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Gossypol is a natural product with
good antimalarial activity against
Plasmodium falciparum clinical
Isolates
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Gossypol has demonstrated significant antimalarial activity against chloroquine-resistant and
susceptible Plasmodium falciparum parasites. However, data on its potency in clinical isolates of P.
falciparum remains limited. This study aimed to assess the potency of gossypol against six laboratory
strains and twenty-one clinical isolates of P. falciparum using optimized growth inhibition assays.
Additionally, parasites with reduced susceptibility to gossypol were selected using the P. falciparum
Dd2 background (Dd2_3.5 pM) and tested for cross-resistance to chloroquine, dihydroartemisinin
(DHA), and three Malaria box compounds (MMV006087, MMV085203, and MMV008956). On average,
gossypol was found to be twice as potent against the laboratory strains compared to the clinical
isolates, with 1Cso values of 6.490 uM and 11.670 pM, respectively. Notably, Dd2_3.5 pM parasites
displayed increased sensitivity after three months of exposure but developed decreased susceptibility
after six months. Importantly, these gossypol-tolerant parasites showed no cross-resistance to
chloroquine, DHA, or the three Malaria box compounds. These findings suggest that gossypol is
effective against P. falciparum and holds potential as part of combination therapy with existing
antimalarials. Furthermore, these results may support the identification of new antimalarial agents
that are effective against drug-resistant malaria parasites.

The global malaria incidence declined from 216 million cases in 2009 to 198 million cases in 20132, However,
since 2014, malaria cases have risen, reaching an estimated 249 million cases in 20223, This represents an
increase of about 35 million cases compared to those reported in 2015%°. This trend corresponded to growing
reports of resistance to artemisinin and its combination therapy, initially reported in Southeast Asia and Western
Cambodia*®’. More recently, there are growing reports indicating delayed clearance or resistance to artemisinin-
based treatments in sub-Saharan Africa*S, where over 90% of global malaria cases occur. Studies in Eritrea®,
Rwanda!?, Tanzania and Uganda!! have reported partial artemisinin resistance linked to clonal expansion of
Pfkelch13 mutations. The emergence of partial resistance to artemisinin and its partner drugs in sub-Saharan
Africa presents a significant health risk to reducing the burden of malaria globally. Considering the limited
efficacy of available malaria vaccines'?, chemotherapeutics remain a formidable force in our quest to eliminate
malaria globally®.

To accelerate the development of new chemotherapeutic agents for the treatment of drug-resistant malaria
parasites, institutions such as Medicines for Malaria Venture (MMYV) are collaborating with GlaxoSmithKline
and St. Jude Children’s Research Hospital to promote research and the rapid development of new antimalarial
agents (malaria or pathogen box)!*. Also, several other studies have explored new classes of antimalarial
compounds that target crucial parasite proteins expressed at different stages of the parasite life cycle!>”. With
all these efforts to increase the repertoire of antimalarial agents in the drug development pipeline, there is also
the need to explore antimalarial agents which have not made it to clinical studies. By using new ideas and
current research tools, it is possible to discover novel therapeutic targets from these antimalarial agents that
are crucial for developing new antimalarial drugs. Towards this goal, this study further explores gossypol, a
natural product from cottonseed. This compound has been tested and validated for good antimalarial activities
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against chloroquine-resistant and susceptible P. falciparum parasites with IC, values ranging between 5 and
13 uM'. Despite the historic interest in gossypol’s antimalarial potential, its toxicity led to a disinterest in
further researching this compound!®. However, other studies have shown that less toxic derivatives of gossypol
can retain potency similar to that of thbases with amino groups of proteinse parent compound!®, suggesting
renewed potential for gossypol as an antimalarial. The high toxicity associated with gossypol is attributed to its
two functional aldehyde groups forming Schiff’s bases with amino groups of proteins®’. However, studies in rats
indicate that gossypol’s toxicity is related to the dose and duration of administration?!, with recovery observed
after withdrawal. In light of these studies, we believe that exploring the antimalarial potential of gossypol could
offer new targets for drug development and combination therapies.

This study evaluated the antimalarial activity of gossypol by screening it against laboratory and clinical P,
falciparum isolates. The clinical isolates were included to provide robust testing, an approach validated in our
previous studies???>. We first confirmed gossypol’s efficacy against laboratory strains and clinical isolates. We
then selected P. falciparum parasites with reduced susceptibility to gossypol (Dd2_3.5 pM) and tested them for
cross-resistance with chloroquine, dihydroartemisinin (DHA), and three Malaria box compounds. Finally, we
investigated the impact of multiclonality and polymorphisms in the pfcrt and pfindrl genes on P. falciparum
sensitivity to gossypol. This study represents one of the largest validations of gossypol’s potency across diverse
P. falciparum parasites.

