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Abstract
Background

Recently, artemsinin-resistant malaria strains and clinical cases have appeared in Southeast Asia.
Reportedly, there are malaria mutants in Africa that are resistant to artemisinin and its derivatives. Thus,
it’s imminent to develop new antimalarial drugs. Brucea javanica is an effective antimalarial drug
recorded in Chinese traditional medicine, which has been widely used in the folk for hundreds of years.
Brusatol is the main active constituent of Brucea Javanica, thus we studied the effects of brusatol on
prevention of malaria infection in vivo.

Methods

To determine the antiplasmodial activity of brusatol, a four-day suppressive test was used by dividing 56
mice into 7 groups of 8 mice each and given 4mg/kg, 3mg/kg, 2mg/kg, 1mg/kg, 0.5mg/kg of brusatol,
the standard drug ((artesunate of 140 mg/kg) and the vehicle (normal saline).

The best effective dose was used in the following test. The effects of brusatol to plasmodium berghei
transcription were tested through RNA-seq and the results were con�rmed by RT-qPCR. We also explored
the expression of TNF -α, IFN-γ, IL-4, IL-12 to evaluate antimalarial mechanism of brusatol to host by
ELISA.

Results

The results showed that brusatol effectively inhibited plasmodium berghei infection, the best effective
dose was 2mg/kg, and the side effects of brusatol to liver and kidney were slight and reversible. The
expressions of GSK3β, ATP6A, ATP6B, ATP6M, MSP-2, EMP1, CTCS in plasmodium were signi�cantly
lower after brusatol treatment compared with control, while the expression of AMA-1 was signi�cantly
increased. The serum concentrations of IFN-γ, TNF-α and IL-4 in artesunate and brusatol group decreased
signi�cantly compared with the control group, while there was no statistical difference of the serum
concentrations of IL-12.

Conclusions

Taken together, these results demonstrated brusatol could be a priority candidate for antimalarial
medicine development.

Introduction
Malaria remains a highly fatal infectious disease that seriously threatens human beings’ health.
According to the World Health Organization (WHO) report, an estimate of 229 million malaria cases have
been reported, including 409,000 deaths worldwide in 2019. Most cases were reported in the aeras of sub-
Saharan Africa, accounting for about 93.4% of total malaria cases [1]. Artemisinin-based combination
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therapies (ACTs) have been widely used and gained great achievement in the control of malaria in the
past decades. However, in 2008, artemisinin-resistant malaria strains were �rstly emerged in western
Cambodia and prevalent along the Thai-Cambodia border [2], then artemisinin-resistant cases were
reported in Southeast Asia areas, making the the prevention of malaria increasingly serious [3–6].
Recently, a collaborative study from Pasteur Institute, Rwanda Biomedical Centre, Columbia University
and the World Health Organization identi�ed and con�rmed the malaria parasite was mutated in Africa
that is resistant to aremisinin and its derivatives [7]. Thus, to seek for new and effective antimalarial
drugs is urgent.

Brucea javanica is an effective antimalarial drug recorded in Chinese traditional medicine. Researchers
from various countries have screened a large number of herbal medicines for their antimalarial effects
and conducted in vitro and in vivo experiments. The in vitro and in vivo experiments showed Brucea
javanica possessed strong antimalarial effect, similar with the effects of chloroquine in vitro [8–13].
Brusatol is the main active constituent of Brucea Javanica, and the median lethal dose (LD50) of Brucea
Javanica (7.58 ng/ml) is equivalent to the antimalarial effect of chloroquine [9]. The mutation of Kelch
propeller protein encoded by K13 gene of P. falciparum was related to its artemisinin- resistance [14].
Kelch propeller protein is the main protein product of K13 gene, which is homologous with human Keap1
protein. Current studies have con�rmed that Keap1, a homologue of Kelch propeller protein, is a speci�c
receptor of Nrf2 [15, 16]. Brusatol is a natural inhibitor of Nrf2, which may block the activity of Nrf2 to
inhibit malaria and sensitize artemisinin-resistant plasmodium to the drug [17].

