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Malaria is a leading cause of morbidity and mortality in many developing tropical countries, particularly
in children and preghant women. With growing concerns about the development of resistance to
current antimalarial drugs, herbal alternatives may provide significant and sustainable treatment
options in affected regions. This review aimed at providing an updated overview of available data on
Herbal Medicinal Products (HMPs) with reproducible evidence-based antimalarial efficacies. In addition,
it identified the antiplasmodial phyto-constituents and discussed the potential of these products to
modulate activities of drug metabolizing enzymes and drug transport systems. This is particularly
important because the co-morbidity of malaria with other diseases, often prevalent in malaria endemic
regions, is marked by a concurrent use of herbal antimalarial products with conventional drugs. An
extensive literature search was undertaken and the information obtained were critically analysed.
Enormous work has been reported on investigations of the antiplasmodial activity of herbs, and more
than 1000 plants have been studied using in vitro and animal malaria infection models. However, only a
few of these HMPs have been subjected to randomized clinical trials. Herb-drug interactions are of great
concern since phytochemical compounds in HMPs are subject to the same pharmacokinetic processes
that determine the fate of synthetic drugs in the human body. Thus, specific effects of these clinically
effective antimalarial HMPs on drug metabolizing enzymes were reported with a view to documenting
information for optimization of their therapeutic utility. Beneficial and adverse clinically significant
interactions were also identified for close therapeutic attention.
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INTRODUCTION

Malaria is an infectious disease caused by plasmodium mosquitoes. It is one of the severe public health problems
parasites and transmitted by female anopheline which remains a leading cause of morbidity and mortality
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in many developing countries, where young children and
pregnant women are the groups most affected (WHO,
2012). In the malaria transmission regions of the world,
the estimated number of malaria cases and mortalities
vary between the regions (WHO, 2016). An estimated
212 million cases of malaria occurred worldwide in 2015.
Most of the cases were in the African (90%), followed by
the South-East Asia (7%) and the Eastern Mediterranean
region (2%).

Also, in 2015, it was estimated that 429,000 deaths
from malaria occurred globally with most of the deaths
estimated to have occurred in the African Region (92%),
followed by the South-East Asia Region (6%) and the
Eastern Mediterranean Region (2%) (WHO, 2016). P.
falciparum which causes the most severe malaria is
predominantly found in Africa while P. vivax malaria,
which also causes life-threatening symptoms, is the most
prevalent species in Latin America, South-East Asia, the
Eastern Mediterranean and the Western Pacific. On the
other hand, P. malariae and P. ovale are less prevalent,
and cause less severe disease in humans (WHO, 2011).

Malaria is associated with enormous socio-economic
burden. The economic impact of malaria is estimated to
cost Africa $12 billion every year (Gallup and Sachs,
2001). This figure factors in the costs of health care, work
absenteeism, days lost in education, decreased
productivity due to brain damage from cerebral malaria,
and loss of investment and tourism. A 2011 ‘Roll Back
Malaria’ report found that in sub-Saharan Africa, 72% of
companies reported a negative malaria impact, with 39%
perceiving these impacts to be serious (Roll back
Malaria, 2011). Malaria can strain national economies,
impacting some nations' gross domestic product by as
much as an estimated 5 to 6% (World Economic Forum,
2006).

Malaria is preventable and treatable, but a delay in or
ineffective treatment, can result in rapid increase in
parasite burden which has a case fatality rate of 10 to
20% even among those receiving treatment (WHO,
2010). Treatment modality depends on the plasmodium
species involved as well as the severity of the disease.
There are different classes of antimalarial drugs and the
treatment guidelines have been updated over the years
from monotherapy with aminoquinolines and other drug
combinations to the current artemisinin-based
combination therapy (ACT), for the treatment of
uncomplicated malaria caused by P. falciparum parasite
(WHO, 2015). Antimalarial drugs traditionally have five
classes when the mode of action is employed for
classification, while there are eight classes when the
chemical structures are considered (White, 1996). What
could be a new class of antimalarial drugs is hinged on
rare approaches adopted by new scientific, thinking as
contained in the work of Wang et al. (2016), where
research target the heat shock protein 90 (Hsp90), a
universal ‘molecular chaperone’ performing vital functions
Both in the parasite and in human cells, which were

carried out with huge success and promises.

Hsp90 plays a central role in the pathogen's life cycle
and survival, as well as its resistance to treatments. This
protein, which is also present in human cells form slightly
different from that found in the parasite, functions as a
'molecular chaperone', by assisting other proteins.
Therefore, one molecular target that should receive more
attention in development of antimalarial drugs is the
molecular chaperone Hsp90. The widespread and
indiscriminate use of currently available synthetic
antimalarial drugs has resulted in development of drug
resistance, which now constitutes a threat to the
effectiveness of malaria treatment. In fact, resistance
development has been reported to result in treatment
failures in significant number of cases (Tripathi, 2006).
Malaria parasites have consistently been able to develop
resistance to each new class of drugs. However, the
extent of resistance varies among the different classes of
antimalarial drugs in different regions as well as
countries. For example, resistance to quinine, the oldest
antimalarial drug, was reported first in Brazil and later in
Southeast Asia (Pukrittayakamee et al.,, 1994) while
resistance to the antifolates (Pyrimethamine and
sulphadoxine) appeared rapidly in the Asia Pacific
regions in the late1970s and in South America (Hurwitz et
al., 1981).

Resistance to these drugs has currently been reported
in other malaria transmission regions (Cui et al., 2016).
Similarly, in the Cambodia—Thailand border region of
Southeast Asia, declining efficacy of the
artesunate/mefloquine combination has been noted.
Thus, while there are several documented cases of
resistance to older generations of antimalarial drugs in
several countries, there are reports of the emergence of
parasites resistant to artemisinins in Southeast Asia
along with altered sensitivities to artemisinin partner
drugs (Cui et al.,, 2015). Herbal medicines have been
used to treat malaria for thousands of years and they are
source of some classes of conventional antimalarial
drugs including artemisinin and quinine derivatives.
Herbal products enjoy increasing popularity as an
essential part of the trend, towards complementary and
alternative medicine (CAM) practices worldwide. In
Africa, up to 80% of the population uses traditional
medicine for primary health care (WHO, 2003) and, on
average, fifth patients use herbal remedies for malaria in
endemic countries (Willcox and Bodeker, 2004). High
prevalence use of Herbal Medicinal Products (HMPs) has
also been reported in developed countries (Martin et al.,
2002; Nordeng et al., 2011; Hunt et al., 2012).

The resurgence of public interest in herbal medicines
has been attributed to several factors including the
various claims on the efficacy or effectiveness of plant
medicines and the perception that herbal products are
safer because they are natural in origin. Others have
included the dissatisfaction with the results from orthodox
pharmaceuticals, the belief that herbal medicines might



be effective in the treatment of certain diseases where
conventional therapies which have proven to be
ineffective, high cost and side effects of most modern
drugs (Bandaranayake, 2006; Lynch and Berry,2007;
Ekor, 2014). In addition, the increased use of herbal
products has been linked with the desire to improve
general health, as well as cultural and personal beliefs
(Ernst and White, 2000).

With the problems of increasing levels of drug
resistance, accessibility and affordability of effective
synthentic antimalarial drugs in poverty ravaged regions,
herbal medicines had become an important and
sustainable source of treatment options (Willcox and
Bodeker, 2004). Also, medicinal plants can serve as a
rich reservoir from which new antimalarial drugs can be
developed (Ginsburg and Deharo, 2011).

Consequent upon the global increase in the use of
HMPs over the last two decades (Shaw et al., 2012),
interactions between herbal remedies and conventional
drugs have been receiving increased attention (lzzo,
2005; Williamson, 2005). The need for evaluation of herb-
drug interactions has been reinforced by reports from
various studies which indicate that concomitant intake of
herbal and conventional prescription drugs can vary from
as low as 5% to as much as 40% in various patient
groups and in different countries (Kaufman et al., 2002;
Singh and Levine, 2007; Nordeng et al., 2011; Zhang et
al., 2011; Dju et al., 2013).

The high incidence of co-morbidity of malaria with other
infections and non-communicable diseases (Gwer et al.,
2007; Etiaba et al.,, 2015) have resulted in marked
prevalence of concurrent use of herbal or synthetic
antimalarial products and conventional drugs. We have
demonstrated in several of our studies that concurrent
administrations of synthetic antimalarial drugs with other
conventional drugs or herbal products have, in some
cases, been associated with adverse effects (Soyinka et
al., 2013; Ighinoba et al., 2015A, 2015B, 2016). Herbal
medicines are mixtures of phytochemicals that are
subject to the same pharmacokinetic processes,
including xenobiotics metabolism and transport systems
that determine the fate of synthetic drugs in the human
body (Hermann and von Richter, 2012; lzzo, 2012).
Hence, with such combinations of compounds in herbs,
the possibility of herb-drug interactions is theoretically
evidently higher compared to drug-drug interaction, when
the herb is co-administered with conventional drugs
which usually contain single chemical entities.