Results

Evaluating the potency of gossypol against laboratory strains and clinical isolates of P.
falciparum

Since protocols for setting assays may vary from one laboratory to another, it was important to independently
validate the potency of gossypol using our optimized protocol for setting growth inhibitory assays?*. To achieve
this objective, we first screened six (6) laboratory strains of P. falciparum (Table 1) against gossypol at final-
well concentrations from 1.56 uM to 100 uM. The IC,, values observed ranged from 3.829 uM to 10.190 uM
(Supplementary Fig. S2) with an average IC, of 6.11 uM (Fig. 1). Gossypol was most efficacious against W2mef
(IC;, of 3.829 uM) and least efficacious against NF54 (IC, of 10.190 uM). As we previously established the
significance of including clinical isolates during antimalarial compound screen activities?*, we further validated
the antimalarial properties of gossypol using twenty-one (21) clinical isolates at final-well concentrations
from 1.56 uM to 100 uM (Table 1). The observed IC,, values varied widely between 1.058 uM and 24.79 uM
(Supplementary Fig. $3), with an average IC, of 11.67 uM (Fig. 1). The overall average IC,, value for gossypol
against both the laboratory and clinical isolates of P. falciparum was 10. 46 uM. Thus, the IC, values observed in
our study were within the range of IC, values previously reported for gossypol. Furthermore, an independent
t-test was conducted to compare the mean IC, values between the laboratory strains (n=6) and the clinical
isolates (n=21). The susceptibility of the laboratory strains to gossypol (Mean=6.11, SD =2.25) was significantly
higher than the clinical isolates (Mean=11.67, SD=7.44), t (24.73)=2.98, p<0.006). The F test confirmed

Laboratory strain | IC,; (M) (95%CI) | Clinical Isolate | IC,, (uM) (95%CI) | Clinical Isolate | IC, (uM) (95%CI)
3.829 1.058 10.54
W2mef A006 A059
(3.266-4.488) (0.194-1.511) (7.915-15.130)
4.893 2.034 11.06
7G8 A156 173
(3.847-6.224) (1.175-2.647) (9.930-12.330)
5.049 3.819 11.45
Dd2 A031 14414
(4.291-5.883) (2.790-5.411) (18.410-21.840)
5.801 3.985 12.64
3D7 A005 A376
(5.163-6.367) (1.100-5.841) (11.000-14.890)
6.919 6.883 13.07
GB4 A010 A377
(5.630-9.591) (5.299-8.037) (8.949-25.180)
10.19 4.056 15.55
NF54 A011 A378
(8.371-12.460) (3.214-5.125) (11.660-21.300)
6.655 20.07
14400 K239
(5.877-7.562) (17.170-24.990)
8.399 22.2
A058 A362
(6.201-13.260) (18.040-30.330)
9.704 22.99
179 A354
(8.974-10.470) (16.470-43.200)
9.939 24.19
A375 A007
(8.239-11.770) (19.630-55.260)
24.79
A018
(18.040-45.870)

Table 1. Summary of the IC, values in the clinical isolates and laboratory strains of P. falciparum parasites.
The 95% confidence intervals (95%CI) are shown in the brackets.

Scientific Reports |

(2025) 15:1469 | https://doi.org/10.1038/s41598-025-85643-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

» Laboratory strains Mean IC,,: 6.11, SD =2.25
= Clinical Isolates Mean ICg,: 11.67, SD = 7.44

P. falciparum parasites

Fig. 1. A plot of the mean IC, values of gossypol against the laboratory and clinical isolates of P. falciparum.
The clinical isolates were generally less sensitive to gossypol compared to the laboratory strains of P. falciparum
parasites (Unpaired t-test, *p <0.05). Error bars denote SEM. The overall average (both clinical isolates and
laboratory strains) average IC was 10.46 pM.

unequal variances (p=0.015); hence, Welch’s correction was conducted. The difference in response between
the laboratory strains and the clinical isolates was 5.557 £1.865 (95% CI: 1.714-9.400), indicating a substantial
difference in susceptibility between the two groups. Arguably, our data also suggested gossypol was about twice
as potent against the laboratory strains compared to the clinical isolates.

