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Plasmodium falciparum remains the most deadly malaria parasite species, contributing
to significant global morbidity and mortality, especially in sub-Saharan Africa and
Southeast Asia. Although antimalarial drugs—particularly artemisinin-based
combination therapies—have played a vital role in reducing the malaria burden, the
emergence and spread of drug-resistant P. falciparum strains now threaten to reverse
these gains. This review synthesizes current understanding of the pharmacological
actions of key antimalarial drugs and the molecular mechanisms underlying resistance,
including genetic mutations, gene amplifications, epigenetic adaptations, and altered
drug transport. It also explores advancements in diagnostic and surveillance tools, such
as molecular markers, in vitro sensitivity assays, and genomic epidemiology, which are
crucial for tracking resistance in real time. Furthermore, the paper discusses promising
directions for future research, including the development of novel antimalarials with
resistance-breaking potential, the integration of vaccines and transmission-blocking
interventions, and the need for strengthened health systems and policy innovation.
Addressing P. falciparum drug resistance will require sustained global collaboration,
multidisciplinary research, and proactive investment in next-generation strategies to
preserve treatment efficacy and advance malaria elimination efforts.

INTRODUCTION an estimated 608,000 deaths reported in 2022, the

. ) vast majority of which occurred in sub-Saharan
1.1 Overview of Malaria and Global Burden: Africal®. Despite decades of global malaria

Malaria remains a formidable global health . . .
) ) °© control efforts, the disease persists as a leading
concern, with approximately 249 million cases and cause of morbidity and mortality, particularly
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among children under five years of age and
pregnant women %271, According to WHO data,
over 95% of malaria cases and deaths are reported
from Africa, with the remainder primarily in
Southeast Asia, the Eastern Mediterranean, and
parts of South America % The prevalence of
malaria is influenced by a complex interplay of
climatic, ecological, and socioeconomic factors.
Endemicity is highest in tropical and subtropical
regions where Anopheles mosquito vectors thrive
[27.30] The global burden is further compounded by
limited healthcare infrastructure and access to
timely diagnostics and treatment in many endemic
countries 7],

1.2 Importance of Plasmodium falciparum:
Among the five Plasmodium species known to
infect humans, Plasmodium falciparum is by far
the most lethal, responsible for over 99% of
malaria deaths worldwide ). Its ability to cause
severe and often fatal complications such as
cerebral malaria, anemia, and multi-organ failure
sets it apart from other species such as P. vivax or
P. malariae (Figure No. 1) 39361,

The pathogenicity of P. falc1parum is closely
linked to its complex lifecycle, which involves
both asexual replication in the human host and
sexual reproduction in the mosquito vector *”). In
the human bloodstream, the parasite invades
erythrocytes, leading to their destruction and
contributing to clinical symptoms. The parasite
also modifies the red cell surface, enabling
adherence to vascular endothelium, which
underlies severe complications like cerebral

malaria 3%,
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Figure No. 1: Plasmodium falciparum

1.3 Emergence of Drug Resistance: Drug
resistance in P. falciparum has emerged as one of
the most significant challenges in malaria control
and eradication. Historically, the development of
resistance to chloroquine in the 1950s and
sulfadoxine-pyrimethamine in the 1970s led to
widespread treatment failures and a resurgence in
malaria-related mortality 12 The loss of
efficacy of these once highly effective drugs
necessitated the adoption of artemisinin-based

combination therapies (ACTs), which are
currently the cornerstone of treatment for

uncomplicated P. falciparum malaria 31-37),

However, the emergence and spread of artemisinin
resistance—first ~ documented in
Cambodia and now confirmed in multiple
Southeast Asian countries—pose a major threat to
global malaria control efforts 3238 Artemisinin

western

resistance is primarily associated with mutations in
the kelch13 gene, particularly the C580Y variant,
which correlates with delayed parasite clearance
(1112371 Although ACTs still remain largely
effective in Africa, sporadic kelchl3 mutations
have been detected, raising concerns about
potential resistance propagation 415221,

The implications of drug resistance are profound.
Resistance undermines the effectiveness of
existing treatments, increases the duration and
severity of infection, and leads to greater
transmission potential 433, Moreover, resistance
necessitates frequent changes in drug policy,
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incurs higher treatment costs, and demands

continuous surveillance and research investment
[26,27,31]

