and termination. Production of fatty acid radical takes place during the
initiation stage, and this radical reacts readily with molecular oxygen to yield peroxyl-
fatty acid radical at the phase described as propagation stage. The termination stage is
said to be achieved when radicals react to produce a non-radical specie (Muller et al.,
2007). Lipid hydroperoxides (LOOH) are the primary products of lipid peroxidation
while aldehydes such as 4-hydroxylnonenal (4-HNE) and malondialdehyde are the

main secondary products (Demir et al., 2011; Ayala et al., 2014).

2.12.3.1 Malondialdehyde

Malondialdehyde (MDA) is an end-product of enzymatic or non-enzymatic
decomposition of arachidonic acid and polyunsaturated fatty acids (Ayala et al.,
2014).MDA, a marker of lipid peroxidation, is a highly unstable aldehyde that induces
oxidative stress by forming covalent protein adducts (Goel et al., 2005). The high
reactivity of MDA is primarily based on its electrophilicity, hence very reactive
towards nucleophiles likes basic amino acids such as arginine, histidine, and lysine

(Ayala et al., 2014).

Membrane fluidity is impaired by extensive lipid peroxidation of membranes.
It also brings about inactivation of membrane-bound enzymes, and cell death (Goel et
al., 2005). And excessive MDA is associated with different pathological conditions
such as liver disease, diabetes, cardiovascular diseases, and cancer (Li et al., 2012;

Garcia et al., 2013).
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2.12.4 Cellular Antioxidants

Antioxidants refer to molecules that are able to prevent, slow down or stop the
oxidation of biomolecules, thereby delaying or inhibiting cellular damage, and usually
perform this functions at low concentrations (Halliwell and Gutteridge, 1995; Young
and Woodside, 2001). They perform their functions by scavenging radicals, donating
electrons or hydrogen, decomposing peroxides, and/or by chelating metal ions (Lobo
et al., 2010). Enhanced activities of cellular antioxidants ensure that free radicals are
effectively neutralized (Pal and Nimse, 2006), therefore preventing their damaging

effects to cells.

The antioxidant defence mechanism of organism comprises of biomolecules
and enzymes. Based on their reaction types in the intracellular and extracellular
environments, antioxidants can be categorized as enzymatic and non-enzymatic. While
the enzymatic antioxidants utilise cofactors such as copper, iron, manganese, and zinc
to decompose and remove free radicals, non-enzymatic antioxidants function by
disrupting free radical chain reactions (Nimse and Palb, 2015). Examples of enzymatic
antioxidants are; superoxide dismutase, catalase, and glutathione systems (glutathione
peroxidases, glutathione reductase, and glutathione-S-transferase). The non-enzymatic

antioxidants include glutathione, uric acid, bilirubin, and albumin.

212.4.1 Enzymatic Antioxidants

212.4.1.1 Superoxide Dismutase (EC 1.15.1.1)

Superoxide dismutase (SOD) refers to family of metalloenzymes that catalyse
the dismutation of superoxide anions to molecular oxygen and hydrogen peroxide,
thereby rendering the superoxide anion less harmful and protecting cells from the

deleterious effects of reactive species which could arise from the superoxide (Miller,
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2012). The superoxide is a radical generated by one electron reduction of molecular

oxygen, and the reaction catalysed by SOD can be represented generally as follows;

SOD
205" + 2H* > H,0, + 0,

The catalytic mechanism can be described by the following reaction sequence,

whereby M represents the metal cofactor;
SOD
M3* + 05" 4+ HY — M?*(H*) + 0,

SOD
M2*(H*) + 05"+ HY — M3t + H,0,

Generation of superoxide anion occurs in normal oxidative processes such as
aerobic metabolism, and oxidative phosphorylation. But the cellular level of this
reactive specie is elevated during respiratory burst that takes place through stimulation
of neutrophils and macrophages as immune response (Perry et al., 2010) to
pathological conditions such as malaria. Excessive generation of reactive oxygen
species such as superoxide radical can cause inflammation, and cell injury, and Fenton
chemistry-mediated DNA damage (Imlay et al., 1988). Since the superoxide anion is
membrane-impermeable, it must be dismutated where formed. Hence, SOD are found
in mitochondria, cytosol and other compartments such as peroxisomes, microsomes,
and extracellular matrix where oxygen is utilised and superoxide is formed (Bafana et

al., 2011).

SOD can be classified into three, based on their unique genes, peculiar protein
folds, the metal ions required as cofactor, and distinct subcellular localizations. These
are; Cu,Zn-SOD also called SOD1 (a cytosolic enzyme which uses copper and zinc as

cofactor), Mn-SOD also called SOD2 (a mitochondrial enzyme which uses manganese
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as cofactor), and EC-SOD also called SOD3 (an extracellular SOD) which is a

structural homologous of SOD1 (Zelko et al., 2002).

Dysfunctional or overwhelmed SOD results in oxidative damage to cells
whereas elevated activities of the enzyme could protect against reactive oxygen species

(Wheeler et al., 2001; Elchuri et al., 2005).

2.12.4.1.2 Catalase (EC 1.11.1.6)

Catalase (CAT) is a homo-tetramer antioxidant enzyme present in tissues that
make use of oxygen. It is a constitutive enzyme with a “housekeeping” role of
catalysing the reduction of hydrogen peroxide to water and molecular oxygen, utilising
iron or manganese as cofactor. Hence, the action of CAT prevents the formation of
hydroxyl radical from hydrogen peroxide and brings the detoxification process
initiated by SOD to a safer end (Chelikani et al., 2004). The reaction catalysed by CAT

is represented as follows;

CAT
2H202 — 2H20 + 02

While hydrogen peroxide is not a radical and its reaction with many
biomolecules is modest, it can penetrate membranes and react with transition metals,
such as Cu?* and Fe?* to produce very reactive specie such as hydroxy! radical (Kehrer
et al.,, 2010). Low cellular level of hydrogen peroxide is beneficial, regulating
physiological processes such as platelet activation, signalling in cell proliferation,
mitochondrial function, and redox status of cell (Droge, 2002). But high cellular level
of it could bring about damaging effects to organelles and normal cells (Ercal et al.,
2001). Therefore, it is important that the concentration of hydrogen peroxide within the

cells be kept low through the activities of antioxidant enzymes such as CAT.
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The K of catalase for hydrogen peroxide is high. Therefore, it functions
slowly in the presence of low concentration of hydrogen peroxide, but effectively at
high concentration of hydrogen peroxide. Implying that catalase is particularly
important for its protective role against high concentration of cellular hydrogen

peroxide observed during oxidative stress (Turrens, 2010).

The intracellular localization of catalase varies in organs. It is found primarily
in the peroxisomes of most tissue, but localized in the cytosol of erythrocytes, and
absent in most mammalian mitochondria (Radi et al., 1991; Turrens, 2010), hence, the

essential presence of glutathione peroxidase in mammalian mitochondria.

Malaria has been reported to significantly reduce the activity of catalase
(Becker et al., 2004), and dysfunctional catalase is often associated with several

disease conditions (Kodydkova et al., 2014).

2.12.4.1.3 Glutathione Peroxidase (EC. 1. 11. 1. 9)

Glutathione peroxidase (GPx) is a metalloenzyme that uses the selenium at its
active site to catalyses the reduction of hydrogen peroxide, through the transfer of
reducing equivalents from glutathione (GSH) to hydrogen peroxide, to generate
oxidized glutathione (GSSG) and water (Kehrer et al., 2010). GPx also catalyses the
reduction of lipid hydroperoxides to their corresponding alcohols, and detoxification of
phase 1 electrophiles (Farrell, 2002). The catalysis of hydrogen peroxide and other

peroxides such as organic hydroperoxides by GPx can be represented as follows;
GPx
H,0, + 2GSH — GSSG + 2H,0

GP.
ROOH + 2GSH — ROH + GSSG + H,0
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Unlike catalase, GPx has low K, thus very effective at low levels of hydrogen
peroxide (Kehrer et al., 2010), and more effective compared to catalase at low
peroxide concentration. There are about eight isozymes of GPx encoded by different
genes. The enzyme is found in almost all cells and localized in the mitochondria and

cytoplasm (Messner et al., 2012).

GPx plays vital role in protecting cells from oxidative stress by inhibiting lipid
peroxidation process (Gill and Tuteja, 2010). GPx deficiency could predispose
individual to impaired antioxidant protection and consequently oxidative damage to
proteins and membrane lipids (Rayman, 2005; Chabory et al., 2009), which could

result in cellular dysfunction and disease conditions.

2.12.4.1.4 Glutathione Reductase (EC 1.6.4.2)

Glutathione reductase (GR) is a homodimeric flavoprotein that catalyses the
NADPH-dependent reduction of GSSG (oxidised glutathione) to GSH (glutathione in
the reduced state) (Kehrer et al.,2010). GR therefore serves to regenerate reduced

glutathione. The reaction catalysed by GR is represented as follows;

GR
2NADPH + GSSG — 2GSH + 2NADP*

Unlike SOD, CAT, and GPx, GR does not eliminate reactive species directly,
rather makes available antioxidant enzyme (GSH) that can perform such role, and used
by other antioxidant enzymes such as GPx for detoxification. Therefore, it can be

categorised as a secondary antioxidant enzyme (Noori, 2012).

GR is highly conserved across organisms and this points out its essential role in
aerobic life (Kehrer et al.,2010). It is found in all tissues that utilises glutathione, and

localized in cytoplasm, mitochondria, and nuclei (Kehrer et al.,2010). GR is activated
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by reduction in cellular levels of GSH (Messner et al., 2012), and has been shown to

increase during malaria infection (Gallo et al., 2009; Fabbri et al., 2013).

212415 Glutathione-S-Transferase (EC 2.5.1.18)
Glutathione-S-transferases (GST) is a family of enzymes that play significant
part in metabolism and detoxification of several endogenous compounds and

xenobiotics (Oakley, 2011).

GST has two active sites referred to as the G site (GSH-binding site) and H site
(substrate-binding site). While the G site is highly conserved and has a primary role of
binding glutathione, the H site which is located adjacent to the G site, has highly
variable regions and binds the hydrophobic substrate (Wu and Dong, 2012). GST is of
different isoforms which are made up of two similar subunits and show a common
fold. They are classified into three families of cytosolic, microsomal, and

mitochondrial GST (Wu and Dong, 2012; Mazzetti et al., 2015).

GST catalyses the conjugation of glutathione (GSH) to electrophiles. This
forms glutathione-S-conjugate, which is more water soluble and easily excreted,
thereby forbidding the interaction of electrophilic metabolites with cellular
macromolecules (Kehrer et al.,2010), and preventing cellular damage or formation of
radicals. This therefore ensures detoxification. Also, GST functions as transport
proteins, binding to unconjugated bilirubin and ensures its transport to endoplasmic
reticulum where they are conjugated with glucuronic acid (Gourley, 2004; Smith et al.,
2013). The reaction catalysed by GST, utilising GSH as co-substrate, can be

represented as follows;

GST
GSH + R—X — GSR + H-X
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Furthermore, GST functions as antioxidant enzyme displaying glutathione
peroxidase activity which is independent of selenium. Hence, metabolising reactive

species and offering protection against oxidative stress (Osman et al., 2016).

2.12.4.2 Non-Enzymatic Antioxidant

212.4.2.1 Reduced Glutathione

Reduced glutathione (GSH) is a low molecular weight, non-enzymatic
antioxidant defence molecule. It is a tripeptide synthesized from glutamate, cysteine,
and glycine in an energy-demanding reaction catalysed consecutively by cytosolic
enzymes called y-glutamylcysteine synthetase and GSH synthetase (Wu et al., 2004).
The cysteine residue of GSH is its key functional element containing a reactive thiol
group with which GSH performs its roles, and GSH is a major source of reduced thiols
(=SH) in cells. Low levels of these reduced thiols are associated with disorders that

result from elevated production of free radicals (Muttigi et al., 2009).

GSH is mostly found in cytosol, but also present in mitochondria, peroxisomes,
nuclear matrix, endoplasmic reticulum, and in lower concentration in extracellular

fluid (Lu, 2001; Jones, 2002).

Non-enzymatically, GSH readily reduce electrophilic substances, while itself is
oxidized to glutathione disulphide (GSSG), and efflux of GSSG from cells will result
in lower intracellular concentration of GSH (Wu et al., 2004). Under normal
physiological conditions, the ratio of GSH to GSSG is greater than 10, and its
commonly used as a measure of the cellular redox state (Griffith, 1999) and anti-
oxidative capacity of cells, though this ratio could be altered by other redox couples
such as NADPH/NADP* (Jones, 2002). Cellular GSH concentration is easily

maintained through replenishment from its oxidized (disulphide) form by the action of
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glutathione reductase. But homeostasis of GSH is mainly achieved by de novo
synthesis whenever GSH is used up via detoxification processes or by GSSG excretion

(Mazzetti et al., 2015).

GSH can perform its roles directly (non-enzymatically), or indirectly via
enzymatic reactions (Fang et al., 2002). Antioxidant defence role of GSH include;
scavenging free radicals, removing hydrogen and lipid peroxides, and preventing
oxidation of biomolecules (Wu et al., 2004). Also, GSH has metabolic and regulatory
roles which include; storage and transport of cysteine biomolecules, synthesis of
leukotrienes and prostaglandins, DNA and protein synthesis, cytokine production and

immune response, signal transduction and gene expression (Wu et al., 2004).

Lower intracellular concentration of GSH is observed in cases of oxidative

stress, protein malnutrition, and several pathological conditions (Lu, 2001).

2.13 Studied Organs

The organs considered in this study include liver, kidney, heart, and brain.

2.13.1 The Liver

The liver is the largest internal organ. The liver (Figure 7) is made up of two lobes, the
bigger right lobe and the smaller left lobe, and occupies the centre and upper right
abdominal chamber, below the diaphragm (Lefkowitch, 2011). The structural unit is
called liver lobule, and each has network of capillaries called sinusoids which receive
oxygenated blood from hepatic artery. The sinusoids also receive blood with nutrients
and xenobiotics from the digestive organs and spleen via the portal vein. The liver
performs its functions with this double blood supply, and then move blood out of the
liver to the inferior vena cava through hepatic veins which is formed from unification

of central veins present in each lobule (Scanlon and Sanders, 2007).
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Figure 7: The anterior view of the liver

Source: Lefkowitch (2011).
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2.13.11 The Cells and Functions of the Liver

The liver structure is functionally made up of at least seven types of cells which
can be classified as parenchymal cells (hepatocytes), and non-parenchymal cells
(stellate cells, sinusoidal endothelial cells, Kupffer cells, cholangiocytes, pit cells, and
lymphocytes of different phenotypes) (Tsutsumi et al., 2017), and these cells perform
series of biochemical and metabolic functions. The liver is the site for synthesis of
albumin and most plasma proteins with major exceptions such as immunoglobulins
and von Willebrand factor, a clotting factor (McPherson and Pincus, 2011). The liver
is also responsible for the metabolism of carbohydrates, proteins, and lipids,
production of bile, storage of vitamins and minerals, and detoxification of xenobiotics

(Lefkowitch, 2011).

The hepatocytes are the most abundant type of cell in the liver (about 70% of
the liver mass), and perform majority of its synthetic, storage, and metabolic functions.
This they accomplish through the presence of several mitochondria, lysosomes,
peroxisomes, rough and smooth endoplasmic reticulum, Golgi apparatus, and many
transport vesicles (Tsutsumi et al., 2017). The stellate cells, along with hepatocytes,
contribute to the metabolism of vitamin A and store them in lipid enclosures. They
also function in growth factors production, and synthetize, secrete, and degrade

components of the perisinusoidal extracellular matrix (Tsutsumi et al., 2017).

The Kupffer cells are the liver specialised macrophages performing their
phagocytic action of clearing bacteria, weakened erythrocytes, and damaged
hepatocytes. They contain abundant lysosomes, and along with sinusoidal endothelial
cells, they form the main system for the removal of weak cells and proteins (Tsutsumi

et al., 2017). The pit cells are the structurally and functionally modified form of blood
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natural killer cells, and participate in first—line, innate defence against bound tumour
cells and viral infection (Cerwenka and Lanier, 2001; Waldhauer and Steinle, 2008).
The lymphocytes of different phenotypes form part of the liver-based immune system,
essential for presentation of antigen, removal, or neutralization of several foreign
materials that get to the liver from the gut, and play regulatory role in liver repair

(Ferrari and Mondelli, 2009).

2.13.1.2 Pathological Conditions of the Liver

Xenobiotics are majorly metabolised in the liver, and this takes place primarily
in hepatocyte microsomes, and liver damage that affects microsomes results in
compromised metabolism of xenobiotics (McPherson and Pincus, 2011). The
detoxification process is also associated with production of reactive species that
interact with hepatic macromolecules, and consequently causing hepatic damage
(Fausto, 2000). Examples of pathological conditions of the liver include; hepatitis,

cirrhosis, cholestasis, jaundice, and steatosis.

2.13.1.3 Liver Function Indices

Liver function indices refer to parameters used for evaluating abnormalities in
liver functions. They are used to screen for liver damage, assess severity, and response
to treatment (Mukherjee and Gollan, 2011). Also, hepatic cells, being highly
metabolically active cells, contains several enzymes that are leaked into the plasma in
cases of hepatic injury, hence are useful for diagnosis (McPherson and Pincus, 2011).
Some of the liver function indices are; total protein, alboumin, globulin, and bilirubin

concentrations.
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2.13.1.3.1 Plasma Total Protein Concentration

Total plasma protein concentration reveals the amount of different proteins in
plasma. This include molecules responsible for clot formation such as clotting factor
and fibrinogen which are not captured in total serum protein concentration (Smith et
al., 2013). Hence, plasma protein concentration is about 0.3—0.5 g/L more than serum
protein (Smith et al., 2013). The main fractions of plasma proteins are albumin,
globulins, and fibrinogen (Ochei and Kolhatkar, 2000), but the major plasma proteins

measured are albumin and globulin.

Plasma proteins are synthesized and secreted from hepatocytes with the
exception of immunoglobulins which are produced by B-lymphocytes (Eckersall,
2008). The characteristic function of each plasma protein is determined by the number,

the types, and the sequence of amino acids it has (Ochei and Kolhatkar, 2000).

The ratio of plasma albumin to globulin may be altered by liver diseases (Ochei
and Kolhatkar, 2000). Also, the level of total protein in plasma/serum can be altered by
hydration status of the system. The level of total protein is falsely elevated during
dehydration, likewise that of albumin and globulins. Hence, hypoproteinaemia which
is associated with anaemia and other conditions may be masked during dehydration
(Smith et al., 2013). Also, hyperproteinaemia may arise from dehydration whereby

there is water loss without change in the level of protein fractions (Eckersall, 2008).

2.13.1.3.2 Plasma Albumin Concentration

The total serum protein concentration is made up of about 50% albumin and
albumin account for approximately 75% of plasma colloidal activity (Smith et al.,
2013). Function of albumin include maintenance of osmotic pressure and blood

volume, transportation of endogenous and exogenous substances such as drugs,
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metabolites and molecules that are lipophilic like bilirubin, fatty acids, and cholesterol

(Evans, 2002; Eckersall, 2008).

The synthesis of albumin takes place in hepatocyte and its rate of synthesis is
controlled by colloid osmotic pressure, and hormones such as cortisol, thyroxine and
insulin (Evans, 2002). Reduction in osmotic pressure, and pathophysiological
alterations during infectious or inflammatory disease stimulate secretion of albumin as
a way of restoring it back to normal level (Evans, 2002; Eckersall, 2008). The
catabolism of albumin takes place in tissues such as kidney, liver, and muscle and is

degraded by action of protease (Evans, 2002; Prinsen, 2004).

Albumin has half-life of about 20 days and as such, may be a late indicator of
pathological condition (McPherson and Pincus, 2011; Goldstein-Fuchs and LaPierre,
2014). Reduction in plasma level of albumin may indicate inflammatory conditions
(Smith et al., 2002), and in chronic situation, may suggest renal loss of albumin, or
compromised hepatic synthesis of albumin (Grauer, 2005; Eckersall, 2008).
Hypoalbuminemia is a feature of chronic liver disease but may indicate terminal liver
cirrhosis when accompanied by significant reduction in total protein (Sevelius and
Andersson, 1995). Since albumin is osmotically active, hypoalbuminaemia often lead

to oedema (McPherson and Pincus, 2011).

2.13.1.3.3 Plasma Globulin Concentration

A number of heterogeneous proteins make up globulins, and these include
transport  proteins, coagulation factors, mediators of inflammation and
immunoglobulins. With the exception of immunoglobulins which are produced by B
lymphocytes in bone marrow, spleen, and lymph nodes, majority of globulins are

synthesized by the liver (Eckersall, 2008; Smith et al., 2013).
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Globulins can be categorised, based on size and charge, as alpha, beta, and
gamma globulins. While alpha globulin (such as ceruloplasmin) and beta globulin
(such as transferrin and plasmin) act as enzymes and transport proteins, gamma
globulin (immunoglobulins) function as antibody (Cunningham-Rundles, 1998; Guerra

and Porbén, 2015; Shenton et al., 2015).

Hyperglobulinaemia may occur in response to inflammation, presence of

pathogen or falsely by dehydration (Smith et al., 2002; Eckersall, 2008).

2.13.1.34 Plasma Bilirubin Concentration

Bilirubin is a yellowish pigment that occurs as conjugated (direct) and
unconjugated (indirect) forms. It is mostly transported in a bound form with albumin
with only a small fraction of existence as free bilirubin. This is so because bilirubin is
highly insoluble in water in its common isomeric trans-form, though the cis-form,
made possible by photoisomerization, is more water soluble and can be excreted in
urine (McPherson and Pincus, 2011). Likewise, conjugated bilirubin is water soluble,

therefore, it can be filtered by glomerulus and excreted in urine.

Bilirubin is derived largely from the degradation of haem from haemoglobin
but can also be derived from unsuccessful erythropoiesis and from different haem
proteins such as myoglobin and cytochromes. The daily formation of bilirubin in
healthy adult is about 250-350 mg (Dancygier, 2010). Methaemoglobin from
erythrocyte is split to free globin chain and haem mainly by macrophages of spleen.
The haem is oxidized to biliverdin by microsomal haem oxygenase with corresponding
release of iron. Tis biliverdin is then reduced to bilirubin by biliverdin reductase, a
NADPH-dependent enzyme. The bilirubin is then transported, in a bound form with

albumin, to the liver and enters hepatocyte by either passive diffusion or receptor-
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mediated endocytosis (via the membrane surface in contact with sinusoids)
(McPherson and Pincus, 2011). Within the hepatocyte, bilirubin is transferred through
series of protein complexes to smooth endoplasmic reticulum (SER) where it becomes
a substrate of glucuronyl transferase for conjugation with glucuronic acid (present as
uridine diphosphoglucuronic acid). Conjugated bilirubin is thereafter secreted into the

canaliculi by energy-dependent mechanism (McPherson and Pincus, 2011).

The plasma concentration of bilirubin is determined by extrahepatic bilirubin
formation, its transport in plasma (bounded to albumin), its uptake, conjugation and

transport across hepatocyte, and its canalicular biliary excretion (Dancygier, 2010).

The plasma level of bilirubin could serve as a measure of metabolic capacity of
the liver. Impairment of bilirubin metabolism can result in elevated plasma levels of
unconjugated, or conjugated bilirubin. Elevated plasma level of Unconjugated bilirubin
can arise from haemolysis whereby the rate of bilirubin production exceeds that of its
clearance, or from ineffective erythropoiesis. Rise in plasma level could also be due to
low activity of glucuronyl transferase essential for conjugation process, that is, normal
production of bilirubin but decreased hepatic conjugation (Dancygier, 2010). In
addition, fasting in healthy individual can also result in elevated level of unconjugated
bilirubin. On the other hand, elevated plasma level of conjugated bilirubin could arise
from biliary obstruction caused by stone made up of bilirubin or cholesterol.
Obstruction can also arise from inflammation of the biliary tract. Some drugs such as
androgens can also result in elevated levels of conjugated bilirubin. In cases of toxic
destruction of hepatocyte by chemicals, viral infection or traumatic conditions, cellular
injury results in blockage of both bilirubin conjugation and excretion of conjugated
bilirubin, consequently leading to elevated plasma levels of both conjugated and
unconjugated bilirubin (McPherson and Pincus, 2011).
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Bilirubin can function as an antioxidant, at low concentrations, by scavenging
reactive species and preventing peroxidation of membrane lipids (Pisoschi and Pop,
2015). But it can also act as prooxidant, at high concentrations, by causing oxidative
stress through generation of intracellular reactive species which could serve to inhibit
multiplication of parasite, or cause damages to cells and induce apoptosis (Kumar et
al., 2008). Therefore, bilirubin may either be in response to oxidative stress or an

inducer of oxidative stress.

2.13.2 The Kidney

The kidneys are two bean-shaped structures positioned in the upper abdominal
cavity, behind the peritoneum, on each side of the vertebral column (Hall, 2011). Three
areas of the kidney (Figure 8) can be distinguished. The first is the outer tissue layer
which is made of renal corpuscles and convoluted tubules and is called renal cortex.
The second is the inner tissue layer which is made of loops of Henle and collecting
tubules, and is called the renal medulla, while the third area is called the renal pelvis
and it is cavity within the kidney formed by the expansion of the ureter (Scanlon and

Sanders, 2007).

The functional and structural unit of the kidney is called nephron (Figure 9).
While each unit of the kidney has about 1 million nephrons, each of these has two
main parts, referred to as the renal corpuscle, and the renal tubule (Barrett et al., 2010).
The renal corpuscle consists of a glomerulus which is a network of capillaries
surrounded by a Bowman’s capsule, and renal filtration occurs at this part of the
nephron. Blood pressure within the glomeruli forces plasma, and dissolved substances
into the Bowman’s capsules, to form renal filtrate. Glomerular filtration is selective

only in terms of size, but not in usefulness of materials (Scanlon and Sanders, 2007).
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Figure 8: Structure of the left kidney showing internal parts
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The filtrate flows into the renal tubule which consist of proximal convoluted
tubule, loop of Henle, and distal convoluted tubule. The distal convoluted tubules
aggregate into collecting duct and discharge its contents into a calyx of the renal pelvis
(Barrett et al., 2010). Active tubular reabsorption of substances from filtrate, and
tubular secretion of substances into filtrate occur at the renal tubules. While tubular
reabsorption is based on usefulness of the substance to the blood, tubular secretion is
selectively performed based on the excessive quantity of the substance in blood. About
65% of this reabsorption and secretion occur at the proximal convoluted tubules

(Scanlon and Sanders, 2007).

Some of the main functions of the kidneys are excretion of waste, regulations
of water and salt levels (blood volume and pressure), regulations of pH, and
electrolytes, production of vitamin D and other hormones such as erythropoietin

(DeFronzo et al. 2012).

Damage to kidney caused by disease conditions, and/or xenobiotics results in
dysfunctions. Consequences of renal dysfunction include presence of protein,
leukocytes, and erythrocytes in urine, acidosis, impaired urine dilution or concentration

capacity, uraemia, and abnormal retention of sodium ion (Barrett et al., 2010).

2.13.2.1 Kidney Function Indices

Biomarkers are indicators for assessment of normal or pathologic state of an
organ or tissue (Adler, 2010). Renal injury or dysfunction which could arise from
disease conditions, environmental toxins and/or experimental drugs are revealed by
kidney biomarkers. While some kidney biomarkers reveal renal oxidative stress,

immune responses within the kidney, or kidney structural and cellular impairment,
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others reveal renal function (Tesch, 2010). Some of the indices by which the functional

capacity of the kidney is measured are; creatinine, urea, and uric acid concentrations.

213.2.1.1 Plasma Creatinine Concentration

Creatinine is formed as the final product of creatine or phosphocreatine
decomposition and it is excreted in urine. The amount of creatinine present in plasma
of a healthy biological system per day is fairly constant and controlled mainly by
glomerular filtration (Lamb and Price, 2008). The amount of creatinine in plasma is
proportional to their generation, glomerular filtration and tubular secretion (Nisha et
al., 2017). Therefore, plasma concentration of creatinine and its clearance are used as
markers of renal function. Creatinine filtration is reduced in renal dysfunction thereby
causing increased plasma creatinine, and chemical agents that inhibit the tubular
secretion of creatinine also bring about increased level of plasma creatinine that is

independent of glomerular filtration rate (Dalton, 2010).

2.13.2.1.2 Plasma Urea Concentration

Urea is a nitrogenous product of protein and amino acids catabolism and it is
majorly removed from the body by the kidney while minor losses maybe through
gastrointestinal tract and skin (Lamb and Price, 2008). Urea is synthesised in the liver
from amino acid-derived ammonia and requires availability of bicarbonate, aspartate,
energy input in the form of adenosine triphosphate and series of urea cycle enzymes

(Auron and Brophy, 2012).

Reduced plasma urea level may be caused by low-protein diet but
pathologically by liver dysfunction as synthesis of urea is dependent on functional
liver (Kalhan, 2000) and compromised urea synthesis reduces the ability of a

biological system to remove potentially toxic levels of nitrogenous substances
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(Glavind et al., 2016) whereas stressful situations such as pain, surgery extrahepatic
inflammation could increase urea synthesis (Greisen et al., 1999; Thomsen et al.,
2013). Urea is freely filtered by the glomeruli and elevated plasma urea level is
associated with kidney dysfunction (Lamb and Price, 2008). Apart from renal
insufficiency, many other factors such as high-protein diet, elevated catabolism of
protein, dehydration, among others influence the level of urea present in plasma. These
therefore limits full reliability on plasma urea concentration as a test of kidney function

(Lamb and Price, 2008).

2.13.2.1.3 Plasma Uric Acid Concentration

Uric acid is a nitrogenous product of purine metabolism (Hediger, 2005)
distributed in extracellular fluid as sodium urate. At physiological level, it may act as
antioxidant by scavenging carbon-centred radicals and peroxyl radicals (Nimse and
Pal, 2015), and may prevent degradation of extracellular antioxidants which are
essential for preserving endothelial and vascular function (Simic and Jovanovic, 1989;
Becker, 1993; Hink et al., 2002). In association with ascorbic acid and thiols, uric acid
is an excellent scavenger of peroxynitrite (ONOO~) in hydrophilic environment
(Squadrito et al., 2000), and protects the membrane of erythrocytes from lipid

peroxidation (Pisoschi and Pop, 2015).

The plasma level of uric acid is controlled by glomerular filtration,
reabsorption, secretion, and post-secretory reabsorption (Mount et al., 2006; Kutzing
and Firestein, 2008). Hyperuricemia may be caused by increased production of uric
acid resulting from excessive dietary purine intake, altered ATP metabolism, tissue
hypoxia, and elevated nucleic acid turnover as occasioned by leukemia, myeloma or
trauma (Lamb and Price, 2008). Hyperuricemia may also be caused by decreased

excretion of uric acid resulting from acute or chronic kidney dysfunction (Lamb and
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Price, 2008; Nashar and Fried, 2012). Hyperuricemia is linked to diseases and
conditions such as gout, myocardial infarction, renal disease, and cardiovascular
disease (Bos et al., 2006; Corrado et al., 2006; Chonchol et al., 2007) but remains
vague whether some of these are the cause or consequence of elevated uric acid
(Kutzing and Firestein, 2008). Hypouricemia, though less common, may be caused by
reduced purine synthesis resulting from severe hepatocellular disease, or caused by

impaired renal reabsorption of uric acid (Lamb and Price, 2008).

2.13.3 The Heart

The heart is positioned between the lungs in the thoracic cavity, and functions
primarily to pump blood to all the tissues of the body and back to the heart through the
arteries, capillaries, and veins (Scanlon and Sanders, 2007). The heart is made up of
three types of muscles called atrial muscle, ventricular muscle, and excitatory and
conductive muscle fibres. The atrial and ventricular muscles are contractile in nature,
while the excitatory and conductive muscle fibres contract weakly but provide
excitatory system that controls cardiac contraction and the rhythmical beating of the
heart (Hall, 2011) through action potential which consists of depolarization and
repolarization phases, and the action potential are conducted from cell to cell unlike in

skeletal muscle (VanPutte et al., 2016).

The heart has four chambers (Figure 10) which are called right atrium, left
atrium, right ventricle, and left ventricle. These chambers have valves which allow the
flow of blood in one direction, and their opening is determined by the pressure changes
in the heart (Scanlon and Sanders, 2007). The left ventricle, through the aorta, pumps
oxygenated blood to systemic circulation. And from the systemic circulation,

deoxygenated blood then returns via the inferior and superior vena cava to the right
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atrium, and passes to the right ventricle via the tricuspid valve. Then, the right

ventricle
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Figure 10: Structure of the heart, and course of blood flow

Source: Hall (2011).
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then pumps blood via the pulmonary valve, and the pulmonary artery to pulmonary
circulation for oxygenation, and returns from the lungs as oxygenated blood via the
pulmonary vein into the left atrium. The oxygenated blood then passes through the

mitral valve (bicuspid valve) into the left ventricle (Scanlon and Sanders, 2007).

The hepatic portal circulation is a segment of systemic circulation and
represents circulation of blood from digestive organs (stomach, small intestine, colon,
pancreas) and spleen through the liver before returning to the heart. The hepatic portal
circulation ensures modification of blood constituents by the liver. it allows storage or
modification of nutrients, excretion of bilirubin from spleen into bile, and
detoxification of poisons before the return of blood to the heart and subsequently to

other parts of the body (Scanlon and Sanders, 2007).

The cardiac muscle depends on Ca?* and ATP for contraction. In response to
action potentials, Ca** moves into cardiac cells and activate contraction process. Since
the energy demand of cardiac cells are enormous, they are rich in mitochondria and
their ATP production relies on O availability which is enhanced by extensive network
of capillaries. Cardiac muscle cannot afford significant oxygen deficit, otherwise
muscular fatigue and stoppage of cardiac muscle contraction could arise (VanPutte et

al., 2016).

2.13.3.1 Cardiovascular Diseases and Indices

Cardiovascular diseases (CVD) refer to different conditions such as
cardiomyopathy, coronary heart disease, strokes, and rheumatic heart disease, that
affects the functions of the heart and blood vessels. Majority of CVD are due to
atherosclerosis (coronary heart disease and ischemic strokes) while others caused by

infections (cerebrovascular complications of malaria, rheumatic heart disease,
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cardiomyopathy from human immunodeficiency virus infection) are common in

developing nations of the world (Celermajer et al., 2012).

The risk factors for CVD could be genetic, environmental, or lifestyle related.
These factors include inheritance, high blood pressure, diabetes, alcohol, tobacco,
physical inactivity, poor diet (especially those containing high saturated fats and trans

fats), and overweight/obesity (O'Donnell and Elosua, 2008).

Also linked to cardiovascular alteration is malaria. Many pathogenic events in
severe malaria is due to cytoadherence of parasitized erythrocytes to the endothelium,
which brings about microvascular sequestration and obstruction, consequently causing

ischemia, tissue hypoxia and injury (Pongponratn et al., 2003; Beare et al., 2006).

Biomarkers such as alkaline phosphatase, aspartate aminotransferase, ATPases,
B-type natriuretic peptide (BNP) cardiac troponin, creatine kinase, C-reactive protein
(CRP), lactate dehydrogenase, and myoglobin (Jaffe et al., 2006) could reveal cardiac
functional, structural and cellular impairment with different precisions. Indices such as
plasma levels of total cholesterol, triacylglycerol, high-density lipoprotein cholesterol,
and low-density lipoprotein cholesterol are commonly used to assess risk of

cardiovascular diseases.

2.13.3.1.1 Total Cholesterol Concentration

Cholesterol is a structural constituent of cellular membrane vital for its fluidity,
and a precursor of bile acids, vitamin D, and steroid hormones such as cortisol,
progesterone and testosterone (Berg et al., 2002). The cholesterol needs of cells are
derived from dietary uptake of lipoprotein as well as from de novo synthesis, but the
blood brain barrier prevents uptake from circulation, hence, the brain relies on de novo

synthesis (Orth and Bellosta, 2012). The liver controls the plasma levels of cholesterol,
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and its metabolism which yields bile acids (Lutjohann et al., 1996; Wadhera et al.,
2016). Elevated level of cholesterol is associated with atherosclerosis, myocardial

infarction, and other cardiovascular diseases (Bhatnagar et al., 2008;Nelson, 2013).

Because cholesterol is basically insoluble in water, it is transported bound to
lipid transporters (apolipoproteins) to form lipoproteins in aqueous extracellular
environment (Zhornitsky et al., 2016). These lipoproteins are chylomicrons, very low-
density lipoprotein, intermediate-density lipoprotein, low-density lipoprotein, and

high-density lipoprotein (Wadhera et al., 2016).