Selection of Dd2 P. falciparum parasites with reduced susceptibility to gossypol

Following the validation of the antimalarial activity of gossypol against the laboratory and clinical isolates of
P, falciparum, we further selected parasites with reduced susceptibility to gossypol using the P. falciparum Dd2
strain. The Dd2 strain was chosen due to its intrinsic resistance to multiple antimalarial drugs*!, making it an
ideal model for studying the genetic and biochemical mechanisms driving antimalarial resistance. Investigating
resistance in Dd2 parasites not only deepens our understanding of how P. falciparum develops drug resistance
but also helps identify new therapeutic targets and elucidate gossypol’s mechanism of action. To achieve this
objective, Dd2 parasites were cultured in media supplemented with gossypol at sub-IC | concentrations, starting
at 0.5 uM for two weeks, followed by 2.5 uM for three weeks. These concentrations were below the baseline
IC,, for Dd2 (5.049 uM). No significant changes in IC, values were observed during this period (data not
shown). Following this, the concentration of gossypol was increased to 3.5 pM, and the culture was monitored
continuously. After three months, the IC, values for two independent replicates (Dd2_3.5 uM_1 and Dd2_3.5
uM_2) had decreased to 2.599 uM and 2.970 uM, respectively, representing nearly half the initial IC,; (Fig. 2
and Supplementary Fig. $6). Interestingly, after four months of continuous culture, the IC, values increased to
10.860 uM and 11.480 pM, respectively (Fig. 2B). After five months, we observed an increase in susceptibility,
with IC, values for Dd2_3.5 uM_1 and Dd2_3.5 uM_2 decreasing to 6.645 uM and 7.684 pM, respectively
(Fig. 2B). However, after six months, the IC, values increased again to 14.940 uM and 15.670 uM for the two
replicates. Surprisingly, after seven months of culturing, the IC,, values for Dd2_3.5 uM_1 and Dd2_3.5 uM_2
decreased once more to 2.519 uM and 4.651 pM, respectively(Fig. 2B). The IC,, values after six months were
nearly three times higher than the starting values (5.049 uM) and about six times higher than the values recorded
at three-months (Fig. 2A and B). This pattern of fluctuating susceptibility, with an increase in IC,,(14.940 uM
and 15.670 pM) after six months compared to the parental strain, suggests the emergence of Dd2 parasites
with reduced susceptibility to gossypol (Dd2_3.5 pM). These results represent the first report of a dynamic
sensitivity response in malaria parasites exposed to gossypol over time, where susceptibility both increases and
decreases throughout the selection process. The potency of standard antimalarials against the Dd2_3.5 pyM
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Fig. 2. Selection of Dd2 P. falciparum parasites with reduced susceptibility (Dd2_3.5 uM) to gossypol. (A)
Dose-response curves showing the susceptibility of Dd2_3.5 uM_1 parasites at baseline (IC, values of 5.049
UM (95% CI: 4.291-5.883)), three months (IC, values of 2.599 uM (95% CI: 1.826-3.737)) and finally at

six months (14.94 pM (95% CI: 11.55-21.47) ; (B) Susceptibility pattern of the Dd2_3.5 uM parasites (two
replicates) during the in vitro selection process.

parasites was also similar to those previously reported for Dd2 parasites against chloroquine and artemisinin-
based compounds?’, suggesting these parasites were not contaminated. Furthermore, molecular analyses of the
Dd2_3.5 uM parasites for the presence or absence of the P. falciparum histidine-rich protein 2 and 3 (PfHRP2
and PfHRP3) (Supplementary Fig. S4 and Table S.2) confirmed that they were not contaminated with other P

falciparum strains®.
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Dd2_3.5 pM parasites screened against standard antimalarial drugs

To determine the existence of cross-resistance between gossypol and existing antimalarials, we screened Dd2_3.5
UM parasites against chloroquine and dihydroartemisinin (DHA) (Fig. 3). The difference in IC, values observed
between Dd2_3.5 uM (2.686 nM) and the parental Dd2 strain (9.126 nM) (Fig. 3A) was about 6.44 nM, which
suggested that Dd2_3.5 pM parasites were more sensitive to DHA compared to the Dd2 parental strain. Again,
the Dd2_3.5 uM parasites were almost two times more sensitive to chloroquine (249.90 nM) compared to the
parental Dd2 strain (425.20 nM) (Fig. 3B), which also alluded to the fact that the Dd2_3.5 pM parasites had
higher sensitivity to chloroquine compared to the parental Dd2 strain. Therefore, based on these observations,
our data suggests that the Dd2_3.5 uM parasites were generally more sensitive to chloroquine and DHA than
their parental Dd2 strains. This data further suggests the existence of no observable cross-resistance between
gossypol, DHA and chloroquine. Additionally, the Dd2_3.5 uM parasites and the parental Dd2 strains were
sensitive to DHA (IC, value<12 nM) and resistant to chloroquine (IC, value >100 nM) further suggests no
contamination with other strains in the process of culturing them (Fig. 3A-C).