This study investigated the antimalarial effect of brusatol and its toxicity through in vivo assay, and
explore the antimalarial mechanism of brusatol through the RNA-seq, RT-qPCR and ELISA assays. These
studies can provide the evidences for the development of brusatol as a new antimalarial drug.

Materials And Methods

Mice and parasites
BALB/c mice, female, 6–8 weeks old (weighted 18-25g) were purchased from the Animal Experimental
Center of Dalian Medical University. The animals were housed in plastic cages at room temperature and
were handled according to international guidelines for use and maintenance of experimental animals
(OECD/OCDE, 2008). Plasmodium berghei ANKA strain was obtained from the Department of
Parasitology, Dalian Medical University. Whole blood was taken from the infected mouse and diluted in
normal saline, every 0.2 ml of the aliquot contained about 1×107 infected RBCs.

Drugs and chemicals
Artesunate powder was bought from Guilin South Medicine Co. Ltd. The powder was dissolved in 5%
sodium bicarbonate, and �nally diluted to 14 mg/ml with normal saline, which was used as the
artesunate injection. Brusatol crystals were obtained from Beijing Solarbio Science & Technology Co. Ltd.
It was dissolved by dimethyl sulfoxide (DMSO), and �nally diluted to 0.2mg/ml with normal saline, which
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was used as the brusatol injection. Artesunate injection was placed for no more than 1h after preparation;
Brusatol injection was stored at 4 ℃ away from light, no more than 4 days.

Four-day suppressive test
56 BALB/c mice were inoculated intraperitoneally(i.p.) with 0.2ml infected blood described as before
(contained about 1×107 P. berghei infected RBCs), and they were divided into 7 groups of 8 mice.
According to Peter’s four-day suppressive test [18], at 4 hours after P. berghei injection, Mice were given
4mg/kg, 3mg/kg, 2mg/kg, 1mg/kg, 0.5mg/kg of brusatol, the standard drug (artesunate of 140 mg/kg)
and the vehicle (normal saline) for four consecutive days (Day0 to Day3). Blood was extracted from mice
tails top on Day4, and observed under oil immersion lens after Wright's stain.

Blood routine examination and hepatic and renal toxicity
study
48 BALB/c mice were randomly divided into 3 groups of 16 mice. Mice were injected 140 mg/kg
artesunate, 2 mg/kg brusatol and normal saline as the control for 4 days (Day0-Day3). 8 mice were
randomly selected from each group on Day4. Their eyeball blood was extracted and anti-coagulated with
EDTA-K2. Gently mix the blood and anticoagulation before hematology analyzer (HF-3800) analyzes the
whole blood cells. The upper serum was collected after centrifuging at 4 ℃, 2000g for 5min. The
concentration of the serum AST, ALT, TP, ALB, GLOB, CREA and UREA were measured. The above steps
were repeated on D28 with the remaining mice.

ELISA to detect serum cytokines level
42 BALB/c mice were inoculated intraperitoneally(i.p.) with 0.2 ml infected blood (contained about 1×107

P. berghei infected RBCs), and they were divided into 3 groups of 14 mice. At 4 hours after P. berghei
injection, mice were given 2 mg/kg brusatol, the standard drug (artesunate of 140 mg/kg) and the
positive control (normal saline) for four consecutive days (Day0 to Day3). Meanwhile, 14 mice without
infection were inoculated intraperitoneally with normal saline from Day0-Day3 as the negative control.
Eyeball blood was extracted from all mice and anti-coagulated with EDTA-K2 on Day4.

Among 3 groups of 14 blood samples, 3 groups of 8 blood samples were centrifuged at 4℃, 2000g for
5min for the upper serum. The serum was stored at -20℃ for later ELISA. Other blood samples were
stored at -80℃ for RNA-seq and Quantitative real-time RT PCR(RT-qPCR) analysis.

ELISA to detect serum cytokines level
Serum levels of IFN-γ,TNF-α IL-4 and IL-12 were measured by ELISA (Elabscience Biotechnology Co., Ltd).
The serum was incubated in the assay plates at 37℃ for 30 min. After washing for �ve times, the HRP-
conjugated reagent was added and incubated at 37℃ for 30 min. After another washing for �ve times,
samples were incubated with chromogen solution A and B at 37℃ for 10 min. Finally, the reactions were
analyzed at 490 nm in a microplate reader.