A wide variety of plants belonging to several families
have been identified through ethnobotanical and ethno-
pharmacological studies as antimalarial medicinal plants
(Bahekar and Kale, 2013). A study reported that 1277
plant species from 160 families from different parts of the
world have been used to treat malaria. However, only a
few of these herbs have undergone clinical trials (Willcox
and Bodeker, 2004; Willcox, 2011). A recent systematic
review documented 752 medicinal plants belonging to
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254 genera that are in traditional use for malaria
treatment, and reported that about 80% of the plants
experimented were reported to be inactive (Lemma et al.,
2017).

This article was aimed at providing an updated
overview of the data regarding herbal products with
documented and reproducible evidence-based
antimalarial efficacies. The report also identified the
antiplasmodial phytochemical constituents of the HMPs
as well as reviewed information on the potentials of these
HMPs to modulate the activities of drug metabolizing
enzymes and drug transport systems. Beneficial and
adverse clinically significant interactions are identified as
close therapeutic attention.

Herbal products with clinical evidence of antimalarial
efficacy

Herbal medicinal products used by communities provide
a sort of an anecdotal evidence of their efficacy by the
community and is further strengthened if the same active
ingredient has been documented to be used by several
communities (Wells, 2011). Herbal preparations or
remedies have been used by generations for the
treatment of fevers including malaria.

There are numerous evidences based on laboratory
research (In vitro or animals) supporting their traditional
use as having antimalarial activities but with little or no
clinical evidence or well conducted clinical research
evaluating the effectiveness of most of the medicinal
plants (Willcox, 1999).This review is focused on
identifying and updating information on herbal medicinal
products (HMPs) that have undergone clinical trial
studies and have been found to possess good
antiplasmodial efficacy when used as single herbal
formulation in the treatment of malaria infections in
various countries.

Cryptolepis sanguinolenta

Cryptolepis sanguinolenta (Lindl.) Schlechter
(Apocynaceae) root and root bark decoction has been
used by traditional medical practitioners to treat a number
of diseases including malaria (Willcox et al., 2011A;
Osafo et al.,, 2017). Preliminary in vitro and in vivo
investigations of aqueous extract of C. sanguinolenta root
as an anti-malarial indicated the antiplasmodial activity of
the extract against falciparum malaria (Wright et al.,
1996; Cimanga et al., 1997). Interestingly, Paulo et al.
1995) identified that the root extracts demonstrated more
activity against Plasmodium falciparum than the leaf
extracts. The active antiplasmodial components found in
the root are known to be the indoquinoline alkaloids,
which have been reported to have both in vitro and in
vivo activity against P. falciparum, including chloroquine-
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resistant strains (Kirby et al., 1995).

A major indoloquinoline alkaloid in C. sanguinolenta
root, cryptolepine, administered orally to Plasmodium
berghei-infected mice in doses of 50 mg/kg/day for four
days reduced parasitaemia by 80% though the mice were
not cured of malaria (Wright et al., 1996). Bugyei et al.
(2010) investigated the clinical efficacy of the tea-bag
formulation (PHYTO-LARIA®) of C. sanguinolenta root
powder for the treatment of acute uncomplicated
falciparum malaria in a Ghanaian population. After a five-
day treatment period with one 2.5 g of the root powder
tea-bag three times administered daily to 44 patients with
acute uncomplicated malaria, over half of the patients
were cleared of their P. falciparum parasitaemia within 72
h. It had an overall cure rate 93.5 % by day 7, suggesting
its high efficacy in the treatment of acute uncomplicated
malaria. The study by Bugyei et al. (2010) appears to be
the only antimalarial clinical trial report of C.
sanguinolenta when used as a single herb formulation. A
post treatment rise in serum alkaline phosphatase was
observed in malaria patients, suggesting a need for close
observation on repeated use of this formulation of C.
sanguinolenta (Bugyei et al., 2010).

More recently, a combination of cryptolepine with
artemisinin derivatives were investigated in a rodent
model. The combination was found to be safe in addition
to, showing synergistic anti-malarial activity in vivo and in
vitro (Forkuo et al., 2016). Since more clinical trials are
conducted on the antimalarial efficacy and safety of this
herb, it is possible that more evidences will accumulate,
supporting the selection of cryptolepine as a prospective
lead compound for development of a new anti-malarial
drug.

Cochlospermum planchonii

The leaves and rhizomes of two Cochlospermum species
(C. planchonii and Cochlospermum tinctorium) have been
acclaimed to be commonly used by traditional healers to
treat malaria in Burkina Faso and other West African
countries (Benoit-Vical et al., 2003). They have also been
extensively tested for their in vitro and in vivo antimalarial
activity (Benoit-Vical et al., 1999; Benoit-Vical et al.,
2001; Yerbanga et al., 2012; Dakuyo et al., 2015).
Lamien-Meda et al. (2015) observed moderate
antiplasmodial activity with all tested extract of C.
planchonii.

The efficacy of decoction of C. planchonii root (named
N'Dribala) in the treatment of patients with uncomplicated
P. falciparum infection in Banfora and Burkina Faso was
compared to that of patients who received standard
regimen of chloroquine (Benoit-Vical et al., 2003). In this
study, a decoction of C. Planchonii root was prepared by
boiling 50 g dried root powder in 1500 mL water for 10
min. Upon cooling, the decoction was administered at a
dose of 200 mL thrice daily for 5 days to 46 patients while

21 patients received standard chloroquine regimen (10
mg/kg first two days, and 5 mg/kg for remaining three
days).

After day five of treatment, 52% of those who received
the decoction were cured with no detectable parasitaemia
and more than 90% of patients were asymptomatic
(Benoit-Vical et al., 2003). Side effects noted during the
study included headache, anorexia, abdominal pain,
vomiting, arthralgia-myalgia (Benoit-Vical et al., 2003)
some of which may be connected with the malaria
infection in such individuals. More clinical studies are
required to evaluate and validate reproducibility of the
efficacy of this herbal product, which might result in their
being considered as alternative option for treatment of
non-severe malaria.

Argemone mexicana

Argemone mexicana is a weed that has a long history of
use in traditional medicine for treating a variety of
diseases and particularly useful as an antimalarial in
several African countries, including Benin, Mali and
Sudan (Willcox et al., 2007; Graz et al., 2015; Haidara et
al., 2016). It is considered as one of the most effective
traditional medicines for the treatment of uncomplicated
falciparum malaria in Mali (Simoes-Pires et al., 2014). A
number of studies have confirmed its in vitro efficacy
against P. falciparum (Daillo et al., 2006; Bapna et al.,
2015).

The first clinical study conducted to determine A.
mexicana’s safety and antimalarial efficacy in human
patients was focused on young children (most vulnerable
group) in Mali (Willcox et al., 2007). The study was a
prospective, dose-escalating, quasi-experimental clinical
trial conducted in collaboration with a traditional healer,
who formulated the herb. A decoction of A. mexicana
(called “AM” in Mali) was administered to 80 patients with
uncomplicated malaria in three dosing regimens: once
daily for 3 days (Group A; n = 23); twice daily for 7 days
(Group B; n = 40); and four times daily for the first 4 days
followed by twice daily for 3 days (Group C; n = 17). The
clinical response at Day 14 for Groups A, B and C were
35, 73 and 65%, respectively. Though a dose response
correlation was noted, very few patients had complete
parasite clearance at day 14 (Willcox et al., 2007).

In a latter study in humans, 301 patients with presumed
uncomplicated malaria were randomly assigned to
receive AM (a decoction of A. Mexicana) or artesunate-
amodiaquine (artemisinin combination therapy (ACT)) as
first-line treatment. The proportion of patients with
parasitaemia at day 28 was 63 to 76% in the AM group,
and 21 to 49% in the ACT group. Gametocytes were
present at day 28 in 13% of the AM group compared with
3% of the ACT group (Graz et al., 2010). It was apparent
that the herbal product did not produce total parasite
clearance in the majority of patients (Willcox et al., 2007;



Graz et al., 2010).

No major adverse effects have been associated with
the use of A. Mexicana in humans. Side effects that have
been reported include vomiting, abdominal pain, nausea,
pruritus, appetite loss and dizziness (Willcox, 1999).
These findings leave no doubt that better conducted
clinical research is needed in future to establish and
confirm the dosing regimen for the optimal antimalarial
efficacy of A. Mexicana.

