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ABSTRACT

Background: Malaria remains a pressing public health issue in Africa, with Plasmodium falciparum
being the primary cause of severe cases. The emergence of drug-resistant strains, particularly those
associated with Plasmodium falciparum chloroquine resistance transporter (pfcrt) gene mutations
has significantly hampered malaria control efforts.

Methods: This review delves into the public health implications of pfcrt gene mutations, focusing
on their role in chloroquine resistance and the broader impacts on malaria treatment and control in
Affica.

Results: Key mutations in the Pfcrt gene, notably the K76T mutation, have compromised the effica-
cy of chloroquine, a drug that was once fundamental to antimalarial treatment. These mutations sig-
nificantly reduce the drug's accumulation within the parasite’s digestive vacuole, leading to treat-
ment failures and an increased disease burden. Moreover, the K76T mutation and other polymor-
phisms play a crucial role in cross-resistance against other antimalarial drugs, adding a layer of com-
plexity to treatment strategies.

Conclusion: Addressing the public health challenges associated with pfcrt mutations requires a mul-
tifaceted approach, including enhanced surveillance, innovative drug development, and effective
community education. However, the persistence of Pfcrt mutations poses a significant threat to ma-
laria control and eradication efforts, necessitating the development of new therapeutic approaches
and the enhancement of existing strategies. Continued research and investment in these areas are
crucial for overcoming resistance challenges and achieving sustained success in malaria control and
eradication in Africa.
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1.0 INTRODUCTION

Malaria remains a formidable public health challenge,
particularly in Africa, where it accounts for approximate-
ly 94% of all global malaria cases and fatalities [1]. Plas-
modium falciparum, the parasite responsible for the most
severe form of malaria, has developed resistance to vari-
ous antimalarial drugs over the years, significantly com-
plicating efforts to control the disease [2]. Among the
genetic determinants of this resistance, the Plasmodium
falciparum chloroquine resistance transporter (pfcrt) gene
plays a pivotal role. This gene has been closely associated
with resistance to chloroquine, a drug once the corner-
stone of malaria treatment across Africa [3,4]. This re-
view explores the profound impact of pfcrt gene muta-
tions on malaria treatment strategies in Africa, their role
in the transition to artemisinin-based combination thera-
pies (ACTs), the challenges posed by cross-resistance,
and the broader implications for public health policy and
drug development.

1.1 Historical Context: Chloroquine and the Rise of
PfCRT-Mediated Resistance

Chloroquine was introduced in the 1940s as a first-line
treatment for malaria due to its affordability, efficacy,
and relatively low toxicity. It played a crucial role in re-
ducing malaria-related morbidity and mortality for dec-
ades, particularly in sub-Saharan Africa, where the dis-
ease burden was most severe [2]. However, by the late
1950s and early 1960s, the first cases of chloroquine re-
sistance were reported in Southeast Asia and South
America. These resistant strains eventually spread to Af-
rica, leading to widespread treatment failures and a public
health crisis [5].

The pfert gene, particularly the K76T mutation, was iden-
tified as the primary genetic determinant of chloroquine
resistance. This mutation altered the function of the
PfCRT protein, a transporter located in the parasite’s di-
gestive vacuole, reducing chloroquine accumulation and
compromising its efficacy [6]. As the K76T mutation be-
came more prevalent across Africa, the effectiveness of
chloroquine diminished drastically, necessitating a shift
in treatment policies and the adoption of alternative thera-
pies [4.7].

The pfert gene encodes a transporter protein located in
the membrane of the parasite’s digestive vacuole. This
vacuole is an acidic environment where hemoglobin deg-
radation occurs, a process critical for the parasite's sur-
vival [3]. The PfCRT protein is characterized by multiple

transmembrane domains, which suggest its role in trans-
porting various substrates across the vacuolar membrane.
Although the exact substrates transported by PfCRT are
not fully understood, it is hypothesized to function as a
transporter for small molecules, possibly in exchange for
protons or other ions [8]. This transporter is essential for
maintaining the acidic environment of the vacuole, which
is critical for the parasite's metabolic processes.