RNA-seq analysis
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The fragments per kilobase of transcript per million mapped reads (FPKM) method were used to
calculate the mRNA levels of genes. Noiseq method (probability ≥ 0.8 & log2 fold-change > 1) was used
to screen DEGs. All these DEGs were mapped to the database of KEGG and GO for pathway and GO
enrichment analysis.

RT-qPCR validation
8 candidate genes were randomly selected for RT-qPCR validation. Total RNA was extracted from the P.
berghei-infected blood samples using RNAiso Plus (Takara, Japan) and reverse transcribed into cDNA
using PrimeScript RT reagent kit (Takara, Japan). Quantitative real-time RT PCR (RT-qPCR) was
performed with an Mx3000P QPCR system (Agilent Technologies, USA) using SYBR Premix DimerEraser
(Takara, Japan). Seryl was selected as housekeeping genes to determine their transcription stability. PCR
cycling parameters (30 cycles) were set as denaturation (95℃, 30 s), annealing (59℃, 30 s), and
extension (72℃, 1 min). The primer sequences used for qPCR are presented in Table.1. The data are
expressed as 2−ΔΔCt.

Data were expressed as mean ± S.E.M. All statistical analyses were done by GraphPad Prism (version 8.0;
GraphPad Software). The difference in mRNA expression level between the control and brusatol group
were conducted by using the unpaired T-test. p < 0.05 was considered as statistically signi�cant.

Table 1

Primer sequences used for RT-qPCR analysis.

Gene Forward sequence (5'-3') Reverse primer (5'-3')

ATP6A AATATATGTTGGGTGTGGTGAAAGAG GCTGCGACCGGCATATTAGA

ATP6B TGGAAATCCAATTAACCCACAAT GCACCTATCTCATTATGTGGCAAA

ATP6M AGCTCAAAATGCTAAACAAGAAGCT AAAGAAAAAAGCCCCCCTTTAA

MSP-2 TGATGGTAATGGTGCAGATGCT GTTTCGGCATTTTTATGATTTGG

AMA-1 TGTTGTATGTAGCAGCCCAAGAA CCCAATCATCACGCAAATTTT

EMP1 AAAGAACAAGACCATAATAAACCATACG ACCCTTTGGCATTTGAGGATT

GSK3β ATCTGGGCAAAGGAGCGTTT GAAAATATTGGATATCCCAGAACCA

CTCS AATTCGGAAAACTTAAGACCTGAGTT CGGCAAGATAAGTCCAAATACGA

ATP6, Ca2+-ATPase; MSP-2, Merozoite surface proteins-2; AMA-1, Apical membrane antigen-1; EMP1,
Erythrocyte membrane protein-1; GSK3β, Glycogen synthase kinase 3β.

Results
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2 mg/kg brusatol effectively inhibit the growth of P. berghei
Compared to the control, brusatol reduced parasitemia signi�cantly. 2 mg/kg was the most ideal
therapeutic dose of brusatol to treat the P. berghei infected mice. At 2 mg/kg dose, the antimalarial effect
of brusatol on P. berghei was similar with 140 mg/kg artesunate at the concentration of parasitemia
lower than 5% (Fig. 1A, B). Then, we tested the effect of brusatol on malaria anemia, and found that
brusatol (2mg / kg) can improve the anemia caused by malaria as well as artesunate.

The hepatic and renal damage caused by brusatol is
reversible
On Day4, compared with the control and artesunate group, the AST, ALT, CREA and UREA in serum were
signi�cantly increased in the brusatol group, and the TP, ALB and GLOB were signi�cantly decreased in
the brusatol group. On Day28 after treatment, there was no statistical difference of these markers
between brusatol group and control group or artesunate group (Fig. 2).