Vernonia amygdalina

Due to ready availability, accessibility, and affordability of
the leaves of Vernonia amygdalina in many remote areas
in Africa that do not have ready access to modern
medicines, it has gained wide use in treating malaria.
Examples of such places include regions in Kenya,
Uganda, Ethiopia, Nigeria, Ghana etc (Asase et al., 2005;
Odugbemi et al., 2006; Tabuti, 2008; Idowu et al., 2010;
Araya et al., 2015; Mukungu et al., 2016). Results from
the in vitro and in vivo studies have indicated that the
ethanolic extract of the plant leaf has significant activity
against P. berghei (Abay et al., 2015; Omoregie and Pal,
2016). Solvents (organic) extracts of the leaves and roots
also showed strong activity against P. falciparum in vitro
(Zofou et al,, 2011). A clinical study examined the
efficacy and safety of an infusion of fresh V. amygdalina
leaves for the treatment of uncomplicated malaria in
patients aged 12 years and over.

Each of the 31 patients were given 1 L of freshly made
infusion (containing 25 g of freshly chopped V.
amgydalina leaves per litre of boiled water) daily. It was
taken as 250 mL, 4 times daily for 7 days. Adequate
clinical response was observed at day 14 in 67% cases,
complete parasite clearance in only 32% of those with
adequate clinical response while recrudescence occurred
in 71% (Challand and Willcox, 2009). Side effects such
as nocturia, insomnia, cough, unpleasant test, diarrhea,
abdominal pain, and irregular heart beat which may have
cause other than the medicinal infusion have been
reported in a study (Challand and Willcox, 2009). The
investigators however suggested that further studies are
needed to determine whether the efficacy can be
improved by increasing the dose, changing the
preparation, or adding other antimalarial plants.

Nauclea pobeguinii

Nauclea pobeguinii along with other Nauclea species are
used as ethnomedicine throughout sub-Saharan Africa
and several populations, especially in remote areas,
consider these species as a major source of remedy for
malaria (Diarra et al., 2015; Haudecoeur et al., 2017).
Also, N. pobeguinii plant part is used as an aqueous
decoction for the treatment of uncomplicated malaria in
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traditional medicine of several Central African countries
(Mesia et al., 2012A). The aqueous and 80% ethanolic
extract from N. pobeguinii stem bark, and its isolated
constituents were inactive or only moderately active in
vitro against P. falciparum (chloroquine-sensitive Ghana-
strain).

However, in an in vivo study, 300 mg/kg daily oral
dosing of 80% ethanolic extract (containing 5.6%
strictosamide, putative active constituent), resulted in
86% reduction of parasitaemia in 4-day P. berghei mouse
model, and 75% reduction in P. yoelii N67 model (Mesia
et al., 2010). Mesai et al. (2011) also reported acceptable
safety and tolerability of 80% ethanolic quantified extract
from N. pobeguinii stem containing 5.6% strictosamide in
15 healthy male volunteers. Subsequently, the same
team of researchers conducted phase Il clinical trial
(open cohort study) to assess the efficacy of the same
80% ethanolic quantified extract from N. pobeguinii stem
(containing 5.6% strictosamide), in eleven small group of
adult patients diagnosed with uncomplicated P.
falciparum malaria.

In the clinical trial, N. pobeguinii stem, denoted as PR
259 CT1, was administered at a dosage regimen of two
500 mg capsules taken thrice daily for three days,
followed by outpatient treatment of one 500 mg capsule
thrice daily for subsequent four days. This regimen was
proven to be effective as, 11 patients enrolled in the
study were completely cleared of malaria parasitaemia
and fever as early as day 3 and had sustained parasite
clearance except for one patient, who experienced a
recurrence of parasitaemia at days 7 until 14. Also, no
malaria symptom was observed on day 14 in all subjects
(Mesia et al., 2012A). A follow up study from same group
of researchers (Mesai et al., 2012B) called Phase IIB
study, was a single blind prospective trial in 65 patients
proven P. falciparum malaria in order to evaluate the
effectiveness and safety of this herbal drug (coded PR
259 CT1) using artesunate-amodiaquine combination
(Coarsucam®) as a positive control. The same treatment
regimen for herb was followed as in the earlier reported
study (Mesai et al., 2012A). The positive control group
received two tablets containing 100 mg artesunate and
270 mg amodiaquine (fixed-dose) once daily for three
consecutive days. Antimalarial responses were evaluated
according to the WHO (2003) guideline for 14-day test,
which showed a significantly decreased parasitaemia in
patients treated with PR 259 CT1 and artesunate-
amodiaquine with adequate clinical parasitological
responses (APCR) at day 14 of 87.9 and 96.9%,
respectively. N. pobeguinii extract was however found to
be better tolerated. Quantified extract of N. pobeguinii
stem back has been reported to be well tolerated with
only mild and self-resolving adverse effects including
fatigue and headache (Mesia et al., 2012A).

These findings indicate that N. pobeguinii extract can
be considered as a promising herbal antimalarial
medicinal product for larger scale, use for the treatment
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of uncomplicated falciparum malaria (Mesia et al.,
2012B).

Punica granatum

Punica granatum (Pomegranate) is a popular recognized
antimalarial plant since ancient times within the eastern
sea border of India where malaria is endemic.
Pomegranate fruit is known to have innumerable health
benefits and its seeds and peels are intensively used in
traditional medicine as a natural therapy (Rahmani et al.,
2017). Sun-dried rind of the immature fruit of P. granatum
is used as herbal formulation (OMARIA) in Orissa, India,
for the treatment and prophylaxis of malaria (Dell'Agli et
al., 2009; Bhattacharya, 2011).

In vitro studies have established the antiplasmodial
activity of P. granatum extract and some of its isolated
constituents, gallagic acid and punicalagins, also
exhibited antiplasmodial activity against P. falciparum in
vitro (Reddy et al., 2007). Another study which assessed
the antiplasmodial activity of the methanolic extract, and
a tannin enriched fraction of the antimalarial plant
observed that P. granatum methanolic extract inhibited
parasite growth of chloroquine-susceptible (D10) and -
resistant (W2) strains of P. falciparum. However, curative
efficacy estimation of the P. granatum extracts indicated
that its methanolic extract and the fraction enriched with
tannins did not show any curative effect in the rodent
malaria model (Dell'Agli et al., 2009).

Recent study used mice treated with pomegranate to
evaluate the protective role of pomegranate peel extract
against Plasmodium chabaudi-induced spleen tissue
damage and results revealed a significantly reduced
parasitaemia compared to untreated control (Mubaraki et
al., 2016).

Omaria, a popular capsule formulation consisting of
700 mg of dried and powdered fruits of P. granatum was
used in a clinical trial to determine the malaria therapeutic
and prophylactic dose of the product. Therapeutic dose
was assessed by administration of one capsule thrice
daily for 3 to 4 days and a total of 531 cases were
treated. In all cases, 100% parasite clearance was
recorded within 72 h of Omaria administration.

For prophylactic dose, two sets of doses were
employed. First regimen entailed one capsule per week
for 4 weeks with a one-month gap followed by
administration of one capsule per month for the
subsequent 4 months. Second regimen in another set of
subjects received 1 capsule/day for two consecutive days
per week within a period of 2 months. Interestingly, of
236 individuals recruited for the prophylactic dose
determination, only 10 had clinical symptoms of malaria
within the study year (Bhattacharya, 2011).

Omaria containing 500 mg/cap of P. granatum powder
and administered 1-capsule thrice daily at an
approximate interval of 8 h, for 3 consecutive days, which
effectively cured malaria and seems to be effective

against all stages of malarial parasite (Bhattacharya et
al., 2013). Omaria was observed to be physiologically
compartible and appears not to have clearly documented
side effects (Bhattacharya, 2011). These findings are
stronger evidence that support P. granatum extract as a
potent antimalarial product that may warrant further
studies to optimize.

Other single herbs with antimalarial clinical trials

Clinical trial results of some antimalarial herbs used in
Ayurvedic medicine, for instance Nyctanthesarbor-tristis,
Swertia Chirata Powder, Caesalpenia crista and
Gomphostema nevium, have been inconclusive as
randomized clinical trials or more studies will be needed
to confirm their antimalarial efficacy. 120 patients with
malaria treated with a paste of 5 fresh leaves of N. tristis,
thrice a day for between 7 to 10 days experienced relief
from symptoms with complete parasitic clearance in
76.7% within 7 days (Karnik et al., 2008).

The air-dried powder of S. chirata (formulated into
tablet containing 500 mg) administered to 18 patients
with cases of vivax malaria at a dose of 50 mg/kg/day in
two divided doses for 5 days, resulted in parasite
clearance within 6 days in 66%, while 33% had a
significant reduction in parasite load (Panda et al., 2004).