2. ANTIMALARIAL DRUGS AND THEIR
MODES OF ACTION:

2.1 Quinolines (e.g., Chloroquine,
Amodiaquine): Quinoline antimalarials,
particularly chloroquine and amodiaquine, were
the mainstay of malaria treatment for decades
before widespread resistance emerged. These
drugs target the parasite’s food vacuole, where
haemoglobin from the host red blood cell is
digested to release amino acids necessary for
parasite growth. This process generates toxic
heme, which the parasite detoxifies by
polymerizing it into inert crystalline hemozoin
3891 " Chloroquine and related quinolines act by
disrupting this detoxification pathway, specifically
by binding to heme and preventing its
polymerization, leading to accumulation of toxic
free heme and subsequent parasite death [>3!,
Resistance to chloroquine is primarily mediated by
mutations in the pfcrt gene (most notably K76T),
which encodes the Plasmodium falciparum
chloroquine resistance transporter, altering drug
accumulation within the food vacuole "%,

2.2 Antifolates (e.g., Sulfadoxine-
Pyrimethamine): Antifolate antimalarials such as
sulfadoxine-pyrimethamine (SP) inhibit folate
biosynthesis, a critical pathway for DNA
replication and cell division in P. falciparum.
Pyrimethamine targets dihydrofolate reductase
(DHFR), while sulfadoxine targets
dihydropteroate synthase (DHPS) [#1°l By
inhibiting these enzymes, SP blocks the synthesis
of tetrahydrofolate, thereby halting nucleic acid
synthesis and parasite growth.

Resistance to SP has been extensively documented
and is associated with point mutations in the dhfr
and dhps genes ['32% High-level resistance is
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conferred by the accumulation of multiple
mutations, particularly the triple-mutant dhfr allele
(NSII, C59R, S108N) and double or triple
mutations in dhps (e.g., A437G, K540E) [1%-20.21],
Despite declining efficacy, SP continues to be used
in intermittent preventive treatment in pregnancy

and infancy due to its cost-effectiveness and long
half-life 18201,

2.3 Artemisinin and Derivatives: Artemisinin
and its derivatives (e.g., artesunate, artemether)
represent the most potent class of antimalarial
drugs currently available. They are sesquiterpene
lactones containing an endoperoxide bridge, which
is essential for their antimalarial activity 439361,
Upon activation by iron or heme within the
parasite, the endoperoxide bond undergoes
cleavage, generating reactive oxygen species
(ROS) and carbon-centered radicals that alkylate
and damage parasite proteins and membranes (>3],
These compounds rapidly reduce parasitemia by
targeting multiple proteins involved in essential
biological However, emerging
resistance—characterized by delayed parasite
clearance—has been linked to mutations in the
kelch13 gene, particularly in Southeast Asia
(113237 " The mutations are believed to reduce
artemisinin susceptibility by affecting cellular
stress responses and protein damage repair
mechanisms [&11:32],

Processes.

24 Antibiotics (e.g.,
Clindamycin): Antibiotics such as doxycycline
and clindamycin are used in combination therapies
or as prophylactic agents against malaria. These
drugs exert their antimalarial effects by targeting
the apicoplast, a non-photosynthetic plastid
essential for parasite survival ?°2%. The apicoplast
is involved in the synthesis of fatty acids,
isoprenoids, and heme precursors.

Doxycycline,

Doxycycline and clindamycin inhibit protein
synthesis in the apicoplast by targeting its 70S
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ribosomal machinery, thereby impairing essential
metabolic pathways [?°!. These antibiotics have a
delayed onset of action and are therefore used in
conjunction with faster-acting drugs. Resistance to
antibiotics in malaria parasites remains uncommon
but requires ongoing surveillance due to the

critical role of the apicoplast in parasite viability
[29,30]

3. MOLECULAR MECHANISMS OF DRUG
RESISTANCE IN PLASMODIUM
FALCIPARUM:

3.1 Genetic Mutations in Drug Targets:

pfert Mutations and Chloroquine Resistance:
Chloroquine (CQ) resistance in Plasmodium
falciparum is strongly associated with mutations in
the chloroquine resistance transporter gene (pfcrt),
located on chromosome 7. The most crucial
mutation is K76T, which is a molecular marker for
chloroquine resistance ™). This mutation alters
the ionic properties of the PfCRT transporter,
allowing the efflux of chloroquine from the
parasite’s digestive vacuole, preventing the drug
from interfering with hemozoin formation [,
Additional mutations such as M74l, N75E,
A2208S, Q271E, and R3711 have been reported to
enhance resistance and stabilize the transporter’s
function under selective pressure 91,