Mutations in the pfcrt gene, particularly the K76T muta-
tion, alter the protein's structure and function, reducing
chloroquine accumulation within the vacuole and a con-
sequent decline in the drug’s efficacy [6]. Usually, chlo-
roquine accumulates in the digestive vacuole and binds to
heme, a toxic byproduct of hemoglobin digestion, pre-
venting its detoxification [9]. This action is lethal to the
parasite. However, the K76T mutation changes PfCRT to
reduce chloroquine accumulation in the vacuole. The mu-
tated PfCRT either facilitates the efflux of chloroquine
out of the vacuole or decreases its influx, thereby dimin-
ishing the drug's efficacy [6]. This mechanism of re-
sistance has led to widespread chloroquine treatment fail-
ures and necessitated a global shift to alternative thera-
pies, such as artemisinin-based combination therapies
(ACTs) [4,10].

In addition to the K76T mutation, other mutations in the
pfert gene, such as C72S, M741, and N75E, often occur in
conjunction, contributing to a more robust resistance phe-
notype [11]. These mutations collectively alter the PfCRT
protein's function, making it more efficient at reducing
chloroquine concentrations within the vacuole and en-
hancing the parasite's survival in the presence of the drug
[12]. The persistence and spread of pfcrt mutations across
malaria-endemic regions in Africa indicate that P. falci-
parum continues to adapt, posing an ongoing threat to
malaria control efforts [2].

Understanding the role of the pfcrt gene in antimalarial
drug resistance is crucial for developing effective malaria
control strategies. This requires monitoring the preva-
lence and distribution of pfcrt mutations and investigating
their impact on the efficacy of current and future antima-
larial drugs [13,14]. The insights gained from genetic
studies of pfcrt and its associated mutations will be essen-
tial for guiding public health interventions and develop-
ing new therapeutic approaches. Moreover, the potential
for pfert mutations to confer cross-resistance to other an-
timalarial drugs underscores the importance of ongoing
research and surveillance [15].
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2.0 Mechanisms of Pfcrt-Mediated Drug Resistance
2.1. Chloroquine Resistant

Chloroquine, introduced in the 1940s, was widely regard-
ed as a revolutionary antimalarial drug due to its efficacy,
affordability, and relatively low toxicity. For decades,
chloroquine served as the cornerstone of malaria treat-
ment globally, particularly in sub-Saharan Africa, where
the burden of malaria was most severe [2]. The drug's
ability to rapidly eliminate Plasmodium falciparum from
the bloodstream provided critical relief from the symp-
toms of malaria, significantly reducing morbidity and
mortality rates across the continent. However, by the late
1950s and early 1960s, reports of chloroquine resistance
began to emerge, first in Southeast Asia and South Amer-
ica before spreading to Africa [5]. The emergence of
chloroquine-resistant P. falciparum strains marked a sig-
nificant setback in global malaria control efforts, necessi-
tating the search for alternative treatment strategies and
signaling the beginning of a more complex battle against
drug-resistant malaria.

The widespread resistance to chloroquine was attributed
mainly to mutations in the pfcrt gene (Plasmodium falci-
parum chloroquine resistance transporter), which is now
recognized as a central player in the molecular basis of
chloroquine resistance [12]. The pfcrt gene encodes a
transporter protein in the parasite’s digestive vacuole
membrane, an acidic organelle where hemoglobin is de-
graded during the parasite’s intraerythrocytic stage [6,16].
The primary function of the PfCRT protein is to regulate
the transport of solutes across the vacuolar membrane,
maintaining ionic balance within the vacuole and facilitat-
ing the parasite’s metabolic processes [17]. Under normal
circumstances, chloroquine, a weak base, diffuses into the
digestive vacuole, becomes protonated, and is trapped
within the acidic environment of the vacuole. Once in-
side, chloroquine interferes with the detoxification of
heme, a toxic byproduct of hemoglobin digestion, by
binding to it and preventing its conversion into a non-
toxic form [8]. This action is lethal to the parasite, as the
accumulation of toxic heme-chloroquine complexes dis-
rupts its cellular processes, ultimately leading to death
[18]. However, mutations in the pfcrt gene disrupt this
process, reducing chloroquine’s ability to accumulate
within the vacuole and thereby diminishing the drug's
efficacy.

The K76 T mutation in the pfert gene, a lysine (K) to
threonine (T) substitution at position 76 of the PfCRT
protein, is a critical step in the resistance process [4]. This
mutation and others in the vicinity that form the SVMNT
haplotype induce structural and functional changes in the
protein, significantly altering the parasite’s response to
chloroquine [12]. Specifically, the K76T mutation reduc-
es chloroquine’s ability to accumulate within the diges-
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tive vacuole by lowering its binding affinity to the trans-
porter protein. This reduction in chloroquine accumula-
tion diminishes the drug's capacity to inhibit heme detoxi-
fication, thereby allowing the parasite to survive and pro-
liferate despite the presence of the drug [19].