Response of Dd2_3.5 pM parasites to MMV006087, MMV085203 and MMV008956

In our previous study on the Malaria box compounds, we identified MM V006087, MMV 085203 and MMV 008956
(Supplementary Fig. S1) as the most potent compounds against four clinical isolates of P. falciparum?®. For this
study, we also tested for the existence of cross-resistance between gossypol and the three Malaria box compounds.
This was to examine if gossypol had cross-resistance to potentially new antimalarial compounds. To accomplish
this aim, we screened Dd2_3.5 uM parasites against the three Malaria box compounds and compared the IC,,
values to that of the parental Dd2 strain (Fig. 4). The Dd2_3.5 uM parasites were about five times more sensitive
to MM V006087 compared to the parental Dd2 strain (IC, values of 18.43 nM and 92.38 nM, respectively)
(Fig. 4A). The Dd2_3.5 pM parasites were also about five times more sensitive to the MM V085203 (IC, values
of 140.60 nM) compared to the parental strain with an IC,; value of 649.50 nM (Fig. 4B). For MMV 008956
against Dd2_3.5 uM parasites and parental Dd2 strain, IC50 values of 139.50 nM and 280.90 nM were observed,
respectively (Fig. 4C). Therefore, based on the difference in IC,, values, the Dd2_3.5 uM parasites were more
sensitive to the three Malaria box compounds compared to their parental strains. Additionally, it was observed
that MMV006087 was more potent against the Dd2_3.5 uM parasites and Dd2 parental strains compared to
MMV008956 and MMV 085203.

Determination of copy number variation in the clinical isolates and Dd2_3.5 pM parasites
Studies have suggested that mutations and copy number variations in genes such as pfcrt and pfmdrImediating
malarial drug resistance can modulate the sensitivity of the parasites to antimalarial drugs®’. Therefore, we first
evaluated copy number variations in the pfmdrI and pfcrt genes in the clinical isolates (Fig. 5). From our results,
there were no differences in copy number of the pfcrt gene in all the clinical isolates (data not shown), which
was not surprising as copy number variations in this gene have not been previously reported in P. falciparum
parasites. We also observed that almost all the clinical isolates had pfmdrl gene copy numbers of one except
isolate 14400, which had a copy number of two (Fig. 5). Although this was interesting, the increased pfmadrl
gene copy number in this clinical isolate did not seem to modulate its sensitivity to gossypol relative to the other
clinical isolates that had pfindr1 gene copy number of one. Additionally, we determined if copy number variation
in the pfindrl and pfcrt genes were responsible for the reduced sensitivity in the Dd2_3.5 uM parasites (Fig. 5).
This was achieved by evaluating and comparing the copy numbers in these genes in the Dd2_3.5 uM parasites
and their parental strains. From our data, we observed no differences in copy numbers of pfmdr1 and pfcrt genes
between the Dd2_3.5 pM parasites and the parental line (Fig. 5). These results may suggest that there could be
other genetic signatures that might explain the variations in the sensitivity observed in the clinical isolates and
the Dd2_3.5 uM parasites.

Evaluating the effect of multiple clones in clinical isolates on their susceptibility to
antimalarial compounds

In this study, 17 of the clinical isolates were successfully genotyped using the MSP1 and MSP2 genotyping
techniques. For the msp1 gene, there were more monoclonal infections (67%) compared to polyclonal infections
(32%) (Table 2). The K1 allele was the most prevalent (65%), followed by the RO33 (41%) and then MAD20
(30%). In the msp2 gene, there were also more monoclonal infections (77%) than polyclonal infections (23%)
(Table 2). The 3D7 allele was the most prevalent (88%), followed by the FC27 (53%). A comparison of the
monoclonal and polyclonal infection frequencies between MSP1 and MSP2 showed no statistically significant
difference (Fisher’s Exact Test, p=0.41), indicating similar rates of single and multiple genotype infections
between the two genes. The average multiplicity of infection (MOI) for MSP1 was 2.0 and 1.8 for MSP2, with
individual samples showing between 1 and 4 alleles per sample (Table 2). Thus, a moderate level of genetic
diversity was observed within the clinical isolates sampled. Following this, we further evaluated the effect of
multiple P. falciparum genotypes on the susceptibility of the clinical isolates to gossypol. Since all the isolates
contained at least two genotypes, we compared the mean IC,; of isolates with two genotypes to those with
three or more genotypes. From the data (Fig. 6), the mean IC,, value for isolates with two genotypes was 11.04
uM and 13.14 uM for those with three or more genotypes. An unpaired t-test was subsequently conducted to
compare the mean IC,, values between the clinical isolates with two clones (n=10) and those with more than
two clones (n=7). The susceptibility of the clinical isolates with two clones against gossypol (Mean=11.04,
SD=7.37) was not significantly different from those with more than two clones (Mean=13.14, SD=6.70), t
(15)=0.589, p <0.565). The F test confirmed equal variances (p =0.845), hence, a standard t-test was conducted.
The difference in susceptibility of the parasites with two clones to those with more than two clones was 2.064
+3.505 (95% CI: —5.409-9.543), indicating no substantial difference in susceptibility between the two groups.
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Fig. 3. Dose-response curves for the Dd2_3.5 uM parasites, Dd2 parental strain and 3D7 parental strains
of P. falciparum against standard antimalarial drugs. (A) Dose-response curves showing the response of
chloroquine against Dd2_3.5 uM and Dd2 parental strain; (B) Dose-response curves showing the response
of dihydroartemisinin (DHA) against Dd2_3.5 pM and Dd2 parental strain and (C) Dose-response curves
showing the response of DHA and chloroquine against 3D7. Each data point represents the mean + SEM
(n=2). The plot shows the percentage parasitemia against the log of the concentration of the compound.
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Fig. 4. Dose-response curves for Dd2_3.5 uM against three Malaria box compounds. Panels A-C, are