In South America and Southeast Asia, these
mutations have reached fixation, contributing to
treatment failures. Interestingly, in some African
regions, withdrawal of chloroquine led to a re-
emergence of chloroquine-sensitive  strains,
suggesting a fitness cost associated with resistance
mutations in the absence of drug pressure [16],
dhfr and dhps Mutations for Antifolate
Resistance: Antifolate resistance arises from point
mutations in the dihydrofolate reductase (dhfr) and
dihydropteroate synthase (dhps) genes. dhfr
mutations like SIO8N, which directly interferes
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with pyrimethamine binding, usually appear first.
As resistance intensifies, additional mutations—
NS51I, C59R, and I164L—accumulate, resulting in
high-level resistance %21,

In the dhps gene, the most common mutations
associated with resistance to sulfadoxine are
A437G, K540E, and A581G. A triple dhfr mutant
combined with a double dhps mutant is often
referred to as the “quintuple mutant,” which is
strongly predictive of sulfadoxine-pyrimethamine
(SP) treatment failure ['*2!]. This combination is
widespread in East Africa, correlating with the
reduced efficacy of SP for both treatment and
intermittent preventive therapy (IPTp) 2%,
kelch13 Mutations and Artemisinin Resistance:
Artemisinin resistance is a newer and particularly
alarming form of resistance, first observed in
western Cambodia. It is characterized by delayed
parasite clearance and is molecularly linked to
mutations in the kelchl3 gene located on
chromosome 13 (111232 The C580Y mutation is
the most dominant and clinically validated
mutation associated with resistance. Other
significant mutations include Y493H, R539T,
1543T, and F4461 ['132],

These mutations are believed to alter parasite
stress response pathways, particularly the unfolded
protein response, which helps P. falciparum
survive artemisinin-induced protein damage.
Mutated Kelch13 may affect the parasite’s ability
to clear damaged proteins, thus allowing it to
persist during drug exposure ©3%37] Although
these mutations are currently concentrated in the
Greater Mekong Subregion, sporadic appearances
in Rwanda and Uganda raise concerns of spread to
Africa (14151,

3.2 Gene Amplification: Amplification of the

multidrug resistance gene 1 (pfmdrl) on
chromosome 5 is a well-established resistance
mechanism  against  several  antimalarials,
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particularly mefloquine, lumefantrine, and to some
extent artemisinin derivatives 28331, Increased
gene copy number leads to overexpression of the
PfMDRI1 transporter, which is localized to the
digestive vacuole membrane and affects drug
transport across the membrane (Figure No. 2) [-28],
In areas like Thailand and Myanmar, up to 50% of
isolates show increased pfmdrl copy number,

correlating with mefloquine treatment failure 131,
Importantly, amplification is not always associated
with single nucleotide polymorphisms (SNPs),
meaning its detection requires molecular
quantification techniques such as qPCR or digital
PCR 2%,

Digestive vacuole
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Figure No. 2: PFMDRI1 A Multidrug Resistance Protein", Illustrating The Structure Of The PFMDR1

3.3 Epigenetic Modifications and Gene
Expression: Recent research has demonstrated
that epigenetic plasticity plays a significant role in
P. falciparum's ability to adapt to drug pressure.
Histone modifications such as acetylation
(H3K9ac) and methylation (H3K4me3) modulate
gene expression without altering the DNA

sequence, allowing  rapid

reprogramming 423,

transcriptional

For example, the upregulation of stress-response
genes, chaperones, and proteasomal pathways has
been observed in parasites exposed to artemisinin
(6241 The parasite’s chromatin landscape can
dynamically change, activating genes that enhance
survival during drug exposure. Additionally, the
expression of certain transporter genes and drug
metabolizing enzymes may be upregulated
epigenetically, further contributing to adaptive
resistance %1,
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3.4 Transporter-Mediated Resistance: Multiple
drug transporters in P. falciparum contribute to
resistance by  altering
concentrations:

PfCRT: Mutated PfCRT pumps chloroquine
out of the digestive vacuole [%°],

PfMDRI1: Modulates sensitivity to multiple

drugs, including mefloquine and lumefantrine
(28]

intracellular  drug

PfMRP1 (Multidrug Resistance-Associated
Protein 1): An ABC transporter linked to
decreased drug sensitivity, particularly to
piperaquine and artesunate !,

Other ABC Transporters: Such as PfABCI,
are suspected to play roles in resistance but
remain less characterized. Additionally,
transporter expression levels may be regulated
in response to drug exposure, not necessarily

requiring mutations -],
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3.5 Parasite Fitness and Compensatory
Mutations: Drug resistance mutations often incur
fitness costs, such as slower growth rates, reduced
infectivity, or impaired transmission. For instance,
pfert K76T mutants are less fit than wild-type
parasites in drug-free conditions [1>!634] However,
P. falciparum can accumulate compensatory
mutations to mitigate these costs. For example,
mutations elsewhere in pfcrt or in pfmdrl may
restore protein function and improve viability [516],
Compensatory evolution ensures that resistant
strains persist even after drug withdrawal,
contributing to long-term maintenance of
resistance alleles in the population. Furthermore,
in areas of high transmission, resistant parasites
may outcompete sensitive ones due to selective
drug pressure, especially where
coverage is inconsistent [1334],

treatment

4. Diagnostic and Surveillance Tools:

Monitoring antimalarial drug resistance is critical
for timely policy decisions and treatment strategy
optimization. An integrated approach combining
molecular diagnostics, phenotypic assays, field
surveillance, and genomic epidemiology allows
for early detection, monitoring, and prediction of
Plasmodium falciparum resistance patterns.

4.1. Molecular Markers of Resistance: The
identification and tracking of single nucleotide
polymorphisms (SNPs) in resistance-associated
genes have revolutionized the surveillance of P.
falciparum drug resistance. These markers are
specific, cost-effective, and highly sensitive for
detecting resistance even at submicroscopic
parasite densities.

Key Resistance Markers:

e pfert (chloroquine resistance): The K76T
mutation is the hallmark of chloroquine
resistance and remains a central molecular
marker for global surveillance. Additional

S\

- Q,\} INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

S

S

i

linked mutations (e.g., M741, N75E) enhance
phenotypic resistance 7",

e dhfr and dhps (antifolate resistance):
Mutations such as S108N, C59R, and N511 in
dhfr, and A437G and K540E in dhps correlate
strongly with sulfadoxine-pyrimethamine
failure 18211,

e kelchl3 (artemisinin resistance):
Polymorphisms in the propeller domain,
especially C580Y, are validated molecular
markers for delayed parasite clearance and are
now part of WHO’s global molecular
surveillance framework 112321,

e pfmdrl and plasmepsin 2-3 amplifications:
These serve as molecular indicators for
resistance to lumefantrine, mefloquine, and
piperaquine %31,

Diagnostic Techniques:

e Polymerase Chain Reaction (PCR)-based
SNP detection remains the standard tool for
genotyping resistance markers.

e Sanger sequencing and next-generation
sequencing (NGS) allow high-resolution
mapping of parasite genotypes, enabling
detection of known and novel mutations 2%27],

e gPCR and ddPCR are used for quantifying
gene copy number variations, such as pfmdrl
amplification, which impacts multidrug
resistance 28],

The integration of these molecular markers into

routine  surveillance allows public health

authorities to respond quickly to emerging
resistance  patterns and modify treatment
guidelines.

4.2. In Vitro Sensitivity Assays: Phenotypic
assays remain essential for assessing functional
resistance and understanding the clinical
significance of molecular markers. These assays
measure parasite viability and drug susceptibility
under controlled laboratory conditions.
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Key Assays:
I. ICso Assay (Half-maximal Inhibitory
Concentration):

e Measures the concentration of a drug required
to inhibit 50% of parasite growth in vitro.

e Standardized protocols (e.g., WHO microtest
and SYBR Green I fluorescence assay) are
used for quantifying ICso values for various
drugs.

e ICso shifts can precede clinical treatment
failure, making it a predictive tool 122231,

2. Ring-Stage Survival Assay (RSA):

e Designed
resistance.

specifically  for artemisinin

e Measures the survival of synchronized ring-
stage parasites (0—3 hours post-invasion)
exposed to dihydroartemisinin (700 nM) for 6
hours.

e A survival rate >1% indicates in vitro
artemisinin resistance 32371,

e Strongly correlates with kelchl13 mutations
and clinical resistance.

