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ABSTRACT

Background: Malaria remains a significant global health burden, with drug resistance posing a major challenge to
its control. The emergence of resistance to antimalarial drugs represents a critical issue in malaria management, as it
heightens the likelihood of morbidity and mortality associated with the disease. There is an urgent requirement for a
novel candidate drug with a distinct mechanism of action.

Aim: In light of the ongoing challenges in malaria management, particularly the emergence of drug resistance, this
study aimed to investigate the efficacy of a novel combination therapy of borrelidin and fumagilin against Plasmodium
berghei infection on Swiss Webster mice. The findings of this study could contribute to developing new and effective
antimalarial treatments.

Methods: This study employed a unique approach, using Swiss Webster mice aged 6—8 weeks and dividing them
into five groups, each with five mice. The therapeutic efficacy of the combination treatment was evaluated through a
comprehensive assessment of parasitemia levels, survival rates, and histological changes in the liver and spleen. This
rigorous methodology ensures the reliability and validity of our findings.

Results: The combination of borrelidin and fumagilin led to the lowest parasitemia at 5%, contrasting with the control
group reaching 15%. Moreover, the combination group exhibited the highest inhibition rate of 69.6% on day nine post-
infection. Histopathological alterations were limited to sinusoid dilation, hepatocyte ballooning, and the presence of
hemozoin.

Conclusion: These findings suggest that the combination of borrelidin and fumagilin holds promise as a potential
antimalarial therapy.

Keywords: Antibiotic, Drug resistance, Malaria, SDG’s.

Introduction

Malaria continues to be a significant global health
burden, especially in areas where Plasmodium spp.
is prevalent (Talapko et al., 2019). According to data
from WHO, malaria still occurs in Africa, Southeast
Asia, the eastern Mediterranean, South America, and
the West Pacific (WHO, 2023). Despite numerous
efforts to control the disease, challenges like drug
resistance and limited treatment options still exist,
making it necessary to explore new therapeutic
strategies. Indonesia and India are among the highest

contributors to malaria cases in Asia. Indonesia, like
other malaria-endemic countries, has cases of resistance
to several antimalarial drugs, namely chloroquine and
sulfadoxine-pyrimethamine (Rahmasari et al., 2022).
The primary treatments for uncomplicated Plasmodium
falciparum malaria involve the use of combination
therapies based on Artemisinin-based combination
therapy, which is in line with WHO’s recommendation
(Siqueira-Neto et al., 2023).

The potential for the parasite to build resistance
against existing antimalarial medications underscores
the urgency of creating new drugs with unique
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mechanisms of action (Belete, 2020). Exploring
malaria drug discovery via natural products faces
various challenges, potentially dampening enthusiasm
for further research into these scaffold families. Future
antimalarial treatments are anticipated to be formulated
as combination therapies to mitigate resistance risks
(Siqueira-Neto et al., 2023).

Borrelidin and fumagilin are two antibiotics that have
been explored for their potential as antimalarial drugs.
Borrelidin is an 18-membered macrolide compound
that has shown efficacy against drug-resistant strains of
P, falciparum, the parasite responsible for malaria. Its
potency is demonstrated by an IC,, value of 0.93 ng/
ml (Sugawara et al., 2013). Borrelidin protects against
lethal murine malaria at a low 0.25 mg-kg'-day ™' dose.
It has been found to protect mice from lethal infections
and induce protective immune responses after treatment.
Borrelidin’s antimalarial activity correlates with the
accumulation of trophozoites in peripheral blood, and
all infected mice treated with borrelidin survived and
developed immunity, protecting them from reinfection
on 75 and 340 days after the initial infection (Azcarate
etal., 2013).