On Day4, brusatol treatment in�uenced the liver and kidney function of mice, however, when the drug
treatment was stopped for 25 days (from Day4 to Day28), all serum concentrations of markers revered to
normal levels, showing the abnormal of liver and kidney function caused by brusatol was reversible after
stopping the injections of brusatol. 

Brusatol regulated immune cytokines to inhibit the P.
berghei infection
After infection, P. berghei stimulated the host immune system, causing the serum IFN-γ, TNF-α, IL-4 and
IL-12 signi�cantly increased in P. berghei-infected mice. Compared with the control group, the serum
concentrations of IFN-γ, TNF-α and IL-4 in artesunate and brusatol group decreased signi�cantly, while
there was no statistical difference of the serum concentrations of IL-12. (Fig. 3)

The results showed that brusatol could play function against P. berghei by regulating the expression of
host IFN-γ, TNF-α and IL-4, whose e�ciency was almost equal to artesunate.

RNA-seq analysis and validation of DEGs
Our study identi�ed 812 unigenes as DEGs between the control and brusatol group, including 388 up-
regulated and 424 down-regulated genes (BioProject ID PRJNA699138, Fig. 4A). The results were further
validated using the Morpheus online tool, and the DEGs are presented in a hierarchical clustering heat
map (Fig. 4B, C). GO and KEGG databases were used to identify the function of DEGs. We found that
brusatol had a wide range of effects on various biological pathways of P. berghei, and the distribution of
DEGs in ‘Biological Process’, ‘Cellular Component’ and ‘Molecular Function’ was as shown in the �gure
(Fig. 4B). The majority of the DEGs were demonstrated to be signi�cantly enriched in BPs, CCs, MFs,
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including the ‘cellular process’ and ‘metabolic process’ in BPs, the ‘membrane’ and ‘membrane part’ in
CCs,and the ‘catalytic activity’ and ‘binding’ in MFs. KEGG pathway analysis demonstrated that the DEGs
were enriched in ‘Transport and catabolism’, ‘cell growth and death’, ‘signal transduction’, ‘folding, sorting
and degradation’, ‘energy metabolism’ and ‘nucleotide metabolism’ (Fig. 4C).

8 DEGs (1 up- and 7 down-regulated DEGs), ATP6A, ATP6B, ATP6M, MSP-2, AMA-1, GSK3β, EMP1, CTCS
were selected for RT-qPCR analysis. The expression of these eight genes was demonstrated to be
signi�cantly lower after brusatol treatment compared with control except the expression of AMA-1 (all P < 
0.01; Fig. 5A). Consistent with the results of the database analysis, mRNA expression of them was
signi�cantly lower in brusatol groups compared with control groups (7 of 8 P < 0.05; Fig. 5B), while the
expression of AMA-1 was signi�cantly increased compared with control groups (P < 0.05; Fig. 5B). 

Discussion
Malaria is still one of the most infectious diseases threatening the people’s health all over the world.
ACTs, as the �rst-line antimalarial drug, has shown a resistant trend in the treatment effect of malaria in
Southeast Asia recently. The fundamental cause is the emergence of both artemisinin and the combined
drug-piperaquine resistance. The thorough solution to the resistant plasmodium strains is to develop new
antimalarial drugs. Brucea Javanica is an effective antimalarial herb medicine recorded in traditional
Chinese medicine, and the brusatol also exhibited antimalarial effect.

We studied the antimalarial effect of different concentrations of brusatol in parasitemia of P. berghei-
infected BALB/c mice and compared it with artesunate (140 mg/kg). We found that 2 mg /kg of brusatol
was the lowest concentration to achieve the ideal therapeutic effect. At this dose, brusatol treatment
could control the parasitemia under 5%, which had the same antimalarial effect as artesunate of 140
mg/kg. It is proved that brusatol can play an effective role in the treatment of P. berghei at the dose of 2
mg/kg.