G. nevium is a plant whose leaves are being used
traditionally by ethnic tribes of Assam to cure malaria.
The dried and powdered leaves of the trial drug G.
nevium was given in the dose of 6 g with one cup of
water, once daily, after meals for a period of 3 days to
100 patients with uncomplicated cases of malaria
infection caused by P. vivax. At day four, about 52% of
those who completed the study tested negative to malaria
by RDT diagnosis (Das and Sarma, 2017). More studies
are, however, required to improve on the clinical efficacy
of these herbal products through optimization of their
dosage regimen.

Multiherbal antimalaria preparation

“‘Malarial-5” is the name given to a multiherbal
antimalarial preparation consisting of Cassia occidentalis
L. (Caesalpinaceae) leaves decoction (62%), Lippia
chevalieri (Verbenaceae) leaves decoction (32%) and
Spilanthes oleraceae L. (Compositae) flowerheads
decoction (6%). It was developed in Mali as an important
antimalarial phytomedicine for clinical use in the country.

There are evidences that each of the component herbs
has antiplasmodial activity (Willcox, 2011). In preclinical
studies, “Malarial-5” demonstrated mild in vitro activity
(IC50 =470 to 600 ug/mL) against P. falciparum, while in
mice (infected with P. berghei) the herbal product given
orally at 200 mg/kg daily for five days also showed
antimalarial effect in vivo (Gasquet et al., 1993). Three
clinical studies evaluated the safety and efficacy of the



product. The first randomized controlled trial compared
the efficacy of the herbal product to chloroquine (Koita,
1990) in 53 patients of which 36 were randomised to
“Malarial-5” and 17 to chloroquine. 75% of the “Malarial-
5” group, and 59% of the chloroquine group were
successfully followed up to 21 days and parasite
clearance was better in the chloroquine group, though
there was still a marked reduction in parasitaemia in the
“Malarial-5” group. Fever clearance between the two
groups was comparable (Koita, 1990).

In a comparable study (except for inclusion criteria of
higher fever and parasitaemia) conducted after the first
report by Koita (1990), reduction in parasitaemia was
slower for patients on “Malarial-5” which may be
explained by the higher initial parasitaemia in this later
study (Willcox, 2011). It was felt that the amount of S.
oleraceae (4%) present in the formulation of “Malarial-5"
in this second study was insufficient for a truly effective
schizonticidal activity, and was therefore increased to 6%
in the third trial which was an observational cohort study
of 30 patients with uncomplicated malaria (Doumbia,
1997). Parasitaemia declined to about 11% of the initial
level and symptoms improved. The side effects of
“Malarial-5” were minimal and the product was better
tolerated than chloroquine (Koita, 1990).

From the foregoing, it is evident that plants used in
traditional medicine should not only be considered as
potential useful sources of new lead compounds, but
should be researched with the aim of developing safe
and efficacious herbal medicinal products that may lead
to valuable therapeutic agents either in its crude form or
isolates (Xu et al., 2011).

Modulation of drug metabolizing enzymes and p-
glycoprotein by herbal antimalarial products

The prevalent use of HMPs, and the significant incidence
of concurrent intake of herbal medicine and conventional
drugs, raises concern for herb-drug interactions which
are mainly mediated through drug metabolizing enzymes
and drug transporters (Zhou et al., 2003; Bardia et al.,
2007; de Lima et al., 2012; Hermann and von Richter,
2012).

Cytochrome P450s (CYP450s), a superfamily of
haemoproteins responsible for the phase | metabolism of
various xenobiotics and some endogenous substances
(Cho and Yoon, 2015), are known to metabolize about 80
to 90% of clinically used drugs (Guengerich, 2006; Lynch
and Price, 2007). CYP450 enzymes belonging to families
1, 2, and 3 are principally involved in xenobiotic
metabolism, and the isoforms found to be very important
in human drug metabolism include CYP1A2, CYP2A6,
CYP2C9, CYP2C19, CYP2D6, CYP2E1l, and CYP3A4
(Guengerich, 2006). The most significant CYP
isoenzymes in terms of quantity are CYP2D6 and
CYP3A4. The CYP450 subfamily, CYP3A, is the most
abundant CYP in the human liver and small intestine
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(Shimada et al., 1994) and the subfamily is involved in
the metabolism of approximately 50% of clinically used
drugs (Seripa et al., 2010).

On the other hand, P-glycoprotein (P-gp), also known
as multidrug resistance protein, is an ATP-dependent
efflux pump with broad substrate specificity which plays
an important role in the intestinal absorption, distribution
to the central nervous system, and biliary/urinary
excretion of drugs (Zhou et al., 2004; Cho and Yoon,
2015). Majority of herb-drug interactions are as result of
the herbal modulation of CYP450 and/or P-gp resulting in
their inhibition or induction which could lead to
therapeutic failure. However, such interactions can also
have beneficial impact when applied as a useful strategy
to improve the efficacy of drugs that are substrates of
CYP450 and/or P-gp (Marchetti et al., 2007; Oga et al.,
2016).

This review deliberately de-emphasized herbal
preparations that were developed centuries ago, nd from
which their active antiplasmodial compounds have
already been isolated and are now in use as conventional
antimalarial drugs. These include Cinchona bark and
Artemisia annua preparations which had long undergone
several clinical trials (Honigsbaum and Willcox, 2004;
Willcox, 2009). The best-known alkaloids out of 30 that
have been reported in C. bark are quinine, its D-isomer
quinidine, and cinchonine it's L-isomer, cinchonidine.
They have been reported to show different degrees of
activities against plasmodium parasites (Karle et al.,
1999). A. annua contains a wide variety of compounds
such as monoterpenes, sesquiterpenes, steroids,
flavonoids, and coumarins (Bhakuni et al., 2002). Some
of these compounds are reported to have some
antimalarial activity, but the most active is the
sesquiterpene lactone artemisinin, from which other
derivatives are produced and used for Artemisinin-based
combination Therapy (ACT).

Obtaining information on the phyto-constituents of
herbal extracts is an important step in elucidating the
possible mechanisms for herb-drug interaction (HDI)
potential. Some classes of compounds are known to
have high potential to modulate activities of drug
metabolizing enzymes. For example, some flavonoids
and polyphenols are known to inhibit CYP450 (Kimura et
al., 2010; Vijayakumar et al., 2014). Thus, extracts
containing such compounds will be deemed to have a
high potential for HDI.

Modulation by Cryptolepis sanguinolenta

Phytochemical analyses of various fractions of C.
sanguinolenta have shown the presence of a variety of
secondary metabolites which include alkaloids, tannins
and flavones. Extracts from the root bark of various
Cryptolepis species especially C. sanguinolenta have
yielded several alkaloids which have been demonstrated
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Figure 1. Chemical Structures of some antimalarial bioactive compounds of Cryptolepis sanguinolenta.

to possess strong antiplasmodial activity (Barku et al.,
2012). The major alkaloid has been identified as
Cryptolepine, an indole-quinoline, and other minor
alkaloids with significant antiplasmodial activities which
includel1-hydroxycryptolepine,  isocryptolepine  and
neocryptolepine (Ablordeppey et al., 1990; Cimanga et
al., 1997). The chemical structures of these compounds
are presented in Figure 1. Among natural products,
indole alkaloids represent a prominent class of
compounds that contribute considerably to the
therapeutic options in malaria treatment (Frederich et al.,
2008).

Very few studies have been carried out on the
modulation of drug metabolizing enzyme activity by the
extracts of C. sanguinolenta. In a study to determine the
effect of extracts of C. sanguinolenta on the activities of
CYP2EL, CYP2B1 and CYP1A in rats, the herbal product
was found to induce the activity of only CYP1A isozyme
(Ocloo et al., 2012). There are no reports on whether or
not C. sanguinolenta extract can modulate the activities
of other major human CYP450 isoforms such as
CYP2C9, CYP2C19, CYP2D6, and CYP3A4. Co-
administration of this herbal product with artesunate was,
however, associated with an increase in the elimination
rate constant and clearance, and decrease in
bioavailability of dihydroartemisinin, the most potent
metabolite of artesunate (Sakyiamah et al., 2011).

Artesunate is known to be primarily metabolized via
esterase-mediated hydrolysis and CYP2A6 enzyme to
the active metabolite dihydroartemisinin (Li et al., 2003),
which is subsequently metabolized via uridine
diphosphate glucuronosyltransferases as well as CYP
1A8/9 and 2B7 (llett et al., 2002). Thus, it can be inferred
from this interaction study with artesunate that C.
sanguinolenta induced the metabolism of
dihydroartemisinin which resulted in decreased plasma
levels of this artesunate metabolite. It was suggested that
the effect of this herbal extract could cause sub-
therapeutic blood levels of dihydroartemisinin or
artesunate. This has been demonstrated in a study which
showed that concurrent administration of aqueous extract
of C. anguinolenta with artesunate resulted in reduction
of the effectiveness of artesunate (Ocloo et al., 2014).

