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Abstract

As a key model organism for studying malaria, Plasmodium berghei provides essential information on pathophysiology, host immunological
responses, and possible targets for treating this debilitating illness. This narrative review compares other Plasmodium species models,
including P. falciparum and P. vivax, to assess the evolution, traits, and applicability of P. berghei models. We discuss the development of
P. berghei research and its historical background, emphasizing its advantages in genetic modification and experimental accessibility. The
difficulties and constraints these models have, as well as new methods and prospects for their development in the future, are discussed.
This study highlights the potential of P. berghei models for translating malaria research and creating efficient control methods by combining
important discoveries and comparative studies. This thorough assessment seeks to maximize the use of P. berghei in the battle against malaria

and to direct future research endeavors.
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Introduction

Malaria continues to be one of the biggest threats to
world health, especially in areas with little access to medical
treatment [1]. Millions of individuals contract malaria every
year, which is primarily responsible for a significant burden of
illness and mortality [2]. The disease is caused by Plasmodium
parasites, which are spread by infected mosquito bites.
Plasmodium falciparum and Plasmodium vivax are the two
species of Plasmodium that cause malaria in humans the most
frequently [3]. However, animal models are crucial to studying
malaria pathophysiology, immunology, and therapy; P. berghei
is one of the most researched species.

The single-celled parasite P. berghei causes rodent malaria
in thicket rats in Central Africa [4]. It was one of the four
Plasmodium species reported in African murine rodents; the
other three are P. chabaudi, P. vinckei, and P. yoelii [5]. It is a
widely used model organism in studying human malaria
because of its capacity to infect rats and its simplicity of
genetic modification [6]. In malaria research, animal models

are essential and indispensable because, while in vitro studies
provide valuable insights, they often need to capture the
intricate interplay between the parasite, the host immune
system,and the vector.Thisis whereanimal models, particularly
rodent models like P. berghei, come into play, offering a more
comprehensive approach [7]. Thus, a thorough assessment of
P. berghei’s models is necessary to fully harness their potential
and ensure the reliability and repeatability of study findings.

P.bergheimodels are significantin several vital areas of malaria
research. Researchers may investigate the effectiveness
of possible medications and vaccinations by using these
models to analyze the parasite's whole life cycle, including
stages in the liver and blood. Furthermore, P. berghei's genetic
tractability makes it easier to investigate gene function and
find new pharmaceutical targets. The knowledge gathered
from P. berghei models has been invaluable in comprehending
the intricate biology of malaria and creating effective
defense mechanisms. Although P. berghei is a valuable model
organism, there are also drawbacks; for instance, the degree
to which findings may be directly applied to human malaria
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may be limited by distinctions between malaria in rodents
and humans, including differences in immune response and
pathogenesis. It takes a sophisticated grasp of the model's
advantages and disadvantages and continual work to
overcome these constraints to improve its applicability to
human malaria.

This review aims to provide a comprehensive overview
of P. berghei as a model organism for malaria research. By
critically evaluating existing research, we seek to identify
the benefits, drawbacks, and potential avenues for further
developing P. berghei models (Figure 1). The outcomes of
this study are expected to enhance our understanding of
malaria pathogenesis, expedite the discovery of new drugs,
and contribute to the development of effective preventive
measures against this life-threatening disease, thereby
significantly advancing malaria research.

Plasmodium berghei as a Model Organism

Vincke and Lips made the first discovery and isolation of P
bergheiin the Belgian Congo in 1940 [8]. This ground-breaking
discovery established the basis for further studies using P.
berghei as a model organism for malaria investigations. For
instance, the work of Scheller et al. [9] is particularly noteworthy
among the pioneering studies in rat malaria research. They
tested the susceptibility of different strains of mice to hepatic
infection with P. berghei, providing early proof of P. berghei’s
potential as a model for researching malaria in rats. This study,
along with others, has paved the way for the extensive use of
P. berghei as a model organism in malaria research.

The works of Matsuoka et al. [10] and Jin et al. [11] further

cemented P, berghei’s status as a laboratory model organism.
They reported that P. berghei was successfully transferred
to mice by mosquito bites [10,11]. Because of these critical
findings, P. berghei infections could be sustainably maintained
in laboratory settings, leading to its widespread use as a model
organism for malaria research. In addition, mice are valuable
models for investigating malaria because of their biology [9],
which includes the liver and blood phases of the P. berghei
lifecycle (Figure 2). This compatibility enables thorough
investigations of the infection dynamics, pathophysiology,
and immune responses by allowing researchers to witness the
parasite lifecycle within a single host [12]. Furthermore, the
availability of well-characterized inbred strains and the ease
with which mice can be genetically modified improve the
repeatability and dependability of research results, allowing
for in-depth analyses of the pathophysiology of malaria and
the assessment of possible treatments and vaccines.

This figure illustrates the lifecycle of P. berghei, including
stages of mosquito transmission, liver-stage development,
and blood-stage replication, providing an overview of the
parasite's biology.

Consequently, P. berghei’s research in malaria studies has
evolved, starting from the early genetic characterization by
determining the parasite's genetic composition [13]. Peters
and others conducted studies in the 1960s that revealed
several P. berghei strains with differing drug susceptibilities and
levels of virulence [14]. This work established the framework
for further studies of the genetic factors influencing parasite
phenotypes. Genetic modification techniques (Figure 3) were
used as the next step in the evolution of malaria research.
In the 1990s, transgenic methods transformed research
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Figure 2. Lifecycle of Plasmodium berghei.
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Figure 3. Genetic Modification Techniques.
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on P. berghei by allowing for precise genetic modification
of the pathogen [15]. Essential developments, such as the
transfection techniques developed by Waters et al. [15] made
the creation of genetically engineered P. berghei strains
with changed characteristics possible [15]. These methods
increased the usefulness of P. berghei as a model organism
for researching the pathophysiology of malaria and assessing
potential treatments. Figure 2 summarizes the different
genetic modifying techniques used in P. berghei’s malaria
research.