Borrelidin, originally isolated from Streptomyces
rochei, exhibits potent inhibitory activity against
threonyl-tRNA  synthetase (ThrRS), an essential
enzyme in protein synthesis in Plasmodium spp.
Inhibition of ThrRS disrupts the parasite’s ability to
generate essential proteins, thus impeding its growth
and proliferation within the host organism. These
findings suggest that borrelidin can serve as a scaffold
for antimalarial drug design (Novoa et al., 2014).
Fumagilin, on the other hand, has yet to be extensively
studied for its antimalarial potential. Fumagilin derived
from Aspergillus fumigatus, targets Methionine
Aminopeptidase 2 (MetAP2), an essential protein
processing and maturation enzyme with an IC,; 8 nM
(Garrabrant et al., 2004). Fumagilin interferes with
crucial cellular processes by inhibiting MetAP2 in
Plasmodium, leading to parasite death. It is known to
have potent antiparasitic activity with an IC_ of 4-17
ng/ml (Zhang et al., 2002). However, the efficacy of
fumagilin in animal models has not yet been published,
and it is one of the novelties of this study.

World Health Organization recommended an
antimalarial combination to enhance therapeutic
efficacy by administering two or more blood
schizontocidal drugs with independent modes of action
improve the overall effectiveness of the treatment. This
approach reduces the risk of treatment failure and the
development of resistance to individual components
of the combination. The rational combination of
borrelidin and fumagilin presents several potential
advantages over traditional monotherapy approaches.
By targeting distinct molecular pathways essential for
parasite survival, combination therapy may mitigate
the emergence of drug resistance, a critical concern in
malaria treatment. Moreover, synergistic interactions

between borrelidin and fumagilin could target different
stages of the parasite’s life cycle, enhance the drug’s
efficacy and reduce the likelihood of resistance
development, reduce treatment duration, and potentially
lower the risk of adverse effects associated with higher
drug doses (Chen et al., 2009; Ishiyama et al., 2011).
Further research is needed to understand its potential
as an antimalarial drug and to compare its efficacy with
artemisinin. This study evaluated the effectiveness of
combining borrelidin and fumagilin in treating malaria
using a murine model of Plasmodium berghei infection.

Materials and Methods

Experimental animals

Adult Swiss Webster female mice weighing 25-30 g
and aged 6-8 weeks were used in the study. The mice
were allowed to acclimate for a week, were exposed
to a 12-hour cycle of light and darkness from 06:00
to 18:00, and had free access to the pellets and water
ad libitum. The experiments were conducted at The
Animal Laboratory of the Agency for Health Policies
Development, Indonesian Ministry of Health, Bogor,
from 20 October 2023 to 30 December 2023.

Material collection

Borrelidin (B3061-1MG) was delivered from Sigma
Aldrich, Fumagilin (F6771-5MG) was delivered from
Sigma Aldrich, and P. berghei ANKA was obtained
from the Agricultural Instruments Standardization
Agency, Indonesian Ministry of Agriculture, Bogor.
Inoculation of P. berghei

The parasites were retrieved from the frozen stock
at —80°C before commencing the experiment and
intraperitoneally injected into the donor mice.
Plasmodium berghei was then passed from the donor
mouse to healthy mice thrice until the parasitemia
reached approximately 50%. Parasitemia levels were
monitored daily through Giemsa-stained blood smears.
Subsequently, the donor mice were euthanized, and
blood was collected via cardiac puncture. The blood
was diluted with phosphate buffer saline, with each
0.5 ml containing 2 x 10° P. berghei-infected red blood
cells (iRBCs). Each experimental group received 0.5
ml of iRBCs intraperitoneally (Cahyaningsih et al.,
2022).

In vivo antimalarial efficacy test

The mice were divided into five groups, each containing
five mice. Group A received 0.25 mg/kg body weight
(BW) of borrelidin intraperitoneally, while Group B
was given 20 mg/kg of fumagilin orally. Group C was
given a combination of 0.25 mg/kgBW of borrelidin
intraperitoneally and 20 mg/kgBW of fumagilin orally.
Group D received 20 mg/kg BW of artemisinin orally
(Tu, 2017), and Group E was used as an infected-
untreated group. Treatment commenced on day five
post-infection (pi) when the average parasitemia had
risento 10% (Cahyaningsih et al.,2022). The therapeutic
efficacy was sustained for 4 days, encompassing days
5 through 9 pi.
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Determination of weight changes

An analytical balance measured body weight on days
0,4, 6, 8, and 11 (Ohaus SPX 2202). Changes in body
weight were calculated and statistically to determine
which group significantly differed from the positive
control group.