2.13.3.1.2 Triacylglycerol Concentration

Triacylglycerol (TAG) is an ester of glycerol and three fatty acids.
Triacylglycerol can be synthesised by the liver from carbohydrates, fatty acids, and
cholesterol (Larson, 2015). Synthesis of TAG actively takes place in the liver, adipose

tissues, and intestine (Quiroga and Lehner, 2012).

Triacylglycerol is the main form of storing energy in cells, and vital for
absorption of dietary lipids in enterocytes, essential for synthesis of very low-density
lipoprotein in liver, storage of essential and non-essential fatty acids, and functions as

insulator and mechanical cushion for organs (Coleman and Mashek, 2011).

Fatty acids are assembled as TAG in chylomicrons and very low-density
lipoproteins, and transported to peripheral tissues for instant use or storage (Coleman
and Lee, 2004). The storage of fatty acids as TAG ensures that cellular membranes are
protected from the potential damaging effects of fatty acids or derivatives of their acyl-
CoA (Coleman and Mashek, 2011). Excess intracellular TAG are stored once the
cellular needs of TAG such as energy generation via p-oxidation, membrane synthesis,

and VLDL secretion, are met (Quiroga and Lehner, 2012).
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The plasma level of TAG is controlled by the synthesis, and degradation of
chylomicron and very low-density lipoprotein particles (Chatterjee and Sparks, 2011).
Increased plasma level of TAG is associated with hypercholesterolaemia, and
atherosclerosis and is an additional risk for cardiovascular disease (Parks, 2002;

Sarwar et al., 2007).

2.13.3.1.3 High-Density Lipoprotein Cholesterol

High-density lipoprotein cholesterol (HDL) is the smallest and densest
lipoprotein particle. Also, it has the highest amount of phospholipids and protein
compared to other lipoproteins (Larson, 2015). HDL obtains cholesterol and
phospholipids that are removed from cells and transfers them to the liver by directly
interacting with hepatic cells, or by indirect method of transporting the cholesterol to
VLDL or LDL. This transport of lipids by HDL to the liver and intestine from
peripheral tissues is referred to as reverse cholesterol transport (Lund-Katz and
Phillips, 2010). Cholesterols which are accumulated by peripheral cells through
synthesis and uptake from lipoproteins are delivered to the liver mainly by HDL as

most cells cannot catabolise cholesterol (Guyton, 2008).

HDL is anti-atherogenic and it removes cholesterol from macrophages. The
reverse cholesterol transport is therefore essential for most cells to reduce their
cholesterol content and this may help in preventing the development of atherosclerosis
(Eren et al., 2012). Once in the liver, the cholesterol can be removed by being changed
to bile acids or secreted directly into bile. While hepatic lipase hydrolyses the
phospholipids and triacylglycerol in HDL, the endothelial cell lipase acts as
phospholipase hydrolysing phospholipids present in HDL (Cilingiroglu and
Ballantyne, 2004; Chatterjee and Sparks, 2011). Hence, HDL is cholesterol-rich and
functions to transfer the cholesterol to hepatocytes for removal or recycling.
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HDL particles possess anti-inflammatory, and antioxidant properties which are

associated with protection from cardiovascular diseases (Eren et al., 2012).

2.13.3.14 Low-Density Lipoprotein Cholesterol

Low-density lipoprotein (LDL) is formed from cholesterol which is absorbed
from the gut, or those derived from de novo synthesis (Cohen, 2008). This is packaged
with triacylglycerol, phospholipids, and proteins to form very low-density lipoprotein
(VLDL). This is then converted, in circulation, by lipoprotein lipase and cholesteryl
ester transfer protein into intermediary density lipoprotein, and then low-density
lipoprotein which are more enriched with cholesterol (Wadhera et al., 2016). LDL
transports cholesterol from the liver to other tissues and majority of the cholesterol in
circulation is carried by LDL, hence its major function (Guyton, 2008; Larson, 2015).
LDL is easily prone to oxidation, thereby promoting their uptake by macrophages, and

like VLDL, it is pro-atherogenic (De Man et al., 2000; Lopez et al., 2016).

The regulation of lipoprotein concentration is mainly done by the liver. The
rate of LDL generation, and clearance determine its plasma level, and these are
controlled by the amount of LDL receptors (transmembrane glycoprotein) on hepatic
surface (Zhang et al., 2016). And the number of LDL receptors on hepatic surface are
controlled by the level of cholesterol in cells. A decrease in cellular cholesterol level
results in stimulation of LDL receptor transcription (Zhang et al., 2016). The activity
of LDL receptor and LDL production are inversely related while LDL receptor activity

and LDL clearance are directly related (Twisk et al., 2000).

2.13.4 The Brain

The brain consists of many interconnected parts that function as a unified set.

These major regions (Figure 11) are the brainstem (the medulla oblongata, the pons,
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and the midbrain), the cerebellum, the diencephalon (the hypothalamus, and the
thalamus), and the cerebrum (VanPutte et al., 2016). The brain performs several
functions such as regulation of heart rate, control of blood vessels’ diameter,
moderation of breathing, coordination of reflexes, maintenance of posture and
equilibrium, production of hormones (antidiuretic hormone, oxytocin), regulations of

body temperature, and interpretation of sensory impulses (Scanlon and Sanders, 2007).

Impulses are received by the brain and sent to appropriate parts of the body via
neurons (nerve cells). The neurons receive stimuli, conduct action potentials, and
transmit signals to other neurons, or effectors only in one direction (VanPutte et al.,
2016). A neuron is said to be polarized when not carrying an impulse, and has more of
Na* outside the cell, but more of K* and negative ions within the cell. Hence,
positively and negatively charged on the outside and inside respectively. This is
reversed by the action of stimulus such as neurotransmitters, and the neuron is said to
be depolarized. Afterwards, Na"and K* are pumped outside and inside respectively by
Na*,K* ATPase, hence the neuron is repolarized and ready for another signal

transmission (Scanlon and Sanders, 2007).

The junction of interaction between one neuron and another, or cells of an
effector is called the synapse. At this synapse, the transmission of signal changes from
electrical to chemical and relies on neurotransmitters which are stored in synaptic
vesicles (VanPutte et al., 2016). The best known neurotransmitters are acetylcholine
and norepinephrine. Other are serotonin, dopamine, y-aminobutyric acid (GABA),
glycine, and endorphins (VanPutte et al., 2016). Drugs can alter the action of

neurotransmitters at the synapse, thereby causing excitatory or inhibitory effects.
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Figure 11: Structure of the brain, showing major regions

Source: VanPutte et al. (2016).
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Several factors such as aging, nutrition, exposure to some toxicants and drugs
could cause brain damage. Also, infection and disease such as malaria (cerebral
malaria) could result in brain damage through cerebral oedema and increased

intracranial pressure (Cohee and Laufer, 2017).

2.14 Cellular Enzymes

The measurement of cellular enzymatic activities permits the detection of acute
and chronic tissue injuries before the emergence of symptoms (Woreta and Algahtani,
2014). These tests consist of biomarkers of synthetic functions, cellular injuries, and

metabolic functions.

2.14.1 Aminotransferases

The aminotransferases catalyse the reversible transfer of amino group of
alanine or aspartate to a-ketoglutarate to form glutamate and the corresponding
ketoacid of the initial amino acid i.e. pyruvate or oxaloacetate (McPherson and Pincus,
2011). They catalyse the intermediary reactions of amino acid and glucose
metabolisms. Both alanine and aspartate aminotransferases require pyridoxal
phosphate as cofactor and any condition that increases or decreases the level of
pyridoxal phosphate (metabolically active form of vitamin B6) affects the activities of

aminotransferases (McPherson and Pincus, 2011).

214.1.1 Aspartate Aminotransferase (EC 2.6.1.1)

Aspartate aminotransferase (AST) exists as two isoenzyme forms present in the
cytoplasm and mitochondria, with the cytoplasmic isoenzyme being the predominant
form in plasma (Johnson-Davis and McMillin, 2010), and has a half-life of 17 hours

(York, 2017). The enzyme is broadly distributed in tissue with highest concentrations

83



in liver, cardiac tissue, and skeletal muscle, but present in smaller amounts in kidney,

erythrocytes, and pancreas (Johnson-Davis and McMillin, 2010).

AST is a pyridoxal 5’-phosphate (PLP)-dependent enzyme that catalyses
reversible transamination reaction. In its presence, aspartate and pyridoxal phosphate
reacts to form oxaloacetate and pyridoxamine phosphate. Pyridoxal phosphate is then
regenerated from the reaction of pyridoxamine phosphate with a-ketoglutarate and
concomitant formation of glutamate (York, 2017). AST plays important role in amino
acid metabolism and vital physiological function of maintaining cellular NAD*/NADH
ratio, through the malate-aspartate shuttle whereby cytosolic NADH is oxidised and
mitochondrial NAD* is reduced thereby facilitating glycolysis and electron transport

(ATP generation), respectively (McGill, 2016).

Elevated plasma levels of AST are usually due to increased expression, or
release of enzyme from tissues resulting from membrane blebbing and cell death
(McGill, 2016). But in some instances, increase activity of plasma AST could result
from complexing of the enzyme with immunoglobulins or other proteins to form a
“macroenzyme” thereby protecting the enzyme from degradation, and prolonging their
half-lives (Moriyama et al., 1990; Briani et al., 2003), hence, the accumulation of
enzyme despite their normal release. Asymptomatic increase in plasma AST without
increase in ALT or other biomarkers may therefore suggest “macroAST” formation
(Moriyama et al., 1990). A significant increase in mitochondrial form of AST in
plasma may suggest cellular necrosis (Johnson-Davis and McMillin, 2010). Since AST
is found in many tissues unlike ALT, a ratio of plasma AST to ALT greater than 5 may
suggest extrahepatic injury, especially when ALT activity is normal or slightly raised

(Woreta and Algahtani, 2014).
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21412 Alanine aminotransferase (EC 2.6.1.2)

Alanine aminotransferase (ALT) is made up of 496 amino acids which are
coded by the ALT gene, located on the long arm of chromosome 8 (Sohocki et al.,
1997). It has a half-life of about 10 hours in rat and 50 hours in humans (York, 2017).
It is majorly found in the cytosol of hepatocytes and catalysis transamination reaction.
In the presence of ALT, the reaction between alanine and pyridoxal phosphate yields
pyruvate and pyridoxamine phosphate. The pyridoxamine phosphate then reacts with
a-ketoglutarate to form glutamate and the regeneration of pyridoxal phosphate
(McPherson and Pincus, 2011). ALT has primary role in gluconeogenesis and amino
acid metabolism (York, 2017). It is important for energy homeostasis via the alanine-
glucose cycle whereby in the muscle, it converts pyruvate to alanine using an amino
group from glutamate, and ALT of hepatocyte converts the alanine back to pyruvate,
which can be used to make glucose. Thus, ensuring glucose regulation which is
important to biological system especially during stressful periods such as fasting or

vigorous exercise (McGill, 2016).

While ALT is found in other tissues in smaller concentrations, its presence is
highest in liver, hence, its usefulness as a biomarker of hepatocellular damage or its
function. Acute hepatotoxicity usually leads to rise in plasma ALT activity within 6-12
hours and this peak within 2 days and then decline (York, 2017). While enzymatic
induction may result in elevated activity of ALT (York, 2017), cell death, plasma
membrane damage and enzyme leakage represent common reason for elevated plasma
activity of the enzyme (McGill, 2016). Mild increase in plasma ALT activity may
suggest membrane blebbing and reversible hepatic injury, but pronounced increase in
activity may indicate irreversible cellular damage and necrosis (York, 2017).
Deficiency or inhibition of pyridoxal phosphate by xenobiotics such as isoniazid or
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lead could prevent elevation of ALT activity despite the presence of hepatic injury

(Aulbach and Amuzie, 2017).

2.14.2 Alkaline Phosphatase (EC 3.1.3.1)

Alkaline phosphatase (ALP) is a homo-dimeric enzyme that has five cysteine
residues, two Zn?* and one Mg?* in each of its catalytic sites. The metals are essential
for the catalytic activity of the enzyme. ALP catalyses the hydrolysis of
monophosphate esters, and in the presence of abundant concentrations of phosphate
acceptors, catalyses transphosphorylation reaction (Millan, 2006). ALP influences
transportation of metabolite and lipid, and calcification of bone (Gowda et al., 2009).
The enzyme is membrane-bound, has optimum activity at alkaline pH, and can be
inhibited via uncompetitive mechanism by L-amino acids and peptides (Millan, 2006).
ALP is activated by some divalent ions such as Co?*, Mg?*, and Mn?* but can be

inhibited by Ca?*, Hg?*, borate, cyanide, oxalate and phosphate (Varley et al. 1988)

ALP is found in the bone, kidney, liver, placenta, small intestine, and white
blood cells (Lee et al., 2012). ALP isoforms in humans are encoded by four genes;
placental ALP, intestinal ALP, germ cell ALP, and tissue nonspecific ALP which is
expressed in bone, kidney, and liver. The tissue nonspecific ALP gene is located on
chromosome 1, while the genes for other isoforms of ALP are found on chromosome 2

(Harris, 1990; Millan, 2006).

In assessing liver injury, with both plasma activities of ALT and ALP above
upper limit of normal range, the ratio of ALT to ALP of less than two could indicate
cholestasis, between two to five could indicate mixed cholestatic-hepatocellular injury,
while ratio greater that five may suggest hepatocellular injury (Woreta and Algahtani,

2014).
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Inborn defects in ALP gene results in hypophosphatasia. This is characterised
by deficiency in ALP activity, inadequate skeletal and dental mineralization, and
accumulation of the substrates of ALP, namely, pyridoxal-5' phosphate,
phosphoethanolamine, and inorganic pyrophosphate (Wendling et al., 2001; Mornet,

2008).

2.14.3 Gamma-Glutamyltransferase (EC 2.3.2.2)

Gamma-glutamyltransferase (GGT) is a membrane-bound transferase present
in tissues such as liver, proximal renal tubule, pancreas, spleen, and intestine. It
catalyses the transfer of gamma-glutamyl group of peptides such as glutathione to
amino acids or other peptides (Mukherjee and Gollan, 2011). Though found in higher
concentration in kidney, plasma GGT activity is primarily credited to hepatobiliary
system (Panteghini and Bais, 2008) with apical membrane of hepatocytes and biliary

epithelial cells as the main sources (Sotil and Jensen, 2004).

Plasma activities of GGT is an indicator of bile ducts or liver injury. Elevated
activities of GGT in the plasma may suggest membrane damage or death of biliary
epithelial cells (Sotil and Jensen, 2004). However, other non-hepatic disorders such as
renal failure, and diabetes could bring about increase in the plasma activities of the

enzyme (Woreta and Algahtani, 2014).

The activities of GGT in plasma is also clinically useful for determining source
of elevated alkaline phosphatase. A concomitant increase in GGT and alkaline
phosphatase activities suggest hepatobiliary source while increased activity of alkaline
phosphatase without significant alteration in activity of GGT suggest skeletal (bone)

source (Lee et al., 2012).
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2.14.4 Glutamate Dehydrogenase (EC 1.4.1.3)

Glutamate dehydrogenase (GDH) is a mitochondrial enzyme present in the
liver, kidney, heart muscle, and in small quantity in tissues like brain, skeletal muscle,
and leucocytes. GDH catalyses the formation of a-ketoglutarate through the removal of
ammonia from L-glutamate utilizing NAD" or NADP" as cofactor (Panteghini and
Bais, 2008). The reaction catalysed by GDH is reversible and the reverse of this
oxidative deamination is called reductive amination. GDH is essential for
interconnecting amino acids, carbohydrate metabolism, cellular homeostasis of

ammonia, and energy production (Plaitakis et al., 2011).

The cellular activity of GDH is positively modulated by adenosine diphosphate
(ADP) and inhibited by guanosine triphosphate (GTP), thereby suggesting that the
enzyme is controlled by cellular energy need (Spanaki et al., 2010). Mitochondrial
enzyme such as GDH has elevated activity in plasma in cases of mitochondrial damage
and dysfunction (McGill et al., 2014; Weemhoff et al., 2017). The activity of GDH in

plasma is also elevated during necrosis (Panteghini and Bais, 2008).

2.14.5 Lactate Dehydrogenase (EC.1.1.1.27)

Lactate dehydrogenase (LDH) is cytoplasmic enzyme that catalyses
interconversion of lactate and pyruvate. It utilises nicotinamide adenine dinucleotide
(NAD) as hydrogen acceptor in catalysing the oxidation of lactate to pyruvate

(Johnson-Davis and McMillin, 2010).

The enzyme plays essential role in anaerobic glycolysis, during which pyruvate
generated from glucose is reduced to lactate by LDH, utilising NADH as cofactor and

generating NAD*. Hence, upregulation of cellular LDH activity during hypoxia
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replenishes NAD* which is crucial for maintaining cellular energy production through

glycolysis in anaerobic circumstances (Valvona et al., 2016).

LDH can be categorised as five major isoenzymes with each made up of four
polypeptide chains. These polypeptide chains are of two types, designated as H (heart)
and M (muscle) and their different arrangements is what yield the major isoenzyme
forms of LDH (Johnson-Davis and McMillin, 2010). LDH is found in heart, kidney,

liver, skeletal muscle, and erythrocyte but in smaller amount in brain (Crook, 2013).

Due to the presence of the enzyme in many tissues, elevated levels of the
enzyme in plasma may result from conditions affecting different tissues. The plasma
activity of LDH is elevated in cardiac, hepatic, renal and skeletal muscle injuries or
diseases, but highest level of its elevation is seen in pernicious anaemia, haemolytic
disorders (Johnson-Davis and McMillin, 2010) and myocardial infarction (Crook,

2013).

2.14.6 Creatine kinase (EC 2.7.3.2)

Creatine is synthesized in the kidney, liver and pancreas in two enzymatic
reactions. Transamidation of arginine and glycine forms guanidinoacetic acid, and its
methylation by S-adenosylmethionine yields creatine. Creatine is then transported in
blood to tissues such as brain and muscle where it is phosphorylated by creatine kinase
to yield phosphocreatine, a high-energy compound (Lamb and Price, 2008). Creatine
and phosphocreatine are interconverted during metabolic processes of muscle

contraction (Lamb and Price, 2008).

Creatine kinase (CK) is found in abundance in brain, cardiac and skeletal
muscles. CK exist as three isoenzymes and each is made up of two polypeptide

subunits designated as M and B (Crook, 2013). In most vertebrate tissues, the
89



iIsoenzymes are expressed as a dimeric cytosolic CK and more commonly as octameric
mitochondrial CK which is localized in cristae and intermembrane space (Schlattner et

al., 1998).

CK is commonly linked with regeneration of ATP in contractile or transport
systems (Johnson-Davis and McMillin, 2010). In muscle cells, CK catalyses the
formation of phosphocreatine, which is stored in muscle cells until needed. And during
contraction, this phosphocreatine is broken down to creatine and regenerate ATP via
N-phosphoryl group transfer to ADP (Andres et al., 2008). The cellular activity of CK
ensures that immediate high and fluctuating energy needs of cells are met. It serves to
guarantee steady, locally buffered ATP/ADP ratios and preserve cellular energy

homeostasis (Saks et al., 1996; Ventura-Clapier et al., 1998).

Pathological conditions often alter activity of CK either by directly
compromising CK via oxidative and radical damage, or by up-regulating CK
expression to compensate impaired energy state (Schlattner et al., 2006). The plasma
activity of CK is commonly increased in disorders of cardiac and skeletal muscle
because of the presence of CK in high quantity in these tissues (Johnson-Davis and
McMillin, 2010). Elevated plasma activities of CK may suggest myocardial infarction,
thyrotoxic myopathy, or muscular dystrophy (Crook, 2013), and are sometimes
increased in central nervous system disorders such as central nervous system shock,
seizures, cerebrovascular accident, and nerve degeneration (Johnson-Davis and

McMillin, 2010) involving blood-brain barrier damage.

2.14.7 Malate Dehydrogenase (EC 1.1.1.37)

Malate dehydrogenase (MDH) reversibly catalyses the oxidation of L-malate to

oxaloacetate, utilising NAD as cofactor. In eukaryotic cells, MDH exist as two
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isoenzymes called cytoplasmic MDH and mitochondrial MDH. The two isoenzymes
exist as dimers in physiological state with similar subunits (homodimers) and two

equivalent binding sites (Dasika et al., 2015).

The isoenzymes are vital for tricarboxylic acid cycle and malate-aspartate
shuttle. MDH plays vital roles in energy generation, metabolic pathways such as
tricarboxylic acid cycle within the mitochondrial matrix, and formation of metabolites
for biosynthesis (Rozova et al., 2015). In malate-aspartate shuttle across the
mitochondrial membrane, regeneration of NAD is made possible by the mitochondrial
MDH involved in the reduction of oxaloacetate to malate in the presence of NADH,

hence providing NAD needed for energy generation (Abtahi et al., 2017).

MDH is allosterically regulated by citrate but inhibited by ATP, and high
oxaloacetate concentrations (Dasika et al., 2015). Elevated activity of MDH in plasma

is associated with hepatic and cardiac injuries (Smith et al., 2013).

2.14.8 Acetylcholinesterase (EC 3.1.1.7)

Acetylcholinesterase (AChE) has a key physiological function of terminating
impulse transmission at nicotinic cholinergic synapses by hydrolysing acetylcholine
(Aldunate et al., 2004). Impulse stimulation of nerves results in migration of
acetylcholine vesicles to nerve surface where they rupture and release acetylcholine
into synaptic gap between nerve and muscle. Acetylcholine then diffuses across
synaptic junction to interact with its receptor at post-synaptic gap. This causes opening
of transmembrane channels, inflow of sodium and calcium, and outflow of potassium
(Martyn et al., 2000), hence depolarisation of the post-synaptic cells. This creates

voltage and consequently propagate action potential and muscle contraction (Prior and
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Marshall, 2006). This transmission of impulse and action is halted appropriately

through hydrolyses of acetylcholine by acetylcholinesterase.

AChE hydrolyses acetylcholine at synapses and terminates its activity (Fujii et
al., 2017). The rapid and effective hydrolyses of acetylcholine prevents its
accumulation, hence the quick return of the system to its resting state before the
commencement of another motor nerve impulse (Caldwell, 2009) whereas, inhibition
of AChE allows longer presence and higher concentration of acetylcholine at the
neuromuscular, hence persistent stimulation and contraction of the muscle (Caldwell,

2009).

AChE has one anionic and one esteratic site of action. The anionic site is
negatively charged and interacts with the positive quaternary nitrogen group of
acetylcholine, while the esteratic site complexes with the carbamate group on the
acetylcholine (Caldwell, 2009).AChE is present in neuromuscular junctions, nerve
endings, gray matter of brain, erythrocyte, spleen and lungs (Panteghini and Bais,

2008).

Altered cellular activity of AChE suggest cholinergic dysfunction. In the
absence of genetic cause or enzyme inhibition, a decrease in plasma AChE activity

could suggest impaired synthetic function of the liver (Panteghini and Bais, 2008).

2.14.9 Adenosine Triphosphatases (ATPases)

ATPases are enzymes that catalyse the hydrolysis of adenosine triphosphate
(ATP) into adenosine diphosphate (ADP) and a free phosphate ion, releasing energy
for other cellular processes. Transport ATPases can be classified as; F-type ATPases,

V-type ATPases, or P-type ATPases (Suhail, 2010).
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The F-type ATPases (FoF1 ATPase) are active transporters and are key to
energy-conserving reactions in mitochondria and chloroplasts. The F-type ATPases
catalyse transmembrane movement of protons against concentration gradient and this
is driven by ATP hydrolysis. Since this reaction is reversible, the F-type ATPases can
utilise energy from the proton gradient in the reverse for ATP synthesis, and as a result
are also called ATP synthases. The integral portion of F-type ATPases, (Fo) provides a
transmembrane channel for protons while the peripheral domain (F1) serves as the
molecular machine, utilising energy of ATP hydrolysis to drive protons uphill, or
synthesize ATP as protons flow down their electrochemical gradient. During oxidative
phosphorylation and photophosphorylation in mitochondria and chloroplasts

respectively, ATP synthases are key to the production of ATP (Nelson and Cox, 2013).

The V-type ATPases are proton-transporting ATPases, acidifying intracellular
compartments such as lysosomes, secretory vesicles, and the Golgi complex in
organisms. Since their function is associated with vacuole, hence the “V” in the class
name. They have integral (transmembrane) domain (Vo) that functions as a proton pore
and a peripheral domain (V1) that has the ATP-binding site and the ATPase activity
(Nelson and Cox, 2013). In Plasmodium spp. the V-type ATPase occurs both in its
membranes of organelles and its plasma membrane where it functions to energise the
secondary transport of various solutes (Moriyama et al., 2003). The Plasmodium V-
type ATPase is also exported to the cytoplasm of the host erythrocyte and is attached
to the plasma membrane where it regulates the intracellular pH of infected erythrocyte

(Marchesini et al., 2005).

The P-type ATPases are ATP-driven cation transporters that are reversibly
phosphorylated by ATP. Phosphorylation of P-type ATPases at a specific aspartate
residue brings about conformational change which is essential to transporting the
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cation across membrane (Nelson and Cox, 2013). The P-type ATPases are so called
because they form a vital phosphorylated intermediate during transmembrane transport
of molecules. Mg?*-ATPase, Ca?*, Mg?*-ATPase and Na*, K*-ATPase are examples of

P-type ATPases.

2.149.1 Mg2+-Adenosine Triphosphatase (E.C. 3.6.3.2)

The Mg?*-ATPase functions to maintain high intracellular Mg?* concentration.
Alteration in levels of Mg?* can control rates of protein synthesis and cell growth
(Sanui and Rubin, 1982). Mg?*-ATPase is said to be activated by millimolar
concentrations of Mg?* and is resistant to ouabain, or vanadate inhibition (Ravindran et
al., 2012). It has been reported that the enzyme in different brain region has varying
affinity for ATP (Nedeljkovic et al.,1998), and unlike both Ca?*-ATPase and Na*, K*-
ATPase, moderate hypoxia is reported to increase the activity of synaptosomal Mg?*-

ATPase (Grochowalska and Bernat, 1997).

2.14.9.2 Ca2+,Mg2+-Adenosine Triphosphatase (E.C. 3.6.3.8)

The Ca?*,Mg®" ATPase is classified as a P-type transport ATPase, because
during catalytic cycle it forms covalent intermediate state by phosphorylation of its

highly conserved aspartate residue (Pedersen and Carafoli, 1987).

Ca?* ATPase function to maintain low cytosolic concentration of calcium ion.
To achieve this, three calcium-pumping ATPase systems are involved. They are; (i)
ATPases localized in Golgi and related vesicular compartments; (ii) sarco/endoplasmic
reticulum ATPases (SERCAs) that sequester Ca?* from cytosol into internal release
compartments; and (iii) plasma membrane Ca?*-ATPases (PMCAs) located in the
surface membrane of cells that eject Ca?* from cytosol against concentration gradient

into extracellular environment, thereby ensuring Ca?* homeostasis (Talarico Jr et al.,
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2005). These pumps have high affinity for intracellular Ca** and upon binding the ion,
they undergo conformational changes thereby allowing the transport of the ion across
membrane where the pumps have lower affinity for Ca®*, hence its dissociation
(Mangialavori et al., 2010; Brini and Carafoli, 2011). PMCA has a lower capacity for
Ca?* removal compared to SERCA as it removes one Ca?" per ATP molecule
hydrolysed unlike two Ca?" removed per ATP by SERCA (Guerini et al., 2000).
PMCA is principally the Ca?* removal system in cells where the resting intracellular
Ca?* levels is low (Zylin"ska and Soszyn’ski, 2000), whereas excitable cells such as
neurons and myocytes which has more needs for removal of cytosolic Ca?* requires the
activities of PMCA (for removal into extracellular environment), SERCA (for reuptake
into the sarco/endo-plasmic reticulum), and the sodium-calcium exchanger (Lytton et

al., 1989; Brini and Carafoli, 2011).

In humans, PMCA proteins (PMCA1-PMCA4) are encoded by four genes
(ATP2B1-ATP2B4) and mutations in the genes encoding each PMCA are said to be
associated with diseased cells and pathological conditions such as diabetes, hereditary
deafness, cardiovascular diseases, autism, and adenoma (Stafford et al., 2017). Ca**-
ATPase of erythrocytes membrane is said to consist mainly of PMCA4 (coded by
ATP2B4) and single nucleotide polymorphisms within the ATP2B4 has been reported
to conferred resistance to a severe form of malaria among children, and protect against
anaemia in pregnant women in a West African population (Timmann et al., 2012;
Bedu-Addo et al., 2013). Therefore, PMCA4 may be an interesting target for anti-

malarial drugs (Mohamed et al., 2013).

Calmodulin is the major regulator of Ca?* pump activity. Calmodulin binds to
its domain thereby increasing the ATPase affinity for Ca?*, making it active at cellular
concentration of Ca?* and elevating the ATPase activity to about six-fold (Enyedi,
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1987; Elwess et al., 1997). On the contrary, the pump can be inhibited by thapsigargin

(Lytton et al., 1991).

2.149.3 Na+,K+-Adenosine Triphosphatase (EC 3.6.3.9)

The Na*,K*-ATPase was discovered by Jens Christian Skou in 1957 (Cheng et
al., 2013). This ubiquitous transmembrane enzyme is made up of a, B, and y subunits
and requires one o and one B subunit in heterodimer as the minimal functional unit
(Jorgensen et al., 2003). The a subunit is a catalytic site and offers the binding sites
for sodium, potassium, ATP and cardiac glycosides (inhibitors of the pump) while the
B subunit is a sugar-rich auxiliary segment vital for maturation and stability of the o
subunit (Pestov et al., 2011). The y subunit is a hydrophobic and single-membrane
crossing protein with little known about its function, but appears to be obligatorily
associated with the aff complex (Therien et al., 1997). There are four o and four 8

isoforms expressed in different fiber-type, and subcellular distribution.

Na*,K*-ATPase is primarily responsible for maintaining high extracellular
sodium concentration relative to intracellular concentration, and high intracellular
potassium ion concentration relative to extracellular concentration. To achieve this,
Na*",K"-ATPase utilises energy from the hydrolyses ATP to pump, against
concentration gradient, three molecules of sodium ions out of cells for every two
molecules of potassium ions pumped into cell via a ping-pong like mechanism called
Albers-Post cycle (Jorgensen et al., 2003). Phosphorylation of the protein by ATP
results in conformational change of the pump and increases its affinity for intracellular
sodium whereas dephosphorylation of the ATPase brings about conformational change
and increases its affinity for extracellular potassium. The action of Na*,K*-ATPase

ensures generation and maintenance of transmembrane gradients of sodium and
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potassium which is vital for the normal resting membrane potential (Cheng et al.,
2013). The electrochemical gradient created by this enzyme provides energy for
transport of metabolites, nutrients, and ions across membrane. This electrochemical
gradient is also important for regulation of intracellular pH and cell volume, and for

the action potential of muscle and nerve (Therien et al., 1997).

The activity of Na*,K* pump can be regulated, likewise its abundance. While
acute regulation affects the activity, chronic regulation tends to affect the abundance of
the protein (Clausen, 1998). Change in substrate levels, that is, increase intracellular
sodium and extracellular potassium levels stimulate the activity of Na*,K*-ATPase
(Cheng et al., 2013). Insulin is also an activator, stimulating Na*, K*-ATPase by
increasing its affinity for intracellular sodium (decreasing concentration for half-
maximal activation, Km) without changing its maximal pump activity (Vmax) and this
is independent of glucose uptake (Kitasato et al., 1980; Choi et al., 2002). Compounds
such as B-blockers (e.g. propranolol) that prevent phosphorylation of the pump can
inhibit its activity. Chronic regulation of Na*,K*-ATPase is achieved at transcriptional
and post-transcriptional levels resulting in altered protein synthesis of o and B subunits
(Cheng et al., 2013). Also, low dietary potassium intake and muscle inactivity could
decrease the abundance of the enzyme in skeletal muscle (Clausen, 2003). Inhibition of
skeletal muscle Na*,K* pump by drugs such as cardiac glycosides digoxin or f-
blockers may result in hyperkalemia while stimulation of the pump by drugs such as
[2-agonists or CAMP enhancers theophylline and caffeine may result in hypokalemia
(Perazella, 2000). Na*,K*-ATPase can be inhibited by digitoxigenin, ouabain, or

vanadate.
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2.15 Blood Parameters

The blood is made up of plasma, red blood cells, white blood cells, and
platelets. The plasma is the liquid component of blood, consisting of mostly water,
with dissolved proteins, electrolytes, nutrients, and metabolites while the red blood
cells, white blood cells and platelets are the cellular components of blood (Scanlon and
Sanders, 2007). The blood, among other things, functions to deliver oxygen and
nutrients to tissue, remove carbon (1V) oxide and metabolic waste from tissues, fight

infections and cause coagulation at site of broken vessel (Scanlon and Sanders, 2007).

The biochemical, physiological and pathological status of a biological system
can be analysed through haematology parameters. Haematology parameters that are
considered for safety and toxicity studies include; red blood cell (RBC) count,
haemoglobin (Hb) concentration, packed cell volume (PCV), mean corpuscular
volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular
haemoglobin concentration (MCHC), white blood cells (WBCs) count, lymphocytes
(LYM), neutrophils (NEU), and platelet (PLT) counts. Pathological conditions bring

about alterations in these parameters.

2.15.1 Red Blood Cell Parameters

Red blood cells (erythrocytes) develop from pluripotent haematopoietic stem
cells in bone marrow. They become nucleated cells under the influence of various
growth factors, but the nucleus is removed as the erythrocytes mature (Everds, 2007)
and lack mitochondria at maturity. They are biconcave disc-shaped cells and transport
oxygen to tissues and carbon (IV) oxide away from such. The biconcave shape
enhances their flexibility and passage through vessels for delivery of gases and
nutrients, and reduces the distance between haemoglobin and erythrocyte surface

thereby enhancing efficiency (Washington and Van Hoosier, 2012). Chemical
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compounds that alter the morphology, quantity and/or quality of erythrocytes affect

their functionality.

Red blood cell indices refer to measurements that depict the size and oxygen-
carrying haemoglobin content of erythrocytes. The parameters used for assessment of

red blood cells are; RBC count, Hb concentration, PCV, MCV, MCH, and MCHC.

2.15.1.1 Red Blood Cell Count

The red blood cell (RBC) count refers to the estimation of the number of red
blood cells per unit volume of blood (Everds, 2007). Since Plasmodium reproduces in
RBCs and destroys them, the RBC count is reduced in malaria cases (Scanlon and

Sanders, 2007).

2.15.1.2 Haemoglobin Concentration

Haemoglobin is made up of four haem prosthetic group and four globin chains.
Each of the haem prosthetic group contains an atom of iron in combination with
protoporphyrin 1X, while the globin chains could be a combination of polypeptide
chains which are designated alpha, beta, gamma, and delta chains (Hall, 2011). The
iron in each of the four haemoglobin subunits can loosely and reversibly bind, through
its coordination bonds, to one molecule of oxygen, hence each haemoglobin molecule
can transport eight atoms of oxygen (Thomas and Lumb, 2012). The binding affinity
of haemoglobin molecule for oxygen is determined by the types of haemoglobin chains
that it comprised, and presence of abnormalities in the chains (Hall, 2011). In human,
haemoglobin A is the most common form of haemoglobin and it is made up of two
alpha chains and two beta chains. Amino acid alteration in the two beta chains results

in sickle cell in which glutamate is replaced by valine (Cummings, 2008).
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Haemoglobin concentration in healthy human is approximately one-third of the
packed cell volume (Campbell and Ellis, 2013). Deficiency of haemoglobin in the
blood is called anaemia. Anaemia could also arise from too few red blood cells in the
blood (Hall, 2011). Malaria infection is associated with reduction in haemoglobin
concentration, resulting in haemolytic anaemia (Siqueira et al, 2014). But,
haemoglobin concentration is elevated during dehydration and polycythemia (Hall,

2011).

2.15.1.3 Packed Cell VVolume

The packed cell volume (PCV) is also called haematocrit. It is a measure of the
percentage of blood occupied by red blood cells (Everds, 2007). PCV is relatively
constant among mammals, but red blood cell count and mean cell size differ among

species (Campbell and Ellis, 2013).

2.15.1.4 Mean Corpuscular Volume

Mean corpuscular volume (MCV) is a measure of the average size of red blood

cells (Washington and Van Hoosier, 2012).

2.15.1.5 Mean Corpuscular Haemoglobin

Mean corpuscular haemoglobin (MCH) is calculated from the haemoglobin

concentration and red blood cell concentration (Washington and VVan Hoosier, 2012).