The reduced chloroquine accumulation within the diges-
tive vacuole due to pfcrt mutations represents the primary
mechanism by which these mutations confer resistance.
The K76T mutation, by altering the transporter’s struc-
ture, disrupts the electrochemical gradient that normally
facilitates chloroquine’s retention in the vacuole [6]. As a
result, chloroquine is effectively pumped out of the vacu-
ole, reducing its concentration to sub-therapeutic levels
and rendering the drug ineffective [2]. This mechanism of
resistance has been supported by various studies that have
demonstrated a direct correlation between the presence of
pfcrt mutations and decreased chloroquine sensitivity in
P. falciparum strains [19].

In addition to the K76T mutation, several other genetic
variants in the pfcrt gene contribute to chloroquine re-
sistance, adding complexity to malaria treatment. Muta-
tions at positions 72, 73, 74, and 75, such as C72S, M74l,
and N75E, have been identified and are associated with
varying degrees of drug resistance [2]. In conjunction
with the K76T mutation, these mutations enhance the par-
asite's ability to evade chloroquine's action, complicating
treatment strategies.

The C72S mutation, when present alongside K76T, sig-
nificantly enhances chloroquine resistance. This combina-
tion has been shown to increase the efflux of chloroquine
from the digestive vacuole, further diminishing its effica-
cy [6]. This synergistic effect between the K76T and
C72S mutations underscores the complexity of the re-
sistance mechanism, making it challenging to predict and
manage drug efficacy in different regions [20]. These mu-
tations complicate the treatment landscape, as they reduce
chloroquine's effectiveness and contribute to cross-
resistance with other antimalarial drugs, such as amodia-
quine and quinine.

Moreover, the SVMNT haplotype, encompassing muta-
tions at positions 72-76, has been strongly associated with
high levels of resistance to chloroquine and other amino-
quinoline derivatives [12]. This haplotype is characterized
by the specific sequence of mutations, which collectively
enhance the transporter’s ability to expel the drug from
the parasite’s digestive vacuole. The presence of this hap-
lotype has been linked to widespread chloroquine re-
sistance across many regions of Africa, reinforcing the
need for alternative treatment strategies [21].

Research has also highlighted additional polymorphisms
within the pfert gene, such as the A220S mutation, which
may further influence the parasite’s resistance profile
[12]. These mutations can alter the structure and function
of the transporter protein, contributing to the variability in
drug resistance observed across different geographic are-
as. The interplay between these mutations and other
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genetic factors, such as those in the Pfindrl gene, further
complicates the resistance dynamics. For example, muta-
tions in Pfindri, such as N86Y and Y 184F, can modulate
the expression and function of the transporter, enhancing
the parasite's resistance to multiple drugs, including arte-
misinin-based combination therapies [6].

2.2 Resistant to Other Antimalaria

Beyond chloroquine, pfcrt mutations have broader impli-
cations for treating malaria, particularly in cross-
resistance to other antimalarial drugs. The K76T muta-
tion, for example, has been implicated in resistance to
amodiaquine and other 4-aminoquinolines, which share
structural and functional similarities with chloroquine
[12]. This cross-resistance is of significant concern, as it
complicates treatment regimens and limits the available
therapeutic options, especially in regions where drug re-
sistance is widespread [22]. The persistence of pfert mu-
tations, even after discontinuing chloroquine as a first-
line treatment, underscores the need for ongoing surveil-
lance of resistance patterns and the development of new
antimalarial drugs that can circumvent these resistance
mechanisms [23].

The continued prevalence of pfcrt mutations has pro-
found implications for public health and malaria control
efforts. In regions where chloroquine resistance is wide-
spread, the effectiveness of alternative therapies, such as
artemisinin-based combination therapies (ACTs), is also
threatened. The interaction between pfcrt mutations and
other resistance mechanisms, such as those mediated by
Pfindrl, increases the complexity of managing drug-
resistant malaria and highlights the need for a compre-
hensive approach to treatment and prevention.