Monitoring of parasitemia

Parasitemia was observed daily by examining thin blood
smears stained with 10% Giemsa solution. Microscopic
examination was conducted at a magnification of
1,000x (Eclipse 100i, Nikon, Japan). The percentage of
parasitemia was determined by counting parasites per
1,000 RBCs.

Histopathological examination of liver and spleen

The Plasmodium infection primarily impacts the kidney,
liver, spleen, lungs, and brain, with the liver and kidney
particularly susceptible to toxicity (Nigatu et al., 2017,
Chin et al., 2019). The organs were harvested on day
15 following infection and subjected to microscopic
examination to identify any histopathological
alterations to assess the effect of a combination therapy
involving borrelidin and fumagilin. The organs were
gathered and stored in a 10% buffered formalin (neutral)
solution until examination. Subsequently, the organs
were processed, sectioned, and stained according to
established protocols with certain adjustments.

Data analysis

The data were analyzed using Windows SPSS version
23.0. The significance of the treatment effect was

determined through the Kruskal-Wallis non-parametric
test, with a significance level set at p < 0.05. Post-hoc
pairwise comparisons were subsequently conducted to
compare results among the groups.

Ethical approval

The Health Research Ethics Commission of the
National Research and Innovation Agency (BRIN) has
approved the experiments on mice (accession number:
101/KE.03/SK/09/2023).

Results

Treatment with borrelidin and fumagilin combination
therapy (Group C) significantly reduced compared to
the control group (Group E) (p < 0.05). Additionally,
mice receiving combination therapy exhibited higher
survival rates than those treated with single therapy
or the control group (p < 0.05). Histopathological
examination revealed reduced tissue damage and
inflammatory cell infiltration in the liver and spleen
of mice treated with combination therapy compared to
single therapy or control groups.

Body weight

The body weight of the animals was measured and
recorded on days 0, 4, 6, 8, and 11 pi to assess the effect
of borrelidin and fumagilin treatment on changes in
body weight compared to the control group as shown
in Figure 1. The control group consistently had the
lowest body weight values during the study compared
to the treatment groups. Statistical analysis confirmed
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Fig. 1. The Body weight of mice was monitored every 2 days. (Group A: 0.25 mg/kg BW borrelidin i.p; Group B: 20 mg/
kg BW fumagillin p.o; Group C: 0.25 mg/kg BW borrelidin i.p and 20 mg/kg BW fumagillin p.o; Group D: 20 mg/kg BW

artemisinin p.o; Group E: infected-untreated group).
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Fig. 2. Effect of drug treatment on the growth of Plasmodium berghei in mice. The parasitemia rate after treatment in
the groups. The treatment regime was started from day 5 to 8 post-infection (Group A: 0.25 mg/kg BW borrelidin i.p;
Group B: 20 mg/kg BW fumagillin p.o; Group C: 0.25 mg/kg BW borrelidin i.p and 20 mg/kg BW fumagillin p.o;
Group D: 20 mg/kg BW artemisinin p.o; Group E: infected-untreated group).
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Fig. 3. Survival rate of the groups of mice (Group A: 0.25 mg/kg BW borrelidin i.p; Group B: 20 mg/kg BW fumagillin
p-0; Group C: 0.25 mg/kg BW borrelidin i.p and 20 mg/kg BW fumagillin p.o; Group D: 20 mg/kg BW artemisinin
p-o; Group E: infected-untreated group).
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this with p < 0.05, indicating a significant difference
between the groups. Further analysis demonstrated
significant body weight differences between the
treatment and control groups.