Gene knockouts, knock-ins, alterations, and examples of their
uses and results may all be shown graphically in this image,
providing information on the numerous genetic modification
approaches utilized in P. berghei models.

Furthermore, integrating P. berghei research with omics
technologies, including transcriptomics, proteomics, and
genomes, has made unprecedented insights into parasite
biology and host-parasite interactions possible. Caldelari and
colleagues conducted studies using transcriptomics analysis
to clarify gene expression dynamics at various phases of the
P. berghei life cycle [16]. These omics-based methods have
helped identify new therapeutic targets and improved our
knowledge of the pathophysiology of malaria [17]. Lastly,
P. berghei has been an essential component of attempts to
create vaccines to prevent malaria. According to research
by Moita and associates, irradiated P. berghei sporozoites
effectively generate protective immunity against recurrent
malaria infections [18]. This groundbreaking research aided
in the continuous quest to produce a vaccine against malaria
and cleared the path for developing vaccines based entirely
on parasites.

Characteristics of Plasmodium berghei as a Model
in Malaria Research

With its ability to provide many insights into the complex
dynamics of malaria pathogenesis, immunology, and
medication development, P. berghei has become a key model
organism in malaria research [19]. Its importance comes from
a combination of host specificity, genetic tractability, and
experimental modification amenability, which makes it a
priceless tool for researching many aspects of malaria biology.

P. berghei is known for its genetic diversity, which results in
various strains displaying different traits, including virulence,
drug sensitivity, and transmission efficiency [20]. Different P,
berghei strains were found in early studies by Yoeli [21], which
also provided the framework for further research into these
strains' genetic composition and phenotypic differences.
Furthermore, advances in transgenic techniques have made
a precise genetic modification of P. berghei possible through
gene deletion, knock-in, and tagging tactics (Table 1). This
genetic flexibility has made it easier to research the biology
of parasites and to identify critical molecular pathways that
underlie the pathogenesis of malaria [22].

Although P. berghei has genetic characteristics and host
specificity, it primarily infects rodents, especially mice, making
it possible to study host-parasite interactions in a mammalian
host. P. bergheiinfections cause immunological solid responses
in the host, making this host specificity crucial for researching
the immune response dynamics [23]. Researchers have used
mouse P. berghei infections to study immunopathogenesis,
immunity mechanisms, and vaccine-induced protection
[18,19,24,25].

Table 1. Summary of Genetic Manipulation Technique.

Genetic Manipulation Technique Description

Applications

Gene Knockout
the parasite genome

Removal or disruption of a specific gene in

Study of gene function, validation of drug
targets

Gene Knock-in
genome

Insertion of a foreign gene into the parasite

Introduction of reporter genes, expression of
exogenous proteins

Gene Modification
regulatory elements

Alteration of specific gene sequences or

Generation of mutant parasite lines with
modified phenotypes

CRISPR-Cas9

in DNA

Genome editing tool using RNA-guided
nucleases to induce double-stranded breaks

Precise gene editing, multiplex targeting of
multiple genes

Transfection

methods

Introduction of foreign DNA into the
parasite via electroporation or other

Expression of exogenous genes, creation of
transgenic parasite lines

employed in Plasmodium berghei models.

This table compiles the standard genetic manipulation methods—gene knockout, knockin, modification, CRISPR-Cas9 editing, and transfection—
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Research on P. berghei is notable for its application in
studying malaria pathogenesis and illness development.
The typical symptoms of malaria, such as fever, anemia, and
organ damage, are caused by P. berghei’s fast reproduction
cycle within erythrocytes [26]. A helpful model for examining
the pathophysiology of cerebral malaria is provided by
some strains of P. berghei, including ANKA, which cause
cerebral malaria in mice, emulating severe human malaria
pathology [27]. To further support drug development efforts,
P. berghei infections in mice provide a platform for assessing
antimalarial drug pharmacokinetics, resistance mechanisms,
and effectiveness [28]. Overall, the qualities of P. berghei as a
model organism have advanced our understanding of malaria
and led to important discoveries on the parasite's biology,
host immunological responses, and treatment development.

Utility of Plasmodium berghei Models in Malaria
Research

Studying malaria pathogenesis

Plasmodium berghei models, which provide a stable platform
to study the complex interactions between the parasite and
its host, have changed our knowledge of the pathophysiology
of malaria. These models mostly use mice as hosts and are a
vital resource in critical research since they closely resemble
human malaria infection. First, P. berghei models have the
crucial advantage of accurately simulating the malaria
parasite's whole life cycle inside a mammalian host [7]. The
ability to track infection from its initial liver stage to its later
blood stage allows researchers to conduct in-depth studies of
the kinetics of parasite replication, the host immune system,
and tissue-specific disease [29].

Moreover, P. berghei infections in mice elicit strong
immunological responses, making them an excellent model
organism for researching host-parasite relationships and
immune evasion techniques [30]. Researchers can unravel
the processes behind immunopathology, vaccine-induced
protection, and protective immunity by analyzing the
dynamics of innate and adaptive immune responses during
malaria infection. This information is essential for creating
cutting-edge treatments to fight malaria, such as vaccinations
and immunomodulatory medications [31]. Ultimately, by
accurately simulating essential components of natural malaria
in laboratory settings, P. berghei models have made substantial
progress towards our knowledge of malaria pathophysiology.