2.15.1.6 Mean Corpuscular Haemoglobin Concentration

Mean corpuscular haemoglobin concentration (MCHC) is calculated from the

haemoglobin concentration and packed cell volume, and provides the index of
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haemoglobin volume in grams relative to PCV in g per dl or percent (Washington and

Van Hoosier, 2012).

The MCHC value is reduced in severe iron-deficiency anaemia or microcytic
anaemia as a result of reduced haemoglobin concentration. But the MCHC value is

falsely elevated in haemolysed sample (Washington and VVan Hoosier, 2012).

2.15.2 White Blood Cell Parameters

The white blood cells, also called leukocytes, are the mobile protective system
of the body. They are formed partially in the bone marrow and partially in the lymph
tissue (Hall, 2011). They are mostly specifically transported to locations of infection

and inflammation to provide protection (Hall, 2011).

The white blood cells are nucleated and of different type, namely; lymphocytes,
polymorphonuclear neutrophils, polymorphonuclear eosinophils, polymorphonuclear
basophils, and monocytes (Hall, 2011). The polymorphonuclear cells (neutrophils,
eosinophils, and basophils) have a granular appearance and are therefore referred to as
granulocytes, or “polys,” because of the multiple nuclei (Hall, 2011). The
concentration of individual white blood cell types is a central indicator of disease

(Washington and Van Hoosier, 2012).

2.15.2.1 White Blood Cell Count

The white blood cell (WBC) count is a measure of the total amount of white
blood cells in a given blood sample. Increase in the WBC count is an indication of
acute infection, leukaemia while decreased WBC count could indicate aplastic anaemia

(Scanlon and Sanders, 2007).
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2.15.2.2 Lymphocyte Count

The lymphocytes are associated with immunologic response, that is, perform
their protective functions primarily in connection with the immune system
(Washington and Van Hoosier, 2012). Lymphocytes are produced primarily in the
lymphogenous tissues especially in the spleen, lymph glands, tonsils, and thymus, but

partially produced in the bone marrow (Hall, 2011).

The lymphocytes can be classified as T-lymphocyte which is responsible for
cell-mediated immunity, and the B-lymphocyte which is responsible for antibodies
formation to promote humoral immunity. The T-lymphocytes originate from the bone
marrow, then move to the thymus gland where they develop specificity for antigens.
Thousands of these pre-processed antigen-specific T-lymphocytes move away from the
thymus to be stored in lymphoid tissues (Hall, 2011). The B-lymphocytes are pre-
processed in the liver, and later in the bone marrow, after which they migrate to
lymphoid tissue, close to the T-lymphocyte areas, for storage. The B-lymphocytes
form several millions of different B-lymphocyte antibodies, each with specific
reactivities (Hall, 2011). Hence the B-lymphocytes have far more diversity compared

to the T-lymphocytes.

The lymphocytes are majorly stored in the lymphoid tissues, with only small
quantity transported temporarily in blood. The lymphocytes move in the circulatory
system continually, moving forth and back between the lymph and the blood. Hence,
circulating through the body continually having a lifespan of weeks or months
depending on the body’s need for them (Hall, 2011). They demonstrate specific
immunity against individual invading agents, hence said to show acquired or adaptive

immunity (Hall, 2011).
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2.15.2.3 Neutrophil Count

The polymorphonuclear neutrophils protects against invading organism by
phagocytosis, that is cellular ingestion of the invading organism (Hall, 2011). The
neutrophils are formed in the bone marrow and are stored there until needed in the
circulatory system. Once released, they circulate for few hours in the blood, move to
tissues where their phagocytic action is needed and remains there for about five days

(Hall, 2011).

The neutrophils provide the second line of defence against infection, within
hours of inflammation, in support of the first line of action provided by macrophages
(Hall, 2011). Bacteria, viruses, and other injurious agents are majorly attacked by the
neutrophils and tissue macrophages. The neutrophils can destroy bacteria in the
circulating blood through its bactericidal action even when its digestive lysosomal

enzymes are prevented (Hall, 2011).

Infections and inflammation bring about acute increase in neutrophil count

(Washington and Van Hoosier, 2012).

2.15.2.4 Other Myeloid Cells

The other white blood cells are polymorphonuclear eosinophils (also called
eosinophils), polymorphonuclear basophils (also called basophils), and monocytes.
They are formed in the bone marrow, are released into circulatory system when

needed, and protect against invading organism by phagocytosis (Hall, 2011).

Eosinophils are weak phagocytes (less effective than neutrophils) which are
usually released in large numbers in parasitic-infected humans and move in large

numbers into parasitized tissues (Washington and VVan Hoosier, 2012). The eosinophils
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circulate for few hours in the blood, move to tissues where needed and remains there
for about five days. In response to allergens and some chronic diseases, eosinophils are
involved in the inactivation of histamine. While most parasites are too big for
phagocytosis, eosinophils act primarily by attaching to the parasites and releasing
hydrolytic enzymes and/or highly reactive oxygen that are lethal to the parasites (Hall,

2011).

The basophils are similar to large tissue mast cells and both liberate heparin (an
anticoagulant) into the blood. Also, the basophils in association with the mast cells
release histamine, small amount of serotonin, and play an important role in some types
of allergic reactions. After circulating for few hours in the blood, the basophils move
to tissues where needed and remains there for about five days. They are commonly

found at spots of ecto-parasite infection (Washington and VVan Hoosier, 2012).

The monocytes move in the blood for few hours after their release and then
move through capillary membrane to tissues where they swell greatly to become tissue
macrophages and can live for months in this form to provide effective long-term
phagocytic defence against infection in the tissues (Hall, 2011). The tissue
macrophages are better phagocytes than neutrophils. Within minutes of inflammation,
the first line of defence against infection is carried out by tissue macrophages (Hall,

2011).

2.15.3 Platelet Count

Platelets, also known as thrombocytes, are fragments of a type of cell called
megakaryocytes which is similar to white blood cells. They are produced in the bone
marrow, do not have nuclei, hence cannot reproduce but possesses mitochondria and

have lifespan of about ten days (Hall, 2011). The platelets function to activate the

104



blood clotting mechanism. After a cut in the blood vessel, platelets form the initial
haemostatic plug (the platelet plug) to seal the cut and prevent haemorrhage
(Washington and Van Hoosier, 2012). Platelets have several functional features
(cytoplasmic organelles) of whole cells, and their membranes have coat of
glycoproteins which help to repel attachment to normal endothelium but causes their
adherence to injured areas of the vessel wall. Their membrane also has enormous
quantity of phospholipids which activate various phases in the blood-clotting process

(Hall, 2011).

2.15.4 The Plasma

The plasma is the liquid component of blood which is made up of mostly
water. Nutrients, electrolytes, metabolic waste products, and proteins are carried in the

plasma (Scanlon and Sanders, 2007).

2.15.4.1 Plasma Electrolytes

Electrolytes are categorised as either anions (negatively charged) or as cations
(positively charged). Physiological electrolytes include; Na*, K*, Ca®*, Mg?*, CI,
HCOs~, HoPO4~, H2PO4%, SO4* and some anions like lactate. Of these, Na*, K*, CI,
and HCOs™ are referred to as the major electrolytes and occur in plasma primarily as
free ions whereas ions such as Ca** and Mg?" exist in plasma in the bound state.
Abnormal levels of electrolytes may either result in, or be the consequence of disorders
or disease conditions (Scott et al., 2008). The plasma composition of these electrolytes

is controlled by various mechanisms but primarily by the kidney.

215411 Plasma Sodium lons
Sodium ion is the major extracellular cation and it is present in high

concentration in extracellular fluid compared to intracellular environment, as such,
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helps in maintaining osmotic pressure and normal distribution of water (Scott et al.,
2008) and this extracellular-intracellular gradient is maintained by the Na*™-K* ATPase.
Sodium ions help to maintain acid-base balance, transmit nerve impulses, and in

muscle contraction.

In healthy adult humans, the concentration of plasma sodium ion ranges from
135 to 145 mmol/L and the amount of sodium in the body is regulated by renal
reabsorption. Sodium is filtered by the glomeruli and majority of it is actively
reabsorbed in the proximal tubules with further reabsorption taking place in the loop of
Henle and by influence of the hormone aldosterone on the distal convoluted tubules

(Scott et al., 2008).

Dehydration from severe diarrhoea, extensive burns, or excessive sweating
without proper fluid replacement, renal loss of water and/or renal dysfunction can lead
to high sodium ion concentration (hypernatremia). Severe osmotic pressure changes
results when there is either extremely low (hyponatremia) or high (hypernatremia)
concentration of sodium ion in plasma and this can lead to damages of organs
(Kovesdy, 2012). Malaria is reportedly associated with hyponatremia (English et al.,

1996; Hanson et al., 2009).

2.15.4.1.2 Plasma Potassium lon

Potassium ion is the major intracellular cation. Because of its higher
intracellular concentration, transmembrane electrical gradients cause its diffusion out
of cell, but this is effectively reversed by Na™-K* ATPase, hence controlling potassium
ion intracellular-extracellular gradient (McPherson and Pincus, 2011). Potassium
alongside other ions, contributes to the electrolyte balance of organism. It is also

crucial for electrical signalling in cells, assist in conduction of nerve impulses and
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transport of essential nutrients (Deshpande et al., 2013). Potassium ion helps in the
maintenance of cardiac rhythm and facilitate neuromuscular conduction. Therefore,
high level (hyperkalaemia) or low level (hypokalaemia) of potassium ion leads to
cardiac arrhythmias and neuromuscular weakness (Parham et al., 2006; Viera et al.,
2015). Hypokalaemia and hyperkalaemia can be caused by alteration in potassium
intake, altered excretion, or transcellular shifts. While hypokalaemia usually results
from gastrointestinal losses and renal loss from diuretic use, hyperkalaemia is
commonly caused by impaired renal function, hyperglycaemia, and medication use

(Vieraetal., 2015).

The resting membrane potential of cells is highly determined by the
concentration of potassium ion in extracellular environment and kept within a narrow
range of 3 and 5 mmol/L in plasma of healthy humans (Cheng et al., 2013). Only
about 2% of the total body potassium is in the extracellular space, with interstitial
space and plasma containing 75% and 25% respectively of this extracellular
potassium. About 98% of the total body potassium is stored in the intracellular space,
with muscle containing 80% of the intracellular potassium while the bone, liver, and
erythrocytes contains the remaining 20% (Sjegaard et al., 1985; Youn and

McDonough, 2009).

2.15.4.1.3 Plasma Calcium lon

Calcium ion plays important roles in biological systems acting extracellularly
as a key factor in adhesion, blood coagulation, bone mineralization and movement, and
as intracellular second messenger essential for muscle contraction, hormone secretion,
cell division, and glycogen metabolism (Talarico Jr et al., 2005; Endres and Rude,

2008).
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In plasma, calcium exists in three physiochemical states as free calcium ion,
plasma protein-bound calcium, and anion-complexed calcium. Of these three states of
existence, the biologically active form is the free calcium ion fraction and its
concentration is regulated by calcium-regulating hormones, parathyroid hormone and

1,25-dihydroxyvitamin D (Endres and Rude, 2008).

Maintenance of calcium homeostasis is essential for proper functioning of
biological system. In cases of hypercalcaemia over time, calcium may deposit in soft
tissues such as pancreas and heart causing pathological conditions. Also,
hypocalcaemia can lead to muscle paralysis, convulsion, and death. Chronic
hypocalcaemia result in rickets and osteomalacia in children and adults respectively
(Rosenthal and Glew, 2011). Calcium is also reportedly depleted in cases of malaria
infection (Davis et al., 1991; Sitprija, 2008). Decreased concentration of free calcium
ion in plasma causes elevated neuromuscular excitability while increased concentration
of free calcium ion result in reduced neuromuscular excitability (Endres and Rude,

2008).

2.154.1.4 Plasma Chloride lon

Chloride ion is the major extracellular anion and helps in maintaining electrical
neutrality with sodium. The plasma concentration of chloride ion in human is between
80 and 120 mmol/L. The intracellular concentration of this anion is very low. The
chloride concentration in the body is regulated by renal reabsorption. Chloride is
filtered from plasma at the glomeruli and it is passively reabsorbed in the proximal
tubules while active reabsorption by chloride pump takes place in the thick ascending
limb of the loop of Henle (Scott et al., 2008). Inhibition of the chloride pump by
chemical agents results in loss of chloride in urine. Increased levels of chloride
(hyperchloremia) are related to acidosis while decreased levels (hypochloremia) may
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lead to metabolic alkalosis (Clark and Kruse, 1990). Chloride is important in biological
system in maintenance of water distribution, osmotic pressure and anion-cation

balance in extracellular fluid (Yunos et al., 2010).

2.15.4.15 Plasma Bicarbonate

Bicarbonate ion is produced from the reaction between carbon dioxide and
water, and most of CO: in plasma exists in the form of bicarbonate ion with a fraction
bound to carrier proteins. Bicarbonate ion concentration in plasma is between 10 and
40 mmol/L, in healthy adult. It serves as the main component of extracellular buffer
system, and is regulated by renal tubular cells and erythrocytes (Arneson and Brickell,
2007b). Some bicarbonate is found intracellularly, where it serves to maintain
electrical neutrality with potassium. Bicarbonate buffers H* in extracellular
environment forming H.COz. The carbonic acid is a weak acid which acts as a buffer

and do not contribute to the pH of the body fluids (Arneson and Brickell, 2007b).

2.15.4.1.6 Plasma Phosphate lon

Phosphate exist as both monovalent (H.PO4") and divalent (H.PO4*) forms in
plasma. Phosphate is vital for the activities of several enzymes. In cells, most of the
phosphate exist as organic form which is incorporated into nucleic acids,
phospholipids, cyclic adenosine monophosphate, nicotinamide adenine dinucleotide

phosphate, and adenosine triphosphate (Endres and Rude, 2008).

Hypophosphatemia can cause skeletal muscles weakness, reduced cardiac
output and metabolic acidosis. Adenosine triphosphate (ATP) production from
adenosine diphosphate (ADP) can be impaired by low level of intracellular phosphate
and this could have a ripple effect as reduced cellular ATP stimulates

phosphofructokinase activity, thereby enhancing glycolysis and lactate production,
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hence acidosis (Palmer and Clegg, 2017). In erythrocytes, phosphate depletion causes
reduction in 2,3-bisphosphoglycerate thereby leading to tissue hypoxia because of
elevated affinity of haemoglobin for oxygen. Severe phosphate reduction may cause
haemolysis (Endres and Rude, 2008) and hypophosphatemia is associated with malaria

and can be severe (Davis et al., 1991, Sitprija, 2008).

Hyperphosphatemia may result from decreased renal phosphate excretion, renal
failure, and cell lysis. Rapid elevated plasma phosphate level may be associated with
hypocalcaemia (Endres and Rude, 2008). Hyperphosphatemia can cause increased
bone turnover and lead to osteomalacia. It can also encourage apoptosis of vascular
smooth muscle cells, and the accumulation and mineralization of vessel wall collagen

matrix (Reynolds et al., 2004; Chen and Moe, 2015).

2.15.4.2 Plasma Biomolecules

The plasma biomolecules refer to the molecules which are carried in the plasma
and can serve as indicators of organ functions or dysfunction resulting from disease
conditions or action of chemical agents. Some of the plasma biomolecules usually
considered for assessment of organ functions are total Protein, albumin, globulin,
bilirubin, creatinine, urea, uric acid, total cholesterol, triacylglycerol, high-density
lipoprotein cholesterol, and low-density lipoprotein cholesterol (Ozer et al., 2008;

Gowda et al., 2010)

2.16 Justification for the Study

Despite the availability of different antimalarial drugs, malaria remains a global
health threat, with millions at risk of the infection and thousands of deaths recorded
yearly. This burden of malaria is borne majorly by sub-Sahara African region with

Nigeria taking the lead (WHO, 2016).
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Given the continuous emergence of resistance to commonly used antimalarial
agents, including artemisinin derivatives (Phyo et al., 2016, WHO, 2016; Dondorp et
al., 2017), combination of chemical agents that can possibly act against different
targetmetabolic pathwaysof Plasmodium species and with no prior report of resistance,
are urgently needed. Since many of the available chemotherapeutic agents have
substantial toxic effects (Schmuck et al., 2002; Schlitzer, 2007), a new combination
therapy with lesser toxicity are needed. Also, malaria is associated with secondary
complications such as oxidative stress and organ dysfunctions (Becker et al., 2004;
Percario et al., 2012), therefore combination of chemical agents that can ameliorate

these complications in addition to its antimalarial activity will be of interest.

Some of the scientific approaches to drug development involve optimisation
and repurposing of available drugs and their use in combination (Rosenthal, 2003;
Jourdan et al., 2017). This combination approach is similarly used in traditional
treatment of malaria whereby multiple plants are combined with effective therapeutic
results. However, isolated principles from these plants tend to be inactive in vivo, in
some cases, unlike their unrefined extracts (Wagner and Ulrich-Merzenich, 2009), and
this could be attributed to isolated action of these active principles rather than
synergistic actions of molecules which combination of active principles afford
(Rasoanaivo et al., 2011). Methyl gallate and palmatine are such compounds found in
efficacious antimalarial plants that are used in combination in traditional practice.
While methyl gallate and palmatine exhibited in vitro activities against multidrug-
resistant strains of Plasmodium falciparum, such activity was lost in vivo
(Vennerstrom and Klayman, 1988; Malebo et al., 2013; Zofou et al., 2013). Hence,
mimicking the traditional use of plants in combination which affords interaction of

molecules, the in vivo antimalarial activity of methyl gallate and palmatine may be
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regained if administered in the combination. Thus, this study was set out toevaluate the
antimalarial activity and toxicological effects of the combination of methyl gallate and

palmatine with or without a bio-enhancer.

2.17 Objective of The Study

2.17.1 Overall Objective

The overall objective of the study was to evaluate the antimalarial, antioxidant
and toxicological effects of methyl gallate and palmatine combination in in vitro and in

vivo models.

2.17.2 Specific Objectives

The specific objectives of the study were to:

1. Evaluate the in vitro antimalarial activity of methyl gallate and palmatine
combination;

2. Determine the nature of the interaction of methyl gallate and palmatine
combination;

3. Evaluate the interaction of methyl gallate and palmatine with selected
falciparum proteinsin silico;

4. Evaluate the in vivo antimalarial activity of methyl gallate and palmatine
combination in P. berghei NK65-infected mice;

5. Evaluate the in vivo antimalarial activity of methyl gallate and palmatine
combination in P. berghei NK65-infected mice in the presence of a bio-

enhancer;
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6. Evaluate the in vitro antioxidant activities of methyl gallate and palmatine
combination;

7. Evaluate the effects of methyl gallate and palmatine combination on the
antioxidant defense system of selected tissues in P. berghei NK65-infected
mice in the presence of a bio-enhancer; and

8. Evaluate the toxicity of methyl gallate and palmatine combination in the
presence of a bio-enhancer using selected function indices of the brain, heart,

kidney and liver in animal model.
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CHAPTER THREE

3.0 MATERIALS AND METHODS
3.1 Materials
311 Chemicals and Reagents

Acetic acid, Acetonitrile, trifluoroacetic acid, ammonium bicarbonate, glacial
acetic acid, n-butanol, ethanol, methanol, Pyridine, dimethyl Sulfoxide, bovine serum
albumin, HEPES buffer, Giemsa stain, bovine hemin, 2, 2-diphenyl-1-picrylhydrazyl,
reduced glutathione, glutathione, sodium acetate, sodium carbonate, dimethyl
sulphoxide, thiobarbituric acid, trichloroacetic acid, epinephrine, and Tris buffer were
products of Sigma-Aldrich Chemical Company, St. Louis, Mo, USA. Assay Kits were
purchased from Randox Laboratories Ltd, Co-Antrim, UK. All other reagents used

were of analytical grade.

3.1.11 Drugs

Chloroquine diphosphate, methyl gallate, and piperine were purchased from
Sigma-Aldrich Chemical Company, St. Louis, Mo., USA, while palmatine was a
product of Nanjing Spring & Autumn Biological Engineering Co Ltd China. The

compounds were of analytical grades.

3.1.2 Parasite

Chloroquine-sensitive strain of Plasmodium berghei (NK65) was obtained
from Institute for Advanced Medical Research and Training, University College
Hospital Ibadan, Oyo State, Nigeria. The parasites were maintained in mice by serial

passages of blood from infected donor mouse to naive recipient.
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3.1.3 Animals

Swiss albino mice and rats (Rattus norvegicus) of average weights of 21 + 2 g
and 160 + 20 g respectively were obtained from the Animal Holding Unit of the
Department of Biochemistry, Faculty of Life Sciences, University of llorin, Ilorin,
Nigeria. They were housed in well-ventilated cages at room temperature under natural
lighting condition. The animals were allowed access to standard rodent chow (Vital

Feed®, Grand Cereals Ltd, Jos, Nigeria) and water ad libitum.

3.2 Methods
3.2.1 In vitro Studies
3211 Inhibition of p-Haematin Formation

The inhibition of B-haematin formation assay was carried out as described by

Ncokazi and Egan, (2005).

Principle: The assay is based on the ability of compounds toinhibit the formation of -
haematin. Aqueous pyridine (5%v/v, pH 7.5) forms a low-spin complex with haematin
but not with B-haematin. Theabsorbance of the complex obeys Beer’s law, therefore
making it useful for quantifying haematinconcentration present in a mixture of

haematin and B-haematin.

Procedure: The compounds were prepared in methanol and acidified with HCI (1 M)
to form concentrationsthat varied from 0-10 equivalents relative to haematin in total
reaction volume, each containing 33.76 pL in the final mixture. An aliquot (20 uL) of
hematin stock solution (1.68 mM in 0.1 M NaOH) was added to each test tube, then
followed by addition of 2.02 pL of test compounds and 11.74 pL of acetate solution

(12.9 M, pH 5.0, 60°C). This was mixed and incubated at 60°C for 60 min. The
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reaction was stopped with 900 puL of pyridine solution (5% v/v) in 200 mM HEPES
(pH 7.5). This was followed by the addition of 1100 pL pyridine solution (5% v/v) in
20 mM HEPES (pH 7.5). The mixture was shaken to ensure complete dissolution of
hematin and allowed to settle at room temperature for 15 min. The supernatant was
transferred to a cuvette without disturbing the precipitate and absorbance was read at
405 nm. The ICsp values for B-hematin inhibition were determined by fitting the
percentage inhibitions calculated from absorbance data to a sigmoidal dose response

curve by non-linear least squares fitting using Origin 8.0 software.

Calculation:

% Inhibition = C.B x100

Where;

A = Absorbance of test

B = Absorbance of control (without drug)

C = Absorbance of Hematin solution

3.2.1.2 Determinationof Nature of Interaction

The methodof fixed ratios of drug interaction described by Fivelman et al.

(2004) was used.

Procedure: All compounds were initially dissolved in methanol and then diluted to the
desired starting concentration. The starting concentration, for serial dilutions, was
assigned so that the 50% inhibitory concentration (ICso) of each drug would be the

median test tube. Each compound was tested alone and at fixed ratios of its
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ICso(methyl gallate and palmatine at ratios 5:0, 4:1, 3:2, 2:3, 1:4 and 0:5
volume:volume). The ICso obtained were used to calculate 50% fractional inhibitory
concentrations (FICso). FICsos of drug A (methyl gallate) and drug B (palmatine) at
different concentration ratios were used to calculate the nature of interaction. To obtain
numeric values for the interactions, results were expressed as the sum FICs (XFICs) of
the FIC(A) and FIC(B). Summation of FICso lesser than 1, equal to 1 and greater than
1 were taken to be synergistic, additive and antagonistic respectively (Ohrt et al., 2002;

He et al., 2010).

Calculation:

1C5p (A+B) % .

i FI A)=
(i) Cs0(A) 1Coo(A)

1Cs5¢ (A+B) %

(i)  FIC5,(B)= 1Co(B)

Bi

(”l) ZFICSOZFICSO(A) +FIC50(B)

Where

IC= inhibitory concentration

FIC = fractional inhibitory concentration

Ai = fraction of methyl gallate in each combination ratio

Bi = fraction of palmatine in each combination ratio

ICso (A+B) = ICso of combinations of two drugs; methyl gallate and palmatine

ICs0 (A) = ICso of methyl gallate alone

ICso (B) = ICs0 of palmatine alone
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3.2.1.3 In vitro antioxidant studies

3.2.131 Determination of DPPH Radical Scavenging Activity
The DPPH radical scavenging activity of methyl gallate and palmatine,
separately and in combination, was determined by procedure described by Sunand

Wang (2010), with slight modification.

Principle: The DPPH assay is mainly based on electron transfer reaction, and
hydrogen-atom abstraction is a marginal reaction pathway (Huang et al., 2005). 2,2-
diphenyl-1-picrylhydrazyl (DPPH) is a stable organic nitrogen radical. On accepting
electron from a corresponding donor, its solutions lose the characteristic deep purple
colour (Amax 515-517 nm). Hence, the reducing effect of sample on DPPH is

measured.

Procedure: Briefly, 1.8 mL of 0.11 mM DPPH (in 80% ethanol) was added to 0.2 mL
of varying concentrations of compound solution. The mixture was mixed and
incubated at room temperature in the dark for 30 min and absorbance (Asampie) Was
read at 517 nm. Butylated hydroxyl toluene (BHT) was used as reference and solution
of 0.11 mM DPPH in ethanol served as control (Acontro). Lower absorbance of the

reaction mixture indicated higher free radical-scavenging activity.

Calculation: The following equation was used to calculate the DPPH radical

scavenging activity and expressed in percentage.

. . Absorbance of control - Absorbance of sample
% Inhibition of DPPH radical= Absorbance of control x100
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3.2.1.3.2 Determination of Ferric ion Reducing Power
The reducing powers of methyl gallate and palmatine, separately and in
combination, were determined according to the method described by Oyaizu (1986)

with some modifications (Nam et al., 2017).

Principle: This method is based on the principle of increase in the absorbance of the
reaction mixtures. Increase in the absorbance indicates an increase in the antioxidant
activity. In this method, antioxidant compound forms a coloured complex with
potassium ferricyanide, trichloroacetic acid and ferric chloride, which is measured at
700 nm. Increase in absorbance of the reaction mixture indicates the reducing power of

the samples (Jayaprakash et al., 2001).

Procedure: Briefly, 0.7 mL of each compound solution at different concentrations was
added to 0.7 mL of 50 mM phosphate buffer (pH 7.0). Afterwards, 0.5 mL of
potassium ferricyanide (1% w/v KsFe(CN)e) was added and the resulting mixture was
incubated at 50°C for 20 min. Then, 0.5 mL of trichloroacetic acid (10% w/v) was
added and the mixture was centrifuged at 3000 rpm for 10 min. Aliquot (0.5 mL) from
the upper layer of the solution was then mixed with 0.5 mL of distilled water and 0.1

mL of FeCl3(0.1% w/v). The absorbance was then measured at 700 nm against blank.

3.2.1.3.3 Determination of Hydroxyl Radical Scavenging Activity
The hydroxyl radical-scavenging activities of methyl gallate and palmatine,
separately and in combination,were carried out by the method described by Smirnoff

and Cumbes (1989).

Principle: Hydroxyl radical (OH') were generated by the Fenton reaction in the

system from FeSO4 and H203, and detected by their ability to hydroxylate salicylate.
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Procedure: The reaction mixture (3.0 mL) consisted of 1.0 mL FeSO4 (1.5 mM), 0.7
ml hydrogen peroxide (6 mM), 0.3 ml sodium salicylate (20 mM) and 1.0 mL of each
compound solution at various concentrations. The mixture was incubated at 37°C for
60 min and the absorbance of the hydroxylated salicylate complex formed was

measured at 562 nm. BHT was used as the standard.

Calculation: The percentage hydroxyl radical scavenging activity was calculated as:
. : : N (A - Ay)
% Hydroxyl radical scavenging activity = |1 - A x100
0

Where: Ao = absorbance of the control (without test compounds)
A = the absorbance in the presence of the test compounds
A = the absorbance without sodium salicylate

3.2.1.34 Nitric Oxide Scavenging Activity
The nitric oxide-scavenging activities of methyl gallate and palmatine,
separately and in combination, were determined according to the method described by

Marcocci et al. (1994).

Principle: The compound, sodium nitroprusside, is known to decompose in aqueous
solution at physiological pH (7.2) producing nitric oxide(NO). Under aerobic
conditions, nitric oxide reacts with oxygen to produce stable products (nitrate and
nitrite), which form a pink-coloured diazonium salt with Griess reagent, the quantities
of which can be determined spectrophotometrically at 530 nm (Marcocci et al., 1994;

Chanda and Dave, 2009).

Procedure: Briefly, 2 mL of 10 mM sodium nitroprusside (dissolved in 0.1 M

phosphate buffer saline, pH 7.4) was mixed with 0.5 mL of sample at various
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concentrations and incubated at 25°C for 150 min. Thereafter, 0.5 mL of the incubated
solution was withdrawn and mixed with 0.5 mL of Griess reagent [1 mL of 0.33%
sulfanilic acid reagent (in 20% glacial acetic acid at room temperature for 5 min) and 1
mL of naphthylethylenediamine dichloride (0.1% wi/v)]. The mixture was incubated at
room temperature for 30 min andabsorbance of the chromophore formed during
diazotization ofnitrite with sulfanilamide and later N-
naphthylethylenediaminedihydrochloride was read at 546 nm.The control was
similarly prepared containing all reagents except test compounds and BHT was used as

standard.

Calculation: The nitric oxide radical scavenging activity was calculated as:

NO radical scavenging activity (%)=

Absorbance of control - Absorbance of sample 100
X

Absorbance of control

3.2.14 Inhibition of Conjugated Diene Formation Assay

The plasma oxidation assay was carried out by the method described by

Schnitzer et al. (1995).

Principle: Cupric ions initiate oxidation of lipoproteins in plasma to yield conjugated
diene hydroperoxides. The conjugated dienes formed can be progressively monitored
by spectrophotometric means at absorbance of 245 nm (Kleinveld et al., 1992; Jialal

and Devaraj, 1996).

Procedure: Heparinized blood from healthy rat was centrifuged at 1500 g for 10 min
to obtain plasma. This was diluted 40-fold with phosphate buffered saline (0.1 M, pH
7.4) and 0.5 mL of the diluted plasma was mixed with 0.5 mL of standard (Vitamin C)

or test compound at different concentrations and incubated at 37°C for 20 min.
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Subsequently, 1.0 mL of CuClz (200 uM) was added as oxidant (for lipid oxidation)
and incubated at 37°C for 2 h. Levels of copper-induced oxidation were determined
every 30 min by measuring conjugated dienes formed at absorbance of 245 nm. Two
controls were used with the first control consisting of only diluted plasma while the

second control consisted of diluted plasma and CuCl..
Calculation:

Inhibition of conjugated diene formation (%) =

Absorbancecyc,- Absorbanceg,mpie < 100

Absorbancec,,

3.2.15 Oxidative Haemolysis Inhibition Assay

The oxidative haemolysis inhibition assay was carried out as described by

Cheung et al. (2003).

Procedure: Blood was collected from rats into heparinized bottle and centrifuged at
1500 g for 10 min. The erythrocyte was washed three times with phosphate buffered
saline (0.1 M, pH 7.4) at 1,500 g for 10 min and re-suspended in same buffer to give
20% hematocrit level. An aliquot (0.1 mL) of this erythrocyte suspension was mixed
with 0.1 mL of standard (vitamin C) or test compounds at various concentrations and
incubated at 37°C for 20 min with gentle shaking. Afterwards, 0.2 mL of 200 mM 2,2'-
Azobis(2-amidinopropane) dihydrochloride (AAPH) was added and incubated at 37°C
temperature for 2 h. The mixture was diluted with 4 mL phosphate buffered saline and
centrifuged at 1500 g for 10 min. The absorbance of the supernatant was read at 540
nm. To achieve complete hemolysis for the control, 4 mL of distilled water was added

to the mixture in place of phosphate buffered saline.
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Calculation:

Absorbance for complete hemolysis

% Haemolysis inhibition = (1 i ) % 100

Absorbance of test compound
3.2.2 In silico Studies

Proteins/receptors for the ducking studies were downloaded from the Protein
Databank (http://www.rcsbh.org) with their various PDB identification codes
[Plasmepsin | (3QS1), Plasmepsin Il (L1SME), Plasmepsin Il (3FNU), Plasmepsin 1V
(2ANL), Plasmepsin V (4ZL4), Plasmodium falciparumLactate Dehydrogenase
PfLDH (1T2C) and Falcipain-2 (1YVB)]. The native ligand and water molecules were
deleted from the proteins and saved as pdb file format. Ligands (methyl gallate and
palmatine) in sdf format were downloaded from PubChem
(https://pubchem.ncbi.nlm.gov/) and were converted to pdb format using OpenBabel
software. The receptor and the ligands (in pdb format) were then prepared by adding
polar hydrogen, appropriate number of torsion and grid box size using AutoDockTools
v1.5.6 and were saved in pdbqt file format. The ligands were then docked into the
active site of the receptor using AutoDock vina 4.2. (Trott and Olson, 2010) and
revalidated with the native ligand of the receptor. Affinity energy of different ligand
pose, best conformation fits and root mean square deviation (RMSD) values, 2D
protein-ligand interactions (Discovery Studio Visualizer version 16) were studied and
used in comparison for each docking study. The mode with lowest binding energy

(kcal/mol) were taken as the best pose.
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3.2.3 In vivo studies
3.2.31 In vivo Antimalarial Studies

Blood from donor mouse was diluted with citrate-glucose solution (3.8%
citrate and 0.5% glucose) to prepare an inoculum size of 1 x 10° of parasitized

erythrocytes in0.2 mLwith which each mouse was intra-peritoneally injected.

Calculations

The percentage parasitaemia and the percentage reduction in parasitaemia were
calculated thus;

Number of parasitized erythrocyte
X

Total number of erythrocyte 100

% Parasitaemia =

Parasitaemia Reduction (%) =

%Parasitaemia of control - %Parasitaemia of Test 100
X

% Parasitaemia of control

Sum of survival of animal in each group (days)

Mean survival time (MST) = - -
No of animals in each group

Compounds causing percentage reduction in parasitaemia of less than 30% were
considered inactive. Those causing chemo-suppression of 30% to 40% were
considered partially active while those causing percentage reduction in parasitaemia

above 40% were considered active (Souza et al., 2014).

3.231.1 Suppressive Antimalarial Study
The 4-day suppressive test against chloroquine sensitive Plasmodium berghei (NK65)

infection in mice, as described by Peters (1965), was used to test the efficacy of the
124



compounds. Mice (115) were randomly grouped into twenty-three, of five mice each.
On day zero (Do), mice were inoculated with 1 x 10° of parasitized erythrocytes
(inoculum size). Treatment with compounds and reference drug started 24 hours post-

inoculation and was given orally, once daily, for three consecutive days as follows:

Group A: 5% DMSO

Group B: 10 mg/Kg bwt Chloroquine

Group C: 20 mg/Kg bwt Piperine

Group D: 6.25 mg/Kg bwt Methyl gallate

Group E: 12.5 mg/Kg bwt Methyl gallate

Group F: 25 mg/Kg bwt Methyl gallate

Group G: 50 mg/Kg bwt Methyl gallate

Group H: 100 mg/Kg bwt Methyl gallate

Group I: 6.25 mg/Kg bwt Palmatine

Group J: 12.5 mg/Kg bwt Palmatine

Group K: 25 mg/Kg bwt Palmatine

Group L: 50 mg/Kg bwt Palmatine

Group M: 100 mg/Kg bwt Palmatine

Group N: 6.25 mg/Kg bwt M*P*

Group O: 12.5 mg/Kg bwt M*P*
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Group P: 25 mg/Kg bwt M*P*

Group Q: 50 mg/Kg bwt M*P*

Group R: 100 mg/Kg bwt M*P*

Group S: 6.25 mg/Kg bwt M*P* + 20 Pip

Group T: 12.5 mg/Kg bwt M*P* + 20 Pip

Group U: 25 mg/Kg bwt M*P* + 20 Pip

Group V: 50 mg/Kg bwt M*P* + 20 Pip

Group W: 100 mg/Kg bwt M*P* + 20 Pip

Where: bwt = body weight; 20 Pip = 20 mg/Kg bwt Piperine

M*P* = 3:2 of Methyl gallate and Palmatine (most active ratio from in

vitroantimalarial study)

Thin blood smears were made from the mouse tail blood on days 4, 6 and 8 post-
inoculation. The blood smears were fixed with methanol, stained with Giemsa stain,
and microscopically examined (x1000 magnification). The percentage parasitaemia
was recorded and the survival time of the mice in each treatment group was monitored

for 30 days and the mean survival time was calculated.