3. Piperaquine Survival Assay (PSA):

e Developed to evaluate resistance to
piperaquine.

e Has been particularly valuable in Cambodia
and Vietnam, where plasmepsin 2-3
amplification is associated with treatment
failures (3],

These assays provide a phenotypic complement to

molecular diagnostics and are often employed in

research laboratories and therapeutic efficacy

studies.

4.3. Field Surveillance Programs: Robust field
surveillance networks are crucial for tracking
resistance patterns at population levels and
informing national and international malaria
control policies.

WHO and Regional Initiatives:

U
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1. World Health Organization (WHO) Global
Malaria Programme (GMP):

e Coordinates global surveillance through the
Global Antimalarial Drug Resistance
Monitoring Network (WHO-GAMDR).

e Publishes regular reports on drug efficacy and
resistance trends %),

2. Therapeutic Efficacy Studies (TES):

e Standardized WHO protocol for monitoring
the clinical and parasitological efficacy of
antimalarial drugs.

e Incorporates both clinical outcomes and
molecular marker analysis (e.g., kelchl3,
pfert, dhft/dhps) U451,

3. Regional Programs:

e FEast African Network for Monitoring
Antimalarial Treatment (EANMAT) and
South East Asia ICEMR (International
Centers of Excellence for Malaria Research)
perform longitudinal studies of resistance
evolution.

e President's Malaria Initiative (PMI) and
MalariaGEN provide technical and financial
support for molecular and epidemiological
surveillance 2771,

These field programs collect clinical samples,

conduct in vivo drug efficacy testing, and integrate

genomic data, enabling a comprehensive
surveillance framework adaptable to changing
resistance patterns.

4.4. Role of Genomic Epidemiology: Genomic
epidemiology leverages whole-genome
sequencing (WGS) and bioinformatics tools to
map the emergence and spread of resistance alleles
in real time.

Applications and Tools:

1. Whole Genome Sequencing (WGS):
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e Provides high-resolution insight into parasite
population structure, mutation origins, and
selective sweeps.

e Identified independent origins of kelchl3
C580Y mutations in Southeast Asia,
suggesting multiple evolutionary hotspots 21,

2. Molecular Barcoding and Haplotype
Mapping:

e Track transmission chains and geographic
dissemination of resistant parasites.

e Useful for distinguishing between de novo
mutations and imported resistance strains
[2627]

3. Real-Time Surveillance Platforms:

e Tools like Pf3k, MalariaGEN, and
OpenMalaria host genomic

that researchers

policymakers to visualize global resistance
trends.

open-access

datasets allow and

e These platforms integrate sequence data with
clinical and environmental metadata for
predictive modeling of resistance spread.

4. Portable Genomics (e.g., MinlON Nanopore
Sequencers):

e Facilitate on-site sequencing in endemic
regions, enhancing the speed and accessibility
of resistance detection.

Genomic epidemiology offers a transformational
capability to guide targeted interventions, such as
focal drug policy changes or pre-emptive
modifications to treatment regimens in high-risk
regions.

5. IMPLICATIONS FOR TREATMENT
STRATEGIES:

The widespread emergence of antimalarial drug
resistance in Plasmodium falciparum poses a
serious threat to malaria control and elimination
goals. Understanding the resistance landscape
helps in optimizing current treatments and guiding
future interventions. This section explores the
“?;;h'?‘/’ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES
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implications of resistance mechanisms for

treatment strategies, drug policy, and innovation.

5.1. Evolution of First-Line Treatment Policies:
The evolution of treatment regimens reflects the
parasite’s dynamic adaptation to therapeutic
pressure. In the early 20th century, chloroquine
was the cornerstone of malaria treatment due to its
safety, low cost, and effectiveness. However,
resistance emerged in Southeast Asia and South
America in the late 1950s and 1960s, spreading to
Africa by the 1980s, leading to widespread
treatment failure "~?!. In response, sulfadoxine-
pyrimethamine (SP) became the second-line drug,
but resistance to SP also developed rapidly, driven
by sequential point mutations in the dhfr and dhps
genes 8211, The global shift to artemisinin-based
combination therapies (ACTs) in the early 2000s
marked a new era, offering high efficacy with
reduced risk of resistance when drugs are properly
combined *>¥]. However, the emergence of
artemisinin  partial resistance, initially in
Cambodia and now detected in East Africa (e.g.,
Rwanda, Uganda), threatens the long-term
viability of ACTs. Delayed parasite clearance,
linked to kelch13 mutations, does not always result
in outright treatment failure, but compromises
partner drug efficacy, especially when resistance

to the companion drug (e.g., piperaquine,
lumefantrine) co-evolves [11:1432],
5.2. Role of Combination Therapies:

Combination therapies were introduced to delay
resistance emergence by using two drugs with
different mechanisms of action. The rationale is
that simultaneous resistance to both compounds is
less likely to develop. ACTs pair a fast-acting
artemisinin derivative with a longer-acting partner
drug (e.g., lumefantrine, amodiaquine,
piperaquine, mefloquine).

Examples of commonly used ACTs:
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e Artemether-lumefantrine  (AL):  Widely
adopted in Africa, AL remains effective, but
selection for pfmdrl N86 and D1246 alleles
has been linked to reduced lumefantrine
sensitivity (%),

¢ Dihydroartemisinin-piperaquine (DHA-
PPQ): Used in Southeast Asia, but high levels
of treatment failure due to kelch13 mutations
and plasmepsin 2-3 gene amplification have
rendered it ineffective in parts of Cambodia
and Vietnam [/,

e Artesunate-amodiaquine (AS-AQ): Effective
in West Africa, though selection for pfert and
pfmdrl alleles can influence response.

Continued efficacy of ACTs depends on the

genetic compatibility of the parasite population

with the partner drug, making molecular
surveillance critical in guiding ACT selection per

region.

5.3. Triple-Combination Therapies (TACTs):
To address declining ACT efficacy, Triple
Artemisinin-based =~ Combination ~ Therapies
(TACTs) are under investigation. These regimens
include an artemisinin plus two partner drugs,
aimed at delaying resistance development and
enhancing treatment efficacy.

Promising TACT candidates:

e Artemether-lumefantrine-amodiaquine

e Dihydroartemisinin-piperaquine-mefloquine
Early clinical trials in Asia and Africa show that
TACTsS can improve efficacy and limit the survival
of multidrug-resistant strains. However, concerns
regarding cost, tolerability, and pharmacokinetics
need to be
implementatio
TACTs may become essential in areas where
artemisinin resistance coexists with partner drug
resistance, particularly in Southeast Asia. WHO
supports further research and regulatory approvals
for these combinations.

addressed before
n (14331

widespread

U
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5.4. Importance of Pharmacovigilance and

Therapeutic Efficacy Monitoring: Routine
therapeutic  efficacy studies (TES) and
pharmacovigilance are vital for identifying

treatment failures and guiding timely changes in

policy.

e TES involves measuring treatment success
rates, parasite clearance, and genotyping of
recurrent infections to distinguish
recrudescence from reinfection.

e These data, when combined with molecular
marker analysis, enable countries to modify
first-line  treatments  before  resistance
becomes entrenched 1415,

WHO recommends that national malaria control

programs conduct TES every two years in sentinel

sites and incorporate molecular marker
surveillance into their monitoring framework.

Such integrated surveillance ensures that treatment

policies remain evidence-based and responsive.

5.5. Drug Rotation and Cycling Strategies:

Inspired by antibiotic stewardship, drug rotation or

cycling involves periodically changing the first-

line therapy to reduce the selection pressure on any

single drug. While theoretically beneficial,

challenges include:

e Logistical complexity in procurement and
distribution.

e Risk of cross-resistance, especially among
partner drugs with similar targets.

e Limited availability of validated alternatives
beyond ACTs.

Despite these barriers, modeling studies suggest

that rotating ACTs in high-transmission areas

could extend drug life span and mitigate regional

resistance  hotspots if paired with strong

surveillance B4,

5.6. Development of New Antimalarials: Given
the limited pipeline of approved antimalarials,
novel drugs and drug classes are urgently needed.
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Several promising candidates are in advanced

clinical stages:

e KAF156 (ganaplacide): Targets
pathway (PI4K), active against asexual and
sexual stages, currently in Phase 2 trials.

e MMVO048: Inhibits phosphatidylinositol-4-
kinase (PI4K), demonstrating multi-stage
activity.

e 0Z439 (artefenomel): A synthetic ozonide
with similar but prolonged action compared to
artemisinin, evaluated in combination with

a new

ferroquine and piperaquine.

e DSM265: A DHODH inhibitor, disrupting
pyrimidine biosynthesis, shows potential as a
long-acting antimalarial [*3-36],

The Medicines for Malaria Venture (MMYV) and
global consortia are investing in discovering
single-dose curative regimens, transmission-
blocking drugs, and prophylactic agents to support
elimination goals.