Investigating host immune responses

The complex interactions between the malaria parasite and
the human immune system have been primarily clarified
because of P. berghei models [32]. These models have also
provided vital insights into immunopathology, protective
immunity, and the processes behind vaccine development.
In particular, they use mice as hosts and provide a controlled

setting for researching the dynamic immunological responses
triggered by malaria infection [7,32]. This is one of their
main benefits since P. berghei models may elicit strong and
consistent immune responses in mice that closely resemble
those seen in human malaria infections [33]. Research has
indicated that infections with P. berghei elicit innate and
adaptive immunological responses typified by activating
T and B lymphocytes, natural killer cells, dendritic cells,
and macrophages [33-37]. The immune cells coordinate a
complex response to prevent parasite reproduction, eliminate
contaminated red blood cells, and create durable resistance to
future infections [38].

Researchers have analyzed the kinetics of innate immune
responses during malaria infection using P. berghei models
[39]. Gamma interferon (IFN-y) is essential for controlling the
immuneresponsetoP.berghei,while micelacking IFN-yshowed
heightened susceptibility to infection and decreased parasite
clearance [40]. Subsequent studies have demonstrated that
the innate immune response to malaria parasites is shaped
by Toll-like receptors (TLRs), inflammasomes, and cytokine
signaling pathways [41,42].

Models of P. bergheiinfection have shed light on the dynamics
of adaptive immune responses and innate immunity against
malaria infection [43]. Studies have shown that antigen-
specific T and B cells are activated and proliferate during
infection with P. berghei, producing effector T cell responses
and antibodies specific to the parasite [44]. These adaptive
immune responses make controlling parasite multiplication
and averting severe disease symptoms possible. Additionally,
P. berghei models are valuable tools for analyzing immune
responses elicited by vaccinations and determining the
effectiveness of potential malaria vaccines [45,46]. Researchers
can examine vaccine-induced immunity's immunogenicity,
protective efficacy, and persistence using genetically
engineered parasite strains expressing vaccine antigens or
immunomodulatory substances in preclinical settings [47].
This strategy has made the creation of innovative vaccine
formulations that target several phases of the malaria parasite
life cycle more accessible [48]. Table 2 summarizes the related
genes and factors involved in the immune response induced
by malaria parasites.

Furthermore, using P. berghei models makes assessing
vaccine-induced cellular immune responses, including
T cell responses and cytokine production, possible [53].
After vaccination, researchers can evaluate the growth and
activation of antigen-specific T cells using methods such
as intracellular cytokine staining (ICS) and enzyme-linked
immunospot (ELISpot) tests [52,54]. These investigations shed
light on how potential vaccines induce cellular immunity and
how they function to mediate protective immunity against
malaria parasites [50,55]. Lastly, P. berghei models make it
easier to conduct long-term research to evaluate how long-
lasting immune responses elicited by vaccination are [55,56].
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Table 2. Related genes and factors involved in the immune response induced by malaria parasites.

Gene/Factor Function References
IFN-y (Interferon-gamma) Activates macrophages and enhances antigen presentation [40]
TNF-a (Tumor Necrosis Factor-alpha) Mediates inflammation and immune response [47]
IL-10 (Interleukin-10) Regulates immune response, anti-inflammatory effects [43]
IL-12 (Interleukin-12) Promotes differentiation of T cells into Th1 cells [46]
CD8+ T cells Directly kill infected cells and secrete cytokines [37]
CD4+T cells Help B cells and CD8+ T cells secrete cytokines [36]
TGF-B (Transforming Growth Factor-beta) Regulates immune response and promotes tolerance [49]
NK cells (Natural Killer cells) Lyse infected cells and secrete IFN-y [50]
TLR (Toll-like Receptors) Recognize pathogen-associated molecular patterns and activate innate [51]

immunity.
FOXP3 (Forkhead box P3) Key marker for regulatory T cells (Tregs) [52]

Researchers can determine if booster shots are necessary to
maintain long-term protective immunity and measure the
durability of antigen-specificimmune responses in vaccinated
mice by tracking them at different intervals after vaccination
[50,51]. This research influences the adjustment of vaccination
tactics and dose schedules to improve vaccine durability and
efficacy [57].

Hence, our knowledge of the host immune responses during
malaria infection has greatly benefited from using P. berghei
models. These models may help scientists better understand
the interplay between innate and adaptive immunity,
pinpoint immunological correlates of protection, and hasten
the creation of potent malaria vaccines and immunotherapies.

Exploring parasite biology and drug targets

Plasmodium berghei models are crucial for better
understanding malaria parasites' complex biology and
pinpointing possible therapeutic targets. These models have
allowed scientists to significantly advance their knowledge
of the molecular pathways necessary for parasite survival,
virulence, cell biology, and metabolism. Because P. berghei
models are genetically manipulable, researchers may study
the role of specific genes and pathways in parasite biology,
one of the models' main benefits [58]. Using gene knockdown,
knock-in, and tagging techniques, researchers may clarify the
function of specific genes in parasite growth, interactions with
hosts, and medication resistance mechanisms [59].

Research employing P. berghei models has clarified
numerous facets of parasite biology, including metabolism,
cell cycle control, and host cell invasion. Studies examining

the function of vital enzymes in the parasite's metabolic
processes, including glycolysis, the tricarboxylic acid cycle,
and nucleotide biosynthesis, have revealed possible targets
for medication intervention [60]. Additionally, P. berghei
models have helped identify and validate new malaria therapy
medication candidates [61]. Researchers can assess potential
drugs' pharmacokinetics, safety, and effectiveness in vivo
using high-throughput screening experiments conducted
on P. berghei-infected mice. By evaluating parasitemia levels,
survival rates, and histopathological changes in infected
animals treated with prospective medicines, researchers can
find interesting leads for additional preclinical and clinical
development [62].