To explore the toxic effects of brusatol on the liver and kidney function in mice, we simulated the
treatment process but without P. berghei infection, and then measured the serum concentrations of AST,
ALT, TP, ALB, GLOB, CREA and UREA on Day4 and Day28 respectively. AST, ALT, TP, ALB and GLOB are
serum markers of liver function; UREA and CREA are serum markers of renal function. On Day4,
compared with the control and artesunate group, in the brusatol group, the serum concentrations of AST,
ALT, CREA and UREA signi�cantly increased, and the serum concentrations of TP, ALB and GLOB
signi�cantly decreased, which indicated that the liver and kidney functions of brusatol group mice were
abnormal. Compared with the artesunate group, the concentration changes of serum markers in brusatol
group were more signi�cant, which demonstrated that the effect of brusatol on liver and kidney function
of mice was more than that of artesunate. To further observation that whether the liver and kidney
damage caused by brusatol was reversible, we measured the serum markers above on Day28 after
conventional brusatol treatment again. Compared with the control group, the levels of all serum markers
returned to normal degree, indicating when the drug has been stopped for a period of time (on Day28), the
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liver and kidney function can return to normal condition. The damage of liver and kidney function caused
by brusatol is slight and reversible.

There are signi�cant changes in a variety of cytokines in mice infected with malaria, in which the increase
of TNF-α, IFN-γ, IL-4 and IL-12 are signi�cant, closely related to the host immune mechanism against
plasmodium [19]. IFN-γ is mainly produced by activated T cells and NK cells, and activates erythrocytic
speci�c cells and antibody-dependent cells to kill the malaria parasites in the erythrocytic stage [20–23].
TNF-α is released by monocytes and macrophages. The level of TNF-α in cerebral malaria resistant mice
infected with P. berghei is higher than that in susceptible mice [24]; the epidemiological studies also
suggest that there is a potential protective effect of TNF-α on malaria infection [25]. IL-4 is mainly
produced by Th2 cells, activated basophils and mast cells. By inhibiting the activity of monocytes and
macrophages, IL-4 weakens their killing effects on the malaria parasites in the erythrocytic stage, and its
protection mechanism is also related to its inhibition or down-regulation of in�ammatory cytokines
secretion [24, 26]. IL-12 is produced by activated macrophages, B cells, DC cells, etc. It can help the host
to eliminate the malaria parasites by enhancing the killing activity of NK cells and promoting the
production of cytotoxic CD8+ T cells. It also plays a speci�c role in eliminating the malaria parasites by
regulating the production of IFN-γ and TNF-α by T cells and NK cells to induce Th1 cell immunity [27, 28].
It is suggested that TNF-α, IFN-γ, IL-4, and IL-12, the four cytokines can re�ect the severity of hosts’
malaria, so we studied the serum changes of these cytokines after treatment with brusatol. It was found
that the concentrations of TNF-α, IFN-γ, IL-4 and IL-12 in the serum of mice infected with P. berghei were
signi�cantly increased, which were well agreed with that reported in the literature. However, the
concentrations of TNF-α, IFN-γ and IL-4 in the serum of mice treated with brusatol were signi�cantly
decreased (P < 0.01), while there was no statistical difference of the serum concentrations of IL-12. It is
suggested that brusatol can exert its antimalarial activity by regulating the expression of TNF-α, IFN-γ, IL-
4, and affecting the functions of host T cells, NK cells, monocytes, macrophages and erythrocytes.

To study the antimalarial mechanism of brusatol, we screened 812 DEGs, including 388 up-regulated
genes and 424 down-regulated genes, by high throughput screening (HTS) of P. berghei in blood samples
of mice in the control group and brusatol group. According to Go analysis, DEGs were demonstrated to be
signi�cantly enriched in “cellular process”, “metabolic process”, “membrane”, “catalytic activity” and
“binding”; KEGG pathway analyses show that DEGs were demonstrated to be associated with “Transport
and catabolism”, “cell growth and death”, “signal transduction”, “folding, sorting and degradation”, “energy
metabolism” and “nucleotide metabolism”. The results showed that brusatol could help the host
eradicating the malaria parasites by in�uencing the metabolism process, the function of the cell
membrane and receptor, the catalytic process, and so on. Among these DEGs, we screened several DEGs
closely related to the growth, metabolism and invasion of P. berghei: ATP6A, ATP6B, ATP6M, MSP-2,
AMA-1, GSK3β, EMP1, CTCS. The results of the RT-qPCR analysis were consistent with the result of HTS.