the dose-response curves showing the response of Dd2_3.5 uM parasites against (A)MMV006087, (B)
MMV085203 and (C)MMV 008956, at concentrations from 0.064 nM to 25 uM. Each data point represents
the mean + SEM (n =2). The plot shows the percentage parasitemia against the log of the concentration of the
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Fig. 5. Graphs showing pfmdrl and pfcrt copy number variation in Dd2 parental strain (Dd2), Dd2_3,5 uM
parasites, 3D7 and clinical isolates. A All the clinical isolates had one pfindrl copy number, except for the
clinical isolate 14400, which had a copy number of two. There was also no difference in pfimdrl copy number
between Dd2 parental strain and Dd2_3,5 uM parasites.

Allele frequency
Gene | Allele (n=17) Monoclonal Infection (n=17) | Polyclonal Infection (n=17) | MOI (n=17)
23 11 2.0
K1 11
RO33 5
MAD20 7
mspl
K1+RO33 3
K1+MAD20 3
RO33+MAD20 3
K1+RO33+MAD20 |2
24 7 1.8
3D7 15
msp2
FC27 9
3D7+FC27 7

Table 2. Allelic diversity and multiplicity of infection (MOI) in the clinical isolates using MSP1 and MSP2
genotyping.

Discussion

The limited number of partially effective malaria vaccines coupled with growing reports of resistance to the
frontline antimalarial drug, especially in sub-Saharan Africa, has created the need for new antimalarial drugs
with novel targets and mechanisms of action®®”*!328 n this regard, it was important to take a further look at
gossypol, which has historically been shown to possess antimalarial activity'®. Previous studies have demonstrated
that gossypol is effective against Plasmodium falciparum at concentrations above 1 uM, with IC, values of 10
UM against chloroquine-resistant and chloroquine-susceptible strains'®. However, despite its potential, the toxic
effects of gossypol—primarily due to its aldehyde functional groups—have limited its development as a viable
antimalarial treatment?*3°. Fortunately, derivatives of gossypol have been demonstrated to be less toxic and have
similar potency as the parent compound®*. Based on these findings, we found it prudent to further explore the
potency of gossypol using laboratory strains and clinical isolates of P. falciparum.

Our study confirmed that the potency of gossypol against laboratory strains of P. falciparum was consistent
with previous research!®, which not only reaffirmed the compound’s potential but also validated our growth
inhibition assays. While earlier investigations predominantly focused on laboratory-adapted strains, the efficacy
of gossypol against clinical isolates remained unclear. Therefore, it was imperative to adequately validate the
potency of gossypol using the clinical isolates. Clinical isolates offer a more accurate representation of the
parasite population encountered in endemic regions, and our previous studies have highlighted the significance
of including them in antimalarial compound screening efforts?*. The significance of thorough evaluation of the
potency compounds before clinical use is highlighted in a study by Arrowsmith et al.3!. After analysing 108
reports of Phase II failures from 2008 to 2010 for new drugs and major new indications of existing drugs, the
authors found that 51% of the clinical failure of drugs resulted from insufficient efficacy®2. The study further
indicated that the failure arising from insufficient efficacy could be due to a lack of sufficient evidence to prove
the efficacy advantage of the compounds over an existing or more advanced drug®’. Our findings revealed that
the efficacy of gossypol against half of the clinical isolates screened was similar to data from earlier studies'*?.
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Fig. 6. Comparing the susceptibility of clinical isolates with two clones to those with more than two clones.
The IC, values of the clinical isolates with two P. falciparum genotypes were not significantly different from
those with more than two genotypes (Unpaired t-test, p=0.56). Error bars denote SEM.

However, several clinical isolates exhibited almost two-fold less susceptibility to gossypol compared to the
laboratory strains, substantiating the need to include clinical isolates in antimalarial drug screening activities.
To our knowledge, this is the largest screen of gossypol against this number of laboratory strains and clinical
isolates of P. falciparum in a single study.