Figure 4 displays several drug screening tests in P. berghei
models, methods, and findings from high-throughput
screening platforms, in vitro assays, and in vivo effectiveness
investigations.

Furthermore, P. berghei models facilitate the investigation of
drug resistance mechanisms and the creation of resistance-
busting tactics [63]. Researchers can determine the genetic
determinants of drug resistance by using combination
medicines to stop or postpone the development of resistance,
tracking the formation of resistance mutations, and subjecting
parasites to suboptimal drug concentrations [64]. Finally,
models of P. berghei offer a potent platform for investigating
parasite biology and discovering new therapeutic targets for
malaria treatment. By utilizing genetic editing methods and
high-throughput screening tests, researchers may better
understand the intricate relationships between parasites and
hosts, identify novel therapeutic options, and advance efforts
to eradicate malaria worldwide.

J Cell Signal. 2024
Volume 5, Issue 3

101



Otun SO, Graca R, Onisuru O, Achilonu I. Evaluation of Plasmodium berghei Models in Malaria Research. ] Cell

Signal. 2024;5(3):96-113.

Preliminary
Assessment and
Target Selection

Application of
Plasmodium berghei
Model

Enhanced Research
Outcomes

B 3

Bioinformatic Target
Selection

-

In Vivo Studies

¢!

Pathway and Gene
Expression Data

Empirical Drug
Discovery

o m—
In Vitro Analysis

Fors @ _
&

Drug Validation and
Development

Figure 4. Drug Screening Assays.

Created in BioRender.com bio

Plasmodium berghei as a tool for vaccine development

The rodent malaria pathogen P. berghei helps find new
drugs to treat malaria. Its genetic tractability, simplicity of
maintenance, and resemblance to human malaria parasites
make studying therapeutic effectiveness and mechanisms
of action easier [65]. Utilizing P. berghei models, scientists
may find lead compounds, carry out systematic screens, and
progress the creation of innovative antimalarial treatments.
Notwithstanding obstacles, P. berghei continues to play a
crucial role in advancing drug research initiatives to combat
the enduring menace of malaria [66].

P. berghei models are essential tools for assessing the
effectiveness of malaria vaccinations. They offer vital
information on immune responses triggered by vaccines and
protective immunity [67]. These models enable researchers

to do thorough preclinical evaluations of vaccine candidates,
allowing them to make well-informed judgements about
moving such candidates forward into clinical trials and
ultimately deploying them in malaria-endemic areas. Testing
the effectiveness of vaccines is a crucial use of P. berghei
models in vaccine research. The degree of protection provided
by candidate vaccines is evaluated in mice by exposing them
to live P. berghei parasites after vaccination. The vaccine's
effectiveness in preventing malaria infection and illness
development may be assessed by researchers using this
challenge model by evaluating several factors, such as
parasitemia levels, disease severity, and survival rates [68].

Figure 5 shows vaccination regimens, challenge experiments,
and results from investigations on the effectiveness of vaccine
candidates in protecting against P. berghei models.

The Plasmodium berghei model in animal
studies to develop effective vaccines

Effective vaccines enhance human health
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Figure 5. Vaccine Efficacy Studies.
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P. berghei models also make assessing immunological
responses elicited by vaccinations easier, offering mechanistic
insights into vaccine effectiveness. By examining vaccine-
induced immune responses, researchers can determine the
relationship between protection against malaria infection and
specific immunological indicators, such as antibody titers, T
cell responses, and cytokine profiles [69]. These investigations
inform the optimization of vaccination formulations and
advance our knowledge of vaccine-induced protective
mechanisms.

Furthermore, vaccination effectiveness against various
phases of the malaria parasite life cycle may be evaluated
using P. berghei models [70]. Vaccines directed against pre-
erythrocytic stages seek to avoid infection by preventing
the growth of parasites in the liver [71]. On the other hand,
blood-stage vaccinations are designed to stop the spread of
the disease and stop parasite reproduction after erythrocyte
invasion [53]. Researchers can assess the effectiveness of
vaccinations targeting particular parasite antigens and phases
of the life cycle by using P. berghei animals that simulate
diverse stages of malaria infection [69,71].

Vaccine candidates tested in Plasmodium berghei models

Plasmodium berghei models were used for testing to evaluate
the effectiveness and potential for future development
of specific vaccine candidates. Designed to improve their
immunogenicity and protective qualities, these candidates
are tailored to target specific antigens. An immune response
directed against the merozoite stage is elicited by the protein

subunit vaccination MSP-1 (Merozoite Surface Protein-1),
which may prevent parasite multiplication [72]. Due to
its significant genetic heterogeneity, adjuvants could be
necessary to increase immunogenicity, which might result in
strain-specificimmunity. Preclinical research is still being done
on MSP-1-based vaccinations.

The recombinant protein vaccine AMA-1 (Apical Membrane
Antigen-1) demonstrates strong immunogenicity and partial
protection. It is now undergoing optimization efforts in the
preclinical stage despite its notable polymorphism impacting
the breadth of theimmune response and manufacturingissues
[73]. The viral vector vaccine CSP (Circumsporozoite Protein)
has the potential to generate potent immune responses and
defense against sporozoite assault [74]. Pre-existing immunity
to the viral vector and worries regarding long-term safety are
obstacles. Human studies are presently being conducted on
CSP-based vaccinations. Lastly, a DNA vaccination called RAP1
(Rhoptry-Associated Protein-1) is intended to stimulate both
humoral and cellular immunity [75]. Despite being usually
less immunogenic and may need several doses or adjuvants,
it is still in the preclinical stage, and research is being done
to increase its efficacy. These vaccine candidates demonstrate
the variety of approaches and continuous work being done
to create potent malaria vaccinations using P. berghei models.