The effect of aqueous extract of C. sanguinolenta on
the pharmacokinetics of another conventional antimalarial

drug, chloroquine, was studied in male Sprague-Dawley
rats. Results of the study indicated that concurrent use of
C. sanguinolenta resulted in significant reduction of
plasma concentrations of chloroquine (Sakyiamah et al.,
2012). This interaction may likely be due to the induction
of CYP1A and other isozymes since chloroquine
metabolism is mediated by CYP1A1/2, 2C8, 2C19, 2D6
and 3A4/5 (Kyoung-Ah et al., 2003).

Cryptolepine, the major antimalarial phytochemical in
extract of C. sanguinolenta has been reported to be a
substrate for aldehyde oxidase which oxidizes the
compound to cryptolepine-11-one (Godfrey et al., 2012).
This implies that there is a possibility of pharmacokinetic
interaction between C. sanguinolenta extract and drugs
that are substrates of aldehyde oxidase. In vitro
pharmacokinetic assays of cryptolepine in rat and human
plasma demonstrated that the compound has high
passive permeability and low human P-glycoprotein efflux
potential (Donkor, 2016). Therefore, C. sanguinolenta
extract is not likely to interact with concurrently
administered prescription drug via modulation of P-gp
activity.

Modulation by Cochlospermum planchonii

The leaves and roots (rhizomes) of both Cochlospermum
species; C. planchonii and C tinctorium, are very rich
sources of phytochemicals and minerals which justify the
various therapeutic uses attributed to them (Anaga and
Oparah, 2009; Lamien-Meda et al.,, 2015). These
phytochemicals include saponins, phenolics, alkaloids,
steroids, flavonoids, phlobatannins, triterpenes and
anthraquinones (Nafiu et al., 2011; Olugbemiro et al.,
2013).

In many West African countries, the decoction of the
rhizomes of both Cochlospermum species is indifferently
used for malaria treatment (Benoit-Vical et al., 2003).
Compared to the closely related species (C. tinctorium)
only few scientific studies have been done on the
phytochemical composition of C. planchonii. In both
species, Triacylbenzenes A, B, C, D called
cochlospermines along with carotenoids (cochloxanthine
and dihydrocochloxanthine), as well as tetradecanone
and 1-hydroxy-3-tetradecan-3-one have been isolated as
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Figure 2. Chemical Structures of some antimalarial bioactive compounds of Cochlospermum planchonii and C.

tinctorium.

the antimalarial bioactive compounds (Addae-Mensah et
al., 1985; Diallo and Vanhaelen, 1987; Benoit-Vical et al.,
2001; Ballin et al., 2002; Nergard et al., 2005; Tvete
Inngjerdingen et al., 2013). The rhizomes of C. tinctorium
have also been reported to contain additional antimalarial
compounds, alphitolic acid and 3-0-E-p-
coumaroylalphitolic acid (Ballin et al., 2002). The
chemical structures of some of these compounds are
presented in Figure 2. There is a major variability of
carotenoid content and antiplasmodial activity of both C.
planchonii and C. tinctorium (Lamien-Meda et al., 2015).
An extensive search of the literature revealed very
limited studies done on the ability of extracts C.

planchonii or C. tinctorium to modulate CYP450 activities.
Using microsomes from rat liver, it was demonstrated that
the aqueous extract of C. planchonii rhizome contains an
effective inhibitor of two CYP450 monoxygenase
enzymes, aniline hydroxylase and aminopyrine-N-
demethylase (Aliyu et al., 1995a). The same authors
further identified the inhibitor in the extractas zinc

formate, and reported that C. planchonii rhizomes contain
unusually high levels of manganese and zinc. Also,
synthetic and plant-derived zinc formate was equally
effective as inhibitors of CYP450 enzymes (Aliyu et al.,
1995b). This raises the theoretical possibility of
pharmacokinetic interaction between the herbal products
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of these plants and concomitantly administered aminopyrine-N-demethylase, aryl hydrocarbon

conventional drugs. However, no recent study has been
undertaken to authenticate these findings and identify the
particular CYP450 isozymes inhibited by the plant
extract. Similarly, the pharmacokinetic interactions
between the herbal products of these plants and other
drugs that may be concurrently administered have not
been investigated.

Modulation by Argemone mexicana

Chemical investigations of A. mexicana have revealed
the presence of a wide variety of compounds including
alkaloids, amino acids, phenolics and fatty acids, and this
may explain why plant is extensively used in traditional
medicine for the treatment of numerous diseases
(Sharanappa and Vidyasagar, 2014). Antiplasmodial
bioactive compounds isolated from extracts of A.
mexicana which are all alkaloids include berberine,
protopine, allocryptopine, and sanguinarine. Whereas all
are active in vitro, the absorption of berberine is poor in
animal models (Willcox et al., 2011B; Simoes-Pires et al.,
2014). The chemical structures of some of these
compounds are shown in Figure 3. It is pertinent to note
that the compound sanguinarine is considered toxic, the
primary cause of outbreaks of human poisoning known
as ‘epidemic dropsy syndrome’ (Singh et al., 2000).

This herbal product and some of the identified pure
bioactive compounds have been shown to modulate
CYP450 activities. An in vivo study on effect of argemone
oil on hepatic CYP450 in albino rats showed that, oil
caused a significant inhibition with differential effects on
CYP450 isozymes exemplified by inhibition of activities of

hydroxylase and ethoxycoumarin-O-deethylase (Upreti et
al., 1991). Using human hepatic microsomes and
recombinant CYP1Al or CYP1A2, it was reported that
sanguinarine, a bioactive antiplasmodial compound,
produced inhibition of these isozymes and also inhibited
activity of NADPH: CYP450 reductase, an enzyme
required for CYP450 activity (Vrba et al., 2004). Another
study which investigated the interaction of sanguinarine
with rat hepatic CYP450 indicated that, the alkaloid has
higher affinity and binding towards the CYP1A family
(Reddy and Das, 2008).

Catalytic and immunochemical activities of CYP450
isoforms were investigated in rats pre-treated with
different CYP inducers administered with sanguinarine.
The results suggested that these compound inhibit the
activities of CYP1A1, 1A2, 2D1, 2E1, 3A1, and Phase Il
enzymes especially glutathione-S-transferase (Eruvaram
et al.,, 2009). Other antiplasmodial alkaloids herbal
product, allocryptopine, was also shown to exhibit time-
dependent inhibition of CYP3A4, CYP2C9, and
CYP2C19, while protopine and allocryptopine showed a
reversible inhibition of CYP2D6 enzyme. The expression
of P-gp was unaffected by these compounds (Manda et
al., 2016).

Contrary to the observations with pure bioactive
phytochemicals, a study by Fasinu et al. (2016) revealed
that, A. Mexicana extracts showed more than 2-fold
induction of the pregnane-X receptor (PXR) activity.
Pregnane-X receptor upregulates the expression of some
drug metabolizing enzymes. Further studies are, no
doubt, required to clarify these discordant observations
S0 as to have a proper guidance on the safe use of this
HMP, concurrently with other drugs.



Some constituents of A Mexicana such as berberine
have been shown to be a substrate of P-gp (Pan et al.,
2002; Preeti et al., 2015). Theoretically, a P-gp substrate
can compete with another substrate resulting in herb- or
drug-drug interaction. For example, in an in Vvitro
investigation of active moieties found in several medicinal
herbs for their P-gp stimulation/inhibition profiles,
berberine produced an inhibition at high concentration,
suggesting a possible interaction of this phytoconstituent
at the level of P-gp (Najar et al., 2010). Such interaction
was demonstrated in a study where the in vivo effects of
berberine on the pharmacokinetics of carbamazepine (a
substrate of CYP3A), digoxin (a substrate of P-gp) and
cyclosporine A (a dual substrate of CYP3A and P-gp)
were evaluated in rats. Berberine produced a dose-
dependent increased bioavailability of digoxin and
cyclosporine A by inhibition of intestinal P-gp. No
significant changes in CYP3A activity by berberine were
observed (Qiu et al., 2009).

Similarly, an in vivo study on pharmacokinetic
interactions between ketoconazole (an inhibitor of CYP3A
and P-gp) and berberine showed that after oral co-
administration of both compounds, the area under the
curve (AUC) and the maximum concentration (Cmax) for
both ketoconazole and berberine markedly increased
(Zhou et al., 2012). It is evident from all these studies
with the pure compounds from A. Mexicana extracts that,
the herbal product has the potential for pharmacokinetic
interaction with concurrently administered conventional
drugs via modulation of CYP450 and P-gp activities. But,
it should be noted that the concentrations of the bioactive
compounds in the herbal extract may not be high enough
to produce the effects observed with the pure
compounds. Hence, practically relevant information must
be generated by conducting the studies using the herbal
extract. However, very limited studies have been reported
evaluating the effect of this herbal product itself on the
pharmacokinetic disposition of co-administered drugs.