3.2.3.1.2 Curative Antimalarial Study

Evaluation of the curative potential of the combination was carried out as described by
Ryley and Peters (1970). On day zero (Do), mice were inoculated with 1 x 10° of
parasitized erythrocytes (inoculum size). Mice (75) were randomly grouped into fifteen

groups of five mice each. Treatment commenced 72 hours (day 3) post-inoculation.
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Daily administration of compounds and reference drug was for three consecutive days

(D3 to Ds) as follows:

Group A: 5% DMSO

Group B: 10 mg/Kg bwt Chloroquine

Group C: 20 mg/Kg bwt Piperine

Group D: 100 mg/Kg bwt Methyl gallate

Group E: 100 mg/Kg bwt Palmatine

Group F: 6.25 mg/Kg bwt M*P*

Group G: 12.5 mg/Kg bwt M*pP*

Group H: 25 mg/Kg bwt M*pP*

Group I: 50 mg/Kg bwt M*P*

Group J: 100 mg/Kg bwt M*P*

Group K: 6.25 mg/Kg bwt M*P* + 20 Pip

Group L: 12.5 mg/Kg bwt M*P* + 20 Pip

Group M: 25 mg/Kg bwt M*P* + 20 Pip

Group N: 50 mg/Kg bwt M*P* + 20 Pip

Group O: 100 mg/Kg bwt M*P* + 20 Pip

Where: bwt = body weight; 20 Pip= 20 mg/Kg bwt Piperine;
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M*P* = 3:2 of Methyl gallate and Palmatine (most active ratio from in vitro

antimalarial study)

Thin blood smears were made from the mouse tail blood on days 6, 8 and 10 post-
inoculation. The blood smears were fixed with methanol, stained with Giemsa stain,
and microscopically examined (x1000 magnification). The percentage parasitaemia
were recorded and the survival time of the mice, in each treatment group, was

monitored for 30 days and the meansurvival time calculated.

3.2.3.1.3 Prophylactic Antimalarial Study

Evaluation of the chemo-prophylactic potential of methyl gallate and palmatine
combination was carried out as described by Fidock et al. (2004). Mice (35) were
randomly grouped into seven, of five mice each. Daily single dose administration of

compounds and reference drug was for four consecutive days (-Ds to —Do) as follows:

Group A: 5% DMSO

Group B: 10 mg/Kg bwt Chloroquine

Group C: 20 mg/Kg bwt Piperine

Group D: 100 mg/Kg bwt Methyl gallate

Group E: 100 mg/Kg bwt Palmatine

Group F: 100 mg/Kg bwt M*P*

Group G: 100 mg/Kg bwt M*P* + 20 Pip

Where: bwt = body weight; 20 Pip= 20 mg/Kg bwt Piperine; M*P* = 3:2 of

Methyl gallate and Palmatine (most active ratio from in vitro antimalarial study)
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Three hours after the last administration, mice were inoculated intraperitoneally
with1x10°of parasitized erythrocytes per mice. Thin blood smears were made from
mouse tail blood on days 3, 5 and 7 post-inoculation. The blood smears were fixed
with methanol, stained with Giemsa stain, and microscopically examined (x1000
magnification). The percentage parasitaemia was recorded and the survival time of the

mice in each treatment group was monitored for 30 days and the mean survival time

calculated.
3.2.3.2 In vivo Antioxidant Studies
3.2.321 Induction of Oxidative Stress

The 4-day suppressive method described by Peters (1965) was used to induce
oxidative stress and evaluate the effect of compounds on antioxidant defense system of
the mice. On day zero (Do), sixty of the seventy mice used were inoculated
intraperitoneally with 1 x 10° of parasitized erythrocytes (inoculum size) per mouse.
The remaining ten mice were not inoculated. Treatment with compounds and reference
drug started 24 h post-inoculation and were given orally, once daily, for three

consecutive days as follows:

Group A: Uninfected and received 5% DMSO (control)

Group B: Infected and received 5% DMSO (negative control)

Group C: Infected and received 10 mg/Kg bwt Chloroquine

Group D: Infected and received 6.25 mg/Kg bwt M*P* + 20 Pip

Group E: Infected and received 12.5 mg/Kg bwt M*P* + 20 Pip

Group F: Infected and received 25 mg/Kg bwt M*P* + 20 Pip
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Group G: Infected and received 50 mg/Kg bwt M*P* + 20 Pip

Where: bwt = body weight; 20 Pip = 20 mg/Kg bwt Piperine

M*P* = 3:2 of Methyl gallate and Palmatine (most active ratio from in

vitroantimalarial study)

3.2.3.2.2 Preparation of Erythrocytes and Organs

Twenty-four hours after the last administration (day 4), half of the mice in each
group were sacrificed under slight diethyl ether anaesthesia. Jugular venous blood was
collected into heparinized bottles (sodium heparin of 0.1-0.2 mg/ml in bottles) and
centrifuged at 3000 rpm for 5 min to remove the plasma. The erythrocytes were
washed three times with ice-cold phosphate-buffered saline (PBS: 145 mM NaCl, 1.9
mM NaH2PO4 and 8.1 mM NaxHPO4, pH 7.4) and centrifuged at 3000 rpm for 5 min.
The erythrocyte pellets obtained were thereafter resuspended in PBS at 1:9 dilution.
The cells were lysed by repeated freeze-thaw method and the lysates were used for
erythrocyte antioxidant assays. The organs (liver, kidney, heart and brain) of each
mouse were excised, cleansed of superficial connective tissues/blood and were then
homogenized in ice-cold 0.25 M sucrose solution (1:5 w/v). The homogenates were
centrifuged at 10,000 rpm for 4 min in a refrigerated centrifuge and the supernatants
were stored overnight at -20°C to ensure maximum release of the enzymes. These were
then used for organ antioxidant assays. On day 8 post-inoculation, the remaining mice

were also sacrificed and treated similarly.

3.2.3.2.3 Markers of Oxidative Stress and Antioxidant Assays

323231 Determination of Lipid Peroxidation
The extent of lipid peroxidation in tissues was determined by measuring the

malondialdehyde concentration as described by Buege and Aust (1978).
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Principle: Oxidation of polyunsaturated fatty acids forms malondialdehyde (MDA)
which serves as an index for the determination of the extent of lipid peroxidation. Two
molecules of chromogenic reagent, 2-thiobarbituric acid (TBA) react with one
molecule of malondialdehyde in the sample to yield a chromophore (pink-coloured

product) which absorbs maximally at 532 nm.

Procedure: Aliquot (0.4 mL) of sample was mixed with 1.6 mL of Tris KCI buffer,
followed by addition of 0.5 mL 30% trichloroacetic acid (TCA) and 0.5 mL 0.75%
thiobarbituric acid (TBA). This was incubated at 80 °C for 45 min and thereafter
cooled on ice. The mixture was centrifuged at 3000 g for 15 min and the absorbance of

the supernatant was read at 532 nm against blank.

Calculation:

MDA (units/mg protein) =

Absorbance x volume of mixture

5 — % dilution factor
1.56 x 10° x volume of sample x mg protein

Where: 1.56 x 10° M cm™ = Molar extinction coefficient

3.2.3.2.3.2 Determination of Superoxide Dismutase Activity
The superoxide dismutase (SOD) activity was determined by the method

described by Misra and Fridovich (1972).

Principle: Xanthine oxidase reaction generates superoxide radical (O%) which
oxidizes epinephrine to adenochrome. The adenochrome produced is proportional to
the superoxide radical generated, increasing pH and increasing concentration of
epinephrine. The auto oxidation of epinephrine at pH 10.2 is inhibited by superoxide

dismutase.
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Procedure: Aliquot (100 pL) of appropriately diluted sample was added to 1000 pL of
0.05 M carbonate buffer (pH 10.2) to equilibrate in the spectrophotometer. The
reaction was initiated by addition of 150 pL freshly prepared 0.3 mM epinephrine to
the mixture. The blank contained 1000 pL buffer, 150 pL of epinephrine and 100 pL
of distilled water. The increase in absorbance at 480 nm was monitored every 0.5 min

for 2.5 min.

Calculations:

. . As- Ay
Increase in absorbance per minutes = G
Where; A0 = absorbance after 0.5 min; A5 = absorbance after 2.5 min

o Increase in absorbance of substrate
% Inhibition=

Increase in absorbance of blank

1 unit of SOD activity was given as the amount of SOD necessary to cause 50%

inhibition of the oxidation of adrenaline to adenochrome in 1 minute.

3.2.3.2.3.3 Determination of Catalase Activity
The activity of catalase was determined by the method described by Sinha

(1972).

Principle: When heated in the presence of hydrogen peroxide, dichromate in acetic
acid is reduced to chromic acetate which can be quantified colorimetrically between
570 — 610 nm. The catalase in the tissue of interest splits hydrogen peroxide over
specific minutes after which the reaction is terminated by the addition of
dichromate/acetic acid mixture. The hydrogen peroxide left unsplit is quantified by

measuring chromic acetate colorimetrically after heating the reaction mixture.
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Procedure: An aliquot (1 mL) H20> solution (800 uM), 1.25 mL of phosphate buffer
(0.1 M, pH 7.4) and 1 mL of appropriately diluted tissue supernatant were rapidly
mixed by gentle swirling. An aliquot (1 mL) of this reaction mixture was pipetted and
added to 2 mL dichromate/acetic acid (5% solution of K>Cr.O7 with glacial acetic acid
ratio 1:3 by volume) reagent and the absorbance was read at 570 nm for 3 min at 60

sec intervals.

Calculation: The activity of catalase was expressed as Units/mg protein

A Abs/min x Conc. of standard x Volume of assay

Catal tivity = x d.f
atalase acivity Abs of standard x Volume of enzyme X Protein conc.

Where: Abs = Absorbance at 570 nm; A Abs = Change in Absorbance; d.f = dilution

factor

3.2.3.2.34 Determination of Glutathione Peroxidase Activity
The glutathione peroxidase activity was determined by the method described

by Rotruck et al. (1973).

Principle: Glutathione peroxidase utilizes two molecules of reduced glutathione
(GSH) to catalyse the splitting of one molecule of H>O, and other peroxides ((OOH).
The reaction proceeds for a specified period (in minutes) and then terminated by the
addition of trichloroacetic acid. The residual GSH in the reaction mixture is then
quantified by the addition of Ellman’s Reagent [(5',5'-dithiobis- (2-nitrobenzoic acid),

DTNB)].

Procedure: A reaction mixture containing 800 puL Tris-HCI buffer (0.1 M, pH 7.4),

400 pL GSH (2 mM), 200 pL sodium azide (10 mM), 50 pL of appropriately diluted
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tissue sample was made up to 2 mL with distilled water and the reaction was initiated
by the addition of 200 pL of H20, (10 mM). This mixture was incubated at 37 °C for 5
min and the reaction was terminated by the addition of 500 pL of TCA (10 %). This
was centrifuged at 4000 x g for 10 min. Aliquot (250 pL) of the supernatant was
pipetted to 1000 pL of DTNB (0.004%) and 250 pL of disodium hydrogen phosphate
(0.3 M) solution. The colour developed was read at 420 nm and a reaction mixture
without enzyme was used as the blank. The glutathione peroxidase activity was

expressed as Units per milligram protein (Units/mg protein).

Calculation:

AADbs/min X conc. of GSH standard X total reaction volume x d.f

GPx activity = Abs of standard x 307.32 x volume of enzyme source x protein conc.
Where: 307.32 = molecular weight of GSH; Abs = Absorbance at 420 nm;
A Abs = Change in Absorbance; d.f = dilution factor

3.2.3.2.35 Determination of Glutathione Reductase Activity
Glutathione reductase (GR) activity was determined according to the method

described by Goldberg and Spooner (1983).

Principle: Glutathione reductase is responsible for the conversion of oxidized
glutathione (GSSG) or glutathione disulphide to reduced glutathione (GSH) oxidizing
reduced nicotinamide adenine dinucleotide phosphate (NADPH) or reduced
nicotinamide adenine dinucleotide (NADH) in the process, although its main activity is
with NADPH as co-factor. The oxidation of NADPH results in decrease in absorbance

at 340 nm which is directly proportional to the activity of GR in the tissue sample.
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Procedure: The reaction mixture was made up of 1 mL of 0.1 M phosphate buffer (pH
7.4), 0.5 mL of 15 mM EDTA, 0.1 mL of appropriately diluted tissue sample and 0.2
mL of 0.66 mM GSSG. This was incubated at room temperature for 10 min and 0.1
mL of 0.1 mM NADPH was then added to initiate the reaction. Decrease in absorbance
was read at 340 nm every min for 3 consecutive minutes against a blank which was

devoid of GSSG. The enzyme activity was expressed as unit/mg protein.

Calculation:

AAbs/min x volume of assay x 1000 o
x dilution factor

GR activity = -
AV = 622 % volume of enzyme source X protein conc.
Where: 6.22 = molar extinction coefficient of NADPH

3.2.3.2.3.6 Determination of Glutathione-S-Transferase Activity
The activity of glutathione-S-transferase (GST) was determined using the

method described by Habig et al. (1974).

Principle: The principle relies on the ability of glutathione-S-transferase to use 1-
chloro- 2, 4,-dinitrobenzene (CDNB) as second substrate. Conjugation of CDNB with
GSH leads to a shift in maximum absorption to a longer wavelength. The increase in
absorption at the new wavelength of 340 nm provides a direct measurement of GST

activity.

Procedure: The reaction mixture was made up of 30 puL of GSH, 150 pL of CDNB,
2.79 mL of 0.1 M phosphate buffer (pH 6.5) and 30 pL of post mitochondria fraction
(PMF). The reaction was left for 1 min after which the absorbance was read against
blank at 340 nm. The temperature was maintained at 31 °C. The activity of GST was

expressed in pmole/min/mg protein.

Calculation:
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GST activity (pmole/min/mg protein)=

Absorbance x reaction volume x dilution factor

9.6 x volume of enzyme source X protein concentration

Where; 9.6 = extinction coefficient of CDNB (9.6 mmol-cm™)

3.2.3.2.3.7 Determination of Reduced Glutathione Concentration
The levels of reduced glutathione in the tissues were determined by the method

described by Beutler et al. (1963).

Principle: A relatively stable yellow colour develops when 5, 5'-dithiobis- (2-
nitrobenzoic acid) (DTNB), reacts with sulphydryl compounds such as GSH. This
coloured product (2-nitro-5-benzoic acid) absorbs maximally at 412 nm and the
amount of GSH in the sample is proportional to the absorbance. Since majority of
cellular non-protein sulphydryl groups are in the reduced form of glutathione, thus,
deproteinization of samples with sulphosalicylic acid is necessary to ensure no protein

cysteine thiol groups can react with the colour reagent.

Procedure: Briefly, 1.5 mL of 4% sulphosalicylic acid (precipitating reagent) was
added to 1 mL of appropriately diluted sample and then left at room temperature for 10
min. The mixture was centrifuged at 3000 x g for 4 min and 0.25 mL of the
supernatant was added to 2 mL of phosphate buffer (0.1 M, pH 7.4). Thereafter, 0.25
mL of DTNB was added and the absorbance was read at 412 nm. The absorbance
obtained was proportional to GSH concentration in the tissue samples, which was

estimated using the GSH standard plot.

3.2.3.3 Toxicological Studies

Sixty albino rats (Rattus norvegicus) of average weight of 160 £ 20 g were

randomly grouped into six, of ten rats each. They were acclimatized for seven days and
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administered treatment for 28 days. Each group of rats received 0.5 mL of appropriate

drug solution orally as follows;

Group A: 5% DMSO

Group B: 6.25 mg/Kg bwt M*P* + 20 Pip

Group C: 12.5 mg/Kg bwt M*P* + 20 Pip

Group D: 25 mg/Kg bwt M*P* + 20 Pip

Group E: 50 mg/Kg bwt M*P* + 20 Pip

Group F: 100 mg/Kg bwt M*P* + 20 Pip

Where: bwt = body weight; 20 Pip = 20 mg/Kg bwt Piperine

M*P* = 3:2 of Methyl gallate and Palmatine (most active ratio from in vitro

antimalarial study)

3.233.1 Sample Collection and Preparation

Twenty-four hours after the last set of doses were administered, rats were
sacrificed under slight diethyl ether anaesthesia. Jugular venous blood was collected
into EDTA and heparin sample bottles for haematological and biochemical analyses
respectively. The heparinized blood samples were centrifuged at 1,500 rpm for 10
mins and the plasma was carefully pipetted into properly labelled tubes. These were
stored frozen until needed for analysis. The organs (liver, kidney, heart and brain) of
each rat were excised, cleansed of superficial connective tissues/blood, weighed and
were then homogenized in ice-cold 0.25 M sucrose solution (1:5 wi/v). The
homogenates were stored overnight at -20 °C to ensure maximum release of enzymes.

They were thawed thereafter and centrifuged at 10,000 rpm for 5 mins in a refrigerated
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centrifuge and the supernatants were pipetted into new sample tubes. These were
stored at -20 °C for biochemical analyses. Organs of two rats from each group were not
homogenized. They were collected and transferred into sample bottles containing 10%

formalin for histological studies.

3.2.33.2 Determination of Organ-Body Weight Ratio
The relative weight of an organ to the body weight of corresponding rat,
expressed as percentage, was calculated using the formula:

Weight of the organ

%100
Weight of the animal

% Organ-body weight ratio =

3.2.3.3.3 Haematological Analysis

Whole blood collected in EDTA sample bottle was used to determine red blood
cell count (RBC), haemoglobin concentration (Hb), packed cell volume (PCV), mean
corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular
haemoglobin concentration (MCHC), white blood cell count (WBC), neutrophils
(NEU), lymphocytes (LYM) and platelets count (PLT) using automated haematology

analyser (SYSMEX XS-1000i model, SYSMEX Corporation, Japan).

Principle: The machine uses cell packs which functions as a detergent and self-rinses
the system to avoid introduction of errors and a stromatolyzer which works on the
cells. The stromatolyzer counts the red cells and lyses them thereby releasing the
haemoglobin and estimates its concentration photometrically. The machine assumes
that all nucleated cells are white and therefore counts them into their different forms of
lymphocytes and neutrophils. It lyses the white blood cells based on the size of the

nucleus and counts the number of white cells.
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3.2.334 Determination of Plasma Electrolytes Concentrations

3.2334.1 Plasma Sodium and Potassium lons Concentration
Flame Emission Photometry was used to determine plasma sodium and

potassium ion concentrations.

Principle: Sodium and potassium ions emit spectra, when excited thermally, with
sharp bright lines at 589 and 768 nm respectively. On returning to the ground state, the
internal standard signal is taken as a reference against which the analytical signal
(sodium and potassium) is compared. The system is standardized with reference to low
and high concentration of each analyte and the relation of signal to concentration is
computed by an associated microprocessor upon aspiration of controls and samples

into the standardized instrument.

Procedure: Aliquot (0.1 mL) of plasma was diluted with 19.9 mL of distilled of water
and shaken. The samples were then aspirated into the flame photometer and the results
read (in mmol/L on a digital read-out device) after setting instrument to zero with glass
distilled water and calibrated with respective standards (140 mEg/L for Na* and 5

mEg/L for K%).
Calculation: Unit conversion formula is given as:

mEq/L

mmol/L =—————
valency of ion

3.2.3.34.2 Plasma Calcium lon Concentration
Calcium ion concentration in plasma was determined by the method described

by Biggs and Moorehead (1974).
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Principle: At alkaline pH, calcium ion reacts with O-cresolphthalein complexone to
form a deep violet coloured complex which absorbs maximally at 578 nm. Increase in
absorbance is directly proportional to the concentration of calcium ion present in the
sample. Interference by magnesium and iron is eliminated by the addition of 8-

hydroxyquinoline.

Procedure: Briefly, 1000 pL of the working reagent (360 mmol/L diethylamine, 0.15
mmol/L O-cresolphalein complex, 17.2 mmol/L 8-Hydroxyquinoline) was added to
separate test tubes containing aliquot (10 puL) of sample, standard calcium solution (10
mg/dL) and distilled water which served as test, standard and blank respectively.These
were mixed and incubated at room temperature for 5 min. The absorbances of the test

(sample) and standard were read against the reagent blank at a wavelength of 578 nm.

Calculation: The concentration of calcium ions in plasma was calculated using the

expression:

Absorbance of sample

Calcium ion concentration (mg/dL) = Absorbance of standard

Where: 10 = concentration of standard in mg/dL
Unit conversion formula is given as:

Concentration (mg/dL)
X

Concentration (mmol/L) = Molar mass (g/mol)

3.2.3.34.3 Plasma Chloride lon Concentration
The concentration of chloride ion was determined by the method described by

Yoshinaga and Ohta (1990).
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Principle: Chloride ion reacts with mercury-ll-thiocynate, in an acidic medium, to
form thiocynate ion which when reacted with HNOs and iron-1l1-ions produce a red
colouration. The intensity of the colour is directly proportional to the concentration of

chloride ion present.

Procedure: Aliquot (1000 pL) of the working reagent (2 mmol/L mercuric (1)
thiocyanate, 29 mmol/L nitric acid, 20 mmol/L ferric nitrate) was added to separate
test tubes containing aliquot (10 pL) of sample, standard solution and distilled water
which served as test, standard and blank respectively. These were mixed and incubated
at 37 °C for 1 min. The absorbance of the sample and standard were read against the

reagent blank at 492 nm.

Calculation: The concentration of chloride ion in the plasma was calculated using the

formula:

Absorbance of sample

Chloride ion concentration (mg/dL) = Absorbance of standard

Where: 5 = concentration of standard in mg/dL

Unit conversion formula is given as:

Concentration (mg/dL)

Concentration (mmol/L) = Molar mass (g/mol)

3.2.3.344 Plasma Bicarbonate lon Concentration
The plasma concentration of bicarbonate ion was determined by the enzymatic

method described by Forrester (1976).

Principle: The reaction between phosphoenolpyruvate and bicarbonate is catalysed by

phosphoenolpyruvate carboxylase (PEPC) to form oxaloacetate and phosphate ion.
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The oxaloacetate is catalysed by malate dehydrogenase (MDH) in the presence of
NADH to form malate and NAD" respectively. This lead to a decrease in absorbance

that is directly proportional to bicarbonate concentration in the sample.

PEPC
Phosphoenolpyruvate + HC03 — Oxalate +H,PO,

MDH
Oxalate + NADH +H" — Malate +NAD"

Procedure: Aliquot (1000 pL) of carbon dioxide reagent (1.8 mM PEP, 2.5 mM
sodium oxalate, 10 mM magnesium sulphate, 0.40 mM NADH, 1250 U/L MDH
(porcine), 200 W/L PEPC) was pipetted into test tubes for blank, standard and sample
respectively and incubated at 37°C for 3 min. Aliquot (50 pL) of distilled water,
standard solution (30 mmol/L), and sample was pipetted into their respective test
tubes, mixed and incubated at 37°C for 5 mins. The absorbances of standard and tests

were read against reagent blank at 340 nm.
Calculation: Bicarbonate concentration in sample was calculated using the expression:

Absorbance of blank - absorbance of sample

Bicarbonate Conc. /L) =
icarbonate Conc. (mmol/L) Absorbance of blank - absorbance of standard

Where; 30 = Concentration of standard in mmol/L

3.2.3.3.45 Plasma Phosphate lon Concentration
Phosphate ion concentration was determined using the method described by

Tietz (1995).

Principle: Ammonium molybdate and sulphuric acid react with potassium ions in the
sample to form a coloured phosphomolybdic complex. The intensity of this complex is

proportional to the concentration of phosphate ions in the sample.

142



hosphor
Ammonium molybdate + Sulphuric acid i i Phosphomolybdic complex

Procedure: Aliquot (1000 pL) of working reagent (210 mmol/L sulphuric acid, 650
mmol/L ammonium molybdate) was pipetted into test tubes for blank, standard and
sample respectively. Then, 20 uL of distilled water, standard solution (5 mg/dL), and
sample was pipetted into their respective test tubes, mixed and incubated at 37°C for 1

min. The absorbances of standard and tests were read against reagent blank at 340 nm.

Calculation: Phosphate ions concentration in sample was calculated using the

formula;

Absorbance of sample

Phosphorus conc. (mg/dL) = Absorbance of standard

Where: 5 = concentration of standard in mg/dL
Unit conversion formula is given as:

Concentration (mg/dL)
X

Concentration (mmol/L) =————— (g/mol)

3.2.3.35 Determination of Plasma Biomolecules Concentrations

3.2.3.35.1 Plasma Urea Concentration
The concentration of Urea in the plasma was determined using the Urease-

Berthelot method as described by Weatherburn (1967).

Principle: The catalytic hydrolysis of urea by the enzyme urease produces ammonia

which can be measured photometrically by Berthelot’s reaction.

Urease
Urea +H20 — 2NH3 +C02

2NHj; + hypochlorite + phenol — Indophenols (blue compound)
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Procedure: Aliquot (100 pL) of working reagent (6 mmol/L sodium nitroprusside and
1 g/L urease, 37:1 v/v) was pipetted into test tubes for blank, standard and sample
respectively. Then 10 pL of distilled water, standard solution (13.20 mmol/L Urea),
and sample was pipetted into their respective test tubes, mixed and incubated at 37°C
for 10 mins. Thereafter, 2,500 pL each of phenol (120 mmol/L) and sodium
hypochlorite (27 mmol/L) were added to the mixture and incubated at 37°C for 15
mins. The absorbances of standard and sample were read against reagent blank at 546

nm.

Calculation: Concentration of plasma urea was calculated using the following

formula;

g . Absorbance of sample 1320 % d.f
rea cone. (mmol/L) Absorbance of standard ' '

Where; 13.20 = concentration of standard urea; d.f. = dilution factor

3.2.3.35.2 Plasma Creatinine Concentration
The concentration of Creatinine was calculated by the described method of

Bartels and Bohmer (1972).

Principle: In alkaline medium, creatinine reacts with picric acid to form a coloured

complex whose amount is directly proportional to creatinine concentration.

Procedure: Aliquot (1,000 pL) of working reagent (35 mmol/L picric acid and 0.32
mmol/L NaOH, 1:1 v/v) was pipetted into test tubes for standard and sample
respectively. Then 100 pL of standard solution (181 umol/L creatinine)and sample
was pipetted into their respective test tubes, mixed and incubated at room temperature

for 30 sec. At 492 nm, absorbance A; and A, were read at 2 mins interval.
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Calculation: Concentration of plasma creatinine was calculated thus:

o AAbsorbance of sample
Creatinine conc. (umol/L) = AAbsorbance of standard x 181 x d.f

Where; AAbsorbance of sample = A> — Ar; AAbsorbance of standard = A2 — Ay
181 = concentration of standard creatinine (umol/L); d.f. = dilution factor

3.2.3.3.5.3 Plasma Uric Acid Concentration
The concentration of uric acid was determined using the procedure described

by Fossati and Prencipe (1980).

Principle: Uric acid is converted to allantoin and hydrogen peroxide by uricase. The
hydrogen peroxide is utilised by peroxidase to oxidize 3,5-dichloro-2-
hydroxybenzensulfonic acid and 4-aminophenazone to form a red-violet quinoneimine

compound which absorbs maximally at 520 nm.

o
Uric acid +0, +2H,0 —s  Allantoin +CO, +H,O,

Procedure: Aliquot (20 pL) of standard solution (0.595 mmol/L uric acid) and sample
were pipetted into their respective test tubes and mixed with 1000 pL of pre-mixed
working reagent 1a (50 mmol/L Hepes buffer, pH 7.0 and 4 mmol/L 3,5-Dichloro-2-
hydroxybenzensulfonic) and working reagent 1b (0.25 mmol/L 4-aminophenazone,
>1000 U/I peroxidase and > 200 U/I Uricase). The mixture was incubated at 25°C for
15 mins after which the absorbances of standard and samples were read at 520 nm

against reagent blank.
Calculation: Concentration of plasma uric acid was calculated thus:

U . UL Absorbance of sample %0595 % d.f
_ X
ric acid conc. (mmol/L) Absorbance of standard ' .
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Where: 0.595 = concentration of standard uric acid; d.f.= dilution factor

3.2.3.3.54 Sample Total Protein Concentration
The total protein concentration of sample was determined using the biuret

method described by Gornall et al. (1949).

Principle: In alkaline medium, Cu?* forms purple-coloured complex with peptide
bonds of protein and this can be quantified at 540 nm independently of the solution’s

blue colouration.

Procedure: Biuret reagent (1,000 pL) was added to respective test tubes containing
250 pL of standard (5mg/mL bovine serum albumin) or diluted sample. This was
mixed and incubated at room temperature for 30 mins after which the absorbance was

read at 540 nm against reagent blank.

Calculation: The protein concentration of sample was calculated using the following

expression:

Absorbance of sample

Total protein conc. (g/L) = Absorbance of standard x5 x d.f

Where: 5 = concentration of BSA standard (mg/mL); d.f. = dilution factor

3.2.3.355 Plasma Albumin Concentration
The method described by Doumas et al. (1971) was used to determine albumin

concentration in samples.

Principle: Albumin reacts with bromocresol-green (BCG) to produce a complex that
absorbs maximally at 630 nm. The absorbance of the albumin-BCG complex is

proportional to the concentration of albumin in the sample.
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Procedure:Aliquot (1000 pL) of working reagent (75 mmol/L succinate buffer pH
4.20, 1.7mmol/L bromocresol green) was pipetted into test tubes for blank, standard
and sample respectively. Then 10 uL of distilled water, standard solution (30 g/L
albumin), and sample was pipetted into their respective test tubes, mixed and incubated
at room temperature for 5 mins. Absorbance was then read at 630 nm against reagent

blank.

Calculation: The concentration of albumin was calculated using the formula:

. . Absorbance of sample
Albumin Concentration (g/L) = Absorbance of standard x30 x d.f

Where: 30 = concentration of standard albumin (g/L); d.f = dilution factor

3.2.3.35.6 Plasma Globulin Concentration
The concentration of globulin was determined using the method described by
Tietz (1995). The plasma albumin concentration was subtracted from the plasma total

protein concentration.

Globulin concentration (g/L) = Plasma Total Protein (g/L) - Plasma Albumin (g/L)

3.2.3.35.7 Plasma Total Bilirubin Concentration
Bilirubin concentration was determined according to the method described by

Jendrassik and Grof (1938).

Principle: Total bilirubin is determined in the presence of caffeine; releasing albumin

bound bilirubin, by the reaction with diazotized sulphanilic acid.

Procedure: Briefly, 200 pL of solution 1 (29 mmol/L sulphanilic acid and 0.17 N
hydrochloric acid), 50 pL of solution 2 (38.5 mmol/L sodium nitrite), 1000 pL of

solution 3 (0.26 mol/L caffeine and 0.52 mol/L sodium benzoate) and 200 pL of
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sample were mixed and left at 25°C for 10 mins, then 1000 pL of solution 4 (0.93
mol/L tartrate, 1.9 N sodium hydroxide) was added and the mixture incubated at 25°C
for 20 mins. The absorbance of the sample was read at 578 nm against sample blank.

Sample blank was prepared without solution 2.

Calculation: Concentration of plasma total bilirubin was calculated thus:

Total bilirubin (umol/L) = 185 x absorbance

3.2.3.3.5.8 Plasma Conjugated Bilirubin Concentration
Conjugated bilirubin concentration was determined according to the method

described by Jendrassik and Grof (1938).

Principle: Conjugated (direct) bilirubin reacts with diazotized sulphanilic acid in

alkaline medium to form a blue-coloured complex.

Procedure: Aliquot (200 pL) of solution 1 (29 mmol/L sulphanilic acid and 0.17 N
hydrochloric acid), 50 pL of solution 2 (38.5 mmol/L sodium nitrite), 2000 uL of 0.9%
NaCl and 200 pL of sample were mixed and incubated at 25°C for 10 mins. The
absorbance of the sample was read against sample blank at 546 nm. Sample blank was

prepared without solution 2.

Calculation: Concentration of plasma conjugated bilirubin was calculated thus:

Conjugated bilirubin (umol/L) = 246 x absorbance

3.2.3.359 Cardiovascular Indices

3.2.3.3.5.9.1 Plasma Total Cholesterol Concentration
Total cholesterol concentration was determined according to the method

described by Tietz (1995).
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Principle: The enzymatic hydrolysis and oxidation of cholesterol ester yields
hydrogen peroxide which is utilized by peroxidase in the presence of phenol and 4-
aminoantipyrene to yield quinoneimine compound which absorbs maximally at 500

nm.

Cholesterol esterase .
Cholesterol ester +H,O ——————— Cholesterol + Fatty Acids

Cholesterol oxidase
Cholesterol +O, ——— — Cholestene-3-one +H, 0,

. . peroxidase . L.
2H,0, + Phenol + 4-Aminoantipyrene —— Quinoneimine + 4H,0

Procedure: Briefly, 1000 pL of cholesterol reagent (0.30 mmol/L 4-aminoantipyrine,
6 mmol/L phenols, peroxidase >0.5 U/mL, cholesterol oxidase >0.1 U/mL, cholesterol
estarases >0.1 U/mL, 80 mmol/L Pipes buffer, pH 6.8) was pipetted into test tubes for
blank, standard and sample respectively. Aliquots (10 pL) of distilled water, standard
solution, and sample were pipetted into their respective test tubes, mixed and incubated
at 37°C for 5 min. The absorbances of standard and tests were read against reagent

blank at 500 nm.

Calculation: Cholesterol concentration was calculated using the formula:

, Absorbance of sample ]
Cholesterol concentration = x Concentration of standard x d.f
Absorbance of standard

3.2.3.3.5.9.2 Plasma Triacylglycerol Concentration
Triacylglycerol concentration was determined according to the method

described by Tietz (1995).

Principle: The enzymatic hydrolysis of triacylglycerol by lipases yields products

which when coupled with other enzymatic processes produce hydrogen peroxide. The
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catalytic influence of peroxidase on hydrogen peroxide, 4-aminophenazone and 4-
chlorophenol then produce quinoneimine compound which can be measured

spectrophometrically.

lipases

Triacylglycerols +H,O —— Glycerol + Fatty Acids
GK
Glycerol + ATP — Glycerol-3-Phosphate + ADP
GPO |
Glycerol-3-Phosphate +O, — Dihydroxyacetone phosphate +H,0O,

POD
2H,0, + 4-Aminophenazone + 4 Chlorophenol — Quinoneimine + HC1 +4H,0

Procedure: Briefly, 1000 puL of working reagent (50 mmol/L Pipes-buffer pH 7, 5.3
mmol/L p-chlorophenol, 10 mmol/L potassium ferrocynate, 17 mmol/L magnesium
salt, 0.9 mmol/L 4-aminoantipyrine, 3.15 mmol/L ATP, 1800 U/L lipoprotein lipase,
450 U/L glycerol kinase, 3500 U/L glycerol - 3- phosphate oxidase, 450 U/ L
peroxidase) was pipetted into test tubes for blank, standard and sample respectively.
Aliquots (10 pL) of distilled water, standard solution (200 mg/dL), and sample were
pipetted into their respective test tubes, mixed and incubated at 37°C for 5 min. The

absorbances of standard and tests were read against reagent blank at 500 nm.

Calculation: Triacylglycerol concentration was calculated using the formula:

. Absorbance of sample
Triacylglycerol conc. (mg/dL) = Absorbance of standard x 200 x d.f

Where: 200 = concentration of standard (mg/dL); d.f = dilution factor

Unit conversion formula is given as:
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. Concentration (mg/dL)
Concentration (mmol/L) = Molar mass (g/mol) X

3.2.3.3.5.9.3 Plasma High Density Lipoprotein Cholesterol Concentration
The concentration of plasma high density lipoprotein cholesterol (HDL-C) was

determined according to the method described by Friedwald et al. (1972).

Principle: In the presence of magnesium ions, the addition of phosphotungstic acid to
sample precipitate low density lipoprotein (LDL and VLDL) and chylomicron
fractions. Centrifugation yields supernatant, the HDL-C concentration of which is

determined.

Procedure: Briefly, 500 uL of working reagent (0.55 mmol/L phosphotungstic acid,
25 mmol/L magnesium chloride) was pipetted into test tubes for standard and sample
respectively. Aliquots (200 pL) of standard solution and sample were pipetted into
their respective test tubes, mixed and incubated at room temperature for 10 min. This
was then centrifuged at 4000 rpm for 10 min and the supernatant was pipetted out for

determination of cholesterol concentration.