Table 3 summarizes the antigen targets, vaccine
formulations, protective effectiveness data (such as survival
rate and parasitemia decrease), and pertinent references of
vaccine candidates tested in P. berghei models.

Table 3. Summary of vaccine candidate tested in Plasmodium berghei models.

Vaccine Antigen Target Vaccine Current Advantages Disadvantages References
Candidate Formulation Status
MSP-1 Merozoite surface Protein subunit Preclinical Induces immune High genetic [72]
protein-1 vaccine response targeting variability may
merozoite stage require adjuvants
AMA-1 Apical membrane Recombinant Preclinical Strong Significant [73]
antigen-1 protein vaccine immunogenicity, polymorphism,
partial protection production and
scalability challenges
CspP Circumsporozoite Viral vector Human trials | Robustimmune Pre-existing [74]
protein vaccine responses, protection | immunity to viral
against sporozoite vector, long-term
challenge safety concerns
RAP1 Rhoptry-associated DNA vaccine Preclinical Easy to produce, Lower [75]
protein-1 induces both immunogenicity
humoral and cellular may require multiple
immunity doses or adjuvants
J Cell Signal. 2024
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Therefore, P. berghei models are essential for assessing the
effectiveness of vaccinations against malaria because they
offer a flexible and manageable framework for preclinical
assessment. By utilizing these models, researchers may
evaluate the immune responses elicited by vaccinations,
ascertain the effectiveness of preventative measures against
malaria infections, and progress the creation of vaccines to
prevent and manage this grave illness [68,71].

Screening for antimalarial compounds

The rodent malaria pathogen P. berghei helps find new drugs
to combat malaria. Its short life span, genetic manipulation
capacity, and simplicity of maintenance in lab environments
make it a perfect model organism for researching the
pathophysiology of malaria and assessing the effectiveness

of prospective antimalarial drugs [76]. One of P. berghei’s
primary benefits for drug development is its adaptability
for high-throughput screening (HTS) of chemical libraries.
Using P. berghei-infected mice, HTS experiments enable the
quick assessment of many compounds for their antimalarial
potential [77]. To determine if test compounds are effective
in lowering parasite burden, these experiments usually
entail giving test compounds to infected mice and tracking
their levels of parasitemia over time [78]. Interestingly, lead
compounds with vigorous antimalarial activity have been
found through these screens.

P. berghei models have been used to assess several
antimalarial drugs, such as new chemical scaffolds, artemisinin
derivatives, and chloroquine analogues. For example, a
great deal of research has been done in mice infected with

Table 4. Summary of Anti-malaria drug screening.

Compound Name Chemical Structure (PubChem) Mechanism of Action References
Artemisinin Inhibition of heme detoxification [22,85]
Chloroquine ’;dx/ Inhibition of heme polymerization [14,86]
Mefloquine Disruption of parasite membrane [87]
Quinine Inhibition of heme detoxification [88]
Primaquine Clearance of liver-stage hypnozoites [89]

pertinent references.

This table provides an overview of the antimalarial drugs studied in Plasmodium berghei models, along with information on their chemical
compositions, modes of action, effectiveness metrics like IC50 (half-maximal inhibitory concentration) and ED50 (median effective dosage), and
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P. berghei on the pharmacokinetics, mechanism of action,
and potential for combination therapy of artemisinin and its
derivatives, which are well-known for their quick clearance of
parasites and effectiveness against strains that are resistant
to multiple drugs [79,80]. Analogues of chloroquine, formerly
thought to be first-line antimalarials, have also been evaluated
in P. berghei models to find analogues with better safety
profiles and action against parasites resistant to drugs [81].
Similarly, P. berghei models have proven useful in assessing
new therapeutic candidates, such as chemicals originating
from plants, natural products, synthetic compounds with
various chemical structures, and traditional small-molecule
medications [82]. These screens frequently involve giving
test compounds to infected mice, tracking parasitemia levels,
estimating survival rates, and performing histological analyses
to evaluate therapeutic effectiveness, safety, and mechanism
of action [83]. This research has found new chemical entities
with vigorous antimalarial activity and development potential.

Additionally, P. berghei models have been used in target-
based drug discovery methods, identifying and evaluating
specific molecular targets inside the parasite as possible drug
targets [84]. Using genetic manipulation techniques such as
gene knockout and knockdown, researchers may determine
if target genes are necessary and how gene disruption affects
parasite survival and virulence [13,59]. By combining target-
based screening with phenotypic tests in P. berghei models,
Researchers can identify and evaluate new drug targets to
develop antimalarial drugs.

Therefore, P. berghei helps speed up drug development
efforts to screen antimalarial drugs. It's a model organism
of great value for research on medication effectiveness,
mechanism of action, and resistance because of its genetic
modification capacity, appropriateness for HTS experiments,
and relevance to malaria pathophysiology [87,88]. Researchers
continue to find and evaluate new antimalarial compounds
using P. berghei models, which opens the door for creating
next-generation malaria treatments.

Pharmacokinetic and pharmacodynamic studies

The development of antimalarial medications heavily relies
on pharmacokinetic (PK) and pharmacodynamic (PD) research,
which offer valuable information on therapeutic effectiveness
and toxicity profiles as well as drug absorption, distribution,
metabolism, and excretion [90]. These investigations are
crucial for determining the pharmacokinetic characteristics
of potential drugs, comprehending how they interact with
the parasite, and maximizing the effectiveness of dosage
schedules in P. berghei models.