In vivo antimalarial efficacy test

The effects of borrelidin, fumagilin, and their
combination on the development of P. berghei were
evaluated based on the percentage of parasitemia,
inhibition, and survival rate in infected-treatment
mice compared to infected-untreated mice. Our study
indicated that mice treated with the combination of
borrelidin and fumagilin, from day 6 pi (48 hours
after the first treatment) until day 11 pi (6 days after
the first treatment), showed a significant difference in
parasitemia compared to the control (p < 0.05), which
yielded similar results to group A and D, but differenced
from group B. It demonstrated that the combination of
borrelidin and fumagilin has an efficacy comparable to
artemisinin. Meanwhile, group B was observed to have
the highest parasitemia after group D throughout the
study.

As seen in Figure 2, all treatment groups experienced
a decrease in parasitemia, possibly because of the
treatment (Group A, B, C, D), compared to Group E,
which continued to exhibit an increase in parasitemia.
Group B consistently showed the second-highest
parasitemia levels after group D throughout the study,
while Group C had the lowest parasitemia percentage.
Although group C had the lowest parasitemia, group
D exhibited the highest survival rate by the end of
the study (Fig. 3). However, the percentage inhibition

of Group C was highest compared to other treatment
groups from day 6 to 11 pi. However, the survival rate
of all treatment groups was 100% from day 6 to 11 pi,
except for the mice treated with artemisinin (Group
D). The highest percentage of parasite suppression was
found in group D from day 7 to 11 pi, with 55, 65, 69.6,
and 63.6%, respectively (Fig. 3).

Organ pathological changes

In the liver histopathological examination, slight
changes were observed, including sinusoid dilation,
hepatocyte ballooning, and abundant hemozoin, while
P. berghei was not detected (Fig. 4). Meanwhile, the
histopathological examination of the spleen only
observed hemozoin and sinusoid dilation, as shown in
Figure 5.

In this study, hemorrhages occurring in the liver are
characterized by sinusoidal dilatation, hemozoin,
and ballooning hepatocytes. However, only minor
alterations were detected. These findings can be
attributed to the relatively mild hepar damage in group
C, implying that the combination therapy given may
have had a beneficial effect.

Discussion

Malaria, caused by Plasmodium parasites, is a major
global health problem, particularly in tropical and
subtropical regions (Talapko et al., 2019). Unlike
many viral infections, malaria offers limited immunity
against subsequent reinfections, whether due to an
incomplete immune response or the vast array of
genetic variants (Siqueira-Neto et al., 2023). The

Fig. 4. A. Sinusoidal dilatation (blue arrow), hemozoin (black arrow). B. Ballooning hepatocytes (red arrow) were pathological
signs of liver damage of Group C (magnification 100x). Bar 10 um.
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Fig. 5. Histopathologic of the spleen of Group C. Hemozoin and slight sinusoid dilation were visible at a magnification
of 100x. Bar 10 um.

emergence of drug-resistant strains of Plasmodium
underscores the urgent need for novel therapeutic
strategies. Combination therapies, which involve the
simultaneous administration of two or more drugs with
different mechanisms of action, have been advocated
to combat drug resistance and improve treatment
outcomes in malaria (Shibeshi ef al., 2020; White,
2022). In preclinical studies, borrelidin and fumagilin
are antibiotics that have shown promising antimalarial
activity. Borrelidin inhibits protein synthesis in the
parasite, while fumagilin targets angiogenesis, a
process critical for parasite survival and proliferation
(Frottin et al., 2016; Saint-Léger et al., 2016a).