5.7. Policy and Equity Considerations:

e The success of any treatment strategy depends
on equitable access, health system readiness,
and community compliance. In many endemic
regions:

e Substandard or counterfeit drugs contribute to
treatment failure and drive resistance.

e Monotherapies, especially oral artemisinin,
remain available in some markets despite
WHO bans.

e Stockouts and inconsistent supply chains
force patients to seek alternative or
incomplete therapies.

National malaria programs, supported by the
Global Fund, UNICEF, and PMI, must prioritize
supply chain strengthening, health worker
training, and community education to ensure that
treatment guidelines are followed.

6. FUTURE DIRECTIONS AND RESEARCH
PRIORITIES:

U
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The fight against Plasmodium falciparum drug
resistance demands proactive, innovative, and
integrated approaches. With the continuous
evolution of resistance mechanisms, sustaining
gains in malaria control and progressing toward
elimination will require coordinated global

research and investment in key strategic areas.

6.1. Development of Next-Generation
Antimalarials: The limited
antimalarial drugs in the pipeline highlights the
urgency of discovering novel chemical entities
with new mechanisms of action and favorable
safety profiles. Key goals include:

number of

e Single-exposure radical cure: Drugs capable
of clearing all parasite stages—including
liver, blood, and gametocytes—are ideal for
mass drug administration (MDA) and
transmission interruption.

e Long-acting compounds: Extended
prophylactic activity can reduce reinfection in
high-transmission important  for
travelers and seasonal chemoprevention.

areas,

e Resistance-breaking  mechanisms:  New
targets such as PFATP4 (sodium homeostasis),
PfPI4K (phosphatidylinositol 4-kinase), and
tRNA synthetases are under investigation for
their ability to bypass current resistance
pathways 23361,

Programs by Medicines for Malaria Venture

(MMV), Global Health Innovative Technology

Fund (GHIT), and DNDi are spearheading the

search for new compounds, with more than a

dozen agents in clinical or preclinical
development.
6.2. Genetic and Genomic Surveillance

Expansion: Enhancing genomic surveillance can
significantly improve early detection of resistance
and tailor treatment strategies. Key developments
include:
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e Portable sequencing technologies: Devices

like Oxford Nanopore’s MinlON can
facilitate  field-level =~ whole = genome
sequencing (WGS) in endemic regions.

e Real-time data sharing: Initiatives like

MalariaGEN, Pf3k, and WWARN allow near-
instant integration of genotypic data with
global
collaboration.

maps, aiding in cross-border
e Machine learning and predictive modeling:
Integration of genomics

learning can forecast

with machine
resistance
hotspots based on parasite genotypes, drug
pressure, and human mobility patterns 2721,

Inclusion of low-transmission and

future

underrepresented regions, especially in Central
and West Africa, remains a priority for achieving
a globally representative resistance map.

6.3. Targeting Transmission and Dormant
Stages: In addition to killing asexual blood-stage
parasites, next-generation therapies must also
address gametocytes (the sexual stage responsible
for transmission) and hypnozoites (dormant liver
stages in P. vivax, though not in P. falciparum).

e Transmission-blocking agents: Tafenoquine
and primaquine have been used, but there is a
need for safer alternatives for G6PD-deficient
populations.

e Endectocides: Drugs like ivermectin,
administered to humans or livestock, may
reduce mosquito longevity and vectorial

capacity.
Investment in parasite biology, especially
gametocytogenesis and  epigenetic  control
mechanisms, could lead to new classes of

transmission-blocking interventions.

6.4. Vaccine Integration and Drug Synergies:
Though malaria vaccines have historically faced
challenges, recent progress provides hope for
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synergistic strategies combining vaccination and

chemotherapy:

e RTS, S/ASO01 (Mosquirix): WHO-endorsed
for limited use in African children, offering
partial protection against clinical malaria.

e R21/Matrix-M: A newer vaccine candidate
showing higher efficacy in trials; ongoing
evaluations may influence rollout decisions.

e Vaccines and drugs in combination: Use of
vaccines to reduce parasite biomass and
enhance drug efficacy, or vice versa, may
become standard in elimination campaigns.