3.0 Geographical Distribution and Prevalence of pfcrt
Mutations in Africa

The spread of pfcrt mutations across Africa is a testament
to chloroquine's historical and current use as an antima-
larial treatment, with significant variations observed
across different regions. Among these mutations, the
K76T mutation in the pfcrt gene is particularly prevalent,
having been closely linked to the extensive use of chloro-
quine, once the mainstay of malaria treatment across the
continent [2]. The K76T mutation is strongly associated
with areas where chloroquine was heavily relied upon,
highlighting the significant selection pressure the drug
exerted on Plasmodium falciparum populations [24].

In West Africa, where chloroquine use was widespread,
the prevalence of the K76T mutation is notably high,
with the mutation nearly fixed in P. falciparum popula-
tions. The high prevalence is attributed to the historical
widespread use of chloroquine and the continued use of
the drug in some areas for prevention or treatment de-
spite its official discontinuation as a first-line therapy
[25,26]. This high prevalence poses a significant chal-
lenge for malaria control efforts, necessitating continuous
monitoring and the adaptation of treatment strategies to
manage the resistant strains that persist in the population.

In East Africa, the prevalence of pfcrt mutations is also
high, though slightly more variable than West Africa. For
instance, the K76T mutation in Uganda and Kenya is
present in 80-90% of P. falciparum isolates [27,28]. De-
spite discontinuing chloroquine as a first-line treatment,
the K76T mutation persists in these populations, under-
scoring the durable nature of these genetic changes and
their lasting impact on malaria control efforts. Overall,
the distribution of pfcrt mutations across Africa reflects
the complex interplay of historical drug use, local malar-
ia transmission dynamics, and the genetic diversity of P.
falciparum populations. While some regions have seen a
decline in the prevalence of these mutations following
the shift to ACTs, other areas continue to exhibit high
levels of resistance, indicating the need for tailored inter-
ventions that address the specific challenges different
regions face. The persistence of pfcrt mutations, particu-
larly in countries like Nigeria, underscores the im-
portance of sustained surveillance and developing new
therapeutic approaches to combat malaria in Africa effec-
tively.

4.0 Prevalence of pfcrt Mutations Post-Chloroquine
Withdrawal

The withdrawal of chloroquine as a first-line treatment
for malaria in many African countries has had a variable
impact on the prevalence of pfcrt mutations (Table 1).
The frequency of pfcrt mutations has declined in several
regions following the cessation of chloroquine use. For
instance, in Nigeria, the pre-withdrawal mutation fre-
quency was reported to be about 100% [29], which has
decreased to 10.3% post-withdrawal [37]. This decline
has partially restored chloroquine's efficacy, although
resistance persists. Similarly, significant reductions in
resistant strains have been observed in Ghana and Kenya,
leading to improved treatment outcomes with chloro-
quine [30]. However, the impact of withdrawal is not
uniform across all regions. In some areas, such as Ethio-
pia, the mutation frequency remains high, at 100%, de-
spite the discontinuation of chloroquine [32]. This sug-
gests that other factors, such as ongoing selective pres-
sure from related drugs or the inherent stability of re-
sistant strains, may contribute to the persistence of pfert
mutations in these populations.

5.0 Public Health Implications and Future Directions

The persistence and spread of pfcrt mutations present
significant challenges for developing new antimalarial
therapies. As the global health community works to dis-
cover and develop new drugs, the presence of these mu-
tations necessitates careful consideration of how new
compounds interact with the mutated PfCRT protein and
other resistance mechanisms within P. falciparum. One
of the critical considerations in drug development is en-
suring that new antimalarials have a different mechanism
of action from those compromised by pfcrt mutations.
Drugs that target other biological pathways or structures
within the parasite are less likely to be affected by exist-
ing resistance mechanisms [19,69].
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Table 1. Impact of the Withdrawal of Chloroquine on the Pfcrt Mutation in Sub-Saharan Africa