Modulation by Vernonia amygdalina

A wide array of phytochemicals has been shown to be
present in V. amygdalina and these include stigmastane-
type saponins, steroidal saponins, sesquiterpene
lactones, flavonoids, alkaloids, cardiac glycosides,
anthraquinones, and glycosides (Tona et al., 2004;
Erasto et al., 2006; Luo et al., 2011; ljeh and Ejike, 2011,
Odeh and Usman, 2014). The broad variety of
compounds may explain the basis for the numerous
documented medicinal uses of this plant (Audu et al.,
2012; Egharevba et al., 2014). Sesquiterpene lactones
such as vernolepin, vernolin, vernolide, venodalol,
vernodalin and hydroxyvernodalin, as well as a steroid
glycoside, Vernonioside B1, isolated from V. amygdalina
leaves have been reported to be responsible for the
antiplasmodial activities of the plant (ljeh and Ejike, 2011,
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Kraft et al., 2003). The chemical structures of these
antiplasmodial bioactive compounds are presented in
Figure 4.

To investigate the effect of V. amygdalina extract on
drug metabolizing enzymes, semi-quantitative
measurements of CYPP450 and microsomal epoxide
hydrolase gene expression levels were obtained in
response to treatment of MCF-7 breast cancer cells with
the herbal extract. The results of Western blot and RT-
PCR analyses showed a dose and time-dependent
induction of phase 1 (CYP3A4) and phase 2 (microsomal
epoxide hydrolase) enzyme gene expression (Howard et
al.,, 2003). The findings from this study suggest that the
herbal extract has the potential to affect the disposition of
some concurrently administered conventional drugs. This
possibility has been verified and demonstrated in an
investigation that evaluates the effect of the leaf extract of
V. amygdalina on the pharmacokinetics of chloroquine in
rat. It was shown that, the herbal extract significantly
reduced the Ca., AUC and elimination half-life of
chloroquine (Igboasoiyi et al., 2008). Similar results were
obtained in a study that investigated the effects of this
herbal product on the pharmacokinetics  of
dihydroartemisinin. Plasma levels of dihydroartemisinin
were found to be significantly reduced when the drug was
co-administered with V. amygdalina (Eseyin et al., 2012).
These findings indicate that this herbal product may
reduce the effectiveness of chloroquine or
dihydroartemisinin if they are co-administered.

Contrary to the reduced plasma drug levels reported for
chloroquine and dihydroartemisinin, concurrent
administration of V. amygdalina with antidiabetic drug,
metformin, investigated in rabbits, resulted in significantly
increased drug exposure. Following V. amygdalina co-
administration, metformin showed significantly higher
Cmax, and AUC than the control group, but no significant
difference was seen in the elimination half-life (Owolabi et
al., 2014). Similarly, in a study done with an animal
model, concomitant use of V. amygdalina with nifedipine
resulted in significant increase in the plasma level of the
drug. The AUC, C,.x and elimination half-life were
significantly increased (Owolabi et al., 2013). The authors
suggested that the effect of this herbal product on
nifedipine was attributable to inhibition of CYP450. This is
not consistent with an earlier study which reported that
the herbal extract induces CYP3A4 gene expression
(Howard et al.,, 2003). Nifedipine and metformin are
known to be metabolized via hepatic CYP2C and CYP3A
subfamilies (Choiand Lee, 2012).

However, both nifedipine and metformin have been
demonstrated to inhibit P-gp efflux activity (Choi et al.,
2013; Abbasi et al., 2016). Hence, it is most probable that
the herbal product interacted with nifedipine and
metformin at P-gp level. This speculation is further
strengthened by reports of effects of V. amygdalina on P-
gp activity. Studies based on an in vitro (Caco-2 cell), ex
vivo (using chamber) and in vivo rat model revealed that,
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Figure 4. Chemical Structures of some antimalarial bioactive compounds of Vernonia amygdalina.

extract of V. amygdalina significantly inhibit P-gp
mediated digoxin transport. The authors suggested that
interactions with conventional P-gp substrate drugs are
likely to occur on co-administration with this herbal
product and this may result in altered therapeutic
outcomes (Oga et al., 2012; Oga et al., 2013).

Extracts of V. amygdalina have very high
concentrations of flavonoids and there is abundant
evidence that flavonoids can inhibit P-gp (Lohner et al.,
2007; Bansal et al., 2009; Oga et al., 2013). However, it
has been demonstrated that no correlation exists
between herbs inhibitory potentials towards CYP3A4 and
P-glycoprotein activities (Brent et al., 2008). Inhibition of
drug transporters at the intestines reduces the efflux of
drug back into the gut lumen with a resultant increase in
the bioavailability of the co-administered drug that is, a
substrate for the transporter. Also, inhibition of P-gp at
the renal tubules is expected to result in increase in
elimination half-life of a P-gp substrate. More studies are
therefore required to clarify the mechanisms mediating
these observed herb-drug interactions of V. amygdalina.

Modulation by Nauclea pobeguinii

The stem bark extract of N. pobeguinii that has
undergone clinical trials are standardized to contain 5.6%
strictosamide which is the putative active constituent.
Phytochemical investigations have revealed that steroids,
saponins, alkaloid and their glycosylated derivatives are
the major class of compounds identified and these may in
large part be responsible for the various biological
activities of this herbal product, including antimalarial
activity (Azas et al., 2002; Haudecoeur et al., 2017).

The herbal extract of N. pobeguinii contains several
indole-quinolizidine alkaloids and glycoalkaloids out of
which the main antiplasmodial compound identified is
strictosamide which is also the major compound in the
extract (Haudecoeur et al.,, 2017). There is a series of
minor constituents which reportedly have weak or
moderate antiplasmodial activities and these include
angustine, 3, 14-dihydro-angustine, angustoline, 19-O-
acetyl-angustoline, 19-O-methylangustoline, nauclefine,
and naucletine. In addition, two quinovic acid glycosides,
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Figure 5. Chemical Structures of some antimalarial bioactive compounds of Nauclea pobeguinii.

namely, 3-O-fucosyl-quinovic acid, 3-ketoquinovic have
been identified (Mesia at al.,, 2010; Xu et al.,, 2012).
Chemical structures of strictosamide and some other
antiplasmodial phytochemicals in N. pobeguinii are
presented in Figure 5. Excellent antiplasmodial activity
has been reported for strictosamide (Abreu and Pereira,
2001), which is the most abundant compound in the
crude extract (Mesia et al., 2010). However, some
studies found strictosamide to be inactive in vitro (IC50 >
64 M) (Camacho et al., 2004; Mesia et al., 2010). It was
suggested that the in vitro inactivity of strictosamide may
be attributable to the glycosidic nature of the compound
which limits its ability to be taken up by the parasite and
reach an intracellular target. Thus, it has been
hypothesized that since the extract is active in vivo,
strictosamide is metabolically activated in the
gastrointestinal tract by cleavage of the glucosidic moiety
which enables its absorption (Mesia et al., 2010).

An extensive literature search revealed paucity of
studies done to evaluate the effect of this herbal product
or its putative bioactive antimalarial, strictosamide, on
drug metabolizing enzymes. A few related investigations
found were on a closely related species, Nauclea latifolia.
Phytochemical investigations of N. pobeguinii and N.
latifolia indicate that they contain essentially the same

range of compounds and are used interchangeably for
malaria treatment (Haudecoeur et al., 2017). The effect of
NIPRD-AM1 (an aqueous root extracts of Nauclea
latifolia) on CYP3A4 was evaluated in vitro in order to
generate clinically significant data for its safe use (Adzu
et al., 2013). Results showed that the extract significantly
inhibited the activity of CYP3A4 with a very low IC50
value of 0.01 mg/mL comparable to that of ketoconazole
(0.016 mg/mL), a known CYP3A4 inhibitor. Although an
in vitro interaction may not necessarily reflect in vivo to
the same magnitude, in all provides a useful indication for
an appropriate guidance. This finding therefore suggests
the need to exercise caution in concurrent administration
of this herbal product with conventional drugs that are
CYP3A4 substrates. However, studies are required to
validate this modulation in vivo and also to determine
whether the herbal product modulates the activities of
other CYP450 isozymes.