Protein kinases related to growth and metabolism of P. berghei: Glycogen synthase kinase 3β (GSK3β) is
a Ser/ Thr protein kinase commonly distributed in eukaryotic cells, activated by tyrosine phosphorylation
and inhibited by serine phosphorylation. Plasmodium falciparum Glycogen synthase kinase 3 (PfGSK3)
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was con�rmed to be necessary for the growth of P. falciparum, so it is considered to be an important
target of new anti-malarial drugs. Recently, sensitive PfGSK3 inhibitors were considered as potential new
anti-malarial drugs [29]. Compared with the control group, the expression of GSK3β in P. berghei treated
with brusatol decreased signi�cantly (P < 0.01), indicating that GSK3β is an important target of brusatol
in anti-malarial treatment. Plasmodium falciparum calcium ATPase 6 (PfATP6) is a kind of
Sarco/endoplasmic reticulum Ca2+-ATPase. It regulates the intracellular calcium concentration of P.
falciparum by consuming ATP, thus maintaining the stability of calcium concentration in the malaria
parasites. PfATP6 was known as one of the effective targets of artesunate against malaria [30].
Artesunate and its derivatives inhibit PfATP6, which leads to an increase of intracellular calcium
concentration and plays a role in eradicating P. falciparum. The malaria Parasites also showed drug
resistance through PfATP6 gene mutation [31, 32]. After treatment with brusatol, the expression of several
typical ATP6 protein kinases: ATP6A,ATP6B, ATP6M in P. berghei decreased signi�cantly (P < 0.01),
indicating that brusatol can kill the malaria parasites by inhibiting the expression of ATP6, and it may be
a new anti-malarial drug to solve artesunate resistance.

3 proteins among them, MSP-2, EMP1 and AMA-1, are closely related to the invasion and immune escape
of P. berghei. Glycosylphosphatidylinositol anchored protein (GPI-AP) MSP-2, is the second abundant
protein on the merozoite surface of P. falciparum. It may participate in the adhesion process of the
malaria parasites to host red blood cells and play an important role in its invasion to red blood cells [33].
MSP-2 is a potential target for anti-malaria vaccines or drugs. The candidate vaccine based on MSP-2
had an obvious anti-malaria effect on the invasion of P. falciparum into red blood cells [34, 35]. After
treatment with brusatol, the expression of MSP-2 of P. berghei in mice decreased signi�cantly (P < 0.01),
indicating that brusatol can inhibit the invasion of P. berghei into the host red blood cells by reducing the
expression of MSP-2. PfEMP1 is a variable antigen expressed by P. falciparum, which exists on the
surface of infected host red blood cells and mediates the combination of infected red blood cells and
vascular endothelial cells so that the malaria parasites can avoid spleen clearance [36, 37]. Also, PfEMP1
regulated the host's immune response by binding the CD36 receptor on antigen- presenting cells, while
inhibited the production of IFN-γ in human peripheral blood mononuclear cells (PBMCs) in the early stage
of P. falciparum infection [38]. After treatment with brusatol, the expression of P. berghei EMP1 in mice
increased signi�cantly (P < 0.01), which indicated that brusatol could help host immune system recognize
malaria parasites by reducing the expression of EMP1, thus promoting host clearance of malaria
parasites. The Plasmodium falciparum apical membrane antigen 1 (PfAMA-1) is synthesized in the
erythrocytic stage of P. falciparum. In recent years, studies have reported AMA-1 of Plasmodium species
featured functional conservation, providing the theories foundation for the development of cross-species
inhibitors against malaria [39]. After treatment with brusatol, the expression of P. berghei AMA-1 in mice
increased signi�cantly (P < 0.01), which indicated that brusatol could promote the recognition and
immune clearance of the host to the malaria parasites by increasing the expression of the parasite AMA-
1. After treatment with brusatol, the expression of CTCS of P. berghei also decreased signi�cantly, while
the results of RT-qPCR demonstrated that its expression was very low, sometimes even could not be
detected. It is speculated that this protein is an important target of brusatol against malaria. However,
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there are few studies on CTCS, and the role of CTCS in the parasites’ growth, development, or invasion is
still unclear, which needs further study.