Country/ % of Pfcrt Mutation Dur-  Reference % of Pfcrt Mutation Post  Reference
Region ing the CQ era CQ era
Nigeria 100 % Ojurongbe et al. [29] 94.5% Ikegbunam et al. [34]
53% Happi et al. [33] 12.4% Muhammed ef al. [35]
69.6% Soniran et al. [36]
10.3% Alade et al. [37]
11.9% Ruqayyah et al. [38]
Ghana 82.5% Duah, [39] 71.9% Asare et al. [41]
69% Mockenhaupt et al. [40] 53.7% Asare et al. [30]
Kenya 95% Mwai et al. [42] 56.9% Mang’era, [31]
94% Shah et al. [43]
Tanzania 92% Schneider et al. [44] 5.7% Mohammed ef al. [46]
50% Schonfeld et al. [45]
Uganda 100% Kyosiimire-Lugemwa et al.  54.4% Ocan et al. [48]
[47]
Senegal 79% Thomas et al. [49] 29% Ndiaye et al. [51]
72.4% Ly et al. [50] 59.5% Ly et al. [50]
47% Gharbi et al. [52]
DRCongo 100% Mayengue et al. [53] 92% Koukouikila-Koussounda et al.
93% Wilson et al. [54] 23.4% [55]
Kong et al. [56]
Malawi 85% Kublin et al. [57] 13% Kublin et al. [57]
Mali 100% Djimdé et al. [58] 38.8% Maiga et al. [59]
Sudan 90% Osman et al. [60] 72.7% Menegon et al. [61]
Cameroon 53.0% Ndam et al. [62] 25.3% Ndam et al. [62]
51.9% Ngum et al. [63]
Ethiopia 81% Schunk et al. [32] 91.6% Hassen et al. [64]
100% Schunk ez al. [32]
Burkina Faso  81% Meissner et al. [65] 20.55% Sondo et al. [67]
82% Tinto et al. [66]
Mozambique  96.1% Raman et al. [68] 32.4% Raman et al. [68]

The broader public health implications of pfcrt mutations
are profound, influencing treatment strategies and the
overall approach to malaria control and eradication. The
persistence of these mutations in P. falciparum popula-
tions across Africa underscores the importance of contin-
uous surveillance and the need for adaptive public health
policies that can respond to the evolving challenge of
drug resistance.

One key public health challenge is ensuring that
healthcare systems can quickly adapt to changes in re-
sistance patterns. This includes updating treatment guide-
lines based on the latest data, ensuring the availability of
effective drugs, and training healthcare workers to recog-
nize and manage resistant cases effectively [70]. The ex-
perience with pfcrt mutations highlights the necessity of
a dynamic approach to malaria control, where policies
are regularly revised to reflect the current epidemiologi-
cal landscape.

Moreover, the implications of pfcrt-mediated resistance
extend to the broader goal of malaria eradication. Drug
resistance, driven by mutations like those in pfcrt, poses
a significant barrier to eradication efforts, as it can lead
to increased transmission and resurgence of malaria in
areas where control had previously been achieved [71].
The development of resistance to first-line treatments
forces a reliance on more expensive and logistically chal-
lenging therapies, which may not be accessible to all af-
fected populations, thereby exacerbating health inequi-

193

ties.
6.0 Conclusion

The pfcrt gene mutations, particularly the K76T muta-
tion, have profoundly impacted malaria control strategies
in Africa. The transition from chloroquine to ACTs was a
necessary response to chloroquine's widespread failure
due to these mutations, but the persistence of pfert-
mediated resistance continues to challenge public health
efforts. The clinical implications of cross-resistance fur-
ther complicate treatment options and underscore the
need for ongoing research and development of new anti-
malarial therapies.

The findings underscore the importance of continued
investment in research to understand the mechanisms of
resistance and develop new therapies to overcome these
challenges. Public health policies must remain adaptive,
incorporating the latest scientific evidence to ensure
treatment guidelines are effective and responsive to
emerging resistance patterns. Additionally, there is a
need for a coordinated global effort to address the threat
of drug resistance, with particular emphasis on support-
ing research and development, enhancing surveillance
systems, and promoting best practices in malaria control.

Given the ongoing threat posed by pfcrt-mediated re-
sistance, the global health community must prioritize
efforts to address this challenge. This includes increasing
funding for research, improving access to effective
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diagnostics and treatments, and fostering collaboration
across borders to ensure a unified response to resistance.
Taking a proactive and comprehensive approach can mit-
igate the impact of pfcrt mutations and continue the pro-
gress toward malaria control and eventual eradication in
Africa.

The broader public health implications of pfcrt mutations
highlight the importance of continuous surveillance,
adaptive policymaking, and the development of innova-
tive treatment strategies. As the global health community
continues to combat malaria, addressing the challenges
posed by pfcrt mutations will e critical to achieving long-
term success in malaria control and eradication efforts
across Africa.
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