In alternative investigation, the effect of concurrent
administration of NIPRD-AM1 on the pharmacokinetics of
metronidazole was investigated in healthy volunteers.
Results showed that there was no interaction between
NIPRD-AM1 and metronidazole. The findings, therefore,
indicate that metronidazole and NIPRD-AM1 can be used
concurrently without any fear of adverse interaction
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(Obodozie et al., 2011). Since metronidazole is known to
be mainly metabolized by CYP2A6 (Pearce et al., 2013),
it can be projected that this herbal product is not likely to
affect the metabolism or disposition of conventional drugs
that are CYP2AG6 substrates.

Another study examined the influence of NIPRD-AM1
on the pharmacokinetics of paracetamol in healthy
human volunteers. The herbal product produced
statistically significant reductions in AUC and C,,,, With
no significant alterations in the elimination half-life of
paracetamol when co-administered (Obodozie et al.,
2004). Since the elimination kinetics of paracetamol was
not affected, it is suggested that the significant reduction
in the bioavailability of the drug is attributable to some
pre-absorption process or interaction in the GIT that may
have affected the quantity of paracetamol available for
absorption. However, this has to be confirmed
experimentally. There is need for further studies to
evaluate the effect of N. pobeguinii extract on different
CYP450 isoforms.

Modulation by Punica granatum

Phytochemical analysis of P. granatum (also called
pomegranate) extract shows the presence of a wide
range of phytochemicals constituents which include
tannins, saponins, flavonoids, steroids, alkaloids
coumarin, terpenoids, lignin and sugars (Sreekumar et
al.,, 2014; Nalini and Anuradha, 2015). This diversity of
phyto-constituents may be responsible for the reported
use of this herbal product for several disease conditions
in folklore medicine (Miguel et al., 2010; Shaygannia et
al., 2016; Wu and Tian, 2017).

The antiplasmodial bioactive compounds in fruit rind of
the P. granatum which has shown clinical efficacy in
treatment of malaria are ellagic acid and hydrophyllic
ellagitannins and include punicalin, punicalagin, and
punicafolin (Bhattacharya, 2011; Vishal et al., 2011; Wu
and Tian, 2017). Chemical structures of some of these
antiplasmodial phytochemicals are presented in Figure 6.

The diversity of compounds in this herbal product has



been reported to modulate drug metabolizing enzymes
(Srinivas, 2013; Mallhi et al., 2015). It has been shown to
inhibit different CYP450 isoforms. For example, the ability
of the fruit juice of P. granatum to inhibit CYP3A4 was
examined and established using human liver microsomes
(Hidaka et al., 2005). A similar significant inhibition of
CYP3A4 activity by P. granatum fruit extract was further
confirmed by another group using a luminescence assay
(Ashour et al., 2017). P. granatum fruit extract has been
analysed for its capacity to inhibit in vitro metabolism by
human CYP3A4 and CYP2D6 with a radiometric assay
technique. The extract showed significant inhibitory
effects on both CYP450 isoforms (Usia et al., 2006).
Similar inhibitory effect of P. granatum fruit juice was
reported on midazolam 1'-hydroxylase activity, a marker
of CYP3A, which was evaluated in pooled human liver
microsomes. The inhibitory potency is; however, less
than that of grapefruit juice (Kim et al., 2006).

Hidaka et al. (2005) also investigated the in vivo
interaction in rats between P. granatum fruit juice and
carbamazepine. This result showed that concurrent oral
administration resulted in 50% increase in the AUC of
carbamazepine. Carbamazepine is a known CYP3A4
substrate (Kerr et al., 1994) and was concluded that the
fruit juice inhibits the activity of enteric but not hepatic
CYP3A, since the elimination half-life of carbamazepine
and the metabolic ratio (AUC ratio of carbamazepine-10,
11-epoxide to carbamazepine) were not altered when the
juice was administered parenterally. This is similar to the
well-known inhibitory effect of grapefruit juice on intestinal
CYP450. This interaction can be positively exploited, to
enhance the bioavailability of CYP3A4 substrates that
have poor bioavailability resulting from extensive pre-
systemic metabolism. A similar finding is reported for
nitrendipine (CYP3A4 substrate) whose C.x and AUC
are significantly increased by co-administration of the fruit
juice (Voruganti et al., 2012). The effect of P. granatum
fruit juice consumption on the expression and activities of
CYP1A1/2, CYP2EL, and CYP3A were assessed in mice.
It was found that juice consumption decreased total
hepatic CYP content as well as the expression of
CYP1A2 and CYP3A (Faria et al., 2007; lbrahim et al.,
2016).

In another study, the ability of fruit juice of this herb to
inhibit the activity of human CYP2C9 was examined
using human liver microsomes and diclofenac as the
probe drug for CYP2C9 isoform. The juice was shown to
be a potent inhibitor of human CYP2C9 (Nagata et al.,
2007). This finding was verified in vivo by the same
authors (Nagata et al, 2007) in a study which
investigated the effect of the fruit juice on the
pharmacokinetics of tolbutamide in rats. Tolbutamide, an
oral hypoglycaemic drug, is mainly metabolized by
CYP2C9 (Miners and Birkett, 1998). Concurrent
administration of the juice with tolbutamide resulted in a
significant increase in the AUC of tolbutamide but the
elimination half-life was not altered. Since the elimination
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half-life of the drug did not change, the results suggest
that P. granatum juice inhibits the intestinal but not
hepatic metabolism of tolbutamide. Both diclofenac and
tolbutamide are recommended as a CYP2C9 probe
substrate for in vitro and in vivo studies, respectively
(Bjornsson et al., 2003). However, an investigation done
in vitro and in human subjects revealed that despite the
inhibition of CYP2C9 in vitro by P. granatum juice and
extract with flurbiprofen serving as the index substrate,
no effect on CYP2C9 activity was observed in vivo. The
herbal product did not produce any significant
pharmacokinetic interaction (Hanley et al.,, 2012). A
further clarification is required to confirm the effect of the
herbal extract on CYP2C9 activity in humans.

The CYP450 inhibitory effects of P. granatum fruit
extract manifests in  significant pharmacokinetic
interactions with different drugs that are substrates
especially CYP3A4. For example, consumption of the
fruit juice resulted in significant increase in the
bioavailability of warfarin (Jarvis et al., 2010). Warfarin is
composed of two enantiomers, R-warfarin and S-
warfarin. R-warfarin is metabolised primarily by CYP1A2
and CYP3A4, while S-warfarin is metabolised primarily by
CYP2C9 (Kaminsky and Zhang, 1997). A similar finding
was reported for buspirone in which there was a
significant increase in the bioavailability of buspirone after
pre-treatment with P. granatum juice in rabbits. This
increase in bioavailability was attributed to inhibition of
CYP3A4 (Kumar et al., 2011). Buspirone is an anxiolytic
drug which undergoes extensive CYP3A4-mediated first-
pass metabolism in humans (Zhu et al., 2015).

P. granatum fruit also modulates Phase Il metabolic
reactions as demonstrated in a study which showed that,
juice potently inhibited the sulfo-conjugation but not
glucuronidation of 1-naphthol in Coca-2 cells.
Punicalagin, one of the antiplasmodial bioactive
compounds and the most abundant polyphenol in the
juice was also found to strongly inhibit sulfo-conjugation
in Caco-2 cells, suggesting that punicalagin is mainly
responsible for the inhibition of sulfoconjugation by juice
(Saruwatari et al., 2008).

P. granatum fruit extract is also known to be a
modulator of P-gp causing inhibition of the drug
transporter (Shravan et al., 2009; Voruganti et al., 2012).
A study was undertaken to evaluate the influence of the
extract on the pharmacokinetics of saquinavir in rats and
on the P-gp mediated intestinal transport of saquinavir in
everted gut sacs ex vivo. Results of the study suggested
that single dose administration of the extract resulted in
inhibition, while multiple dose administration resulted in
induction of CYP3A4-mediated saquinavir metabolism in
vivo. Also, an inhibitory effect on the P-gp mediated
intestinal transport of saquinavir ex vivo was observed
(Vemulapalli et al., 2016). Adukondalu et al. (2010) had
earlier reported that P. granatum juice given in multiple
doses has induction effect on the CYP3A4 enzymes
based on their study which showed a decrease in the
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Figure 7. Chemical Structures of some antimalarial bioactive compounds of Malarial-5 from Cassia occidentalis (a — €), Lippia
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plasma concentrations of carbamazepine in rats.

The study point out need for caution to be exercised in
concurrent ingestion of P. granatum juice or extract, with
drugs especially those which are substrates of CYP3A
and P-gp.

Modulation by malarial-5

Malarial-5 is a herbal formulation containing extracts of
three plants which are: Leaves decoction of C.
occidentalis (62%), leaves decoction of Lippia chevalieri
(32%) and flowerheads decoction of S. oleraceae (6%)
(Diallo et al., 2004; Willcox, 2011).