For instance, analytical methods like liquid chromatography-
mass spectrometry (LC-MS) or high-performance liquid
chromatography (HPLC) are used in PK studies on P
berghei-infected mice to measure the concentrations of

test compounds in blood, plasma, or tissues over time [91].
Test compounds are administered via oral, intravenous, or
subcutaneous routes to help with dosage selection and
formulation development; these investigations offer vital
data on drug bioavailability, half-life, clearance, and tissue
distribution [92]. PK studies also evaluate the effects of
variables on drug absorption and disposition, including meal
consumption, the co-administration of other medications,
and illness conditions [84].

Meanwhile, in P. berghei-infected mice, PD investigations
assess the connection between medication exposure and
pharmacological response. These investigations usually
determine survival rates, parasitemia levels, and parasite
development suppression after various medication dosages
and regimens. Drug potency, effectiveness, and dose
frequency needs are evaluated by calculating PD parameters,
such as the minimum inhibitory concentration (MIC),
maximum parasiticidal concentration (MPC), and duration
above MIC (T>MIC) [93]. Additionally, PD research clarifies the
pharmacodynamic pathways that underlie the effect of drugs,
including host immune response regulation, disruption of
parasite metabolism, and growth inhibition [94].

Integrating PK and PD data establishes pharmacokinetic-
pharmacodynamic (PK-PD) correlations. These interactions
guide the best antimalarial medication dosages and
therapeutic outcomes. By correlating medication exposure
levels with parasite-killing kinetics and treatment results,
researchers can minimize the likelihood of drug resistance
development and establish target drug concentrations
associated with desired efficacy [95]. Moreover, using
preclinical data from P. berghei models, PK-PD modelling helps
with regimen selection, dosage optimization, and clinical
outcome prediction in humans.

Ultimately, the pharmacological characteristics of
antimalarial medications, the optimization of dosage
schedules, and the forecasting of treatment results depend
on pharmacokinetic and pharmacodynamic investigations
in P. berghei models [96]. By amalgamating PK, PD, and PK-
PD modelling methodologies, Scholars may expedite drug
development endeavors, pinpoint lead compounds with ideal
effectiveness and safety profiles, and eventually enhance
therapeutic treatments for malaria.

Translational potential and clinical relevance

An essential part of malaria research is the possibility of
translating results from P. berghei models to clinical settings.
Although P. berghei is a rodent parasite that does not directly
infect humans, research conducted on this model organism
has essential ramifications for creating new treatments,
vaccinations, and diagnostic aids for malaria in humans
[45,95]. A significant advantage of P. berghei models is their
genetic manipulation capacity, which enables researchers
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to investigate the roles of specific genes related to parasite
biology, host-parasite interactions, and medication resistance
mechanisms [97]. Also, P. berghei shares genes with human
malaria parasites like P. falciparum and P. vivax, which may
make them suitable targets for drugs or vaccines. Genetic
research on P. berghei can provide valuable insights into
human malaria research by discovering orthologous genes
and confirming their significance in human iliness [98].

Additionally, preclinical data on the safety, effectiveness,
and pharmacokinetic characteristics of possible antimalarial
drugs are obtained using drug screening tests in mice infected
with P. berghei [99]. Evaluating promising compounds in P,
berghei models in human clinical trials can accelerate drug
development and facilitate the search for novel malaria
therapy alternatives. Furthermore, P. berghei models have
proven helpful in unlocking the secrets of drug resistance
pathways and discovering new ways to combine drugs to
combat resistance [100]. Candidates for vaccines that elicit
strong immune responses and protect against parasite
challenge in mice infected with P. berghei may advance to
human clinical trials, where their safety and effectiveness may
be assessed in areas where malaria is prevalent.

Additionally, translational research endeavors seek to
cross the divide between fundamental scientific findings
in P. berghei models and clinical implementations in
communities endemic to malaria [76]. Collaborative efforts
among university researchers, pharmaceutical corporations,
and public health organizations facilitate the translation of
preclinical discoveries into practical therapies for malaria
control and eradication [1,63]. By utilizing the advantages of P
berghei models and incorporating interdisciplinary methods,
scientists might expedite the creation of novel instruments
and tactics to counter malaria and enhance worldwide health
consequences. Hence, models of P. berghei have important
clinical and translational implications for malaria research.
Studies employing this model organism yield insights that
help develop new treatments, vaccines, and diagnostic
techniques for human malaria, eventually improving attempts
to lessen the disease's horrific global impact.

Comparative Analysis with Other Plasmodium
Species Models

A comparative examination of Plasmodium species models is
necessary to comprehend the advantages and disadvantages
of various model organisms used in malaria research. Although
P. berghei is the most employed species because it can be
genetically modified and causes an intense infection in rats,
other species, such as P. falciparum and P. yoelii, have particular
benefits [32,34]. The deadliest human malaria parasite, P.
falciparum, illuminates elements of malaria pathophysiology
and immune responses unique to humans [101]. Another
rodent parasite useful for researching liver-stage malaria and
developing vaccines is P. yoelii.

Comparing P. berghei to other Plasmodium species
models, such as P. falciparum and P. vivax, reveals certain
advantages and disadvantages. Comprehending these
comparative characteristics is crucial for choosing suitable
model animals and creating customized experiments to
address specific research inquiries in malaria biology and
medication development. P. berghei's genetic manipulation
capacity is one of its main advantages, made possible by
reliable transfection techniques and a comprehensive gene
editing toolset. Because of this genetic tractability, scientists
may generate mutant parasite lines with particular gene
knockouts, knock-ins, or alterations, facilitating the study of
gene function and the confirmation of potential therapeutic
targets [19,59]. Furthermore, mouse infections with P. berghei
provide a regulated and manageable experimental framework
for investigating several facets of malaria pathogenesis,
immunological responses, and medication effectiveness [56].