Calculation: The HDL-C concentration was calculated using the formula:

Absorbance of sample

HDL-C /L) = X trati f Standard
(mmol/L) Absorbance of standard Concentration of Standar

3.2.3.3.5.9.4 Plasma Low Density Lipoprotein Cholesterol Concentration
The LDL-Cholesterol concentration was calculated using the formula described

by Friedwald et al. (1972).

Triacylglycerol
LDL-Cholesterol (umol/L) = Total Cholesterol — < — HDL Cholesterol

151



3.2.3.3.5.9.5 Atherogenic Index
The atherogenic index (Al) was calculated using the method described by
Lamarche et al. (1996).

Total Cholesterol
HDL-cholesterol

Atherogenic index =

3.2.3.3.6 Cellular Enzymes

3.2.33.6.1 Alkaline Phosphatase Activity
The method described by Wright et al. (1972) was used to determine the

alkaline phosphatase (ALP) activities of tissue homogenates and plasma.

Principle: The hydrolysis of p-nitrophenylphosphate by alkaline phosphatase yields p-
nitrophenol and inorganic phosphate. The p-nitrophenol formed has a yellowish
colouration and its rate of formation can be monitored spectrophotometrically at 405

nm.

. alkaline phosphatase . .
p-nitrophenyl phosphate + H,O ————— p-nitrophenol + Pi

Procedure: Briefly, 20 uL of appropriately diluted sample was mixed with 1000 pL of
reagent (1 mmol/L diethanolamine buffer pH 9.8, 0.5 mmol/L MgCl, and 10 mmol/L
p-nitrophenylphosphate). The initial absorbance and absorbances at 1, 2, 3 min were

read at 405 nm against air.

Calculation: Specific activity of Alkaline phosphatase (Units/mg protein) was
calculated using the expression:

(Abs, - Absy) + (Abs; - Abs,)

AAbs/ min = >
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AAbs/min X 2760 X dilution factor
Protein concentration (mg/L)

Specific activity of Alkaline phosphatase =

Where; Abso, Absy, Abs,, Abss are absorbances at 0, 1, 2 and 3 min respectively.

One unit of alkaline phosphatase activity is the enzyme activity which hydrolyses 1

pumole of 4-nitrophenyl phosphate in 1 minute at 37°C under assay conditions.

3.2.3.3.6.2 Gamma Glutamyltransferase Activity
The method described by Szasz et al. (1969) was used to determine the gamma

glutamyltransferase (GGT) activity in sample.

Principle: In the presence of glycylglycine, L-y-glutamyl-3-carboxy-4-nitroanilide is
converted to L-y-glutamylglycylglycine and 5-amino-2-nitrobenzoate by gamma-
glutamyl transferase. The concentration of 5-amino-2-nitrobenzoate formed can be

spectrophotometrically measured at 405 nm.

Procedure: Briefly, 100 pL of appropriately diluted sample was mixed with 1000 uL
of reagent (100 mmol/L tris buffer pH 8.25, 100 mmol/L Glycylglycine and 2.9
mmol/L  L-y-glutamyl-3-carboxy-4-nitroanilide). The initial absorbance and

absorbances at 1, 2, 3 min were read at 405 nm against air.

Calculation: Gamma-Glutamyl transferase activity was calculated using the formula:

(AbSl - AbSO) + (AbS3 - Asz)

AAbs/ min = 3

AAbs/min x1158 x dilution factor
Protein concentration (mg/L)

Specific activity of GGT (Units/mg protein) =

Where; Abso, Absi, Abs,, Absz are absorbances at 0, 1, 2 and 3 min respectively
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3.2.3.3.6.3 Aspartate Aminotransferase Activity
Aspartate aminotransferase (AST) activity was determined according to the

method described by Reitman and Frankel (1957).

Principle: The reaction between a-ketoglutarate and L-aspartate is catalysed by AST
to form L-glutamate and oxaloacetate. The oxaloacetate reacts with 2,4-
dinitrophenylhydrazine to yield oxaloacetate-2,4-dinitrophenylhydrazone which

absorbs maximally at 546 nm.

aspartate aminotransferase
a-ketoglutarate + L-aspartate L-glutamate + Oxaloacetate

Procedure: Briefly, 50 pL of appropriately diluted sample was mixed with 250 pL of
reagent (100 mmol/L pH 7.4 Phosphate buffer, 100 mmol/L L-aspartate, and 2 mmol/L
a-ketoglutarate) and incubated at 37°C for 30 min. Thereafter, 250 pL of 2,4-
dinitrophenylhydrazine (2 mmol/L) was added and incubated at 25°C for 20 min. The
reaction was stopped by the addition of 2500 pL sodium hydroxide (0.4 N) and after 5

min, absorbance was read against reagent blank at 546 nm.

Calculation: The activity of AST (Units/L) was determined from calibration curve
(Appendix V) and specific activity (Units/mg protein) was determined using the

formula:

) . AST activity from calibration curve o
Specific activity of AST = - - x dilution factor
Protein concentration (mg/L)

One unit of enzyme activity is defined as the quantity of enzyme that catalyses

the reaction of 1 pumole of substrate per minute at 37°C.
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3.2.3.3.64 Alanine Aminotransferase Activity
The method described by Reitman and Frankel (1957) was used to determine

alanine aminotransferase (ALT) activity.

Principle: The reaction between a-ketoglutarate and L-alanine is catalysed by ALT to
form L-glutamate and pyruvate. The pyruvate reacts with 2,4-dinitrophenylhydrazine

to yield pyruvate-2,4-dinitrophenylhydrazone which absorbs maximally at 546 nm.

. alanine aminotransferase
a-ketoglutarate + L-alanine L-glutamate + Pyruvate

Procedure: Briefly, 50 pL of appropriately diluted sample was mixed with 250 pL of
reagent (100 mmol/L pH 7.4 Phosphate buffer, 100 mmol/L L-alanine, and 2 mmol/L
a-ketoglutarate) and incubated at 37°C for 30 mins. Thereafter, 250 pL of 2,4-
dinitrophenylhydrazine (2 mmol/L) was added and incubated at 25°C for 20 min. The
reaction was stopped by the addition of 2500 pL sodium hydroxide (0.4 N) and after 5

min, absorbance was read against reagent blank at 546 nm.

Calculation: The activity of ALT (Units/L) was determined from calibration curve
(Appendix VI) and the specific activity (Units/mg protein) was obtained using the

formula:

) o ALT activity from calibration curve o
Specific activity of ALT = - - x dilution factor
Protein concentration (mg/L)

One unit of enzyme activity is defined as the quantity of enzyme that catalyses

the reaction of 1 pumole of substrate per minute at 37°C.

3.2.3.3.6.,5 Lactate Dehydrogenase Activity
The procedure described by Wroblewski and Ladue (1955) was used for
determination of lactate dehydrogenase (LDH) activity.
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Principle: In the presence of reduced nicotinamide adenine dinucleotide, lactate
dehydrogenase converts pyruvate to L-lactate with concomitant production of

nicotinamide adenine dinucleotide.

LDH n
Pyruvate + NADH — L-lactate + NAD

Procedure: Briefly, 20 uL of appropriately diluted sample was mixed with 3000 pL of
reagent (50 mmol/L Phosphate buffer pH 8.25, 0.6 mmol/L Pyruvate, 1.8 mmol/L
NADH). The initial absorbance and absorbances at 1, 2 and 3 min were read at 340 nm

against air.

Calculation: Specific activity of lactate dehydrogenase (Units/mg protein) was

calculated using the formula:

Specific activity of LDH (Units/ tein) Change in absorbance /min 4127
- X
pectiic activity © TS/ ME PTOWI™ B Stein concentration (mg/L)

Where: 4127 = Standard conversion value according to manufacturer’s

instruction

3.2.3.3.6.6 Glutamate Dehydrogenase Activity
Glutamate dehydrogenase (GDH) activity was determined using the method

described by Shimizu et al. (1979).

Principle: This approach is centred on the reductive amination of a-ketoglutarate.
Using reduced nicotinamide adenine dinucleotide (NADH) or reduced nicotinamide
adenine dinucleotide phosphate (NADPH) as cofactor, glutamate dehydrogenase
converts a-ketoglutarate, in the presence of ammonium ion, to glutamate with
corresponding formation of NAD" or NADP*. The decrease in absorbance at 340 nm
corresponds to the rate of reaction which is proportional to the enzyme activity.
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. Glutamate dehydrogenase

Glutamate + NADP o-ketoglutarate + NH; + NADPH

Procedure: The reaction mixture was made up of 2000 pL Tris-HCI Buffer (85 mM,
pH 7.2), 200 uL a-Ketoglutarate (7.6 mM), 200 pL NH4CI (0.22 mM), 100 uL NADH
(0.25 mM) and 100 pL EDTA (0.85 mM). Aliquot (50 pL) of appropriately diluted
sample was then added to initiate the reaction at room temperature for 5 min. The

decrease in absorbance per minute at 340 nm was read against reagent blank.

Calculation: The specific activity of glutamate dehydrogenase (Units/mg protein) was

calculated thus:

AAbs/min x Total reaction volume x Dilution factor

Specific activity of GDH =
pectiic activity © 6.22 x Volume of sample x Protein concentration (mg/L)

Where: 6.22 = Millimolar Extinction Coefficient of NADPH

3.2.3.3.6.7 Malate Dehydrogenase Activity
The activity of malate dehydrogenase was assayed by the method described by

Ochoa (1955).

Principle: The rate of reaction is determined by measuring the decrease in absorbance

at 340 nm resulting from the oxidation of NADH.

Procedure: The reaction mixture was made up of 2600 pL phosphate buffer (0.1 M
pH 7.4), 200 pL of NADH (3.75 mM freshly prepared in phosphate buffer), and 100
uL of oxaloacetate (6 mM freshly prepared in phosphate buffer, pH 7.4). This was
incubated at 25°C for 4 min and 100 uL of appropriately diluted sample was added.
The blank was setup similarly without NADH. Decrease in absorbance, at 340 nm, was

measured at 1 min intervals for 3 min.
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Calculation:

AAbs/min
6.22 x mg enzyme/mL reaction mixture

MDH activity (Units/mg protein) =

3.2.3.3.6.8 Creatine kinase Activity
The activity of creatine kinase (CK) was assayed using the method described

by Di Witt and Trendelenburg (1982).

Principle: Creatine kinase catalyses the reversible phosphorylation of ADP in the
presence of creatine phosphate to yield ATP and creatine. The ATP formed is utilised
by hexokinase for the phosphorylation of glucose to produce ADP and glucose-6-
phosphate. This glucose-6-phosphate is then oxidized by glucose-6-phosphate
dehydrogenase to form 6-phosphogluconate with the concomitant production of
NADPH. The rate of NADPH formation, measured at 340 nm is directly proportional

to creatine kinase activity.

. Creatine kinase .
Creatine phosphate + ADP ————— Creatine + ATP

Hexokinase

ATP + D-glucose —— G-6-P + ADP

+ G-6-P dehydrogenase "
G-6-P + NADP 6-phosphogluconate + NADPH + H

Procedure: Briefly, 200 pL of reagent 1 (125 mmol/L imidazole pH 6.7, 25 mmol/L
D-glucose, 25 mmol/L N-acetyl-L-cysteine, 12.5 mmol/L magnesium acetate, 2.4
mmol/L NADP, 2.0 mmol/L EDTA, hexokinase 6800 U/L) was mixed with 50 pL of
reagent 2 (250 mmol/L creatine phosphate, 15.2 mmol/L ADP, 25 mmol/L AMP, 103
pumol/L diadenosine pentaphosphate, glucose-6-phosphate dehydrogenase 8800 U/L).

Aliquot (10 pL) of appropriately diluted sample was then added, mixed and incubated
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at 37°C for 2 min. The initial absorbance and absorbances at 1, 2, 3 min were read at

340 nm against distilled water.

Calculation: The specific activity of creatine kinase (Units/mg protein) was calculated

thus:

. o Change in absorbance/min x 4127 o
Specific activity of CK = - - X dilution factor
Protein concentration (mg/L)

3.2.3.3.6.9 Acetylcholinesterase Activity
The activity of acetylcholinesterase (AChE) was assayed using the method

described by Magnotti et al. (1987).

Principle: Thiocholine, produced by acetylcholinesterase, reacts with 5,5'-dithiobis(2-
nitrobenzoic acid) to form colorimetric product which absorbs maximally at 412 nm.

The intensity of the colour is proportional to the enzyme activity present in the sample.

Procedure: To separate test tubes labelled blank and standard were 1000 pL of
distilled water and 1000 pL of calibrator (200 U/L) added respectively. Aliquot (50
uL) of appropriately diluted sample was mixed and incubated at room temperature in a
final reaction mixture of 1 mL, containing 100 mM phosphate buffer (pH 7.5), 1 mM
5,5'-dithiobisnitrobenzoic acid (DTNB), and 0.8 mM acetylthiocholine iodide. After 2

and 10 min, initial and final absorbances of sample, at 412 nm, were read respectively.

Calculation: The enzyme activity was calculated thus:

Abs 10 - Ab52

AChE activity (Units/L) = Abs Abs xn x 200
Cal™ water

AChE activity (Units/L)
Protein Conc. (mg/L)

Specific activity of AChE (Units/mg Protein) =
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Where: Abs, = Absorbance at 2 min; Absio = Absorbance at 10 min;

Absca = Absorbance of Calibrator at 10 mins; AbsSwater= Absorbance of water at 10

mins; 200 = Equivalent activity (Units/L) of the calibrator; n = Dilution factor

One unit of acetylcholinesterase is the amount of enzyme that catalyses the production

of 1.0 mmole of thiocholine per minute at room temperature at pH 7.5.

3.2.3.3.6.10 ATPase Activities Assay

Principle: The hydrolysis of adenosine triphosphate (ATP), in the presence of
appropriate cations, yields inorganic phosphate which can be measured by ammonium
molybdate-ascorbic acid system. Ammonium molybdate is oxidised by concentrated
sulphuric acid to give molybdic acid which reacts with inorganic phosphate to produce
yellow colouration. The molybdic acid is then reduced by ascorbic acid to form a blue
colouration whose intensity is proportional to the concentration of inorganic phosphate
released into the reaction medium. A calibration curve of inorganic phosphate is

prepared and used for the estimation of phosphate in samples.

3.2.3.3.6.10.1 Preparation of Phosphate Calibration Curve

Different volumes (20-120 pL) of 1 mM NaH2PO4.2H,O were pipetted into
testtubes and made up to 1000 pL by addition of distilled water. Then, 2000 pL of
reagent C (H2SOs-Ammonium molybdate-Ascorbate solution) was added and
incubated at room temperature for 30 min. Absorbance was read at 820 nm against
reagent blank which was made without NaH2PO4.2H.O. The absorbances obtained

were then used to plot the calibration curve for inorganic phosphate(Appendix VII).

3.2.3.3.6.10.2 Mg**-ATPase Activity
The Mg?*-ATPase activity was assayed using the method described by Ronner

et al. (1977) with modifications by Fleschner and Kraus-Friedmann (1986).
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Procedure: Briefly, 400 pL of working buffer (240 mM KCI/60 mM Tris pH 7.4), 20
puL of MgCl2.6H20 (80 mM), 20 puL of EGTA (20 mM), 220 uL of distilled water, 20
uL of sample and 20 pL of ouabain (1 mM) were mixed and incubated at 37°C for 5
mins. Aliquot, (100 pL) of 8 mM ATP was added and the mixture was incubated at
37°C for 30 mins. Thereafter, 200 pL of SDS (5%) and 2,000 pL of reagent C were
added. This was incubated at room temperature for 30 mins to allow development of
colour. The blank was similarly prepared with 20 pL of distilled water instead of

sample. The absorbance of the test was read against blank at 820 nm.

Calculation: Concentration of inorganic phosphate in sample was estimated by
extrapolation from the calibration curve. (Appendix VII). The specific activity of
ATPase (umole Pi/mg Prot./hr) was calculated using the formula:

[P;] x 2 x Dilution factor

Na K ATPase activity =
a ase activity 1000 x Protein Concentration (mg/L)

Where:

[Pi] = Concentration of inorganic phosphate in pmoles (obtain from calibration Curve)

2 = Factor introduced to obtain the amount of P; released per hour

1000 = Factor introduced to convert the P; released to umoles

3.2.3.3.6.10.3 Na*,K*-ATPase Activity
The activity of Na', K'-ATPase was assayed according to the method

described by Ronner et al. (1977) and modified by Bewaiji et al. (1985).

Procedure: Briefly, 400 puL of working buffer (200 mM NaCl/40 mM KCI/60 mM
Tris, pH 7.4), 20 pL of MgCl,.6H>O (80 mM), 20 pL of EGTA (20 mM), 240 pL of

distilled water and 20 pL of appropriately diluted sample were mixed and incubated at
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37°C for 5 min. Aliquot (100 pL) of 8 mM ATP was added and the mixture was
incubated at 37°C for 30 min. Thereafter, 200 pL of SDS (5%) and 2,000 pL of
reagent C were added. This was incubated at room temperature for 30 min to allow
development of colour. The blank was similarly prepared with 20 pL of distilled water

used instead of sample. The absorbance of the test was read against blank at 820 nm.

Calculation: Concentration of inorganic phosphate in sample was estimated by
extrapolation from the calibration curve. (Appendix VII). The specific activity of
ATPase (umole Pi/mg Prot./hr) was calculated using the formula:

[P;] x 2 x Dilution factor

Na K ATPase activity =
a ase acivity 1000 x Protein Concentration (mg/L)

Where:

[Pi] = Concentration of inorganic phosphate in pmoles (obtain from calibration Curve)

2 = Factor introduced to obtain the amount of P; released per hour

1000 = Factor introduced to convert the P; released to umoles

The actual specific activity of Na*,K*™-ATPase was obtained by the subtraction

of the specific activity of Mg?*-ATPase from that of Na*,K*-ATPase.

3.2.3.3.6.10.4 Ca?",Mg**-ATPase Activity
The Ca?*, Mg*-ATPase activity was assayed according to the method

described by Ronner et al. (1977) with modifications by Bewaji et al. (1985).

Procedure: Briefly, 400 uL of working buffer (240 mM KCI/60mM Tris, pH 7.4), 40
pL of CaCly (4 mM), 20 uL of MgCl.6H20 (80 mM), 220 pL of distilled water and

20 pL of appropriately diluted sample were mixed and incubated at 37°C for 5 min.
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Aliquot, (100 pL) of 8 mM ATP was added and the mixture was incubated at 37°C for
30 min. Thereafter, 200 pL of SDS (5%) and 2,000 pL of reagent C were added. This
was incubated at room temperature for 30 min to allow development of colour. The
blank was similarly prepared by using 20 pL of distilled water instead of sample. The

absorbance of the test was read against blank at 820 nm.

Calculation: Concentration of inorganic phosphate in sample was estimated by
extrapolation from the calibration curve (Appendix VII). The specific activity of
ATPase (umole Pi/mg Prot./hr) was calculated using the formula:

[Pi] X 2 x Dilution factor

Ca®*, Mg?*ATP tivity =
4 & aseactivity 1000 X Protein Concentration (mg/L)

Where:

[Pi] = Concentration of inorganic phosphate in pmoles (obtained from calibration

Curve)

2 = Factor introduced to obtain the amount of P; released per hour

1000 = Factor introduced to convert the P;i released to pumoles

3.2.4 Statistical Analysis of Data

Data were analyzed for statistical significance by one-way analysis of variance
followed by Duncan’s post hoc multiple comparisons, using IBM SPSS Statistics for
Windows, version 23.0 (IBM Corp., Armonk, N.Y., USA). Difference at p< 0.05 was
considered significant. Graphs were created using GraphPad Prism 6 software for

Windows (GraphPad Software, California, USA).
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CHAPTER FOUR

4.0 RESULTS

4.1 In vitro Studies

4.1.1 In vitro Antimalarial Study

4111 Inhibition of p-Haematin Formation and Nature of Interaction

Methyl gallate and palmatine inhibited f-haematin formation with 1Csg of 2.56 pg/mL
and 0.82 pg/mL respectively while chloroquine had 1Cso of 0.74 pg/mL (Appendix
VIII and X). The combination of methyl gallate and palmatine in the ratios 1:4, 2:3,
3:2 and 4:1 inhibited B-haematin formation with an I1Cso of 2.14 pg/mL, 1.02 pg/mL,

0.73 pg/mL and 3.85 pg/mL respectively (Appendix XI to XIV).

The combination of methyl gallate and palmatine were antagonistic at ratios 1:4
and 4:1 with ZFICso of 2.25 and 2.14 respectively while their combination at ratios 2:3
and 3:2 resulted in synergistic interaction with XFICso of 0.91 and 0.53 respectively

(Tables 1 and 2).
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Table 1: Inhibition of p-hematin formation as a measure of in vitro antimalarial
activities of methyl gallate and Palmitine

Compound I1Cs0 (Mg/mL)
Chloroquine 0.74
Methyl gallate 2.56
Palmatine 0.82
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Table 2: Nature of interaction of methyl gallate and palmatine combinations

Ratio

1Cs0 FICso FICso
YFICso Nature of interaction

(M.G:PAL) (ug/mL) (M.G)  (PAL)
0:5 0.82
1:4 2.14 0.17 2.09 2.25 Antagonistic
2:3 1.02 0.16 0.75 0.91 Synergistic
3:2 0.73 0.17 0.36 0.53 Synergistic
4:1 3.85 1.20 0.94 2.14 Antagonistic
5:0 2.56

YFICs0< 1 is synergistic, XFICso = 1 is additive, ZFICso > 1 is antagonistic (Ohrt et al.,
2002; He et al., 2010). M.G = Methyl gallate; Pal = Palmatine; 1Csp= Median
inhibitory concentration; FICso = Median fractional inhibitory concentration; Y FICso
= Summation of median fractional inhibitory concentrations
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41.2 In vitro Antioxidant Studies

4.1.2.1 DPPH Radical Scavenging Activity

Palmatine exhibited higher DPPH radical scavenging activity at lower
concentrations compared to butylated hydroxytoluene while methyl gallate alone and
its combination with palmatine in the ratio 3:2 had higher DPPH radical scavenging
activity at all concentrations compared to butylated hydroxytoluene and palmatine

(Figure 12).

4.1.2.2 Ferric lon Reducing Power

Palmatine had lower ferric ion reducing power compared to butylated
hydroxytoluene while methyl gallate (at all concentrations) and its combination with
palmatine in the ratio 3:2 (at higher concentrations) had higher reducing power

compared to butylated hydroxytoluene (Figure 13).

4.1.2.3 Hydroxyl Radical Scavenging Activity

The hydroxyl radical scavenging activities of methyl gallate, palmatine and
their combination in the ratio 3:2 were lower compared to that of butylated

hydroxytoluene (Figure 14).

4.1.2.4 Nitric Oxide Scavenging Activity

The nitric oxide scavenging activities of methyl gallate, palmatine and their
combination (in ratio 3:2) were lower compared to butylated hydroxytoluene at the

concentrations considered (Figure 15).
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Figure 12: DPPH (2, 2-diphenyl-1-picrylhydrazyl) radical scavenging activities of
palmatine, methyl gallate and methyl gallate-palmatine combination (3:2)

Values are means = SD of three replicates. M.G. = Methyl gallate; PAL= Palmatine;
BHT = Butylated hydroxytoluene; M*P* = 3:2 of methyl gallate and Palmatine (most
active ratio from in vitroantimalarial study)
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Figure 13: Ferric ion reducing power of palmatine, methyl gallate and methyl
gallate-palmatine combination (3:2)

Values are means + SD of three replicates. M.G. = Methyl gallate; PAL= Palmatine;
BHT = Butylated hydroxytoluene; M*P* = 3:2 of methyl gallate and Palmatine (most
active ratio from in vitroantimalarial study).
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Figure 14: Hydroxyl radical-scavenging ability of palmatine, methyl gallate and
methyl gallate-palmatine combination (3:2)

Values are means = SD of three replicates. M.G. = Methyl gallate; PAL= Palmatine;
BHT = Butylated hydroxytoluene; M*P* = 3:2 of methyl gallate and Palmatine (most
active ratio from in vitroantimalarial study)

170



80.00 -

70.00

60.00 -

50.00 - —DM.G.
=0-PAL

M*P*
=#=BHT

40.00 A

30.00 -

20.00 -

Nitric oxide scavenging activity (%o)

10.00 -

0.00 T 1 1 T T 1 1
3.125 6.25 125 25 50 100 200

Concentration (ug/mL)

Figure 15: Nitric oxide-scavenging activity of palmatine, methyl gallate and
methyl gallate- palmatine combination (3:2)

Values are mean £ SD of three replicates. M.G. = Methyl gallate; PAL= Palmatine;
BHT = Butylated hydroxytoluene. M*P* = 3:2 of methyl gallate and Palmatine (most
active ratio from in vitro antimalarial study)
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4.1.2.5 Inhibition of Conjugated Diene Formation

The formation of conjugated diene induced by copper was inhibited by methyl gallate
and palmatine, though their inhibitory effects were lower than that of vitamin C but the
combination of methyl gallate and palmatine (3:2), in addition to inhibiting the
formation of conjugated diene, demonstrated better stability in resisting oxidation over

the course of two hours (Figure 16).

4.1.2.6 Oxidative Haemolysis Inhibition

Methyl gallate, palmatine and their combination inhibited oxidative haemolysis

induced by AAPH, comparing favourably well with vitamin C (Figure 17).

4.2 In silico Studies

The binding of methyl gallate with plasmepsin | (PDB ID: 3QS1) occurred at
amino acids Asnl11D, GIn276D, Ser219D and Vall12D, while palmatine interacted at
Alal0D, Leu243C, Pro241C, Ser220D and Vall2D (Figure 18-20). Methyl gallate,
palmatine and artesunate had binding affinity of -6.0, -8.1, and -9.0 Kcal/mol

respectively (Table 4).

The compounds interacted with plasmepsin 11 (PDB ID: 1SME). Methyl gallate
exhibited interactions at Lys326A, Lys327A, Tyr272A and Vall60A while palmatine
did the same with the amino acids Alal17A, Arg307C, GIn12A, Glu271C, Lys308C,
Thr54A, Tyr272C and Vall60C (Figures 21-23). The binding affinity of methyl
gallate, palmatine and artesunate with plasmepsin Il was -5.9, -8.0 and -8.6 Kcal/mol

respectively (Table 4).
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Figure 16: Inhibitory effects of methyl gallate, palmatine, and methyl gallate-
palmatine combination (3:2) on conjugated diene formation by copper-induced
oxidation of plasma

Values are means £ SD of three replicates. Vit C= Vitamin C; M.G. = Methyl gallate;
PAL= Palmatine; M*P* = 3:2 of methyl gallate and Palmatine (most active ratio from
in vitroantimalarial study)
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Figure 17: Antihemolytic effects of methyl gallate-palmatine combination on
oxidative haemolysis induced by AAPH

Values are means + SD of three replicates. Bars with different alphabets are
significantly different (p < 0.05). Vit C= Vitamin C; M.G. = Methyl gallate; PAL=
Palmatine; M*P* = 3:2 of methyl gallate and Palmatine (most active ratio from in
vitro antimalarial study); AAPH = 2,2'-Azobis(2-amidinopropane) dihydrochloride.
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Docking of the compounds into plasmepsin 111 (PDB ID: 3FNU) showed that
methyl gallate interacted with amino acids Asn11B, Asn285B, Glu276B, Leu275B and
Lys272B while palmatine interacted with Glu182D, Phe238B and Pro256B (Figures
24-26). The binding affinity was -6.0, -8.5 and -8.5 Kcal/mol for methyl gallate,

palmatine and artesunate respectively (Table 4).

Methyl gallate interacted with amino acids Asn263A, Asn264A, Aspl98B,
Lys260B and Ser261A of plasmepsin 1V (PDB ID: 2ANL) while the interaction of
palmatine was with Alal18A, Asnl13A, Asp34A, Leull4A and Met15A of the protein
(Figure 27-29). The binding affinity was -5.5, -7.4, and -8.0 Kcal/mol for methyl

gallate, palmatine and artesunate respectively (Table 4).

Docking of the compounds into plasmepsin V (PDB ID: 4ZL4) showed that
methyl gallate interacted with the protein at Ala210B, Argl67A, Leu213B, Phe207B,
Pro211B and Serl51A while palmatine interacted with Ala60B, Gly315B, His320B,
Leul79B, Ser316B and Tyrl82B (Figure 30-32). The binding affinity of methyl
gallate, palmatine and artesunate was -5.5, -7.5 and -7.5 Kcal/mol respectively (Table

4).

Methyl gallate and palmatine docked into falcipain-2 (PDB ID: 1YVB)
interacted in various forms with methyl gallate interacting with amino acids Arg118A,
Asnl15A, Leull3A and Ser28B, while palmatine interacted with GIn36A, His174A
and Trp206A (Figures 33-35). The binding affinity of the compounds with falcipain-2
showed that palmatine had a lower binding energy of -7.8 Kcal/mol compared with -
5.6 Kcal/mol of methyl gallate, and similar binding energy to -7.9 Kcal/mol of

artesunate (Table 4).
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The interaction of the compounds with Plasmodium falciparum lactate
dehydrogenase (PDB 1.D: 1T2C) showed that methyl gallate interacted with amino
acids Gly29A, GIly99A, 1le31A and Thr97A, while palmatine interacted at Ala236A,
lle31A, Pro246A, Ser245A (Figure 36-38). The binding affinity of methyl gallate was
-5.3 Kcal/mol, palmatine had -6.9 Kcal/mol while artesunate had -7.5 Kcal/mol (Table

4).
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Figure 18: The most active pose of methyl gallate and palmatine in the binding
pocket of plasmepsin |

Yellow stick model represents methyl gallate; Red stick model represents Palmatine;
Grey molecule represents receptor
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Figure 19: Interactions of methyl gallate with amino acids in the binding pocket
of plasmepsin |
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Figure 20: Interactions of palmatine with amino acids in the binding pocket of
plasmepsin |
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Figure 21: The most active pose of methyl gallate and palmatine in the binding
pockets of plasmepsin 11

Yellow stick model represents methyl gallate; Red stick model represents Palmatine;
Grey molecule represents receptor
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Figure 22: Interactions of methyl gallate with amino acida in the binding pocket
of plasmepsin 11
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Figure 23: Interactions of palmatine with amino acids in the binding pocket of
plasmepsin Il
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Figure 24: The most active pose of methyl gallate (A) and palmatine (B) in the
binding pockets of plasmepsin 111

Yellow stick model represents methyl gallate; Red stick model represents Palmatine;
Grey molecule represents receptor
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Figure 25: Interactions of methyl gallate with amino acids in the binding pocket
of plasmepsin 111
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Figure 26: Interactions of palmatine with amino acids in the binding pocket of
plasmepsin 111
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Figure 27: The most active pose of methyl gallate and palmatine in the binding
pockets of plasmepsin 1V

Yellow stick model represents methyl gallate; Red stick model represents Palmatine;
Grey molecule represents receptor.

186



Figure 28: Interactions of methyl gallate with amino acids in the binding pocket
of plasmepsin 1V
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Figure 29: Interactions of palmatine with amino acids in the binding pocket of
plasmepsin 1V

188



oA .
\ N . )

OA(
Al

X

S re

.

/N

-.7'»

®iat

Figure 30: The most active pose of methyl gallate and palmatine in the binding

pockets of plasmepsin V

Yellow stick model represents methyl gallate; Red stick model represents Palmatine;

Grey molecule represents receptor.
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Figure 31: Interactions of methyl gallate with amino acids in the binding pocket
of plasmepsin V
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Figure 32: Interactions of palmatine with amino acids in the binding pocket of
plasmepsin V
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Figure 33: The most active pose of methyl gallate and palmatine in the binding
pockets of falcipain-2

Yellow stick model represents methyl gallate; Red stick model represents Palmatine;
Grey molecule represents receptor
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Figure 34: Interactions of methyl gallate with amino acids in the binding pocket
of Falcipain-2
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Figure 35: Interactions of Palmatine with amino acids in the binding pocket of
Falcipain-2

194



Figure 36: The most active pose of methyl gallate and palmatine in the binding
pocket of Plasmodium falciparum lactate dehydrogenase

Yellow stick model represents methyl gallate; Red stick model represents Palmatine;
Grey molecule represents receptor
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Figure 37: Interactions of methyl gallate with amino acids in the binding pocket
of Plasmodium falciparum lactate dehydrogenase
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Figure 38: Interactions of palmatine with amino acids in the binding pocket of
Plasmodium falciparum lactate dehydrogenase
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Table 3: Summary of ligand-amino acid interactions in various in silico studies

Protein Methyl gallate Palmatine

Plasmepsin | AsnllD, GIn276D, Ser219D, Alal0D, Leu243C, Pro241C,

Vall2D Ser220D, Val12D
Plasmepsin 11 Lys326A, Lys327A, Tyr272A, Alall7A, Arg307C,
Vall60A GIn12A, Glu271C, Lys308C,

Thr54A, Tyr272C, Val160C

Plasmepsin 11l Asnl1lB, Asn285B, Glu276B, Glul82D, Phe238B,

Leu275B, Lys272B Pro256B

Plasmepsin IV Asn263A, Asn264A, Aspl98B, Alall8A, Asnl3A, Asp34A,

Lys260B, Ser261A Leull4A, Metl5A

PlasmepsinV  Ala210B, Argl67A, Leu213B, Ala60B, Gly315B, His320B,

Phe207B, Pro211B, Ser151A Leul79B, Ser316B, Tyr182B

Falcipain-2 Argll18A, Asnll5A, Leull3A, GIn36A, Hisl74A, Trp206A

Ser28B

PfLDH Gly29A, Gly99A, 11e31A, Thro7A Ala236A, 11e31A, Pro246A,

Ser245A

PfLDH = Plasmodium falciparum lactate dehydrogenase
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Table 4: Summary of Binding affinities of methyl gallate, palmatine and
artesunate in various in silico studies

Binding Affinities (Kcal/mol)

Protein Methyl gallate Palmatine Artesunate
Plasmepsin | -6.0 -8.1 -9.0
Plasmepsin 11 -5.9 -8.0 -8.6
Plasmepsin 111 -6.0 -8.5 -8.5
Plasmepsin 1V -5.5 -1.4 -8.0
Plasmepsin V -5.5 -71.5 -7.5
Falcipain-2 -5.6 -7.8 -7.9
PfLDH -5.3 -6.9 -7.5
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4.3 In vivo Studies

43.1 In vivo Antimalarial Studies

4311 Suppressive Antimalarial Study

Methyl gallate and palmatine administered separately were inactive (causing
less than 30% reduction in parasitaemia) against P. berghei NK65 (Table 5).
Moreover, the combination of methyl gallate and palmatine at different doses were
also inactive against P. berghei NK65 (Table 6). However, 12.5 mg/Kg body weight of
the combination of methyl gallate and palmatine, in the presence of piperine was
partially active (>30% but <40% reduction in parasitemia) and active (>40% reduction
in parasitaemia) against P. berghei NK65 on days 6 and 8 post-inoculation
respectively (Table 6). Furthermore, 25 mg/Kg body weight of the combination of
methyl gallate and palmatine, in the presence of piperine, was partially active against
P. berghei NK65 on day 4 post-inoculation and was active against the parasite on days
6 and 8 post-inoculation. The combination at 50 mg/Kg body weight, in the presence
of piperine, was partially active against the parasite on day 8 post-inoculation (Table

6).

4.3.1.2 Curative Antimalarial Study

Methyl gallate and palmatine administered separately exhibited no curative
antimalarial activity at 100 mg/kg body weight. Also, methyl gallate and palmatine
combination (3:2) administred at various doses was inactive against P. berghei NK65.
However, 12.5 and 25 mg/Kg body weight of the combination of methyl gallate and
palmatine in the presence of piperine (a bio-enhancer) were partially active (34.3%
reduction in parasitemia) and active (41.29% reduction in parasitemia) against P.

berghei NK65 respectively on day 10 post-inoculation, though the latter dose was also
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partially active against the parasite on day 8 post-inoculation. These doses also
increased the mean survival time of the mice compared to the untreated control (Table

7).