Several studies have shown that clinical isolates harbour multiple P falciparum clones with different
drug-resistance backgrounds, and this has the potential to affect the efficacy of antimalarial drug treatment
outcomes®>**. Our study showed that clinical isolates with two genotypes were more susceptible to gossypol than
those with more than two genotypes, though the difference was not statistically significant. This may suggest
that factors beyond genotype number, such as specific genetic polymorphisms, including mutations, could
influence gossypol sensitivity. Following this, we also examined the potential contribution of polymorphisms in
the P. falciparum multidrug resistance gene 1 (pfmdrl) and the chloroquine resistance transporter (pfcrt) gene,
which has been shown to modulate sensitivity to antimalarials?”3°. Interestingly, all clinical isolates had the same
number of pfcrt and pfmdrl gene copies, except for one isolate with two pfmdrl copies, but this did not affect its
sensitivity to gossypol. These findings could suggest that other genetic or, potentially, epigenetic factors could be
responsible for the observed differences in gossypol sensitivity.

During the resistance selection process, we observed varied susceptibility patterns of the Dd2_3.5 uM
parasites in response to gossypol, with reduced susceptibility to the compounds after six months. The continuous
exposure of the P. falciparum parasites to gossypol likely produced a heterogeneous parasite population with
varying levels of susceptibility or resistance®*~*. This could result from competitive suppression between
parasites more sensitive to gossypol and those less sensitive’*0. Furthermore, studies indicate that artemisinin
induces a subpopulation of P. falciparum parasites with decreased susceptibility to artemisinin within a clonal
population into quiescence?'*2. Other studies have also implicated the role of epigenetic mechanisms mediating
drug resistance in P. falciparum within the isogenic parasite population, where only a subset of parasites can
survive drug pressure*>*%. For instance, inhibition of the histone acetyltransferase PAGCN5 in artemisinin-
resistant parasites was shown to increase their sensitivity to artemisinin treatment. In line with these studies,
we hypothesize that short-term epigenetic or metabolic changes might have occurred during the selection
period, leading to altered susceptibility of the Dd2_3.5 uM parasites to gossypol. Thus, our next step will involve
isolating and characterizing the drug susceptibility phenotypes of the different clones within the heterogeneous
parasite population. Additionally, whole-genome and epigenetic analyses will be conducted to identify genetic
and epigenetic signatures that may explain the variation in gossypol sensitivity.

Our study also explored the potential for cross-resistance, which occurs when resistance to one drug confers
resistance to other drugs with similar mechanisms of action?. Interestingly, the Dd2_3.5 uM parasites in our
study were more sensitive to chloroquine, DHA, and the three Malaria box compounds, suggesting that gossypol
did not have cross-resistance to these compounds. Additionally, this data may indicate that gossypol could
enhance the efficacy of other drugs. While the absence of cross-resistance to chloroquine, DHA, and the Malaria
box compounds in the Dd2_3.5 pM parasites suggests that gossypol may not share resistance pathways with
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Antimalaria Drug (s) | Resistant Strain | Resistance-Associated Gene (s)

SD 3D7 dhps

CQ QN,PMand SD | Dd2 Pfert, Pfmdr copy number variation

CQ, SD, MFQ and PM | W2mef Pfcrt, dhps, Pfmdr copy number variation
MFQ NF54 Pfmdr copy number variation

CQ,PM, QN and CG | 7G8 Pfert, dhfr,

CQ GB4 Pfcrt

Table 3. Summary of antimalarial drug resistance and the associated genes in laboratory P. falciparum strains.
Adapted and modified from a previous study53. CQ, chloroquine; CG, cycloguanil; SD, sulfadoxine; PM,
pyrimethamine; MFQ, mefloquine; QN, quinine; Plasmodium falciparum chloroquine resistance transporter,
PfCRT; Plasmodium multidrug resistance, PEIMDR; dihydropteroate synthase, DHPS; dihydrofolate reductase,
DHER.

these compounds, we are unable to rule out the possibility of a gossypol-specific resistance mechanism. Thus,
further studies in the form of target deconvolution and genetic analyses will be necessary to confirm whether
gossypol acts on a novel target or whether resistance mechanisms are unique to gossypol itself.

In conclusion, our study confirmed the potency of gossypol against P. falciparum laboratory strains and
clinical isolates, although the clinical isolates generally show reduced susceptibility to gossypol. The absence of
cross-resistance with other antimalarials further suggests that gossypol may target a unique pathway, making
it a promising candidate for future therapeutic development. Future studies will involve whole-genome and
epigenetic investigations to explore the mechanisms of action and resistance to gossypol, as well as identify
potentially new antimalarial drug targets.