The host specificity of P. berghei for rats limits its applicability
to human malaria infections, which is one drawback of utilizing
it as a model organism. P. berghei differs from P. falciparum, the
deadliest human malaria parasite, in that it does not usually
infect people and presents distinct clinical symptoms, host-
parasite interactions, and immune responses. Therefore, it
may only sometimes be possible to immediately apply the
results of investigations conducted using P. berghei models
to human malaria infections. Instead, suitable humanised
or non-human primate models must be used for validation
[26]. In contrast, using P. falciparum as a model to investigate
malaria infections in humans has several benefits. For instance,
the capacity to cultivate P. falciparum in vitro makes high-
throughput screening of antimalarial drugs and controlled
studies of parasite biology possible. However, P. falciparum'’s
broad usage as a model organism must be improved due to
difficulties in maintaining its cultures, genetic modification,
and low transfection effectiveness [102].

Another important human malaria parasite, P. vivax, offers
particular difficulties and opportunities for malaria research.
In contrast to P. falciparum, P. vivax produces latent liver-stage
hypnozoites, which can complicate treatment and removal
attempts and cause relapses [103]. Though few in vivo models
of P. vivax infection exist, recent developments in humanized
mouse models and in vitro culture techniques have made it
easier to research liver-stage malaria and find new drugs
[104]. Hence, every Plasmodium species model, P. berghei,
P. falciparum, and P. vivax, offer uniqueness when studying
malaria (Table 5). Even though P. berghei offers a manageable
system for genetic modification and experimental research in
rodents; its lack of applicability to human malaria infections
means that additional research in other model organisms,
like P falciparum and P. vivax, is necessary to advance
our knowledge of malaria biology and create successful
countermeasures against this threat to global health.
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Table 5. Comparison of Plasmodium Species Models.

Aspect

Plasmodium berghei

Plasmodium falciparum

Plasmodium vivax

Genetic Manipulation

Amenable to genetic
manipulation

Limited efficiency and challenges in
genetic editing

Limited tools and models for genetic
manipulation

Host Specificity

Rodent host, not infective to
humans

Infective to humans, primarily
responsible for severe malaria

Infective to humans, it causes
relapsing malaria

Relevance to Human
Infections

Limited relevance due to
species differences

Direct relevance to human malaria
infections

Direct relevance to human malaria
infections

Research Applications

Study of malaria
pathogenesis, immunity, and
drug efficacy in rodents

Study of human-specific aspects of
malaria, drug screening, and immune
responses

Study of relapsing malaria, liver-
stage biology, and drug discovery

Experimental
Manipulation

High efficiency in creating
mutant parasite lines

Limited efficiency in genetic
manipulation

Limited tools for genetic
manipulation and culture

Model Limitations

Lack of direct relevance to
human infections

Ethical considerations in working with
human subjects

Limited in vivo models and culture
systems

Advantages

The controlled experimental
system, tractable for research

Direct relevance to human malaria, in
vitro culture capabilities

Insights into relapsing malaria,
potential for drug discovery

Current Research Focus

Understanding parasite
biology and drug discovery

Drug resistance, vaccine development,
and pathogenesis

Liver-stage Biology, relapse
mechanisms, and drug discovery

References

[8,17,105]

[3,91,102]

[67,98,103,106]

This table-based style compares the strengths, shortcomings,
and research applications of P. berghei and other Plasmodium
species models.

However, to ensure that study findings are repeatable and
generalizable, results must be experimentally validated
across several Plasmodium species models. This entails doing
parallel tests in many model organisms to determine species-
specific changes and evaluate the consistency of results.
To confirm results and guide translation to clinical settings,
research examining medication effectiveness, immunological
responses, or vaccine-induced protection, for instance,
frequently assesses potential treatments in rodent and human
malaria models [107].

Cross-species studies provide experimental validation
and avenues to clarify species-specific variations in malaria
pathophysiology, medication susceptibility, and immune
evasion tactics. By analyzing how distinct Plasmodium
species react to experimental interventions or environmental
stimuli, researchers can discern vulnerabilities and adaptive
mechanisms unique to each species. This information can
be used to understand the factors influencing variations
in malaria epidemiology and clinical outcomes between
species [32]. Cross-species validation of results is essential to
improving our comprehension of malaria biology and turning
scientific insights into practical therapies. Researchers can

verify results, pinpoint conserved biological processes, and
clarify species-specific distinctions by utilizing various model
organisms and complementary experimental techniques.
Ultimately, this helps generate new approaches for controlling
and eradicating malaria.

Challenges and Future Directions

Although research on malaria and the production of vaccines
have significantly advanced, thanks to P. berghei models, some
limits and problems need to be considered. These variables
may affect how results from preclinical research are applied
in clinical settings and may also point to areas where malaria
research needs to be improved. These issues must be resolved
for these models to be as helpful as possible and for our
knowledge of malaria biology and treatment to advance.

First, the limited applicability of P. berghei to human malaria
infections is a barrier posed by its species' uniqueness.
Enhancing non-human primate models or creating humanized
mouse models should be the main goals of future research
to mimic the immunological responses and mechanism of
human malaria more accurately [108]. Secondly, advances in
imaging methods, including bioluminescence imaging and
intravital microscopy, provide novel insights into parasite-
host interactions and medication effectiveness in vivo [109].
Integrating omics technologies, such as transcriptomics,
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proteomics, and genomes, makes finding new therapeutic
targets and vaccine candidates easier and allows for thorough
characterization of parasite biology and host responses [110].