4.3.1.3 Prophylactic Antimalarial Study

Methyl gallate, palmatine and their combination (3:2) were inactive against the
P. berghei NKG65, in the prophylactic antimalarial test, at the doses considered in this
study. Likewise, the administration of methyl gallate and palmatine, in the presence of
piperine caused less than 30% parasitaemia reduction; hence, they were considered
inactive. On the contrary, chloroquine caused 30% reduction in parasitemia on day 3
post-inoculation and above 50% reduction on days 5 and 7 post-inoculation, thus

considered active (Table 8).
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Table 5: Effects of methyl gallate and palmatine on parasitaemia and mean

survival time of P. berghei NK65-infected mice assessed by suppressive test

Parasitaemia, % (% Reduction) MST
Treatment (Days)

Day 4° Day 6° Day 8°
5% DMSO 4.27 5.87 7.44 13
10 mg/Kg bwt Chloroquine 1.77 (58.55) 1.42(75.81)  1.23 (83.47) 27
20 mg/Kg bwt Piperine 4.26 (0.23)  5.84(0.51)  7.37(0.94) 13
6.25 mg/Kg bwt Methyl gallate  4.24 (0.70) 5.70 (2.89) 7.21 (3.09) 15
12.5 mg/Kg bwt Methyl gallate ~ 4.20 (1.64)  5.59 (4.77)  7.05 (5.24) 16
25 mg/Kg bwt Methyl gallate 4.25 (0.47) 5.29 (9.88) 6.70 (9.95) 16
50 mg/Kg bwt Methyl gallate 4.19 (1.87) 5.54 (5.62) 6.91 (7.12) 16
100 mg/Kg bwt Methyl gallate 4.15 (2.81) 5.30 (9.71) 6.82 (8.33) 15
6.25 mg/Kg bwt Palmatine 4.21 (1.41) 5.52 (5.96) 7.10 (4.57) 15
12.5 mg/Kg bwt Palmatine 4.17 (2.34) 5.28 (10.05)  6.64 (10.75) 15
25 mg/Kg bwt Palmatine 4.20 (1.64) 5.36 (8.69) 6.76 (9.14) 15
50 mg/Kg bwt Palmatine 418 (2.11)  5.49(6.47)  6.86(7.79) 15
100 mg/Kg bwt Palmatine 4.13(3.28)  5.25(10.56) 6.74 (9.41) 15

Values are mean of 5 determinations. Values in parenthesis represent the percentage
parasitaemia reduction. ° = post-inoculation; MST = Mean survival time; 20 Pip = 20

mg/Kg bwt Piperine;
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Table 6: Effects of methyl gallate and palmatine combination on parasitaemia
and mean survival time of P. berghei NK65-infected mice assessed by suppressive

test
. Parasitaemia, % (% Reduction) MST
Day 4° Day 6° Day 8° (Days)

5% DMSO 4.27 5.87 7.44 13
10 mg/Kg bwt Chloroquine 1.77 (58.55) 1.42 (75.81)  1.23(83.47) 27
20 mg/Kg bwt Piperine 4.26 (0.23) 5.84 (0.51) 7.37(0.94) 13
6.25 mg/Kg bwt M*P* 4.17 (2.34) 5.39 (8.18) 6.77 (9.01) 15
12.5 mg/Kg bwt M*P* 4.11 (3.75) 5.20 (11.41)  6.60 (11.29) 16
25 mg/Kg bwt M*p* 4.09 (4.22) 5.18 (11.75)  6.52 (12.37) 17
50 mg/Kg bwt M*P* 4.12 (3.51) 5.30 (9.71) 6.62 (11.02) 16
100 mg/Kg bwt M*P* 4.14 (3.04) 5.28 (10.05)  6.64 (10.75) 15
6.25 mg/Kg bwt M*P* + 20 Pip  3.90 (8.67) 4.68(20.27)  5.73(22.98) 20
12.5 mg/Kg bwt M*P* + 20 Pip  3.41(20.14)  3.89(33.73)  4.00 (46.24) 22
25 mg/Kg bwt M*P* + 20 Pip  2.90(32.08)  3.50(40.37)  3.31(55.51) 23
50 mg/Kg bwt M*P* + 20 Pip  3.54 (17.09)  4.22(28.11)  4.58(38.44) 22
100 mg/Kg bwt M*P* + 20 Pip  3.82 (10.54)  4.61 (21.47)  5.66(23.92) 20

Values are means of 5 determinations. Values in parenthesis represent the percentage
parasitaemia reduction. ° = post-inoculation; MST = Mean survival time; 20 Pip = 20
mg/Kg bwt Piperine; M*P* = 3:2 of Methyl gallate and palmatine (most active ratio

from in vitro antimalarial study)

203



Table 7: Effects of methyl gallate and palmatine combination on parasitaemia
and mean survival time of P. berghei NK65-infected mice assessed by curative test

Parasitaemia, % (% Reduction) MST
Treatment (Days)

Day 6 ° Day 8° Day 10°
5% DMSO 5.17 8.23 9.93 13
10 mg/Kg bwt Chloroquine 2.52 (51.26)  2.29 (72.17) 1.21 (87.81) 29
20 mg/Kg bwt Piperine 5.11 (1.16) 8.12 (1.34) 9.80 (1.31) 14
100 mg/Kg bwt Methyl gallate 5.07 (1.93) 7.88 (4.25) 9.24 (6.95) 15
100 mg/Kg bwt Palmatine 5.06 (2.13)  7.83(4.86) 9.21 (7.25) 15
6.25 mg/Kg bwt M*P* 5.11 (1.16) 7.77 (5.59) 9.20 (7.35) 15
12.5 mg/Kg bwt M*P* 492 (4.84)  7.63(7.29) 8.90 (10.37) 16
25 mg/Kg bwt M*P* 4.88(5.61)  7.40(10.09)  8.70 (12.39) 16
50 mg/Kg bwt M*P* 5.00 (3.29) 7.66 (6.93) 9.00 (9.37) 16
100 mg/Kg bwt M*P* 5.05 (2.32) 7.76 (5.71) 9.10 (8.36) 16
6.25 mg/Kg bwt M*P* + 20 Pip  4.87 (5.80) 7.45 (9.48) 8.60 (13.39) 19
12.5 mg/Kg bwt M*P* + 20 Pip ~ 4.72 (8.70) 6.24 (24.18)  6.52 (34.34) 20
25 mg/Kg bwt M*P* + 20 Pip 450 (12.96)  5.12 (37.79)  5.83 (41.29) 21
50 mg/Kg bwt M*P* + 20 Pip ~ 4.79(7.35)  6.88 (16.40)  7.44 (25.08) 20
100 mg/Kg bwt M*P* + 20 Pip  4.85(6.19)  7.13(13.37)  8.20 (17.42) 19

Values are mean of 5 determinations. Values in parenthesis represent the percentage
parasitaemia reduction. ° = post-inoculation; MST = Mean survival time; 20 Pip = 20
mg/Kg bwt Piperine;M*P* = 3:2 of Methyl gallate and palmatine (most active ratio
from in vitro antimalarial study)
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Table 8: Effects of methyl gallate and palmatine combination on parasitaemia
and mean survival time of P. berghei NK65-infected mice assessed by
prophylactic test

Parasitaemia, % (% Reduction)

Treatment MST
Day 3° Day 5° Day 7° (Days)

5% DMSO 3.10 4.68 6.75 12

10 mg/Kg bwtChloroquine 2.17 2.23 2.09 26
(30.00) (52.35) (69.04)

20 mg/Kg bwt Piperine 3.07 4.57 6.64 12
(0.97) (2.35) (1.63)

100 mg/Kg bwtMethyl gallate  3.06 4.43 6.20 14
(1.29) (5.34) (8.15)

100 mg/Kg bwtPalmatine 3.02 4.31 6.12 14
(2.58) (7.91) (9.33)

100 mg/Kg bwtM*P* 2.96 4.21 5.81 15
(4.52) (10.04)  (13.93)

100 mg/Kg bwtM*P* + 20 Pip  2.51 3.40 5.05 19
(19.03) (27.35)  (25.19)

Values are means of 5 determinations. Values in parenthesis represent the percentage
parasitaemia reduction. ° = post-inoculation; MST = Mean survival time; 20 Pip = 20
mg/Kg bwt Piperine;M*P* = 3:2 of Methyl gallate and palmatine (most active ratio
from in vitro antimalarial study)
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432 In vivo Antioxidant Studies

4.3.2.1 Malondialdehyde Concentration

On days 4 and 8 post-inoculation, the malondialdehyde levels in erythrocyte,
liver and kidney were significantly increased (p<0.05) in the untreated infected mice
compared to the uninfected control (Figures 39, 40 and 42). However,
malondialdehyde levels in the heart and brain were only significantly increased
(p<0.05) on day 8 post- inoculation compared to the uninfected control (Figures 41 and

43).

The increased malondialdehyde levels in the erythrocyte and liver on day 4 post-
inoculation caused by the infection was reverted to the range of the uninfected control
(p>0.05) at doses higher than 6.25 mg/kg body weight of bio-enhanced methyl gallate
and palmatine combination (Figures 39-43). On day 8 post-inoculation, the bio-
enhanced compound combination at doses higher than 6.25 mg/kg body weight
significantly reduced (p<0.05) erythrocyte and liver malonaldehyde concentrations
compared to the untreated infected controls, though not to the range of the uninfected
control in the erythrocyte but to the range of the uninfected control in the liver at doses

higher than 12.5 mg/kg body weight.

The increased malondialdehyde levels in the heart and kidney on day 4 post-
inoculation caused by the infection was reverted to the range of the uninfected controls
(p>0.05) at all doses of the bio-enhanced methyl gallate and palmatine combination.
The same trend was observed on day 8 post-inoculation, in which the reduction was to
the range of the uninfected control at doses higher than 6.25 mg/kg body weight for the
heart, 12.5 mg/kg body weight for the kidney and at all doses for the brain (Figs. 39-
43).
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Generally, chloroquine did not alleviate the increase in MDA concentrations in the
tissues caused by the infection on days 4 and 8 post-inoculation, except in the kidney

on day 4 post-inoculation and in the heart on day 8 post-inoculation (Figures 39-43).
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Figure 39: Effects of methyl gallate and palmatine combination in the presence of
piperine on malondialdehyde level in the erythrocyte of P. berghei NK65-infected
mice on days 4 and 8 post-inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine
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Figure 40: Effects of methyl gallate and palmatine combination in the presence of
piperine on malondialdehyde level in the liver of P. berghei NK65-infected mice
on days 4 and 8 post-inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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Figure 41: Effects of methyl gallate and palmatine combination in the presence of
piperine on malondialdehyde level in the heart of P. berghei NK65-infected mice
on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine
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Figure 42: Effects of methyl gallate and palmatine combination in the presence of
piperine on malondialdehyde level in the kidney of P. berghei NK65-infected mice
on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine
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Figure 43: Effects of methyl gallate and palmatine combination in the presence of
piperine on malondialdehyde level in the brain of P. berghei NK65-infected mice
on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine
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4.3.2.2 Superoxide Dismutase Activity

On days 4 and 8 post-inoculation, the activities of superoxide dismutase in
erythrocyte, liver, heart, kidney and brain were significantly reduced (p<0.05) in the
untreated infected control compared to the uninfected control except in the heart,
where there was no significant change (p>0.05) in enzyme activity on day 4 post-

inoculation (Figures 44-48).

Treatment with bio-enhanced combination of methyl gallate and palmatine at
doses higher than 6.25 mg/Kg body weight yielded significant increase (p<0.05) in the
superoxide dismutase activities in erythrocyte, liver, heart, kidney and brain compared
with those of untreated infected control on days 4 and 8 post-inoculation (Figures 44-
48). In most cases, these doses of bio-enhanced combination of methyl gallate and
palmatine were able to revert the reduction in SOD activities in the heart, kidney and
brain caused by the infection to the range of the uninfected controls (p>0.05) (Figures

46-48).

Considering SOD activities in the tissues and erythrocyte studied on days 4 and
8 post-inoculation, it was observed that the bio-enhanced combination of methyl
gallate and palmatine at doses higher than 6.25 mg/Kg body weight was more potent in
reverting the reduced SOD activities caused by the infection than chloroquine (Figures

44-48).
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Figure 44: Effects of methyl gallate and palmatine combination in the presence of
piperine on superoxide dismutase activity in the erythrocyte of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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Figure 45: Effects of methyl gallate and palmatine combination in the presence of
piperine on superoxide dismutase activity in the liver of P. berghei NK65-infected
mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip =20 mg/Kg bwt
Piperine
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Figure 46: Effects of methyl gallate and palmatine combination in the presence of
piperine on superoxide dismutase activity in the heart of P. berghei NK65-infected
mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip =20 mg/Kg bwt
Piperine
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Figure 47: Effects of methyl gallate and palmatine combination in the presence of
piperine on superoxide dismutase activity in the kidney of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip =20 mg/Kg bwt
Piperine
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Figure 48: Effects of methyl gallate and palmatine combination in the presence of
piperine on superoxide dismutase activity in the brain of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip =20 mg/Kg bwt
Piperine
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4.3.2.3 Catalase Activity

The activities of catalase (CAT) in the erythrocyte, liver, kidney and brain on
days 4 and 8 post-inoculation were significantly reduced (p<0.05) in the untreated
infected controls compared to the uninfected controls. However, heart CAT activity
was not significantly changed (p>0.05) on day 4 post-inoculation but was significantly
reduced (p<0.05) on day 8 post-inoculation in the untreated infected controls compared

to the uninfected controls (Figures 49-53).

Treatment with bio-enhanced combination of methyl gallate and palmatine at
doses above 6.25 mg/kg body weight significantly reverted (p< 0.05) the reduction in
CAT activities in the tissues and erythrocyte caused by the infection on days 4 and 8
post-inoculation to the range of uninfected controls in most cases and even above the
range in some cases (Figures 49-53). At all doses administered, the bio-enhanced
compound combination was able to significantly revert (p< 0.05) the reduction in CAT

activity in the brain caused by the infection to the range of unifected controls (Fig. 53).

Also, the bio-enhanced combination of methyl gallate and palmatine at doses
higher than 12.5 mg/kg body weight was more potent in significantly reverting (p<
0.05) the reduction in CAT activities in erythrocyte and tissues caused by the infection
to the range of the uninfected controls and above the range in some cases compared to

chloroquine (Figures 49-53).
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Figure 49: Effects of methyl gallate and palmatine combination in the presence of
piperine on catalase activity in the erythrocyte of P. berghei NK65-infected mice
on days 4 and 8 post-inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine
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Figure 50: Effects of methyl gallate and palmatine combination in the presence of
piperine on catalase activity in the liver of P. berghei NK65-infected mice on days
4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine
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Figure 51: Effects of methyl gallate and palmatine combination in the presence of
piperine on catalase activity in the heart of P. berghei NK65-infected mice on days
4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine
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Figure 52: Effects of methyl gallate and palmatine combination in the presence of
piperine on catalase activity in the kidney of P. berghei NK65-infected mice on
days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine
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Figure 53: Effects of methyl gallate and palmatine combination in the presence of
piperine on catalase activity in the brain of P. berghei NK65-infected mice on days
4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine
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4.3.24 Glutathione Peroxidase Activity

Plasmodium berghei NKG65 infection in mice brought about significant
decrease (p<0.05) in glutathione peroxidase (GPx) activities in the erythrocyte, liver,
heart, kidney and brain on days 4 and 8 post-inoculation compared to the uninfected
control, except the activities of GPx in the heart and brain on day 4 post-inoculation,

which were not significantly altered (p>0.05) (Figures 54-58).

Treatment with bio-enhanced combination of methyl gallate and palmatine at
doses higher than 6.25 mg/Kg body weight caused significant increase (p<0.05) in
glutathione peroxidase activities in the various tissues studied compared to untreated
infected controls on days 4 and 8 post-inoculation, except that heart and brain GPx
activities on day 4 post-inoculation were not significant changed (p>0.05) at all doses
administered compared to untreated infected controls (Figures 54-58). These
treatments, especially at doses higher than 12.5 mg/kg body weight, caused no
significant alteration (p>0.05) in glutathione peroxidase activities in all tissues studied
on days 4 and 8 post-inoculation compared to those of uninfected controls (Figures 54-

58).

Also, treatment with doses above 6.25 mg/Kg body weight of bio-enhanced
combination of methyl gallate and palmatine caused significant increase (p<0.05) in
glutathione peroxidase activities of the erythrocyte, liver and heart while those of the
kidney and brain were not significantly changed (p>0.05) on day 4 post-inoculation
compared to those of chloroquine-treated group. On day 8 post-inoculation, the
compound combination caused significant increase (p<0.05) in glutathione peroxidase
activities in the liver and kidney at doses above 12.5 mg/kg body weight compared to

those of chloroquine-treated group (Figures 54-58).
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Figure 54: Effects of methyl gallate and palmatine combination in the presence of
piperine on glutathione peroxidase activity in the erythrocyte of P. berghei NK65-
infected mice on days 4 and 8 post-inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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Figure 55: Effects of methyl gallate and palmatine combination in the presence of
piperine on glutathione peroxidase activity in the liver of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip =20 mg/Kg bwt
Piperine
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Figure 56: Effects of methyl gallate and palmatine combination in the presence of
piperine on glutathione peroxidase activity in the heart of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip =20 mg/Kg bwt
Piperine.
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Figure 57: Effects of methyl gallate and palmatine combination in the presence of
piperine on glutathione peroxidase activity in the kidney of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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Figure 58: Effects of methyl gallate and palmatine combination in the presence of
piperine on glutathione peroxidase activity in the brain of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip =20 mg/Kg bwt
Piperine
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4.3.25 Glutathione Reductase Activity

There was significant reduction (p<0.05) in glutathione reductase (GR)
activities on days 4 and 8 post-inoculation in erythrocyte and various tissues of
infected mice compared to uninfected controls, except for the heart and brain on day 4
post-inoculation, in which glutathione reductase activities were not significantly

altered (p>0.05) (Figures 59-63).

Treatment with bio-enhanced methyl gallate and palmatine combination at
doses higher than 6.25 mg/Kg body weight caused significant increase (p<0.05) in
glutathione reductase activities in the erythrocyte and tissues studied compared to
untreated infected controls on days 4 and 8 post-inoculation, except that GR activities
in the heart and brain were not significantly changed (p>0.05) on day 4 post-

inoculation (Figures 59-63).

At doses of 25 and 50 mg/Kg body weight, the bio-enhanced compound
combination caused no significant change (p>0.05) in glutathione reductase activities
in the various tissues studied on days 4 and 8 post-inoculation compared to uninfected
controls, except kidney GR activity which was significantly increased (p< 0.05) on day
8 post-inoculation (Figures 59-63). Also, treatment with 25 and 50 mg/kg body weight
of the bio-enhanced compound combination caused significant increase (p< 0.05) in
glutathione reductase activities of erythrocyte, liver and heart on day 4 post-
inoculation while on day 8 post-inoculation, it led to significant increase (p<0.05) in
glutathione reductase activities in the erythrocyte, liver, brain and kidney compared to

those of chloroquine-treated mice (Figures 59-63).
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Figure 59: Effects of methyl gallate and palmatine combination in the presence
piperine on glutathione reductase activity in the erythrocyte of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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Figure 60: Effects of methyl gallate and palmatine combination in the presence
piperine on glutathione reductase activity in the liver of P. berghei NK65-infected
mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip =20 mg/Kg bwt
Piperine.
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Figure 61: Effects of methyl gallate and palmatine combination in the presence
piperine on glutathione reductase activity in the heart of P. berghei NK65-infected
mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip =20 mg/Kg bwt
Piperine.
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Figure 62: Effects of methyl gallate and palmatine combination in the presence
piperine on glutathione reductase activity in the kidney of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip =20 mg/Kg bwt
Piperine.
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Figure 63: Effects of methyl gallate and palmatine combination in the presence
piperine on glutathione reductase activity in the brain of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip =20 mg/Kg bwt
Piperine.
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4.3.2.6 Reduced Glutathione Concentration

P. berghei NKG65 infection led to significant decrease (p< 0.05) in reduced
glutathione concentration in the erythrocyte and various tissues considered on days 4
and 8 post-inoculation compared to uninfected controls, except the concentrations of
reduced glutathione in the heart and brain on day 4 post-inoculation which were not

significantly changed (p>0.05) (Figures 64-68).

Treatment of infected mice with bio-enhanced methyl gallate and palmatine
combination at doses higher than 6.25 mg/Kg body weight caused significant increase
(p<0.05) in concentrations of reduced glutathione in erythrocyte, liver and kidney on
day 4 post-inoculation compared to untreated infected controls. Doses higher than 12.5
mg/kg body weight brought about significant increase (p<0.05) in concentrations of
reduced glutathione in erythrocyte, heart and kidney compared to untreated infected
controls on day 8 post-inoculation (Figures 64-68). All doses of the bio-enhanced
compound combination caused significant increase (p<0.05) in the concentration of

reduced glutathione in the brain compared to untreated infected control (Figure 68).

The bio-enhanced compound combination at doses higher than 6.25 mg/kg
body weight did not significantly change (p>0.05) the concentrations of reduced
glutathione in all tissues studied on day 4 post-inoculation compared to those of
uninfected control while doses higher than 12.5 mg/kg body weight did not
significantly alter (p>0.05) the concentrations of reduced glutathione in the
erythrocyte, heart and kidney compared to uninfected controls, on day 8 post-
inoculation (Figures 64-68). All doses of the bio-enhanced compound combination did
not significantly alter (p>0.05) the concentration of reduced glutathione in the brain on

day 8 post-inoculation compared to uninfected control (Figures 68).

237



Also, the bio-enhanced methyl gallate and palmatine combination at doses
higher than 6.25 mg/kg body weight caused significant increase (p< 0.05) in the
concentrations of reduced glutathione in the erythrocyte, liver and heart on day 4 post-
inoculation compared to those of chloroquine-treated mice. The bio-enhanced
compound combination at doses higher than 12.5 mg/kg body weight caused
significant increase (p<0.05) in the concentrations of reduced glutathione in the
erythrocyte and kidney on day 8 post-inoculation compared to those of the

chloroquine-treated mice (Figures 64 and 67).
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Figure 64: Effects of methyl gallate and palmatine combination in the presence of
piperine on reduced glutathione concentration in the erythrocyte of P. berghei
NK65-infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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Figure 65: Effects of methyl gallate and palmatine combination in the presence of
piperine on reduced glutathione concentration in the liver of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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Figure 66: Effects of methyl gallate and palmatine combination in the presence of
piperine on reduced glutathione concentration in the heart of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine
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Figure 67: Effects of methyl gallate and palmatine combination in the presence of
piperine on reduced glutathione concentration in the kidney of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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Figure 68: Effects of methyl gallate and palmatine combination in the presence of
piperine on reduced glutathione concentration in the brain of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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4.3.2.7 Glutathione-S-Transferase Activity

There was significant reduction (p<0.05) in glutathione-S-transferase activities
in erythrocyte, liver, heart and kidney of untreated infected mice on days 4 and 8 post-
inoculation, compared to those of uninfected mice, though heart glutathione-S-
transferase activity on day 4 post-inoculation was not significantly altered (p>0.05)
(Figures 69-72). Brain glutathione-S-transferase activity of the untreated infected
control was only significantly reduced (p<0.05) on day 8 post-inoculation compared to

uninfected control (Figure 73).

The bio-enhanced compound combination at doses higher than 6.25 mg/kg
body weight caused significant increase (p<0.05) in glutathione-S-transferase (GST)
activities in the erythrocyte and tissues studied on days 4 and 8 post-inoculation
compared to untreated infected controls, except that the activities of GST in the heart
(on day 4 post-inoculation) and erythrocyte (on day 8 post-inoculation) were not
significantly altered (p>0.05) at the dose of 12.5 mg/Kg body weight (Figures 69-72).
At all doses of the bio-enhanced compound combination, the activity of glutathione-S-
transferase in the brain was not significantly changed (p>0.05) compared to untreated

infected control (Figure 73).

The bio-enhanced methyl gallate and palmatine combination at the doses of 25
and 50 mg/Kg body weight did not significantly change (p>0.05) the activities of
glutathione-S-transferase in the liver, kidney and brain on day 4 post-inoculation
compared to uninfected control (Figures 70, 72 and 73). There was also no significant
alteration (p>0.05) in the activities of the enzyme in the erythrocyte, heart and brain at

these doses on day 8 post-inoculation (Figures 69, 71 and 73).
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Also, the bio-enhanced compound combination at doses higher than 6.25
mg/Kg body weight caused significant increase (p<0.05) in glutathione-S-transferase
activities in the erythrocyte and liver on day 4 post-inoculation compared to those of
chloroquine-treated group (Figures 69-70). On day 8 post-inoculation, the bio-
enhanced compound combination at doses higher than 12.5 mg/Kg body weight caused
significant increase (p<0.05) in glutathione-S-transferase activities in the erythrocyte
and kidney compared to those of chloroquine-treated group (Figures 69 and 72). On
day 8 post-inoculation, the bio-enhanced compound combination at doses higher than
6.25 mg/kg body weight caused significant increase (p<0.05) in glutathione-S-
transferase activities in the liver compared to those of chloroquine-treated group

(Figures 70).
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Figure 69: Effects of methyl gallate and palmatine combination in the presence of
piperine on glutathione-S-transferase activity in the erythrocyte of P. berghei
NK65-infected mice on days 4 and 8 post-inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.

246



281
24
= ] Uninf+5% DMSO
(0]
0 207 2 B Inf+5% DMSO
o -
2 169 E [ Inf+ 10 mg/Kg bwt Chloroguine
2 12 b [0 Inf+6.25 mg/Kg bwt M*P* + 20 Pip
c ] =
2 ;;'ZE Inf+ 125 mg/Kg bwt M*P* + 20 Pip
Fo 81 ] ,
0 T B Inf+ 25 mg/Kg bwt M*P* + 20 Pip
0 1]
47 T Inf + 50 mg/K g bwt M*P* + 20 Pip
0 H

Day 4 PostInoculation Day 8 Post Inoculation

LIVER

Figure 70: Effects of methyl gallate and palmatine combination in the presence of
piperine on glutathione-S-transferase activity in the liver of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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Figure 71: Effects of methyl gallate and palmatine combination in the presence of
piperine on glutathione-S-transferase activity in the heart of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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Figure 72: Effects of methyl gallate and palmatine combination in the presence of
piperine on glutathione-S-transferase activity in the kidney of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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Figure 73: Effects of methyl gallate and palmatine combination in the presence of
piperine on glutathione-S-transferase activity in the brain of P. berghei NK65-
infected mice on days 4 and 8 post inoculation

Values are means + SEM of 5 determinations. Bars for each day with different
alphabets are significantly different (p<0.05). Uninf = Uninfected; Inf = infected,;
DMSO = Dimethyl sulfoxide; bwt = body weight; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study); 20 Pip = 20 mg/Kg bwt
Piperine.
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4.3.3 Toxicological Studies

4331 Organ-Body Weight Ratio

Compared to those in control groups, the 28-day administration of bio-
enhanced methyl gallate and palmatine combination did not significantly alter (p>0.05)

the weight of selected organs relative to the rat’s body weight (Table 9).

4.3.3.2 Haematological Analysis

43321 Red Blood Cell Indices

The 28-day administration of bio-enhanced combination of methyl gallate and
palmatine did not significantly alter (p>0.05) the red blood cell count, haemoglobin
concentration, packed cell volume, mean corpuscular volume, mean corpuscular
haemoglobin and mean corpuscular haemoglobin concentration compared to controls

(Table 10).

4.3.3.2.2 White Blood Cell Indices and Platelet Count

The administration of bio-enhanced combination of methyl gallate and
palmatine did not significantly alter (p>0.05) the platelet count, white blood cell count
and percentage lymphocyte compared to the controls (Table 11). Also, there was no
significant change (p>0.05) in percentage neutrophil and the percentage of other
myeloid cells (basophils, eosinophils and monocytes) at the doses administered
compared to controls except the significant reduction (p<0.05) in percentage
neutrophil and corresponding significant increase (p<0.05) in the percentage of other
myeloid cells observed at 50 mg/Kg body weight of the bio-enhanced compound

combination (Table 11).
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Table 9: Effects of bio-enhanced methyl gallate and palmatine combination on
selected organ-body weight ratios of rats

Organ-Body weight ratio (%)
Treatment

Brain Heart Kidney Liver

5% DMSO 1.35+0.17*  0.56 = 0.06% 1.17 £ 0.05% 3.24 +0.12°

6.25 mg/Kg bwt 1.41 £0.16*  0.54 + 0.05% 1.21 £0.04% 3.27 £ 0.15%

M*P* + 20 Pip

12.5 mg/Kg bwt 1.33+0.14*  0.59 + 0.06% 1.21 + 0.06% 3.26 £0.12°

M*P* + 20 Pip

25 mg/Kg bwt 1.38 £0.15*  0.57 £0.05° 1.18 £ 0.05% 3.31£0.14°

M*P* + 20 Pip

50 mg/Kg bwt 1.40+£0.17*  0.58 £ 0.06° 1.22 £ 0.07° 3.30 £0.12°

M*P* + 20 Pip

100 mg/Kg bwt  1.39 +0.16*  0.57 £ 0.05% 1.20 £ 0.05% 3.32+0.16°

M*P* + 20 Pip

Values are means £ SD of 5 replicates. Values in the same column with different
superscripts are significantly different (p<0.05). DMSO = Dimethyl sulfoxide; bwt =
body weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study)
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Table 10: Effects of bio-enhanced methyl gallate and palmatine combination on selected red blood cells indices of rats

Treatment RBC (x10'%/L) PCV(%) Hb (g/L) MCYV (%) MCH (pg) MCHC (g/L)
5% DMSO 9.20 £ 0.522 51.20 £ 3.122 169.60 * 5.88% 55.65 + 2.412 18.43 + 0.58? 33.13£0.89%
6.25 mg/Kg bwt M*P* + 20 Pip 9.30 + 0.442 51.80 £ 2.35% 172.00 £ 6.212 55.69 + 2.18? 18.49 + 0.62° 33.20 £ 0.572
12.5 mg/Kg bwt M*P* + 20 Pip 8.82 +0.48% 49.40 + 3.292 161.60 £ 7.112 56.01 + 1.98? 18.32 £+ 0.72° 32.71 £0.85%
25 mg/Kg bwt M*P* + 20 Pip 8.84 £ 0.53% 52.20 + 3.01° 170.20 + 5.262 59.05 + 3.222 19.25 +£0.71° 32.61 +0.91°
50 mg/Kg bwt M*P* + 20 Pip 8.60 £ 0.36% 49.80 + 2.842 163.60 + 7.05? 57.91 + 2.31° 19.02 £ 0.84° 32.85 +0.83?
100 mg/Kg bwt M*P* + 20 Pip 8.31 £0.58% 48.40 + 3.612 161.20 + 6.91° 58.24 + 2,182 19.39 £ 0.88% 33.31+0.762

Values are means £ SEM of 5 replicates. Values in the same column with different superscripts are significantly different (p<0.05). DMSO =
Dimethyl sulfoxide; bwt = body weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine (most active ratio from in
vitro antimalarial study); RBC = Red blood cell; Hb = Haemoglobin; PCV = Packed cell volume; MCV = Mean corpuscular volume; MCH =
Mean corpuscular haemoglobin; MCHC = Mean corpuscular haemoglobin concentration
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Table 11: Effects of bio-enhanced methyl gallate and palmatine combination on platelet count and white blood cell indices of rats

Treatment Platelet Count(x10%/L) WBC (x10%L) Lymphocytes (%) Neutrophils (%) Other myeloid cells (%)
5% DMSO 745.69 + 61.83% 1042 £3.13*  64.21 +7.03? 32.67 +2.16° 3.12 £ 0.417
6.25 mg/Kg bwt M*P* + 20 Pip  804.82 + 72.33% 9.65 £ 2.57% 63.05 + 5.31° 34.06 + 3.08? 2.89 £0.372
12.5 mg/Kg bwt M*P* + 20 Pip  810.04 + 65.96% 11.37£1.98*  68.21 +6.74° 29.07 + 2.47% 2.72 £0.29%
25 mg/Kg bwt M*P* + 20 Pip 783.27 £ 49.71% 11.14 +2.41*  70.47 £6.172 26.70 + 2,91 2.83 £ 0.36%
50 mg/Kg bwt M*P* + 20 Pip 818.13 £ 68.25? 12.08 +3.24*  72.13 +6.83% 22.94 +2.01° 4,93 +0.21°
100 mg/Kg bwt M*P* + 20 Pip ~ 771.62 *+ 45.06% 10.99 + 2.75*  69.05 + 5.03% 28.16 + 2.33%® 2.79 £ 0.40°

Values are means £ SEM of 5 replicates. Values in the same column with different superscripts are significantly different (p<0.05). DMSO =
Dimethyl sulfoxide; bwt = body weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine (most active ratio from in

vitro antimalarial study); WBC = White blood cells; Other myeloid cells = basophils, eosinophils and monocytes.

254



4.3.3.3 Plasma Electrolytes

The administration of bio-enhanced methyl gallate and palmatine combination
at various doses had no significant impact (p>0.05) on the plasma concentrations of
Na*, K*, CI, HCOs and PO4* compared to controls (Table 9). Likewise, the
administration of the bio-enhanced combination at doses of lower than 100 mg/Kg
body weight had no effect (p>0.05) on the plasma concentration of Ca?* compared to
control. However, the administration of the bio-enhanced combination at the dose of
100 mg/Kg body weight brought about significant decrease (p<0.05) in plasma Ca?*

concentration compared to control (Table 12).

4.3.3.4 Plasma Biomolecules

The administration of bio-enhanced methyl gallate and palmatine combination
at all doses had no significant effect (p>0.05) on the plasma concentrations of
creatinine and uric acid compared to controls (Table 13). Likewise, no significant
alteration (p>0.05) in plasma urea concentration was observed in groups administered
6.25, 12.5, 25 and 100 mg/Kg body weight of bio-enhanced methyl gallate and
palmatine combination. However, the administration of the bio-enhanced combination
at the dose of 50 mg/Kg body weight brought about significant increase (p<0.05) in

plasma concentration of urea (Table 13).

Bio-enhanced methyl gallate and palmatine combination administered at
various doses had no significant effect (p>0.05) on the plasma concentrations of total
protein, albumin, globulin and bilirubin compared to controls (Table 14). Also,
administration of the combination at doses lower than 100 mg/Kg body weight caused
no significant alteration (p>0.05) in the plasma concentration of conjugated bilirubin.

However, 100 mg/Kg body weight of the bio-enhanced combination caused significant
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increase (p<0.05) in plasma concentration of conjugated bilirubin compared to control

(Table 14).
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Table 12: Effects of bio-enhanced methyl gallate and palmatine combination on plasma concentrations of selected electrolytes of rats

Treatment Na* (mmol/L) K* (mmol/L) Ca* (mmol/L) CI (mmol/L) HCOs (mmol/L) PO4* (mmol/L)
5% DMSO 141.37 £7.78% 5.14 £0.312 343 +£0.17% 107.44 + 6.122 25.83 + 1.222 2.15+£0.18%
6.25 mg/Kg bwt M*P* + 20 Pip  139.57 +8.24* 5.20 £ 0.44% 3.39+£0.13° 112.10 + 5.622 23.97 + 1.062 2.18 £ 0.15%
12.5 mg/Kg bwt M*P* + 20 Pip  138.21 £8.09° 5.08 + 0.28% 3.32+£0.11% 109.68 + 3.972 26.04 + 1.61° 2.20 £ 0.15%
25 mg/Kg bwt M*P* + 20 Pip 131.11 £7.11* 5.02 £ 0.36% 3.27 £0.10? 106.31 £ 5.762 25.51 £ 1.01° 2.38 +0.13%
50 mg/Kg bwt M*P* + 20 Pip 127.83 £7.42% 4.89 +0.42% 3.20+£0.13%® 103.92 £ 6.81° 24.86 £ 1.37° 2.40 £ 0.11°
100 mg/Kg bwt M*P* + 20 Pip  129.46 £ 9.14% 4.95 £0.49° 2.79 £0.10° 101.84 £ 6.29° 24.94 + 1.45° 2.37 £ 0.10%

Values are means £ SEM of 5 replicates. Values in the same column with different superscripts are significantly different (p<0.05). DMSO =
Dimethyl sulfoxide; bwt = body weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine (most active ratio from in

vitro antimalarial study)
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Table 13: Selected kidney function indices of rats administered bio-enhanced

methyl gallate and palmatine combination

Treatment Urea Creatinine Uric acid
concentration concentration concentration
(mmol/L) (umol/L) (umol/L)

5% DMSO 5.59 + 0.38¢2 104.53 + 13.61° 350.28 + 32.312

6.25 mg/Kg bwt 5.69 +0.27¢ 110.28 + 15.32¢ 372.43 + 28.682

M*P* + 20 Pip

12.5 mg/Kg bwt 5.74 + 0.31° 117.31 +12.618 368.61 + 31.07°

M*P* + 20 Pip

25 mg/Kg bwt 5.71 + 0.34 115.49 +9.378 381.42 + 25.742

M*P* + 20 Pip

50 mg/Kg bwt 7.62 + 0.50° 121.01 + 15.18? 389.45 + 36.882

M*P* + 20 Pip

100 mg/Kg bwt 5.95 + 0.41% 119.36 + 14.45? 385.20 £ 29.72¢

M*P* + 20 Pip

Values are means = SEM of 5 replicates. Values in the same column with different
superscripts are significantly different (p<0.05). DMSO = Dimethyl sulfoxide; bwt =
body weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study)
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Table 14: Selected liver function indices of rats administered bio-enhanced methyl gallate and palmatine combination

Treatment Total Protein Albumin Globulin Total bilirubin Conjugated bilirubin

concentration concentration concentration concentration concentration
(g/L) (g/L) (o/L) (umol/L) (umol/L)

5% DMSO 25.56 + 2.322 16.83 + 1.842 8.73 +0.952 18.83 + 1.042 5.17 + 0.85¢2

6.25 mg/Kg bwt M*P* + 20 Pip 25.94 + 2.612 17.46 + 1.71° 8.48 + 0.87¢ 18.88 + 1.112 5.25+0.718

12.5 mg/Kg bwt M*P* + 20 Pip 26.48 + 2.022 16.92 + 1.522 9.56 +1.10°2 18.72 + 1.082 5.45 + 0.682

25 mg/Kg bwt M*P* + 20 Pip 26.57 + 1.86° 16.78 + 1.662 9.79 +£1.082 1943 +1.172 5.39 £ 0.752

50 mg/Kg bwt M*P* + 20 Pip 27.14 +£1.928 17.43 + 1582 9.71 +£1.048 19.32 + 1.142 5.81 + 0.56

100 mg/Kg bwt M*P* + 20 Pip 27.32 £ 2.17¢ 17.52 +1.69?2 9.80 +£1.218 19.57 +1.162 8.89 + 0.79°

Values are means £ SEM of 5 replicates. Values in the same column with different superscripts are significantly different (p<0.05). DMSO =
Dimethyl sulfoxide; bwt = body weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine (most active ratio from in
vitro antimalarial study).
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4.3.35 Cardiovascular Disease Indices

The administration of bio-enhanced methyl gallate and palmatine combination
at various doses caused no significant alteration (p>0.05) in plasma concentrations of
total cholesterol and triacylglycerol compared to controls (Table 15). The bio-
enhanced compound combination at doses higher than 6.25 mg/kg body weight caused
significant reduction (p<0.05) in plasma LDL cholesterol concentration and
atherogenic index compared to controls (Table 15). However, there was significant
increase (p<0.05) in plasma HDL cholesterol concentration at doses higher than 12.5
mg/kg body weight of the bio-enhanced compound combination compared to control

(Table 15).