Compared to the other groups, the lowest percentage
of parasitemia in group C implies a higher level of
parasitemia inhibition within group C. This study
showed that the rational combination of borrelidin
and fumagilin has the lowest parasitemia, the highest
survival rate, and mild hepar damage. As a result, the
recovery rate for group C was superior to the other
groups. Combining borrelidin and fumagilin has
demonstrated significantly enhanced efficacy against
Plasmodium berghei infection in mice. This synergistic
effect can be attributed to several factors, primarily
the distinct mechanisms of action and complementary
modes of inhibiting the parasite’s proliferation and
survival. Borrelidin operates by inhibiting ThrRS,
an essential enzyme involved in protein synthesis
in Plasmodium. Borrelidin disrupts the parasite’s
ability to generate essential proteins by targeting this
specific molecular pathway, impeding its growth and
proliferation within the host organism. On the other

hand, fumagilin exerts its antimalarial activity by
inhibiting MetAP2, a crucial enzyme involved in
protein processing and maturation. Consequently, the
concurrent administration of borrelidin and fumagilin
presents a multi-targeted approach, effectively
blocking different stages of protein synthesis within the
parasite’s lifecycle (Chen et al., 2006; Arico-Muendel
et al., 2009; Bhikshapathi et al., 2010; Saint-Léger et
al.,2016b).

The combination therapy may lead to increased drug
accumulation within  Plasmodium-infected ~ cells.
Borrelidin and fumagilin may exhibit synergistic
effects on cellular uptake mechanisms or intracellular
trafficking pathways, facilitating enhanced drug
concentrations atthe site of action. This phenomenon can
potentiate the individual efficacies of both compounds,
resulting in a more pronounced antimalarial effect than
monotherapy with either borrelidin or fumagilin alone.
Furthermore, the combined regimen could mitigate
the emergence of drug resistance in Plasmodium
populations. As borrelidin and fumagilin target
distinct molecular pathways, the likelihood of the
parasite developing cross-resistance to both drugs
is reduced. This aspect is crucial in combating the
persistent challenge of antimalarial drug resistance,
as the emergence of resistant strains often undermines
the efficacy of single-agent therapies. Meanwhile,
the histopathological examination of the spleen only
observed hemozoin and sinusoid dilation, as shown in
Figure 5, indicating reinfection prevention.

In comparing these compounds, artemisinin stands
out for its well-established role in malaria treatment,



http://www.openveterinaryjournal.com

http://www.openveterinaryjournal.com
R. Novita et al.

Open Veterinary Journal, (2024), Vol. 14(8): 2007-2015

while borrelidin  and fumagilin offer diverse
pharmacological potentials beyond antimalarial
applications. Artemisinin’s mechanism of action
involves its activation by the heme released from
hemoglobin digestion within the malaria parasite.
This activation generates free radicals, particularly
reactive oxygen species, which damage essential
biomolecules within the parasite, ultimately leading to
its death. Additionally, artemisinin can interfere with
the parasite’s calcium homeostasis and mitochondrial
function, further contributing to its antimalarial
effects. Borrelidin exerts its pharmacological effects
by inhibiting ThrRS, an essential enzyme involved in
protein synthesis. By blocking this enzyme, borrelidin
disrupts the production of proteins necessary for
bacterial and cancer cell survival, ultimately leading to
their death. Fumagilin’s mechanism of action involves
inhibition of the enzyme methionine aminopeptidase,
which is crucial for removing the initiator methionine
from nascent polypeptides during protein synthesis.
Fumagilin disrupts protein synthesis in microorganisms
by inhibiting MetAP (Sin ef al., 1997; O’Neill et al.,
2010; Giessen & Marahiel, 2014). Fumarranol, an
analogue of fumagilin, has been shown to inhibit
malaria growth by interacting with Plasmodium
falciparum  Methionine Aminopeptidase 2. After
treatment with fumarranol, Plasmodium yoelii showed
a significant reduction in parasitemia levels in mice,
leading to an extended mean survival time in a dose-
dependent manner as long as 30 days at a dose of 120
mg/kg BW (Chen et al., 2009). The administration of
fumagilin alone resulted in higher parasitemia than the
combination group of borelidin and fumagillin in this
study. This suggests that administering fumagilin by
itself may not effectively suppress the growth rate of
plasmodium. On the other hand, the borrelidin group
could suppress plasmodium growth and, statistically,
showed no significant difference compared to the
combination group of borrelidin and fumagilin and
the artemisinin group. This indicates that the efficacy
of administering borelidin alone and combined with
fumagillin is comparable to that of artemisinin.
Malaria leads to body weight loss due to the immune
system’s response to the parasite, which triggers the
secretion of the hormone leptin and nitric oxide (Pulido-
Mendez et al., 2002). This aligns with this study’s
findings that mice’s body weight in the untreated control
group was lower compared to the treatment group.