Secondly, Since P. berghei only infects rodents rather than
humans, one of the main problems with P. berghei models
is their species-specificity. Although the lifecycle and
pathogenesis of P. berghei and human malaria parasites are
similar, host-parasite interactions, immunological responses,
and clinical symptoms differ significantly. Therefore, directly
applying research findings from P. berghei models to human
malaria infections may only sometimes be possible. Instead,
suitable humanized or non-human primate models must be
used for validation [111].

Thirdly, researching parasite biology and developing new
drugs are complicated by the genetic differences between P.
berghei and human malaria parasites. The differences in drug
targets, metabolic pathways, and gene expression between
P. berghei and human malaria parasites may limit the utility
of findings for developing interventions targeting human
malaria species. Despite this, P. berghei models facilitate
genetic manipulation and investigation of parasite biology
[112]. Complementary research employing human malaria
parasites, such as P. falciparum or P. vivax, is crucial to validate
results and further drug discovery efforts.

Additionally, interpreting data from P. berghei models is
challenging due to the intricacy of host reactions and malaria
immunology. The results of immunogenicity and effectiveness
studies may be impacted by the distinctions in immune
regulation, antigenicity, and immune evasion tactics between
rats and humans, even though these models facilitate the
analysis of vaccine-induced immune responses and protective
immunity. Consequently, to guarantee the applicability and
transferability of vaccine candidates discovered using P
berghei models, meticulous interpretation and validation of
results in human research are required [113].

Furthermore, P. berghei models have drawbacks and
limitations, even though they provide insightful information
on malaria's pathophysiology, vaccine creation, and
drug discovery. Complementary research in appropriate
humanized or non-human primate models and validation in
human populations is necessary to address these limitations,
advance our understanding of malaria, and translate findings
into practical interventions to control and eradicate this
devastating disease [114].

Lastly, advances in genome editing techniques, including
base editing, CRISPR-Cas9, and CRISPR-Cas12a, should
improve the genetic tractability of P. berghei models and speed
up functional genomics research [115]. Furthermore, the
development of humanized mouse models with reconstituted
humanimmune systems provides possibilities forinvestigating
human-specific elements of malaria pathogenesis and

immunity in vivo [116]. Hence, even though P. berghei models
have proven helpful in the study of malaria; it is critical to
overcome their drawbacks and adopt new technologies to
spur innovation and further our knowledge of the disease's
biology. By successfully resolving these obstacles and using
the potential for model enhancement, scientists may expedite
the creation of innovative countermeasures against malaria
and enhance worldwide health results.

A clear roadmap is essential to address the challenges in
utilizing P. berghei models for malaria research because they
focus on enhancing model applicability, leveraging advanced
imaging methods, and integrating omics technologies. First,
enhancing the applicability of P. berghei models to human
malaria involves developing humanized mouse models and
utilizing non-human primates. These models can replicate
human immune responses and disease mechanisms more
accurately, providing a more relevant platform for testing
vaccines and therapeutics [5,114]. Future research should
aim to refine these models to improve their fidelity to human
malaria. Secondly, advances in imaging techniques such as
bioluminescence and intravital microscopy offer novelinsights
into parasite-host interactions and medication effectiveness
in vivo. These methods enable real-time visualization of
parasite development and disease progression, although they
come with high costs and technical complexity [108,117].
Their adoption can significantly enhance our understanding
of malaria pathogenesis and treatment responses. Lastly,
integrating omics technologies, including transcriptomics,
proteomics, and genomics, can revolutionize malaria research
[110]. These approaches facilitate the identification of new
therapeutic targets and vaccine candidates by providing a
comprehensive characterization of parasite biology and host
responses. Despite the need for advanced bioinformatics
tools and expertise, omics technologies offer unprecedented
opportunities for in-depth analysis and discovery.
Implementing this roadmap involves fostering collaborations,
developing standardized protocols, and investing in training
and infrastructure to support these advanced research
methodologies. By addressing these challenges, the accuracy
and efficiency of malaria research using P. berghei models can
be significantly improved, accelerating the development of
effective interventions.

Implications for malaria research and control strategies

The knowledge gained from research employing P. berghei
models significantly impacts malaria prevention and treatment
methods. By clarifying parasite biology, host immunity, and
drug resistance processes, these models assist in creating new
malaria therapies such as medications, vaccines, and vector
control strategies [3,118]. Furthermore, new developments
in genome editing tools, omics technologies, and imaging
techniques present excellent prospects for speeding up the
development of creative treatments, preventative measures,
and eradication plans for malaria and deepening our
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understanding of the disease's biology. Therefore, P. berghei
models are critical in advancing malaria research. However, to
spur innovation and enhance global health outcomes in the
battle against malaria, efforts must be made to overcome their
shortcomings and use cutting-edge technology.

Conclusion

This review has revealed the critical contributions of P. berghei
models to the study of malaria and the issues that still need to
be resolved to make further progress in this area. The biology
of malaria has been studied in detail using P. berghei models,
including immune responses, medication development,
parasite pathology, and vaccine development. The genetic
tractability and simplicity of manipulating P. bergheihave made
significant discoveries and progress in our comprehension
of malaria. However, restrictions such as species specificity
and variations in host-parasite interactions highlight the
necessity of supplementary research in additional model
organisms, including P. vivax and P. falciparum, to guarantee
the applicability and relevance of study findings.
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