4.3.3.6 Cellular Enzymes

4.3.3.6.1 Alkaline Phosphatase Activity

There was no significant alteration (p>0.05) in alkaline phosphatase activities
in the brain, heart, kidney, liver and plasma of rats administered various doses of the
bio-enhanced methyl gallate and palmatine combination compared to controls (Figures

74-75).

4.3.3.6.2 Gamma Glutamyl Transferase Activity
The administration of bio-enhanced combination of methyl gallate and
palmatine at various doses had no significant effect (p>0.05) on gamma glutamyl

transferase activities in the kidney, liver and plasma compared to controls (Figure 76).
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Table 15: Effects of bio-enhanced methyl gallate and palmatine combination on selected cardiovascular disease indices of rats

Treatment Total Chol TAG LDL-C HDL-C A.l
(mmol/L) (mmol/L) (mmol/L) (mmol/L)

5% DMSO 4.41 +0.27° 1.58 +0.072 2.38 +0.08° 1.30 +0.112 3.38 +0.15°
6.25 mg/Kg bwt M*P* + 20 Pip 4.39 +0.29? 1.55 + 0.06° 2.21 +0.06° 1.47 +0.08° 2.99 +0.13°
12.5 mg/Kg bwt M*P* + 20 Pip 4,21 +0.27° 1.51 +0.072 1.87 +0.05° 1.65 +0.17% 2.55+0.12°
25 mg/Kg bwt M*P* + 20 Pip 4.15+0.24° 1.48 + 0.05° 1.70 + 0.08° 1.77 £ 0.08° 2.35+0.18°
50 mg/Kg bwt M*P* + 20 Pip 4.23 +0.32° 1.46 + 0.072 1.76 + 0.06° 1.79 +0.07° 2.35+0.11°
100 mg/Kg bwt M*P* + 20 Pip 4,10 +0.31° 1.47 + 0.06° 1.66 + 0.09° 1.77 £ 0.08° 2.31+0.29°

Values are means £ SEM of 5 replicates. Values in the same column with different superscripts are significantly different (p<0.05). DMSO =
Dimethyl sulfoxide; bwt = body weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine (most active ratio from in
vitro antimalarial study); A.l = Atherogenic index; TAG = Triacylglycerol; Total Chol = Total cholesterol; HDL-C = High density lipoprotein
cholesterol; LDL-C = Low density lipoprotein cholesterol.
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Figure 74: Effects of bio-enhanced methyl gallate and palmatine combination on
alkaline phosphatase activities in kidney and liver of rats

Values are means = SEM of 5 replicates. Bars for each organ with similar alphabets
are not significantly different (p>0.05). DMSO = Dimethyl sulfoxide; bwt = body
weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine
(most active ratio from in vitro antimalarial study)

262



1501
T
5
2 .
\
:‘,, 1001 X §
o o]
£ :f‘ % ] 5% DMSO
g EE :; § B 6.25 mg/Kg bwt M*P* + 20 Pip
~ .0 A
2 3 % % [ 125 mg/Kg bwt M*P* + 20 Pip
¢
z 50 3 § § 77 25 mg/K g bwt M*P* + 20 Pip
: g \ \ |
5 3 § § 50 mg/K g bwt M*P* + 20 Pip
< If % % I 100 mg/Kg bwt M*P* + 20 Pip
2 \
0 ‘.‘IEEE \ §

Heart Brain Plasma

Figure 75: Effects of bio-enhanced combination of methyl gallate and palmatine
on alkaline phosphatase activities in heart, brain and plasma of rats

Values are means + SEM of 5 replicates. Bars for each organ/plasma with similar
alphabets are not significantly different (p>0.05). DMSO = Dimethyl sulfoxide; bwt =
body weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study)
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Figure 76: Effects of bio-enhanced combination of methyl gallate and palmatine
on gamma glutamyl transferase activities in kidney, liver and plasma of rats
Values are means £ SEM of 5 replicates. Bars for each organ/plasma with similar
alphabets are not significantly different (p>0.05). DMSO = Dimethyl sulfoxide; bwt =
body weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study)
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4.3.3.6.3 Aspartate Aminotransferase Activity

The bio-enhanced combination of methyl gallate and palmatine at various
doses had no significant effect (p>0.05) on aspartate aminotransferase activities in the
heart and plasma compared to controls (Figure 77). Likewise, at the doses of 6.25, 12.5
and 25 mg/kg body weight, the bio-enhanced compound combination caused no
significant alteration (p>0.05) in aspartate aminotransferase activity in the liver but
brought about significant increase (p<0.05) in aspartate aminotransferase activity in
the liver at the doses of 50 and 100 mg/kg body weight compared to control (Figure

77).

4.3.3.6.4 Alanine Aminotransferase Activity

The bio-enhanced combination of methyl gallate and palmatine at all doses did
not significantly affect (p>0.05) alanine aminotransferase (ALT) activity in the plasma
compared to control (Figure 78). Also, ALT activity in the liver was not significantly
altered (p>0.05) by the bio-enhanced compound combination at doses lower than 100
mg/kg body weight but caused significant increase (p<0.05) in liver ALT activity at

100 mg/kg body weight compared to control (Figure 78).

4.3.3.6.5 Lactate Dehydrogenase Activity
The bio-enhanced combination of methyl gallate and palmatine at all doses
caused no significant alteration (p>0.05) in lactate dehydrogenase activities in the heart

and plasma compared to controls (Figure 79).

265



1201

%\ :‘v ‘

; : \

2 80 :E \

s 3 § [J 5% DMSO

E g § B 6.25 mg/Kg bwt M*P* + 20 Pip

Z O

> EI § [ 12.5 mg/Kg bwt M*P* + 20 Pip

g 4

§ 401 EE § 25 mg/Kg bwt M*P* + 20 Pip

© ¢

- :3 § 50 mg/K g bwt M*P* + 20 Pip

< % \ B 100 mg/Kg bwt M*P* + 20 Pi
X § g/Kg p
‘0

LB

Heart Liver Plasma

Figure 77: Effects of bio-enhanced combination of methyl gallate and palmatine
on aspartate aminotransferase activities in heart, liver and plasma of rats

Values are means = SEM of 5 replicates. Bars for each organ/plasma with different
alphabets are significantly different (p<0.05). DMSO = Dimethyl sulfoxide; bwt =
body weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study).
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Figure 78: Effects of bio-enhanced combination of methyl gallate and palmatine
on alanine aminotransferase activities in liver and plasma of rats

Values are means = SEM of 5 replicates. Bars for liver/plasma with different alphabets
are significantly different (p<0.05). DMSO = Dimethyl sulfoxide; bwt = body weight;
20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine (most
active ratio from in vitro antimalarial study)
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Figure 79: Effects of bio-enhanced combination of methyl gallate and palmatine
on lactate dehydrogenase activities in heart and plasma of rats

Values are means + SEM of 5 replicates. Bars for heart/plasma with similar alphabets
are not significantly different (p>0.05). DMSO = Dimethyl sulfoxide; bwt = body
weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine
(most active ratio from in vitro antimalarial study)

268



4.3.3.6.6 Glutamate Dehydrogenase Activity
The glutamate dehydrogenase activities in the liver and plasma were not
significantly altered (p>0.05) by the bio-enhanced combination of methyl gallate and

palmatine at all doses compared to controls (Figure 80).

4.3.3.6.7 Malate Dehydrogenase Activity
The bio-enhanced combination of methyl gallate and palmatine at all doses
caused no significant alteration (p>0.05) in malate dehydrogenase activity in the liver

compared to control (Figure 81).

4.3.3.6.8 Creatine kinase Activity
The creatine kinase activities in the brain, heart and plasma were not
significantly changed (p>0.05) by the bio-enhanced combination of methyl gallate and

palmatine at all doses administered compared to controls (Figure 82).

4.3.3.6.9 Acetylcholinesterase Activity
Acetylcholinesterase activity in the brain of rats administered various doses of
bio-enhanced combination of methyl gallate and palmatine was not significantly

altered (p>0.05) compared to control (Figure 83).
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Figure 80: Effects of bio-enhanced combination of methyl gallate and palmatine
on glutamate dehydrogenase activities in liver and plasma of rats

Values are means £ SEM of 5 replicates. Bars for liver/plasma with similar alphabets
are not significantly different (p>0.05). DMSO = Dimethyl sulfoxide; bwt = body
weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine
(most active ratio from in vitro antimalarial study)

270



101

] 5% DMSO

T
I ——— 0000
T

B 6.25 mg/Kg bwt M*P* + 20 Pip

IT T
[TTTTT OO
T

[N 125 mg/Kg bwt M*P* + 20 Pip

(Units/mg protein)

25 mg/Kg bwt M*P* + 20 Pip

50 mg/Kg bwt M*P* + 20 Pip

M alate dehydrogenase activity

I 100 mg/Kg bwt M*P* + 20 Pip

T

OOOK
A 0000
T

A 0’0‘0‘0‘1

77k

Treatment

Figure 81: Effects of bio-enhanced combination of methyl gallate and palmatine
on malate dehydrogenase activities in liver of rats

Values are means £ SEM of 5 replicates. Bars with similar alphabets are not
significantly different (p>0.05). DMSO = Dimethyl sulfoxide; bwt = body weight; 20
Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine (most active
ratio from in vitro antimalarial study)
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Figure 82: Effects of bio-enhanced combination of methyl gallate and palmatine
on creatine kinase activities in brain, heart and plasma of rats

Values are means + SEM of 5 replicates. Bars for each organ/plasma with similar
alphabets are not significantly different (p>0.05). DMSO = Dimethyl sulfoxide; bwt =
body weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and
Palmatine (most active ratio from in vitro antimalarial study)
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Figure 83: Effects of bio-enhanced combination of methyl gallate and palmatine
on acetylcholinesterase activity in brain of rats

Values are means £ SEM of 5 replicates. Bars with similar alphabets are not
significantly different (p>0.05). DMSO = Dimethyl sulfoxide; bwt = body weight; 20
Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine (most active
ratio from in vitro antimalarial study)
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4.3.3.6.10 ATPase Activities

4.3.3.6.10.1 4.3.3.6.10.1 Na*",K"™-ATPase Activity
There was no significant change (p>0.05) in the activities of Na*,K*-ATPase in
the kidney, heart and brain of rats administered various doses of bio-enhanced

combination of methyl gallate and palmatine compared to controls (Figure 84).

4.3.36.10.2 Ca?* Mg?"-ATPase Activity

The bio-enhanced combination of methyl gallate and palmatine at various
doses did not significantly alter (p>0.05) Ca?*,Mg?*-ATPase activities in the kidney
and brain compared to controls. Likewise, the bio-enhanced compound combination at
doses lower than 100 mg/kg body weight caused no significant change (p>0.05) in
Ca?*,Mg?*-ATPase activity in the heart compared to control. However, 100 mg/kg
body weight of the bio-enhanced compound combination significantly increased

(p<0.05) heart Ca?*,Mg?*-ATPase activity compared to control (Figure 85).

4.3.3.6.10.3 Mg*-ATPase Activity
The activities of Mg?*-ATPase in the kidney, heart and brain of rats
administered various doses of bio-enhanced combination of methyl gallate and

palmatine were not significantly altered (p>0.05) compared to controls (Figure 86).
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Figure 84: Effects of bio-enhanced combination of methyl gallate and palmatine
on Na*,K*-ATPase activities in kidney, heart and brain of rats

Values are means = SEM of 5 replicates. Bars for each organ with similar alphabets
are not significantly different (p>0.05). DMSO = Dimethyl sulfoxide; bwt = body
weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine
(most active ratio from in vitro antimalarial study)
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Figure 85: Effects of bio-enhanced combination of methyl gallate and palmatine
on Ca?*Mg?*-ATPase activities in kidney, heart and brain of rats

Values are means + SEM of 5 replicates. Bars for each organ with different alphabets
are significantly different (p<0.05). DMSO = Dimethyl sulfoxide; bwt = body weight;
20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine (most
active ratio from in vitro antimalarial study)
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Figure 86: Effects of bio-enhanced combination of methyl gallate and palmatine
on Mg?*-ATPase activities in kidney, heart and brain of rats

Values are means = SEM of 5 replicates. Bars for each organ with similar alphabets
are not significantly different (p>0.05). DMSO = Dimethyl sulfoxide; bwt = body
weight; 20 Pip = 20 mg/Kg bwt Piperine; M*P* = 3:2 Methyl gallate and Palmatine
(most active ratio from in vitro antimalarial study)
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CHAPTER FIVE

5.0 DISCUSSION

51 Antimalarial Activity of Methyl gallate and Palmatine
Combination

511 5.1.1 Invitro Antimalarial Activity and Interactions

The active degradation of erythrocyte’s haemoglobin by Plasmodium spp. is to
ensure the necessary supply of parasite with amino acids needed for protein synthesis.
Haem, being the by-product of haemoglobin degradation, is toxic to the parasite,
hence, its polymerization by the parasite to form hemozoin (Egan, 2008; e Silva et al.,
2015). Therefore, the inhibition of this process has been considered as a key
mechanism of action of some clinically used antimalarial drugs. The ability of
chemotherapeutic agents to inhibit the formation of f-hematin, the synthetic equivalent
of hemozoin, therefore provides useful information regarding the mechanism of action
of such compounds. Methyl gallate and palmatine, separately, inhibited the
polymerization of hemin into B-haematin and this was synergistically so when
combined at the ratio of 3:2 and 2:3 with more inhibition obtained at ratio 3:2. This
goes to demonstrate that methyl gallate and palmatine combination could cause the
build-up of haem within the food vacuole of Plasmodium spp., hence its toxicity to the
parasite. Due to the fact that this metabolic process of haem polymerization is only
essential to the parasite but not to the human host (Miller et al., 2013), the synergistic
inhibition of this process by the combination of methyl gallate and palmatine is

noteworthy.
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5.1.2 In vivo antimalarial Activity

The in vitro activities of methyl gallate and palmatine against multi-drug
resistant strains of Plasmodium have been reported (Malebo et al., 2013; Zofou et al.,
2013), but studies on their in vivo antimalarial activities yielded no significant result
(Vennerstrom and Klayman, 1988) which prevented them from being considered for
further antimalarial studies. Thus, the inactivity of methyl gallate and palmatine
combination against P. berghei NK65 in vivo in the absence of a bio-enhancer in this
study corroborates earlier findings of Vennerstrom and Klayman (1988). However, it
was observed that the bio-enhanced form of the combination yielded significant
antimalarial activity, especially in the suppressive antimalarial test. The improved in
vivo activity of the combination of the pure molecules in the presence of piperine
suggests that piperine was effective in increasing the bioavailability of the pure
compounds. Synergism between components of a medicinal plant (e.g. propolis)
extract has been suggested as the key reason why the unrefined extract has higher
therapeutic activity than its individual active components (Amoros et al., 1992;
Wagner and Ulrich-Merzenich, 2009). The results of the in vitro antimalarial studies
revealed synergism as the nature of interaction between methyl gallate and palmatine
at ratio 3:2. This finding therefore suggests an effective strategy of obtaining novel
antimalarial combination therapies (apart from the artemisinin based combination
therapies) which are potent and may delay the development of resistance by malaria

parasite.

51.3 In silico interaction of compounds with selected proteins of
Plasmodium species

Plasmodium sp. utilises proteases to degrade haemoglobin for its amino acids, and for

detoxification. Plasmepsin | — V are some of these proteases which are found in the
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digestive vacuole of the parasite. Plasmepsin I, I, IV and V are aspartic proteases
while plasmepsin 111 is a histo-aspartic protease (Coronado et al., 2014). About 60% to
80% of globin degradation by Plasmodium species is carried out by aspartic proteases
while 20-40% is performed by cysteine proteases (Francis et al., 1997b). The
degradation of haemoglobin by proteases is initiated by plasmepsin | which attacks the
globin residue between a33Phe and 34Leu. This cleavage leads to the uncoiling of
haemoglobin thereby opening sites where other aspartic proteases and cysteine
proteases can attack (Goldberg et al., 1991). Compounds that inhibit these proteases
interfere with the parasite’s ability to degrade haemoglobin, consequently limiting the
availability of amino acids necessary for parasite growth, and eventually causing the
death of the parasite (Olson et al., 1999; Jiang et al., 2001). Results of these study
revealed that palmatine has better binding affinity than methyl gallate and could be a
better inhibitor of these proteases. While artesunate has better affinity for plasmepsin I,
I, and 1V compared to methyl gallate and palmatine, the affinity of artesunate and
palmatine for plasmepsin Il and V are similar. Both methyl gallate and palmatine
interacted with various amino acids of plasmepsin I, 11, Ill, 1V, and V with strong
binding affinities. These suggest that both methyl gallate and palmatine can bind
tightly to these proteases and can consequently inhibit the activities of the enzymes
degrading haemoglobin. This may limit the availability of amino acids needed for
parasite growth and may cause early lysis of infected red blood cell resulting from
colloid osmotic pressure exerted by the impermeant solutes, mostly haemoglobin, in

the host cell cytoplasm (Ginsburg, 1990; Coronado et al., 2014).

Peptides which are already cleaved by plasmepsins are further broken down
into smaller fragments and amino acids by falcipain-2, a cysteine protease, of the

parasite (Gluzman et al., 1994). This action of falcipain-2 ensures availability of amino
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acids for parasite growth and ensures that excess peptides from haemoglobin
degradation are sufficiently small to be freely removed from the food vacuole, thereby
creating space within the parasite and prevent osmotic swelling (Francis et al., 1996).
In this study, palmatine binds to falcipain-2 with similar affinity as artesunate and
demonstrated better binding compared to methyl gallate. Both methyl gallate and
palmatine interacted strongly with this cysteine protease and may cause inhibition of
this enzyme. This could bring about accumulation of haemoglobin and peptides in the
infected red blood cell, thereby causing osmotic swelling, lysis of the cell and the

death of the parasite.

Plasmodium species relies on glycolysis for its supply of energy because its
cytochromes are not functionally well organized to ensure oxidative phosphorylation
(Planche et al., 2005). Also, since host erythrocytes lack mitochondria, Plasmodium
species depends on its lactate dehydrogenase (LDH) to regenerate NAD™* which it
needs to keep glycolysis ongoing (Mi-Ichi et al., 2003). Therefore, inhibition of
Plasmodium LDH results in limited or complete stoppage of ATP production and
therefore the death of the parasite. Both methyl gallate and palmatine showed good
interactions with Plasmodium lactate dehydrogenase, though with poorer binding
relative to artesunate. Also, both methyl gallate and palmatine interacted with 1le31A
which is one of the amino acids that NAD™ present in the native PfLDH (PDB ID:
1T2C) interacts with. These suggest that the compounds could inhibit the enzymes of

the parasite, thereby limiting the generation of energy in the parasites.
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5.2 Antioxidant Activities of Bio-enhanced Methyl gallate and
Palmatine Combination

5.2.1 In vitro Antioxidant Activity

During oxidative phosphorylation, in metabolic processes, electrons do leak
from the electron transport chain. These electrons interact with molecular oxygen to
generate radical oxygen which further generates reactive oxygen species, such as
hydroxyl radical, superoxide anion radical, peroxyl radical, which can cause oxidative
damage to biomolecules like lipids, proteins and DNA (Speakman and Garratt, 2013).
Though a biological system has ways of rendering reactive species harmless and has
necessary mechanisms to prevent or repair damage resulting from these reactive
species, they are sometimes overwhelmed by the rate of production of additional
reactive species arising from pathological conditions such as malaria (Becker et al.,
2004; Guha et al., 2006; Percario et al., 2012). This results in systemic complications,

which could be salvaged by the antioxidant activity of administered compounds.

Based on type of chemical reactions involved, the in vitro antioxidant assays
tend to measure the radical (or oxidant) scavenging capacity, rather than preventive
antioxidant capacity of a sample and can loosely be categorised as hydrogen transfer
reaction-based and electron transfer reaction-based (Huang et al., 2005). The in vitro
study revealed that the combination of methyl gallate and palmatine can scavenge
DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals better than butylated hydroxytoluene.
On the contrary, ability of the 3:2 combination ratio of methyl gallate and palmatine to
scavenge hydroxyl oxidant was lower compared to the reference compound. However,
the ferric ion reducing power of the combination compared favourably well with that
of the reference compound. These suggest that the combination of methyl gallate and

palmatine can function to reduce oxidants via transfer of electrons and hydrogen
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transfer reaction models. The radical scavenging capacity exhibited by the combination
of methyl gallate and palmatine could serve to protect the host cells from effects of

excessive radical while allowing sufficient radical availability to destroy the parasite.

Nitric oxide has been reported to serve in dual capacity as protective or harmful
molecule in Plasmodium species-infected individual. High amounts of nitric oxide
production could promote the death of the parasites, maintenance of blood brain barrier
integrity, and resistance to severe malaria (Gramaglia et al., 2006; Ong et al., 2013;
Weinberg et al., 2014; Olivera et al., 2016) and in contrast could cause immune-
suppression and cellular damage (Jaramillo et al., 2003). The results of this study
showed that the 3:2 combination ratio of methyl gallate and palmatine exhibited lower
nitric oxide scavenging activity compared to butylated hydroxytoluene. Therefore, the
compound combination could ensure that nitric oxide production is not excessive, and

still preserve the role of nitric oxide in destroying malaria parasite.

Haemolysis results from malaria and this contributes to severe pathologies,
including endothelial dysfunction (Kuhn et al., 2017). The combination of methyl
gallate and palmatine demonstrated effective ability to protect from oxidative attack
against erythrocyte and could possibly maintain the integrity of plasma membrane as
revealed by its ability to inhibit conjugated diene formation induced by copper and
prevent oxidative haemolysis induced by 2,2'-Azobis (2-amidinopropane)
dihydrochloride. This suggest that severe pathologies associated with malaria could be

attenuated by the combination of methyl gallate and palmatine.

522 In vivo Antioxidant Activity

Large number of oxidative by-products is produced in Plasmodium species -

infected cells due to increased metabolic rate of rapidly multiplying parasite,
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consequently resulting in antioxidant enzymes such as glutathione peroxidase, catalase
and superoxide dismutase being reduced over time (Araujo et al., 2008; Steinbrenner
and Sies, 2009). If the antioxidant system is overwhelmed, then the biological system
goes into state of oxidative stress. Oxidative stress in malaria can be caused by
activities of the parasite such as reproduction and degradation of host haemoglobin.
Also, the host immune response which initiate series of defense mechanisms through
release of radicals can also result in oxidative stress (Kawazu et al., 2008; Kapoor and

Banyal, 2009; Fabbri et al., 2013).

Increased lipid peroxidation, resulting from oxidative damage of cells by
reactive oxygen species, is usually associated with cases of malaria (Das and Nanda,
1999) and this may affect the membrane of both infected and uninfected erythrocytes
(Omodeo-Sale et al., 2003). Results from this study revealed that lipid peroxidation,
measured by the level of malondialdehyde, increased in erythrocyte, liver, heart and
kidney of Plasmodium berghei NK65-infected mice, on day 8 post-inoculation,
suggesting the damaging effect of the infection on host cell plasma membrane. Also,
these results corroborate an earlier report that chloroquine (another antimalarial)
induces lipid peroxidation in cells (Farombi et al., 2003). However, treatment of
Plasmodium berghei NK65-infected mice with bio-enhanced combination of methyl
gallate and palmatine significantly protected against the peroxidation caused by the
parasite in the selected tissues. Erythrocyte membrane is particularly susceptible to
reactive oxygen species attack given its high content of polyunsaturated fatty acids
(Niki, 2009). The increased levels of malondialdehyde in the tissues of Plasmodium
berghei NK65-infected mice is an indication of reactive oxygen species attack on the
plasma membrane of cells in these tissues. The malondialdehyde generated can react

with protein thiols in membrane to induce more damage (Niki, 2009), thereby
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adversely affecting the integrity of plasma membrane which may result in cellular
dysfunction and leakage of cellular contents. The bio-enhanced compound
combination was able to revert the increased malondialdehyde concentrations in the
tissues of infected mice to the range of the controls in most cases. This suggests that
the bio-enhanced combination of methyl gallate and palmatine may be well suited for
alleviating the oxidative stress associated with malaria, due to its free radical

scavenging activities (Fig. 12-15).

Superoxide dismutase forms the first line of enzymatic antioxidant defense
mechanism against reactive species. While superoxide dismutase catalyses the
dismutation of superoxide into oxygen and hydrogen peroxide, catalase catalyses the
formation oxygen and water from the hydrogen peroxide, and glutathione peroxidase
utilises reducing equivalents from reduced glutathione (GSH) to catalyse the two-
electron reduction of peroxides into water (Lei et al., 2016). While the removal of
hydrogen peroxide from cells by catalase requires high intracellular concentration of
hydrogen peroxide for substantial activities, glutathione peroxidase can effectively
function even at lower concentration of hydrogen peroxide (Makino et al., 1994). The
activities of superoxide dismutase, catalase and glutathione peroxidase in the
erythrocyte and tissues were reduced by P. berghei NK65-infection in this study.
However, treatment with bio-enhanced combination of methyl gallate and palmatine
increased the activities of these antioxidant enzymes in the various tissues studied
compared to untreated infected controls, restoring the antioxidant enzyme activities to
the range of the uninfected controls, especially at higher doses. The activities of
catalase and glutathione peroxidase limit the accumulation of hydrogen peroxide in
cells. Hydrogen peroxide, being a product of superoxide dismutase activity, could be

utilised in a Fenton reaction to generate hydroxyl radical which is highly reactive.
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However, the activities of catalase and glutathione peroxidase prevent/limit this by
catalysing the conversion of hydrogen peroxide into water and oxygen (Panduru et al.,
2010; Kavishe et al., 2017). Treatment of P. berghei NK65-infected mice with bio-
enhanced combination of methyl gallate and palmatine augmented the activities of
superoxide dismutase, catalase and glutathione peroxidase in the various tissues
studied, either by activating the enzymes in situ or inducing their synthesis. These
suggest that both superoxide radical and hydrogen peroxide, which are capable of
oxidising biological molecules, thereby causing alteration in normal cell functions
(Raza et al., 2015), are scavenged by the bio-enhanced compound combination.
Therefore, the bio-enhanced combination of methyl gallate and palmatine appears to

be able to preserve the antioxidant capacity of the tissues, especially at higher doses.

The functionality of glutathione peroxidase is in close association with those of
glutathione reductase (Flohe et al., 2011). Glutathione reductase maintains a reduced
intracellular environment by regenerating reduced glutathione (GSH) from oxidized
glutathione (GSSG) utilising NADPH. While glutathione reductase does not scavenge
reactive species, its activity is essential for the regeneration of reduced glutathione
which, in turn, is essential for defense against oxidative stress in cells (Muller, 2004;
Kim et al., 2010; Flohe et al., 2011; Tripathy et al., 2014). The infection of mice with
P. berghei NK65 caused reduction in the activities of glutathione reductase in tissues
studied compared to uninfected controls. Likewise, treatment of infected mice with
chloroquine resulted in reduction in the activities of this enzyme in the erythrocyte,
liver, heart and kidney. However, treatment with bio-enhanced combination of methyl
gallate and palmatine protected against this reduction in enzyme activity in the
erythrocyte, liver, heart and Kidney, especially at the higher doses of 12.5, 25, and 50

mg/Kg body weight. The activity of glutathione reductase is usually increased by the
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presence of small quantity of oxidants as a way of maintaining homeostasis (Kim et
al., 2010). However, this observed reduction in the activities of enzymes of P. berghei
NK65-infected mice and chloroquine-treated mice suggest reduction in the level of its
substrate (GSH), inactivation of the enzyme in situ or suppression of the synthesis of

the enzyme.

Reduced glutathione (GSH) is an essential cofactor of glutathione peroxidase
whose function is detoxification of peroxides. It is important to biological systems
both as component of their antioxidant defense systems and as direct scavenger of
reactive species (Tripathy et al., 2014). In this study, the levels of GSH in cell/tissues,
especially erythrocytes, liver and kidney, of P. berghei NK65-infected mice were
reduced compared to uninfected control. This result corroborates earlier findings that
the presence of Plasmodium species cause significant reduction in the concentration of
GSH, which is one of the main antioxidants in biological systems (Zanini et al., 2012).
This reduction in GSH level was also observed in P. berghei-infected mice treated
with chloroquine. This is fairly expected as antimalarial agents such as chloroquine
and primaquine are known to act by oxidative stress through production of high
amount of reactive oxygen species, causing depletion of reduced glutathione and
consequently opposing effects of antioxidants that depend on reduced glutathione
(Beutler, 1994; Platel et al., 1999). However, with bio-enhanced combination of
methyl gallate and palmatine maintained the reduced glutathione concentration in
tissues in the range of uninfected controls. The reduced level of GSH observed in
tissues of P. berghei-infected mice and chloroquine-treated mice may be due to the
increased lipid oxidation occasioned by increased generation of reactive oxygen
species, leading to possible reduction in the level of NADPH which glutathione

reductase requires for its activity to form GSH. However, treatment with bio-enhanced
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combination of methyl gallate and palmatine reverted the reduced GSH level back to
the range of the uninfected controls, suggesting that the bio-enhanced compound
combination may be able to maintain the ratio of GSH to GSSG in a direction that
favours GSH, hence the availability of this antioxidant to perform its cellular

functions.

Glutathione-S-transferase is involved in phase Il xenobiotic metabolism and
responsible for catalysing conjugation of GSH thiolate anions to electrophiles, to yield
compounds which are more soluble and can easily be excreted (Gemma et al., 2006).
Hence, toxic electrophiles in cells are detoxified by activities of this enzyme during
reductive reactions and oxidised glutathione (GSSG) is produced (Sampayo-Reyes and
Zakharyan, 2006; Tripathy et al., 2014). In this study, P. berghei-infection and its
treatment with chloroquine caused reduction in activities of glutathione-S-transferase.
Due to the reduced ability to properly manage oxidative stress induced by Plasmodium
species, impaired activity of glutathione-S-transferase is said to influence severity of
malaria (Kavishe et al., 2006). Glutathione S-transferases have been reported to reduce
lipid hydroperoxides through their Se-independent glutathione-peroxidase activity and
can also detoxify lipid peroxidation end-products such as 4-hydroxy-2-trans-nonenal
(Singhal et al, 2015). Treatment of Plasmodium species infection with bio-enhanced
combination of methyl gallate and palmatine, however, protected against the observed
reduction in GST activities in the tissues of infected mice. This therefore suggests that
the bio-enhanced combination may preserve the detoxification and antioxidant

functions of glutathione-S-transferase in cases of malaria.

In summary, the observed alterations in concentration/activities of antioxidant
proteins during malaria episodes and treatment suggest that they are essential for
biological systems to bear the burden of elevated oxidative stress associated with
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Plasmodium species infection. This further suggests that the change in
concentrations/activities of antioxidant proteins may indictate the severity of malaria.
The reduction observed in the concentrations/activities of antioxidants in the
erythrocyte and tissues of P. berghei-infected mice suggest impaired antioxidant
defense arising from the multiplication and metabolic activities of the parasite,
resulting in overwhelming production of oxidants. However, the antioxidants in tissues
of infected mice treated with bio-enhanced combination of methyl gallate and
palmatine were augmented, especially at higher doses, suggesting the ability of the

compound combination to handle oxidative stress which could arise from malaria.

5.3 Toxicological Studies

The use of some potent chemotherapeutic agents is limited due to their toxic
side effects (Prasaja et al., 2015). The safety or toxicity of bio-enhanced combination

of methyl gallate and palmatine was therefore assessed using animal model.

53.1 Organ-Body Weight Ratio

Change in organ-body weight ratio is a sensitive indication of chemically or
pathologically induced alterations in organs and determination of this ratio enables the
assessment of alteration in size of an organ relative to the body weight of the biological
subject (Adebayo et al., 2003; Michael et al., 2007; Sellers et al., 2007). Increase in
organ body weight ratios of liver and heart may suggest hepatocellular hypertrophy
and myocardial hypertrophy respectively while kidney weight increase may suggest
renal toxicity, or tubular hypertrophy (Amacher et al., 2006; Juberg et al., 2006;
Greaves, 2012). The bio-enhanced methyl gallate and palmatine combination caused
no significant alteration in organ- body weight ratios of brain, heart, kidney and liver.
This suggest that the bio-enhanced compound combination neither caused

inflammation nor constriction of these organs.
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5.3.2 Haematological indices

Anaemia is a pathological condition characterized by decrease in the number of
circulating erythrocytes and defined by low haemoglobin (Hb) concentrations in whole
blood (WHO, 2011). Anaemia could arise from increased rate of erythrocyte
destruction and/or impaired synthesis of haem (Shah et al., 2010). While erythrocyte
destruction could result from haemoglobin oxidation by compounds, inhibition of
enzymes essential for haematopoiesis could cause impaired synthesis of haem (Sharma
et al., 2012; Azab et al., 2013). Change in haematological parameters could alter the
functions of blood components. In this study, the RBC, haemoglobin concentration,
PCV, MCHC, MCH and MCV were not altered by administration of the bio-enhanced
combination of methyl gallate and palmatine. The RBC, Hb and PCV are indices
associated with the total population of erythrocytes in the blood while MCHC, MCH
and MCYV are indices that are associated with individual erythrocyte (Adebayo et al.,
2005). The results suggest that the compound combination neither impaired the
synthesis of haemoglobin nor resulted in anaemia and did not alter the morphology and
osmostic fragility of erythrocyte. Hence the respiratory gas-carrying capacity of the

blood was not altered.

White blood cells also called leucocytes develop from undifferentiated stem
cells in the bone marrow and provide immunity to the biological system (Houseman et
al., 2012). Their production is regulated by growth factors such as granulocyte- and
granulocyte-macrophage colony-stimulating factors (Hercus et al.,, 2009). The
composition of white blood cell population mirrors the disease states and/or exposures
of a biological system to toxicant (Houseman et al., 2012). The results from this study
revealed that there was no change in the white blood cell count of rats administered
bio-enhanced combination of methyl gallate and palmatine compared to control. This
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suggest that production of white blood cells was not impaired and the ability of the
biological system to fight infections was not compromised. Also, lymphocytes and
neutrophils play crucial roles in chronic (or adaptive) and acute inflammation
respectively (Shrivastava and Bhatia, 2010). The administration of the bio-enhanced
combination resulted in no alteration in the levels of lymphocytes and neutrophils in
the blood except at 50 mg/kg body weight of the combination, where increased level of
lymphocytes was observed with a corresponding reduction in the level of neutrophils.
These suggest that adaptive and innate immune systems were conserved except at 50
mg/kg body weight of the compound combination, at which the immune system of the

rats appeared to shift from phagocytic immune response to humoral immune response.