Materials and methods

P. falciparum parasites and parasite culture

For this study, P. falciparum laboratory-adapted parasites, 3D7, W2mef, Dd2, GB4, 7G8 and K1 and twenty-one
randomly selected clinical isolates (Table 1) were cultured using standard methods*®*” with slight modifications.
The laboratory strains were cultured with RPMI-1640 (Sigma) that was supplemented with 0.5% AlbuMAX II
(Gibco), 20 mg hypoxanthine, 2 g sodium bicarbonate (Sigma). For the clinical isolates, the media was further
modified with 2% normal human serum (PAN-Biotech, Germany). The cultures were maintained at 37 °C using
human group O* erythrocytes at 4% hematocrit and mixed gas composed of 93% nitrogen (N,), 5% carbon
dioxide (CO,), and 2% oxygen (O,) (Air Liquide, Birmingham, United Kingdom). The laboratory strains
(Table 3) used for this study each have different drug-resistant phenotypes. The clinical isolates used for this
study are archived samples collected for a study on erythrocyte invasion mechanisms (EIM)*34°, These samples
were processed upon arrival from the field, cryopreserved using the glycerolyte method*’and stored in liquid
nitrogen tanks*¥for future use. Details regarding ethical clearance and study sites for the samples were previously
described®®. The samples were thawed using serial NaCl solutions®® whenever there was the need to set assays.
The selection of 21 clinical isolates was based on parasites that adapted well to in vitro culture conditions at the
time of the study. This number allowed us to perform an initial screening to evaluate the efficacy of gossypol
against a range of diverse P. falciparum isolates representing various genetic backgrounds. For the drug assays,
P, falciparum parasites were cultured to >5% parasitemia of ring-stage parasites. Using 5% Sorbitol treatment, a
synchronised culture of ring-stage parasites®'was obtained and diluted to 1% parasitemia and 2% haematocrit
for conducting the growth inhibition assays as previously described?. In order not to lose some of the clones
in the clinical isolates during synchronization, the assays for the clinical isolates were set up with cultures
containing >90% ring-stage parasites.

Selection of parasites with reduced susceptibility to gossypol (Dd2_3.5 uM)

A step-wise selection process was used to select parasites with reduced susceptibility to gossypol using the Dd2
laboratory strains (Dd2_3.5 uM) based on established approaches®*->2 Briefly, the parasites were cultured in
vitro at a starting parasitemia of 5% with media containing 0.5 uM of gossypol for two weeks and subsequently
cultured in media containing 2.5 uM gossypol for three weeks. The concentration of gossypol was increased to 3.5
uM gossypol and used to culture the parasites from the 2.5 uM gossypol for a further seven months. Microscopy
and growth inhibitory assays were conducted at least once every month to monitor and assess the emergence of
parasites with reduced susceptibility to gossypol?. The cultures were maintained daily with media containing
gossypol at the appropriate concentration. Two biological replicates (Dd2_3.5 uM_1 and Dd2_3.5 uM_2) were
used during the selection process. Before setting up the in vitro growth inhibitory assays, the parasites were
washed thrice with RPMI to wash oft the gossypol-containing media.

In vitro drug susceptibility assay

To evaluate the potency of gossypol against the laboratory, clinical isolates and Dd2_3.5 uM parasites, a stock
of 10 mM gossypol (Sigma-Aldrich, USA) was serially diluted and screened against the parasites at final-well
concentrations between 1.56 uM to 100 uM as previously described?*. The growth inhibition assays were set
up in triplicate wells with a total volume of 100 pL consisting of 10 puL of gossypol and 90 uL parasite culture
at 1% parasitemia and 2% haematocrit in a 96-well plate. RPMI containing 1% DMSO was used as a negative
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control, and uninfected erythrocytes at 2% haematocrit were used to correct for background fluorescence. The
parasitemia corresponding to each culture well after 72 h of incubation was determined by removing 80 uL of
the supernatant and adding 80 pL of 0.2x SYBR Green I (Invitrogen, USA) stain in lysis buffer (20 mM Tris (pH
7.5), 5 mM EDTA, 0.008% (W/V) saponin and 0.08% (V/V) Triton X-100)) based on established methods*. The
plates were then incubated in the dark at 37°C for a minimum of 30 min, and the total fluorescence from each of
the wells was determined with the Varioskan Lux multimode microplate fluorescent plate reader (ThermoFisher
Scientific, USA) at an excitation of 485 nm, emission of 520 nM and gain at 100.