A wide range of classes of chemical compounds
including alkaloids, flavonoids, tannins, anthraquinones,
glycosides, steroids, terpenoids and saponins have been
isolated from C. occidentalis leaves, and these may
account for the numerous pharmacological activities of
herb (Yadav et al., 2010; Deshpande and Bhalsing, 2013;
Choudhary and Nagori, 2014). The bioactive compounds
that have been reported to mediate the antiplasmodial
activity of the herbal extract are the anthraquinones such
as emadin, aloe-emodin, 1, 8-dihydroxyanthraquinone,
chrysophanol (also called chysophanic acid) and
physcion (Christensen and Kharazmi, 2001; Kayembe et
al., 2010; Choudhary and Nagori, 2014; Rekha et al.,

2016). The chemical structures of some of the
antiplasmodial phytochemicals in the herb are shown in
Figure 7.

The other component of Malarial-5, L. chevalieri, is
traditionally used as an antimalarial, as well as a sedative
and also for the treatment of respiratory diseases,
amongst other diseases. It is also used in combination
with other herbs to improve antimalarial efficacy (Pascual
et al., 2001; Bangou et al.,, 2012a). Phytochemical
studies of this herb showed that L. chevalieri leaves
contain essential oils of which sesquiterpenoids are the
major constituents. The dominant components in oil from
the leaves are pB-caryophyllene, elemol, thymol and
caryophyllene (Mevy et al, 2007). Other major
components of leaves are numerous polyphenolic
compounds which are flavones and flavanols (Bassole et
al., 2003; Bangou et al, 2012b). The analgesic,
antipyretic and antiplasmodial activities of L chevalieri
have been demonstrated to be attributable to the various
components of its essential oil (Abena et al., 2003; Kunle
and Egharevba, 2012).

The major phytochemicals present in S. oleraceae are
saturated and unsaturated alkyl ketones, alkylamides,
hydrocarbons, acetylenes, lactones, alkaloids,
terpenoids, flavonoids, and coumarins. These may be
responsible for the numerous pharmacological effects
associated with the herb (Paulraj et al., 2013). It has



been identified that alkylamides are the most abundant of
these phytochemicals and have been shown to possess
varied biological activities (Clarkson et al., 2004; Raduner
et al., 2006). The compound spilanthol, N-isobutylamide
is the most important and principal bioactive alkylamide
present in the flowerhead as well as other parts of the
plant (Barbosa et al., 2016). Spilanthol has many
biological activities including analgesic, antimalarial and
immunomodulatory effects (Sharma et al., 2012; Dubey
et al., 2013).

An extensive search of the literature did not show any
study which evaluate the CYP450 modulatory ability of
the herbal formulation, Malarial-5, thus prompting a
search for information on the individual herbal
components. To examine whether C. occidentalis leaves
extract exerts its antimutagenic activity by modulating
xenobiotic activation and detoxification mechanisms,
animals were treated with plant extract followed by
determination of phase 1 and Phase 2 metabolic
processes. Animals treated with C. occidentalis extract
showed a reduced level of CYP450 and elevated levels
of glutathione S-transferase activity and glutathione
contents in the liver (Sharma et al., 1999).

In recent study, the inhibition of CYP3A4 activity by
different plant extracts was evaluated using a
luminescence assay. An extract of Cassia tora, which
contains the same range of phytochemicals as C
occidentalis (Sarwa et al.,, 2014) showed significant
inhibition of the CYP isoform (Ashour et al., 2017). The
inhibition of CYP3A4 by concurrent administration of
Cassia extract was demonstrated in vivo in a study which
evaluates the pharmacokinetic interaction of metformin
with Cassia auriculata in rats. The results showed that,
plant extract resulted in significant increase in AUC and
elimination half-life of metformin (a CYP3A substrate)
(Elango et al., 2015). A similar increase in plasma drug
levels was documented after concurrent administration of
extract of C. auriculata with carbamazepine, which has
been suggested to have been mediated through inhibition
of the metabolism of carbamazepine (Thabrew et al.,
2004). Carbamazepine is a known CYP3A4 substrate
(Kerr et al., 1994). These findings suggest that caution
should be exercised in co-administration of herbal
product, containing Cassia extract along with
conventional drugs that are substrates of CYP3A4.

A study evaluated the effects of extract of another
species Cassia which is also used for malaria treatment
(Cassia abbreviata) on CYP450 enzyme activity, using
recombinant CYP450 enzyme. It was demonstrated that
extract inhibit activites of CYP1A2, CYP2C9, and
CYP2C19 isoforms (Thomford et al., 2016). There is
need for an in vivo confirmation of this in vitro
observation. However, preliminary information can be
obtained by the prediction of possible in vivo herb-drug
interaction using in vitro results. If no interaction occurred
in vitro, there is no likelihood of an in vivo effect. The
findings on modulation of CYP450 activities obtained with
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these Cassia species may be applicable to C.occidentalis
since phytochemical investigations of the extracts of
various Cassia species used for malaria treatment
indicate that, they contain essentially the same
compounds (Singh et al., 2013).

There is sparse information in the literature on studies,
which evaluate the effects of extracts of L. chevalieri
leaves on drug metabolizing enzymes or P-gp activities.
Since the extract contains numerous polyphenolic
compounds (Bassole et al., 2003; Bangou et al., 2012a),
and some polyphenols are known to inhibit CYP450
activities (Kimura et al., 2010; Vijayakumar et al., 2014),
the extract might be expected to have an effect on drug
metabolizing enzymes. An in vitro study was undertaken
to evaluate the effect of extract of L. chevalieri on some
metabolic enzyme activities.

The extract showed a significant inhibition of
glutathione—S-transferase and xanthine oxidase activities
that were investigated. The common factor among other
herbal extracts investigated in this study is that they are
all rich in phenolic contents (Bangou et al., 2011). The
paucity of herb-drug interaction data on this herb signifies
the need for in vitro and in vivo studies which clarify the
ability of this herbal extract to produce a clinically relevant
interaction.

The whole flowering plant extracts of S. oleraceae (also
called Spilanthes acmella) were tested in vitro using
human liver microsomes against CYP2C9, CYP1A2,
CYP2A6 and CYP2EL. The extract was not found to be a
significant inhibitor of CYP1A2, CYP2A6 but showed
moderate inhibition of CYP2E1 when used at high
concentration. Also, the extract showed considerable
inhibition against CYP2C9. However, Spilanthol, the
major alkylamide component of Spilanthes was found to
be a potent inhibitor of CYP2E1 (Moulick, 2006; Raner et
al., 2007). The significance of this finding will depend on
a confirmation of the results in an in vivo study, but, there
is an indication that, safety consideration in a concurrent
use of S. oleraceae extract with drugs metabolized by
CYP2C9 is needed.

Conclusion

Literature is replete with information on varieties of plants
from different parts of the world that have been tested in
vitro and in vivo in animal models, documented to
possess antiplasmodial activities. But very few of them
have been taken through clinical trials. This is a very
important missing step in a drug development process.
Although some of these plant extracts have been in use
for hundreds of years for traditional treatment of malaria,
there is a clear need for their efficacies to be scientifically
established through randomized clinical trials. With the
increase use of herbal products in recent years, there is
an urgent demand for further studies with regard to their
safety and efficacy.
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Since CYP450 enzymes and P-glycoprotein play major
roles in drug disposition, studying their interactions with
herbal extracts is an important requirement in promoting
safe use of these herbal products. The interaction of
conventional drugs with herbal medicines is a significant
safety concern because such can result in sub-
therapeutic or toxic plasma levels of the concurrently
administered drug. Malaria is associated with co-
morbidities with other infections and non-communicable
diseases which engenders co-administration of other
conventional drugs with herbal antimalarial products.

Herbal medicines contain several active compounds
that can serve as substrate for or induce/inhibit enzymes
involved in the metabolism of other drugs. Theoretically,
there is an increased risk of potential herb-drug
interactions compared to conventional drugs that usually
contain one chemical compound. Hence, as part of the
process of standardization and development of herbal
medicine for clinical use, it is important to identify drugs
that may interact with the herbal medicines. It is evident
from this review that the issue of antimalarial herb-drug
interaction has not received the deserved attention. Only
a few reports on herb-drug interactions were found,
suggesting that very little attention is being given to the
safety of herbal medicines.

Therefore, much research is required in this area so as
to improve on the safe use of these herbal products.
Also, pharmacological studies are still needed on the
mechanisms of action by which the plant extracts and the
active compounds exert their pharmacological effects.
With this knowledge, a putative bioactive constituent can
serve as a lead compound for further investigation with
regard to structure-activity relationship studies for
optimization of the drug efficacy.
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