Platelets function to stop haemorrhage at the site of broken endothelium by
contributing to vessel constriction and repair and host defense (Paniccia et al., 2015).
Anaemia, inflammation, or infection may cause elevated platelet level while reduction
in platelet level could result from inhibition of platelet synthesis by drugs, foods,
kidney infections or dysfunction (George, 2000). Platelets are connected to the
pathogenesis of inflammatory diseases such as malaria and atherosclerosis (Morrell et
al., 2014) and its reduction and elevation have been reported in cases of malaria
(Kakar et al., 1999; McMorran et al., 2009). The administration of bio-enhanced
combination of methyl gallate and palmatine did not alter the platelet count. This
suggests that the compound combination did not inhibit platelet formation, neither did
it adversely affect its roles in host defense. Hence, its immune effects both locally at
activation sites and systemically at locations away from activation sites (Morrell et al.,

2014) were preserved.
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5.3.3 Liver Function Indices

The liver function indices evaluated in this study are routine biochemical
indices used in the diagnosis of liver pathologies resulting from exposure to drugs and

chemicals. They are elevated or reduced in plasma following hepatic dysfunction.

The total protein content of the plasma is majorly made up of albumin and
globulin. Alteration in the level of total protein of a tissue gives insight into functional
changes that possibly occurred in such tissue. Reduction in the level of total protein in
organs with corresponding rise in plasma could imply cellular damage or toxicity in
those organs (Kaneko et al., 1997). Plasma albumin binds and transport many
sparingly soluble metabolic products such as fatty acids, unconjugated bilirubin and
xenobiotics in blood and helps in maintaining the osmotic pressure of cells (Metzler,
2003; Snider et al., 2010). Reduction in plasma level of albumin is an indication of
impaired synthesis of albumin arising from weakened liver function (Zargar et al.,
2016) and such reduction causes accumulation of fluids in interstitial spaces resulting
in oedema (Arneson and Brickell, 2007a). Globulins act as transport molecules and
perform immune functions. The plasma level of globulin (especially the
immunoglobulin fraction) is raised after a biological system is exposed to antigen,
thereby acting as an indicator of immune response (Timbrell, 2009). In this study, the
administration of bio-enhanced combination of methyl gallate and palmatine, at
various doses, caused no significant alteration in the plasma concentrations of total
protein, aloumin and globulin compared to controls. These suggest that the synthetic
capability of the liver was preserved as well as the availability of these biomolecules to

perform their cellular roles of immunity, transport and osmotic pressure control.
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The degradation of iron-free porphyrin portion of haem in the
reticuloendothelial cells yields bilirubin which is a lipid-soluble pigment that binds
noncovalently to albumin to increase its solubility in the plasma and serves as a
biomarker of hepatic function (Awad Jr., 2010). Bilirubin remains in cells until
rendered water-soluble through conjugation by a specific transferase which is
primarily located in the endoplasmic reticulum and the conjugated bilirubin is readily
excreted in the bile (Vitek and Ostrow, 2009). Elevated plasma levels of bilirubin
could be due to overproduction resulting from excessive degradation of haem
(prehepatic hyperbilirubinemia) or decreased conjugation culminating in failure of its
excretion due to liver damage caused by diseases or xenobiotics (hepatic
hyperbilirubinemia). Likewise, obstruction of the excretory ducts of the liver
(extrahepatic cholestasis) can also result in hyperbilirubinemia, that is posthepatic
hyperbilirubinemia (Ferrier, 2014). The administration of bio-enhanced combination of
methyl gallate and palmatine, at various doses, caused no alteration in plasma
concentrations of total bilirubin and conjugated bilirubin except at the dose of 100
mg/kg body weight at which there was increase in conjugated bilirubin concentration
compared to controls. These suggest that the compound combination did not cause
haem degradation and that the conjugation functions of hepatic cells were not altered.
However, obstruction of hepatobiliary ducts may not be the reason for the increase in
conjugated bilirubin concentration in the plasma at 100 mg/Kg body weight of the
compound combination, because hepatobiliary obstruction which is primarily signified
by increased conjugated bilirubin level is always accompanied with an increase in the
activities of gamma-glutamyl transferase and alkaline phosphatase in the plasma
(Arneson and Brickell, 2007a). The increased conjugated bilirubin level suggests that

its synthesis in the liver occurs at a faster rate than its secretion into the bile duct.
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Tissue damage results in the release of some enzymes into the plasma. A mild
and reversible cellular alteration such as inflammation results in increased permeability
of cell membrane, hence, cytoplasmic enzymes could be released into extracellular
fluid whereas a much higher alteration or cellular death could result in release of
organelle-based enzymes such as mitochondrial enzymes into extracellular fluid

(Brickell et al., 2007).

Alkaline phosphatase is a membrane-bound enzyme found in hepatobiliary
tissues and cytoplasmic membranes of cells. It generates inorganic phosphate ions
from organic phosphate esters and can serve as biomarker in assessing the integrity of
membrane (Panteghini and Bais, 2008; Johnson-Davis and McMillin, 2010). Gamma-
glutamyl transferase catalyses the transfer of gamma-glutamyl functional group from
glutathione to an acceptor, such as amino acid. They are concentrated in hepatobiliary
ducts cells and endoplasmic reticulum of hepatocytes and their activities are elevated
in plasma in various hepatobiliary diseases (Murray, 2012). The results from this study
revealed that the administration of bio-enhanced combination of methyl gallate and
palmatine, at various doses, caused no alteration in the activities of alkaline
phosphatase and gamma-glutamyltransferase both in the liver and plasma of rats.
These suggest that membranes of the hepatocytes were not damaged, and the

compound combination may not cause hepatobiliary obstruction.

Aminotransferases are intracellular enzymes with alanine aminotransferase
being more hepatocyte-specific than aspartate aminotransferase. They are pyridoxal
phosphate-requiring enzymes that function in amino acid biosynthesis, catalysing the
transfer of amino group from an amino acid to an a-keto acid, thereby forming another
amino acid (Metzler, 2003). Hepatic damage results in their elevated activities in the
blood. Hence, decreased activities of these enzymes in liver with concomitant rise in
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blood suggest damage of hepatic cells (Honda et al., 2010; Rosenthal and Glew, 2011).
The bio-enhanced combination of methyl gallate and palmatine, at various doses,
caused no alteration in the activities of aspartate and alanine aminotransferases both in
the liver and plasma except at 50 and 100 mg/kg body weight compared to controls.
The compound combination caused increased aspartate aminotransferase activity in
liver at 50 and 100 mg/kg body weight and caused increased alanine aminotransferase
activity in liver at 100 mg/kg body weight compared to controls. The elevation of the
activities of these enzymes in the liver at the higher doses without corresponding
change in their activities in the plasma suggest that this compound combination may
induce synthesis of the enzymes or activate them in situ at higher dosages rather than

causing their leakage into the plasma from the liver.

The amino group of glutamate is removed as NH." during oxidative
deamination reaction catalysed by glutamate dehydrogenase, a mitochondrial enzyme.
The enzyme also catalyses the reductive amination of a-ketoglutarate to form
glutamate (Rosenthal and Glew, 2011) which is favoured by high cellular energy level
while low cellular energy level favours the oxidative deamination reaction to form a-
ketoglutarate (Coomes, 2010). The activity of the enzyme could serve to supply the
tricarboxylic acid cycle with a-keto acids, and to remove ammonia from circulation for
synthesis of urea. Meanwhile, malate dehydrogenase is both cytosolic and
mitochondrial enzyme that catalyses reversible conversion of malate and oxaloacetate.
Mitochondrial malate dehydrogenase is essential for both gluconeogenesis and the
tricarboxylic acid cycle with corresponding drift of metabolites in reverse directions in
the two processes (Nelson and Cox, 2013). The bio-enhanced combination of methyl
gallate and palmatine at various doses did not cause alteration in glutamate

dehydrogenase activities in the liver and plasma, suggesting that the compound
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combination did not cause mitochondrial damage in the liver. Likewise, the malate
dehydrogenase activity in liver was not altered, suggesting that the roles of its product
(oxaloacetate) in the TCA cycle and gluconeogenesis in the liver were not be
compromised by the compound combination. This still lends credence to the
submission that the integrity of the mitochondria in the liver may not be compromised

by the compound combination.

5.34 Renal Function Indices

Renal function can be evaluated through indicators such as plasma creatinine,
urea and uric acid levels. Due to lack of arginase, the kidney cannot synthesise urea
(Rosenthal and Glew, 2011). However, they are synthesized in the liver from
nitrogenous compounds and transported to the kidney for elimination in urine. Also
eliminated by the kidney are creatinine and uric acid which are nitrogenous breakdown
products of muscle creatine phosphate and purine catabolism respectively (Rosenthal
and Glew, 2011). Therefore, plasma creatinine and urea levels are biomarkers for
assessing filtration functionality of the kidney with creatinine levels being a more
sensitive tool (Sharma et al., 2011; Mohamed and Wakwak, 2014) because elevated
urea level could be influenced by increased protein breakdown or amplified conversion
of ammonia to urea. Compromised functionality of the kidney could result in excessive
build-up of creatinine, urea and uric acid in the circulatory system (Laskshmi and
Sudhakar, 2010; Sefidan and Mohajeri, 2013). The bio-enhanced combination of
methyl gallate and palmatine, at various doses, had no effect on the plasma
concentrations of creatinine, urea and uric acid compared to controls except at the dose
of 50 mg/kg body weight at which plasma concentration of urea was increased. These
suggest that the glomerular filtration in the kidney was not compromised by the
compound combination. However, the observed increase in urea level at the dose of 50
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mg/kg body weight of the compound combination suggest amplified conversion of
ammonia to urea rather than renal dysfunction since creatinine and uric acid, which are

other sensitive indicators of glomerular filtration, were not altered.

The kidney regulates the electrolyte composition of blood and imbalance of
these electrolytes may signal renal insufficiency (Kirk and Horner, 1995). In this study,
administration of bio-enhanced combination of methyl gallate and palmatine caused no
alteration in plasma levels of Na*, K*, CI, HCO3 and PO4* at all doses considered
compared to controls. Likewise, the compound combination did not cause alteration in
plasma levels of Ca?* at doses lower than 100 mg/kg body weight but reduced it at 100
mg/kg body weight compared to control. These suggest that the administration of the
bio-enhanced compound combination may not alter the osmoregulatory function of the
kidney especially at the lower doses. The results also suggest that the combination may
not complicate reduction in plasma electrolytes levels which are associated with
malaria (Tiffert et al., 2000; Yoel, 2007; Jasani et al., 2012). However, the highest
dose considered in this study may pose a threat to Ca?* homeostasis as the observed
reduction may lead to elevated neuromuscular excitability and muscle paralysis (Faridi

and Weisberg, 2008; Schafer and Shoback, 2013).

The presence of alkaline phosphatase and gamma-glutamyltransferase in the
plasma membrane of renal tubular cells (Murray, 2012) could serve as a “marker” of
integrity of the renal cells. The administration of bio-enhanced combination of methyl
gallate and palmatine, at various doses, did not cause any change in activities of
alkaline phosphatase and gamma-glutamyltransferase in both kidney and plasma.
These suggest that the cellular membranes of the kidney cells were not disrupted.
Hence, the compound combination may not affect the role of alkaline phosphatase in
releasing inorganic phosphate which is essential for proper functioning of renal cells.
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Likewise, the function of renal gamma-glutamyl transferase in the metabolism of

glutathione may not be compromised.

The Na*-K* ATPase is a plasma membrane-bound pump, that maintains the
gradient of sodium and potassium ions between extracellular and intracellular settings,
thereby serving to control cellular resting membrane potential (Doi and Iwasaki, 2008).
When Na*-K* ATPase is inhibited by compounds such as ouabain, Mg?* ATPase
swaps their action by utilising magnesium ion to sustain energy metabolism and
maintain membrane potential (Ravindran et al., 2012). Similarly, the Ca?*-Mg**
ATPase is a membrane-bound enzyme responsible for maintaining intracellular
calcium ion homeostasis through active transport (Gutierres et al., 2014). Inhibition of
the activities of these enzymes could result in renal abnormalities and cell death
(Geering, 1994; Ravindran et al., 2012). The administration of bio-enhanced
combination of methyl gallate and palmatine, at various doses, did not cause alteration
in the activities of Mg?* ATPase, Ca’**-Mg?* ATPase, and Na*-K* ATPase in the
kidney compared to controls. These suggest that the compound combination may not
impair ATP metabolism and membrane potential of the kidney. Therefore, the
compound combination may not compromise the active transport of sodium and
calcium ions in the kidney. Na*™-K* ATPase plays a very important role at the brush

border membrane in the kidney during the reabsorption of Na* into the blood.

5.35 Cardiovascular Indices

Plasma lipoproteins are mixed clusters of lipid—protein complexes which are
synthesized in both intestine and liver (Snider et al., 2010). Alterations in the levels of
total cholesterol, LDL cholesterol, HDL cholesterol and triacylglycerol are primary

risk factors of atherosclerosis (As et al., 2013; Nemati et al., 2013). Increased rate of

298



triacylglycerol synthesis and VLDL production results in reduced level of HDL and
increased level of LDL and density (Toledo et al., 2006). Meanwhile, reduction in
HDL cholesterol concentration and concomitant rise in LDL cholesterol level increase
the risk of coronary heart disease (Nader et al., 2008). Atherogenic index computed as
ratio of total cholesterol to HDL-cholesterol is also a vital pointer to cardiovascular
disease predisposition (Naghii et al., 2011; Adebayo et al., 2013). The bio-enhanced
combination of methyl gallate and palmatine, at different doses, did not cause
alteration in plasma concentrations of total cholesterol and triacylglycerol, but caused
reduction in plasma LDL cholesterol concentration with corresponding elevation in
plasma HDL cholesterol concentration compared to controls. It also caused reduction
in atherogenic index, at various doses above 6.25 mg/kg body weight compared to
controls. These suggest that the bio-enhanced combination of methyl gallate and

palmatine may not predispose subjects to cardiovascular diseases.

Assessment of the membrane integrity via evaluation of alkaline phosphatase
activity showed that the bio-enhanced combination of methyl gallate and palmatine did
not bring about alteration in the activities of this enzyme both in the heart and plasma
compared to controls. This suggests that the structural integrity of the membranes of

heart cells were not compromised.

When the flow of blood to heart tissue is limited, the amount of oxygen that
gets to heart is also restricted and this can cause pain while complete stoppage of blood
flow to the heart muscle results in cell death, necrosis and myocardial infarction
(Gorman, 2007). Elevated activity of creatine kinase in plasma is a marker of
myocardial infarction (Rosenthal and Glew, 2011). Cellular damage to heart muscle
fibres brings about release of creatine kinase, lactate dehydrogenase and aspartate
aminotransaminase into the bloodstream (Costa et al., 2001; Gorman, 2007). In this
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study, the activities of creatine kinase, lactate dehydrogenase and aspartate
aminotransferase, both in the heart and plasma, were not changed by the bio-enhanced
combination of methyl gallate and palmatine at various doses compared to controls.
These suggest that the compound combination may not cause in cellular damage and
leakage of these enzymes into the bloodstream. Thus, it may not cause myocardial

infarction.

The effects of the bio-enhanced ccmpound ombination on activities of plasma
membrane-bound ATPases of cardiac cells were also evaluated. The bio-enhanced
combination of methyl gallate and palmatine, at the various doses considered, did not
alter the activities of Mg?* ATPase, Ca?*-Mg?* ATPase, and Na*-K* ATPase in the
heart except at the dose of 100 mg/Kg body weight at which Ca?*-Mg?* ATPase
activity was elevated. These suggest that the compound combination had no inhibitory
effects on ATPases especially at lower doses; therefore, the ion concentration gradients
across membrane may not be adversely affected. Hence, the ability of the cardiac cells
to respond to electrical impulses and contract may not be compromised by the
compound combination. However, the elevated activity of Ca?*-Mg?* ATPase at the
highest dose suggests an attempt by the cells to restore resting membrane potential, by
pumping the second messenger, calcium ion, out of intracellular environment (Mata

and Sepulveda, 2010; Yamaguchi, 2012).

5.3.6 Brain Function Indices

The bio-enhanced combination of methyl gallate and palmatine did not alter the
activities of alkaline phosphatase in the brain. Likewise, the activity of creatine kinase
which is normally high in the skeletal muscle, heart and brain, was not altered by the

bio-enhanced compound combination. Creatine kinase plays a crucial function in
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maintaining ATP homeostasis. Reversibly, it activates creatine by transferring a high-
energy phosphate group from ATP, hence, enabling the storage of cellular energy as
phosphocreatine (Gorman, 2007; Hettling and van Beek, 2011). The results suggest
that the bio-enhanced compound combination may not adversely affect the
architectural integrity of the plasma membrane of the brain cells. Also, the bio-
enhanced compound combination may not adversely affect energy homeostasis in the

cells of the brain.

Binding of acetylcholine to its receptor at postsynaptic membrane of neurons
causes opening of its ion channel, and this leads to movement of ions which depolarise
the membrane and consequently triggering stimulation via electric signals. The
hydrolyses of acetylcholine, at the postsynaptic membrane, to acetate and choline by
acetylcholinesterase ensures that the action of acetylcholine is terminated (Smith,
2010). Neurotoxic effects of chemical agents could result from inhibition of
acetylcholinesterase activity, thereby causing alteration in synaptic transmission,
metabolism of acetylcholine and muscle contraction (EI-Demerdash, 2011). In this
study, the administration of bio-enhanced combination of methyl gallate and
palmatine, at various doses, caused no alteration in acetylcholinesterase activities of
the brain. This suggest that the compound combination may not adversely affect

cholinergic neurotransmission in subjects.

Brain Mg?* ATPase, Ca?"-Mg?* ATPase and Na*-K* ATPase are membrane-bound
pumps essential for neuronal homeostasis of ions and synaptic neurotransmission
(Gutierres et al., 2014). Oedema, cognitive deficits and cell death could arise from
inhibition of Na*-K*ATPase activity in brain (Sato et al., 2004). Likewise, inhibition
of Ca?*-Mg?" ATPase activities could result in production of reactive oxygen species
and neurodegenerative diseases (Skou and Esmann, 1992; Clarke and Fan, 2011). The
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bio-enhanced combination of methyl gallate and palmatine, at various doses, caused no
alteration in activities of Mg?* ATPase, Ca?*-Mg?* ATPase and Na*-K* ATPase in the
brain compared to controls. These suggest that the compound combination may not
derange ions homeostasis which is essential for neurotransmission. Furthermore, the
compound combination may not cause impairment of mitochondrial function or
reduction in ATP levels which are pathologically associated with neurodegenerative

diseases and cognitive decline (Ferrer, 2009; Hauptmann et al., 2009).
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CONCLUSION

The results from this study revealed that;

Vi.

Vii.

viii.

Methyl gallate and palmatine, separately and in combination exhibited
antimalarial activity in vitro, inhibiting 3-haematin formation, hence revealing a
key mechanism of action;

Methyl gallate and palmatine showed synergistic interaction when combined in
ratio 3:2;

The combination of methyl gallate and palmatine exhibited ligand-protein
interactions in plasmepsins I, 11, 111, 1V and V; falcipain-2, and PfLDH;

The administration of methyl gallate and palmatine separately had no in vivo
antimalarial activity;

The combined administration of methyl gallate and palmatine, in ratio 3:2, in the
presence of piperine had delayed in vivo antimalarial activity;

Methyl gallate and palmatine combination in the ratio 3:2 demonstrated
antioxidant activity in vitro and may not damage the membrane of red blood
cells;

The combined administration of methyl gallate and palmatine, in ratio 3:2, in the
presence of piperine induced antioxidant defense system in murine malaria;

The combination of methyl gallate and palmatine in the ratio 3:2, in the presence
of piperine, may not adversely affect liver functions;

The combination of methyl gallate and palmatine in the ratio 3:2, in the presence
of piperine, may not impair kidney osmoregulatory function, though may cause
reduction in plasma Ca2* concentration at the highest dose;

The combination of methyl gallate and palmatine in the ratio 3:2, in the presence
of piperine, may not predispose subject to cardiovascular diseases.
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These results therefore suggest that, in the presence of piperine, the
combination of methyl gallate and palmatine in ratio 3:2 has some antimalarial
activity, may ameliorate the ROS-mediated secondary complications of malaria, may
not predispose subjects to cardiovascular diseases, and may not adversely affect the

functions of the liver and kidney, especially at lower doses.

RECOMMENDATIONS

From the findings and the limitations of this study, further studies are recommended

to:

i.  Elucidate other possible mechanisms of action of the combination.
ii.  Investigate the modulation of immune responses by the compound combination
during malaria treatment.
iii.  Investigate the activities of the compound combination against different resistant

strains of Plasmodium species.
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APPENDICES

APPENDIX I: PREPARATION OF REAGENTS AND SOLUTIONS

PREPARATION OF REAGENTS FOR B-HAEMATIN INHIBITION ASSAY

1.68 mM Hematin

10.953 mg of bovine hemin (molecular weight 651.94 g/mol) were dissolved in

10 mL of NaOH (0.1 M). This preparation was used within 60 mins.

0.1 M NaOH

0.4 g of NaOH was dissolved in 100 mL of distilled water.

1M HCI

8.3 mL of Conc. HCI (specific gravity = 1.18; molar mass = 36.5; % purity =

36) was slowly added to 91.7 mL of distilled water.

Molarity of a liauid Specific gravity in g/mL x 1000 % purity
- X
oy ora At Molar mass in g/mol 100

Dilution formulaC,V,=C,V,
12.9 M sodium acetate solution

63.14 g of sodium acetate trihydrate was dissolved in 47.28 mL of glacial
acetic acid. This was warmed at 60°C with vigorous stirring to yield a viscous solution

with pH of 5.
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PREPARATION OF REAGENTS FOR DPPH RADICAL SCAVENGING

ACTIVITY
0.11 mM DPPH

0.04338 g of DPPH (2,2-diphenyl-1-picrylhydrazyl) was dissolved in 1 dm?

ethanol (80%).

PREPARATION OF REAGENTS FOR HYDROXYL RADICAL

SCAVENGING ACTIVITY
1.5 mM FeSO,

0.0228 g of FeSO4was dissolved and made up to 100 mL.
6 mM Hydrogen peroxide

0.123 mL of H20> (specific gravity = 1.11 g/mL; molar mass = 34.01 g/mol; %

purity = 30%) was added to 199.877 mL distilled water.

Specific gravity in g/mL x 1000 % purity
X

Molarity of a liquid =
Olarity ot a liqui Molar mass in g/mol 100

Dilution formulaC,V;=C,V,

20 mM Sodium salicylate

0.320 g Sodium salicylate was dissolved and made up to 100 mL.
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PREPARATION OF REAGENTS FOR NITRIC OXIDE SCAVENGING

ACTIVITY

10 mM sodium nitroprusside

0.262 g of sodium nitroprusside was dissolved in 0.1 M phosphate buffer and

made up to 100 mL.

PREPARATION OF REAGENTS FOR PLASMA OXIDATION ASSAY

200 pM CuCls

0.02689 g of copper (1) chloride was dissolved in distilled water and made up

to 1 dmd.

0.1 M PBS (pH = 7.4)

8 g of NaCl, 0.2 g KCl, 1.44 g Na;HPO4 and 0.24 g KH2PO4 were dissolved in

distilled water. The pH was adjusted to 7.4 and the solution was made up to 1 Litre.

50 pg/mL Vit C

0.0050 g of vitamin C was dissolved in distilled water and made up to100 mL.

PREPARATION OF REAGENTS FOR OXIDATIVE HAEMOLYSIS

INHIBITION ASSAY

200 mM AAPH

0.5424 g of 2,2-Azobis(2-amidinopropane) dihydrochloride was dissolved in

distilled water and made up to 10 mL.
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0.1 M PBS (pH = 7.4)

8 g of NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.24 g KH2PO4 were dissolved in

distilled water. The pH was adjusted to 7.4 and the solution was made up to 1 Litre.

REAGENTS FOR ESTIMATION OF LIPID PEROXIDATION

Tris-KClI buffer (0.15 M, pH 7.4)

Tris (2.36 g) and KCI (1.12 g) were dissolved in distilled water, the pH was

adjusted to 7.4 and the volume made up to 100 mL.

Trichloroacetic acid, TCA (30 %)

TCA (15 g) was dissolved in distilled water and was made up to 50 mL.

Thiobarbituric acid, TBA (0.75 %)

TBA (0.375 g) was dissolved in 0.1 M HCI and was made up to 50 mL with

Same.

REAGENTS FOR DETERMINATION OF SUPEROXIDE DISMUTASE

ACTIVITY

0.05 M carbonate buffer (pH 10.2)

NaHCO3 and Na2C0s3.10H20 (14.3 g) were dissolved in 900 ml of distilled

water, the pH was then adjusted to 10.2 and then made up to 1000 ml.

0.3 mM epinephrine (adrenaline)

Epinephrine (0.0137 g) was dissolved in 200 ml of distilled water and made up

to 250 ml. To be prepared fresh.
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REAGENTS FOR DETERMINATION OF CATALASE ACTIVITY
800 pumolar H20>
49.2 ml of H2O> was made up to 1000 mL with distilled water.

Specific gravity in g/l % purity
X

Molarity ofa liquid =
olarity of a liquid Molar mass in g/mol 100

Specific gravity in g/mL x 1000 % purity
X

Molarity of a liquid =
olarity of a liquid Molar mass in g/mol 100

0.1 M phosphate buffer (pH 7.4)

0.1 M NaHPO4.12H,O was made by dissolving 7.1628 g in 200 mL of
distilled water. 0.1 M NaH2P0O..2H,0 was made by dissolving 1.5603 g in 100 ml Of
distilled water. These two solutions were combined and the pH was adjusted to 7.4 by

drops of conc. NaOH or HCl as required.

REAGENTS FOR DETERMINATION OF GLUTATHIONE PEROXIDASE

GSH (2mM)

GSH (0.0616 g) was dissolved in 100 mL of distilled water.

Sodium azide (10 mM)

Sodium azide (10 mM) was dissolved in 30 mL of distilled water.

DTNB (0.004 %) —Ellman’s reagent

DTNB (0.04 g) was dissolved in 100 mL of distilled water.
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Disodium hydrogen phosphate (0.3 M)

Na2HPO4 (12.78 g) was dissolved in 300 mL of distilled water.

Tris-HCI buffer (0.1 M pH 7.4)

8912 g of Tris-HCI was dissolved in 100 mL of distilled water and the total

volume was made up to 120 mL.

REAGENTS FOR DETERMINATION OF GLUTATHIONE REDUCTASE

15 mM EDTA

EDTA (0.4384 g) was dissolved in distilled water and the final volume made

up to 100 mL.

0.66 mM GSSG

GSSG (0.0404 g) was dissolved in distilled water and final volume made up to 100

mL.
0.1 mM NADPH

NADPH (0.0037 g) was dissolved in 50 mL of phosphate buffer (0.1 M pH
7.4).

REAGENTS FOR DETERMINATION OF GLUTATHIONE-S-TRANSFERASE

ACTIVITY

20 mM 1-chloro-2,4-dinitrobenzene (CDNB)

3.37 mg of 1-chloro-2, 4-dinitrobenzene (CDNB) was dissolved in 1 mL of

ethanol.
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0.1 M GSH

GSH (0.3073 g) was dissolved in 10 mL of 0.1 M phosphate buffer (6.5 pH).

0.1 M phosphate buffer (pH 6.5)

KH2PO4 (4.96 g) and KH2POg4 (9.73 g) were dissolved in distilled water. The
pH was adjusted to 6.5 and the final volume was made up to 1000 mL with distilled

water.

REAGENTS FOR ESTIMATION OF REDUCED GLUTATHIONE

0.1 M, pH 7.4 phosphate buffer

0.1 M NaHPO4.12H,0O was made by dissolving 7.1628 g in 200 mL of
distilled water. 0.1 M NaH2P04.2H,0 was made by dissolving 1.5603 g in 100 ml Of
distilled water. These two solutions were combined and the pH was adjusted to 7.4 by

drops of conc. NaOH or HCl as required.

Ellman’s Reagent or [5', 5'-Dithiobis-(2-nitrobenzoate) DTNB]

DTNB (80 mg) was dissolved in 0.1 M phosphate buffer (pH 7.4) and made up

to 200 mL.

4% Sulphosalicylic Acid (Precipitating Agent)

4¢ of sulphosalicylic acid was dissolved in distilled water and the volume was

made up to 100 mL.

GSH for Standard Curve (working standard)

40 mg of GSH was dissolved in phosphate buffer (0.1 M, pH 7.4) and up to

100 mL with the buffer.
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REAGENTS FOR ESTIMATION OF TOTAL PROTEIN

Biuret Reagent

1.5 g of Cupric sulphate (CuSO4.5H20) and 6.0 g of Sodium potassium tartrate
were dissolved in 500 mL of distilled water and transferred to a 1 litre flask. 1 g of
potassium iodide (KI) and 300 mL of 10% NaOH solution were added. The resulting

solution was made up to the 1 litre mark with distilled water.

5 mg/mL Bovine Serum Albumin (BSA) Standard

50 mg BSA was dissolved in little quantity of 0.5 N NaOH and made up to 10

mL with the same 0.5 N NaOH solution.

PREPARATION OF REAGENTS FOR ESTIMATION OF ATPASES

ACTIVITIES

200 mM NaCl/40 mM KCI1/60 mM Tris buffer (pH 7.4)

NaCl (2.922 g), 0.745 g of KCI and 1.8165 g of Tris were dissolved in 200 ml
of distilled water in a beaker. The pH was adjusted to 7.4 using HCI and the solution

was then made up to 250 ml with distilled water in a standard volumetric flask.

240 mM KCI1/60 mM Tris buffer (pH 7.4)

KCI (4.473 g) and 1.8165g of Tris were dissolved in 200 ml of distilled water
in a beaker. The pH was adjusted to 7.4 using HCI and the solution was made up to

250 ml with distilled water in a standard volumetric flask.
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CaCl2.2H,0 (4 mM)

CaCl,.2H,0 (0.0294 g) was dissolved in 80 ml of distilled water and made up

to 100 ml with distilled water.

Ouabain (1 mM)

Ouabain (0.0582 g) was dissolved in 8 ml of distilled water.

ATP solution (8 mM)

ATP (0.22 g) was dissolved in distilled water and the solution was diluted to

50ml in a standard flask.

EGTA solution (20 mM)

0.3804g of EGTA was dissolved in distilled water and made up to 50ml in a

standard flask.

MgCl2.6H20 solution (80 mM)

0.8132 g of MgCl».6H,0 was dissolved in distilled water and made up to 50

ml.

Sodium Dodecyl Sulphate (SDS) solution (5%b)

5 g of SDS was dissolved in distilled water and made up to 100 ml

Reagent A (Ammonium molybdate/Tetraoxosulphate (V1) acid)

2 g of ammonium molybdate was dissolved in 310 ml of distilled water, after

which 9 ml of conc. H,SO4 was added and thoroughly stirred.
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Reagent B (9% Ascorbic acid solution)

9 g of ascorbic acid was dissolved in distilled water and made up to 100 ml.

Reagent C

This was prepared by mixing reagent A and B in ratio 8:2 (v/v). This was

prepared for immediate usage.

Sodium dihydrogen phosphate solution (1 mM).

0.015 g of NaH2P04.2H.O was dissolved in distilled water and made up to

100ml
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APPENDIX 11

Amino acid codes as used in docking studies

Code Amino acid
Ala Alanine

Arg Arginine

Asn Asparagine
Asp Aspartic Acid
Cys Cysteine

Gin Glutamine
Glu Glutamic Acid
Gly Glycine

His Histidine

Ile Isoleucine
Leu Leucine

Lys Lysine

Met Methionine
Phe Phenylalanine
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Pro

Ser

Thr

Trp

Tyr

Val

Proline

Serine

Threonine

Tryptophan

Tyrosine

Valine
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APPENDIX 11

CALCULATIONS OF INOCULUM SIZE AND COMPOUND

ADMINISTRATION

Plasmodium Inoculum Size Calculation and Method

Step i. Preparation of Citrate-Glucose Solution

3.8 g of sodium citrate and 0.5 g of glucose were weighed, dissolved and made

up to 100 mL with distilled water. Kept refrigerated until required.

Step ii. Determination of the percentage parasitaemia from the donor mouse.

% P " . Number of infected RBC < 100
o ratasttacriia = Total number of RBC
Step iii. The donor mouse-tail was sterilized using ethanol-soaked cotton wool.

Aligout, 1 mL, of cold citrate-glucose solution was measured into a sterile
bottle, and another 1 mL was drawn into a 2 mL syringe. The volume in the
syringe was used to collect drops of blood from the donor mouse (about 10 —
15 drops, depending on the number of mice to be inoculated) and transferred to

the sterile bottle.

Step iv. Appropriate volume from the sterile bottle was introduced into the
Haemocytometer counting chamber and viewed under x10 magnification. Cells
(red blood cells) in 5 different square boxes were counted and the sum of

values was multiplied by 5 and 10,000 to give the number of RBC per mL.

Step v. The number of RBC per mL was multiplied by the % parasitaemia to get the

value of infected RBC per mL. This was then converted to get number of
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infected RBC per 0.2 mL (inoculation volume) and was appropriately diluted to
the desired inoculum size, with cold citrate-glucose solution, using C,V,=

C,V,.

Step vi. The mice were intraperitoneally inoculated at 45° using a sterile needle,

preferably at the second nipple in female mouse.
Example:
Number of counted RBC (from haemocytometer) = 705
Total number of RBC per mL = 705 x 5 x 10,000 = 35,250,000 RBC/mL

NOTE: Haemocytometer has 9 large cubes (squares) and each cube has length,
breadth and depth of 1 mm, 1mm and 0.1mm respectively. Hence volume of
each cube = 1 mm x 1 mm x 0.1 mm = 0.1 mm®= 0.0001 mL. Since 1,000 mm?
= 1 mL, therefore whatever is counted in one large cube is multiplied by 10,000
to get the 1 mL equivalent. RBC is counted in the central cube which has 25
smaller cubes. Therefore, number of RBC counted in 5 of these smaller cubes is
multiplied by 5 to get equivalent value for all 25 smaller cubes within the central
cube, i.e. Number of RBC per mL = no of RBC counted in 5 smaller cubes x 5 x

10,000.

%Parasitaemia = 14.3%

14.3
Total number of infected RBC/mL :W x 35,250,000= 5,040,750 iRBC/mL

5,040,750 iRBC/mL )
Therefore, 5 =1,008,150iRBC/0.2mL

If the required inoculum size is 1 x 10° infected RBC, then this is to be diluted i.e.
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C,Vi=GV,

1,008,150 x 0.2= 1 x 10° X V,

V, = 2.016, therefore 2.016 — 0.2 = 1.8163 mL

0.2:1.8163 =1:9.08 (dilution factor of 10).

The required dilution will be 1 mL of stock inoculum in 9.08 mL of citrate-glucose

solution.

Calculations for drug administration

Preparation of 5% DMSO

0.5 mL of DMSO was diluted with 9.5 ml of distilled water.

Taking 50 mg/Kg b.wt. group as example

If the average weight of mice for the group =21.4 g

Volume of extract to be administered per mouse = 0.2 mL

Number of mice per group =5 (but 6 shall be considered to cater for possible spillage)

Therefore;
Since 50 mg/Kg body weight implies that 50 mg of compound is to be administered to
a mouse of 1000 g body weight, therefore, a mouse of 21.4 g weight requires 1.07 mg

of compound [i.e. (21.4 = 1000) x 50].

This implies that 1.07 mg of compound is to be dissolved in 0.2 mL of solvent and be
administered to a 21.4 g mouse. Therefore, for six mice, 6.42 mg compound is to be

dissolved in 1.2 ml of solvent for a day’s administration.
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For weight variation within the group, the precise volume of compound solution to be

administered to mouse of about 22.5 g will be 0.21 mL i.e. [(22.5 + 21.4) x 0.2].

Weight of mouse

- — x 0.2 mL
Average weight of mice in the group
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APPENDIX IV
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APPENDIX V
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APPENDIX VI
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APPENDIX VIl
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APPENDIX VIII
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APPENDIX IX
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APPENDIX X
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APPENDIX XI
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APPENDIX X1l
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APPENDIX X111
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APPENDIX XIV
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