Data analysis

The data acquired from the fluorescent plate reader were initially processed using Microsoft Excel software
(Version 16.89.1) by subtracting background fluorescence from all values. After processing, the data were
imported into GraphPad Prism (Version 9.01) for further analysis. Sigmoidal dose-response curves were
generated, and IC,  values were estimated for each assay. Briefly, the compound’s concentrations were transformed
to a logarithmic scale. The fluorescence readings corresponding to parasitemia were then normalized by setting
the lowest mean in each data set to 0% and the highest mean to 100%. Given the typical sigmoidal (S-shaped)
nature of dose-response curves, a non-linear regression analysis was performed using the four-parameter logistic
model (4PL). This model was selected because it provides key information about the minimum and maximum
response levels, the IC,, value, and the slope of the curve. To assess the quality of the curve fitted to the data, the
R-squared value, a statistical test for goodness-of-fit, was calculated for each data set. In this study, R-squared
values greater than 0.9 were considered to represent a good fit for the dose-response curves. The IC, values
were derived from the fitted dose-response curves, and each data point is presented as the mean +standard
error of the mean (SEM) from two independent experiments, each conducted in triplicate. The IC, values and
their corresponding 95% confidence intervals (CI) were used to compare the efficacy of gossypol in laboratory
strains, clinical isolates, and the Dd2_3.5 pM parasites. Additionally, the GraphPad Prism software was also
used to test for statistically significant differences in mean IC, values. An unpaired (independent) t-test was
used to determine whether there was a statistically significant difference between the mean IC,; values of the
laboratory strains and the clinical isolates or clinical isolates with different clones. Before performing the t-test,
the assumptions of normality and homogeneity of variances were evaluated. The Shapiro-Wilk test was used to
assess the normality of the data in each group. The F test for equality of variances was employed to check for
homogeneity of variances. If the F test indicated that the variances were not equal, Welch’s t-test, which does not
assume equal variances, was used to correct for this violation.

Evaluating copy number variation in pfcrt and pfmdrl genes

To understand the differences in the response of the P. falciparum parasites to gossypol, the copy numbers in
the pfert and pfmdrigenes were determined using a SyBr green-based real-time quantitative polymerase chain
reaction assay (RT-qPCR)™. Each sample was set up with a total reaction volume of 10 uL comprising 1X Luna
Universal qPCR Master Mix (New England Biolabs, Hitchin, UK), 0.2 uM of each of the primers, and 2 puL
of DNA template in triplicates on the QuantStudio5 system (Applied Biosystems, Waltham, MA). The cycling
conditions for the assay were an initial amplification at 50°C for 2 min, 95°C for 1 min, 40 cycles at 95°C for 30 s,
54°C for 40 s and 60°C for 1 min. The specificity of the resulting amplicons was analyzed using the melt curve.
The endogenous control was the P. falciparum Beta-tubulin gene. DNA from the 3D7 and Dd2 laboratory strains
was also used as reference samples, and a non-template control was also included in each run. The Ct values
for each gene of interest (pfcrt and pfmdrl) were normalized to the Ct values of the reference gene, yielding
ACt. The ACt values were then compared to a control strain known to have a single copy of pfcrt and pfmdrl to
obtain AACt. The delta-delta Ct (2—AACt) method was used to estimate the relative copy numbers of the pfert
and pfmdrigenes*®. For each sample, the copy number was determined as the mean value from the triplicate
qPCR reactions. Copy number results were expressed as approximations (e.g., 1.0, 2.0, 3.0 copies), with minor
variations (e.g., 0.8 or 2.2) rounded up to the nearest whole number for clarity.

Genotyping parasites for multiclonality

The different parasite genotypes in the clinical isolates and Dd2_3.5 uM parasites were identified by analysis
of polymorphic genetic loci of the merozoite surface protein genes mspl and msp2°°. Briefly, genomic DNA
was extracted from seventeen (17) of the clinical isolates of P. falciparum parasites (four of the clinical isolates
were lost at the time of this experiment) and amplified in a polymerase chain reaction (PCR) with primers
targeting conserved regions of mspl block 2 and msp2 block 3 (Table S1). In a nested PCR reaction, the DNA
from the first reaction was amplified with primer sets targeting specific allelic families of mspl (MAD20, K1
and RO33) and msp2 (3D7/IC and FC27). Genomic DNA from laboratory strains was used as a positive control
and a template-free control was also included as a negative control for all the reactions. The size of the PCR
product was determined using a 100 bp DNA ladder (Supplementary Fig. S5) and the polymorphisms in each
allelic family of the msp1 and msp2 genes were determined as previously described™’. The allele frequencies and
multiplicity of infection (MOI) were determined by computing the number of unique alleles in the mspI and
msp2 genes. A MOI of one (1) indicates monoclonal infection and greater than one (> 1) indicates polyclonal
infection. The proportion of mono- and polyclonal infections was computed and compared between MSP1 and
MSP2 using the Fisher’s Exact test.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.
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