Besides, after treatment with brusatol, the expression of many genes in P. berghei increased or decreased
signi�cantly, which may also be the target of brusatol against malaria, but their speci�c mechanisms are
still unknown. Further studies will be needed. As more and more malaria parasites show resistance to
artesunate and its derivatives, protein kinases that regulate parasites growth and differentiation have
become new targets of antimalarial drug development. Brusatol is a new and effective antimalarial drug,
which acts on GSK3β, ATP6A, ATP6B, ATP6M, MSP-2, EMP1, AMA-1, CTCS and many other proteins.

Conclusion
This study showed that the 2mg/kg brusatol was effective on the inhibition of the growth of parasitemia
in P. berghei-infected mice and there was little but reversible effect on host liver and kidney function.
Brusatol could play an effective role in treating malaria by regulating the host expression of TNF -α, IFN-γ,
IL-4. RNA-seq results showed that the gene expression of P. berghei changed a lot after brusatol
treatment, and there were 388 up-regulated genes and 424 down-regulated genes. Among those, GSK3β,
ATP6A, ATP6B, ATP6M, MSP-2, EMP1, AMA-1, CTCS, and other proteins might be the antimalarial targets.
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Figures

Figure 1
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Effect of different doses of brusatol and artesunate on parasitemia in P. berghei-infected mice. A: The
percentage of plasmodium infected red blood cells after different treatments. B: Observation of
plasmodium infected red blood cells after different treatments under microscope (a: control, parasitemia
was near 17%; b: artesunate of 140 mg/kg, parasitemia was near 2%; c: brusatol of 0.5 mg/kg,
parasitemia was near 6%; d: brusatol of 2 mg/kg, parasitemia was near 1%). The red arrows refer to the
schizont stage; the yellow arrows refer to the trophozoite stage; the blue arrows refer to the ring stage; the
green arrows refer to normal red blood cells. C: The HGB and RBC statistic of normal, control, 140 mg/kg
artesunate and 2 mg/kg brusatol groups. Asterisks (*) indicate signi�cant differences between groups
(*P<0.05, **P<0.01, ***P<0.001 vs. adjacent). NS indicates no statistical differences between groups.

Figure 2

Changes of the serum concentrations of AST, ALT, TP, ALB, GLOB, CREA and UREA in 3 groups (control,
artesunate and brusatol) on Day4 and Day28. Asterisks (*) indicate signi�cant differences between
groups (*P<0.05, **P<0.01, ***P<0.001 vs. adjacent). NS indicates no statistical differences between
groups. Note: AST: aspartate transaminase; ALT: alanine transaminase; TP: total protein; ALB: albumin;
GLOB: globulin; CREA: creatinine; UREA: urea
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Figure 3

Changes of IFN-γ TNF-α IL-4 and IL-12 in 3 groups (control, artesunate and brusatol). Asterisks (*)
indicate signi�cant differences between groups (*P<0.05, **P<0.01, ***P<0.001 vs. adjacent). NS
indicates no statistical differences between groups.
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Figure 4

GO enrichment and KEGG pathway analyses of the DEGs. A: Volcano map of the DEGs between brusatol
and control groups. Red dots represent upregulated genes, blue dots represent downregulated genes and
black dots represent unchanged genes. B: GO enrichment analyses on biological processes, cellular
components, and molecular functions of the DEGs between brusatol and control groups. C: KEGG
pathway analysis of the DEGs between brusatol and control groups.
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Figure 5

Expression levels of ATP6A, ATP6B, ATP6M, MSP-2, AMA-1, GSK3β, EMP1, CTCS between control, and
brusatol groups. A: Relative mRNA expression levels of selected genes between two groups determined
via reverse transcription-quantitative PCR analysis. B: mRNA expression levels of selected genes between
two groups according to the database and its unit of measurement is FPKM. FPKM, Fragments Per
Kilobase per Million.