Future research should explore therapeutic vaccine

models,  particularly = for  post-treatment

prophylaxis and relapse prevention.

6.5. Addressing Operational Challenges: Real-

world deployment of resistance-mitigation

strategies faces logistical and systemic barriers,

including:

e Inadequate diagnostic capacity: Limited
molecular and genomic infrastructure in

endemic  countries hampers real-time
resistance detection.
o Weak pharmacovigilance systems:

Inconsistent follow-up, lack of adverse event
reporting, and minimal drug quality regulation
allow ineffective treatments to persist.

e Substandard and falsified medicines:
Continue to drive resistance and treatment
failure, particularly in informal markets.

Research must focus on health

strengthening, including:

system

e Integration of resistance monitoring into
primary care,

e Digital platforms for real-time drug tracking,

e Community-based reporting tools to increase

engagement.
6.6. Policy Innovation and Funding
Sustainability: Sustained progress against
1612 |Page



Ragini Patil, Int. J. of Pharm. Sci., 2025, Vol 3, Issue 6, 1602-1616 [Review

malaria requires not just scientific innovation but

also policy creativity and funding continuity:

e Global policy frameworks must remain
adaptive, incorporating new evidence swiftly
into treatment guidelines.

e Public-private partnerships (e.g., MMV,
Novartis, Sanofi, and academic consortia) will
be critical to ensure the development and
equitable distribution of new drugs.

e Domestic funding and ownership: Increasing
national investment and accountability in
endemic countries will improve sustainability.

through prize

commitments

e Incentivizing innovation
models,
(AMCs), and fast-track regulatory pathways
can reduce development timelines and

stimulate novel therapies.

advanced market

6.7. Multidisciplinary Collaboration: Finally,
tackling antimalarial resistance requires cross-
disciplinary partnerships, bridging:

e Molecular and medicinal

chemistry,

parasitology

e Epidemiology and health informatics,

e Economics, and
anthropology.

Integrated research platforms should be designed

to align basic science discovery with field

implementation, ensuring that new solutions are

not only effective but also practical and culturally

policy analysis,

acceptable.

7. CONCLUSION:

The relentless evolution of drug resistance in
Plasmodium falciparum remains one of the most
formidable challenges in global malaria control
and eradication efforts. Historical trends reveal a
predictable yet alarming pattern—nearly every
antimalarial introduced, from chloroquine and
sulfadoxine-pyrimethamine to the artemisinins,
has been followed by the emergence and spread of
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resistant strains. These patterns are propelled by a
combination of genetic mutations, such as in pfcrt,
dhfr, dhps, and kelchl3, gene amplification events,
epigenetic adaptations, and changes in parasite
fitness and transmission potential.

Understanding the molecular basis of resistance
has enabled the development of diagnostic and
surveillance tools including SNP-based molecular
markers, ICso assays, and ring-stage survival
assays. Global programs like WHO’s Therapeutic
Efficacy Studies, MalariaGEN, and WWARN
play pivotal roles in real-time resistance tracking,
guiding national and regional treatment policy
updates.

Current treatment strategies, particularly ACTs,
have managed to retain efficacy in many regions,
but signs of partner drug failure and artemisinin
partial resistance are mounting. Promising
developments—such as Triple ACTs, new drug
candidates (e.g., KAF156, MMV048), and
transmission-blocking interventions—offer hope
but require expedited development and
deployment. Importantly, these biomedical
advances must be matched by operational
improvements, including pharmacovigilance,
quality-assured drug distribution, and community
engagement.
Future progress
interdisciplinary approach, involving:

e Continued investment in antimalarial drug

will rely on a holistic,

innovation,
o Expansion of genomic surveillance platforms,
o Strengthening policy and health systems
infrastructure,
e Addressing social determinants and ensuring
equitable access to effective therapies.
Only through sustained global commitment and
collaboration can we prevent resistance from
eroding decades of progress, ultimately advancing
toward the goal of malaria elimination. The fight
against P. falciparum drug resistance is not merely
a scientific challenge—it is a moral imperative
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with profound implications for global health
equity.
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