The spleen and liver are organs susceptible to the
effects of malaria infection. Hyperplastic Kupffer
cells, portal tract inflammation, sinusoidal congestion,
and hemozoin pigment deposition are important
pathological features associated with higher levels of
malaria. (Viriyavejakul et al., 2014).

The histopathological results were similar to those
observed in the spleen, where hemosiderin and
cytoplasmic vacuolation were also detected. Infection
with P berghei leads to liver histopathological

alterations, including sinusoidal dilation, presence
of polymorphonuclear cells, hemosiderin deposition,
degeneration, necrosis of hepatocytes, vacuolisation
of epithelial cells, infiltration by mononuclear cells,
and megalocytosis. However, in the histopathological
examination of Group C, only sinusoidal dilation and
ballooning hepatocytes were observed, indicating
that the liver damage in Group C was not severe,
possibly due to the administration of the combination
of borrelidin and fumagilin. Similarly, slight sinusoidal
dilation and hemosiderin deposition were observed in
the spleen histopathological findings. Hemosiderin, a
protein or amino acid derived from blood, is produced
due to damage to red blood cells. The buildup of
hemosiderin in liver tissue occurs due to the excessive
destruction of red blood cells (hemolysis) triggered by
parasite presence during the initial stages of infection,
resulting in anemia in infected animals.

The liver is the primary site of infection and replication
of Plasmodium in the human body. In the liver,
hepatocytes are the primary target cells for Plasmodium.
The process of hepatocyte ballooning in murine
malaria is a critical aspect of the disease pathogenesis.
Hepatocyte ballooning is when the hepatocytes
become swollen and lose their typical structure. The
accumulation of parasitized erythrocytes causes this
process, releases toxic products by the parasites, and
activates releases toxic products by the parasites and
activates the host’s immune response. The accumulation
of parasitized erythrocytes in the liver sinusoids leads to
the compression of hepatocytes, causing them to swell
and lose their typical structure. The release of toxic
products by the parasites, such as hemozoin and lactate
dehydrogenase, further contributes to the ballooning
process. The activation of the host’s immune response,
including the release of cytokines and the activation of
complement proteins, also plays a role in the ballooning
process. Hepatocyte ballooning is a critical aspect of the
disease pathogenesis in murine malaria. It is associated
with the development of severe clinical symptoms,
such as hepatomegaly, jaundice, and anemia. The
ballooning process also contributes to the development
of liver fibrosis and cirrhosis, which can lead to long-
term liver damage. Furthermore, hepatocyte ballooning
is a valuable marker for the diagnosis and prognosis of
malaria (Mandell ef al., 2010; Bertrram et al., 2012).
The use of antibiotics as standalone treatments for
malaria is not recommended due to their slower action
compared to standard antimalarials (Bertram et al.,
2012), this aligns with the findings of this study, which
suggests that combining the antibiotics borrelidin
and fumagilin yields comparable efficacy to that of
artemisinin. However, this study has some limitations.
This study did not measure the pharmacokinetics
between borrelidin and fumagilin compared to
artemisinin, and no statistical evaluation of cumulative
versus synergistic effects of the two combined therapies
was conducted.
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Conclusion

Our study provides evidence for the effectiveness
of combining borrelidin and fumagilin as a novel
candidate for antimalarial therapy. The combination
therapy demonstrated superior efficacy to monotherapy
in reducing parasitemia levels and improving survival
rates in Plasmodium berghei-infected Swiss Webster
mice. Further research is warranted to elucidate
the precise molecular mechanisms underlying this
synergism and a pharmacokinetics study to measure the
half-life of borrelidin and fumagilin in mice.
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