The effect of supplementation with Musanga cecropioides on malaria and primaquine induced oxidative stress in experimental animal model
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ABSTRACT
This study investigated the effects of supplementation with a phenol-rich fraction of Musanga cecropioides (PRF-MC) on malaria and primaquine (PQ)-induced oxidative stress in an experimental animal model. Plasmodium berghei infected mice were treated with PQ alone (0.25 mg/kg) and in combination with PRF-MC (200 and 400 mg/kg). The ethyl acetate fraction of the M. cecropioides methanol extract, which had the highest phenolic content, served as PRF-MC. Similar therapeutic effects were observed with PQ alone and PQ + 200 mg/kg PRF-MC. However, 400 mg/kg PRF-MC significantly antagonized PQ parasite clearance activity. Parasitemia significantly reduced antioxidant enzyme levels and total antioxidant status compared with the naïve uninfected control. PQ alone significantly reduced catalase and superoxide dismutase enzyme activities compared to the vehicle control. PRF-MC alone and in combination with PQ significantly increased these enzyme activities, reduced glutathione concentrations, and decreased lipid peroxidation compared to PQ alone. PRF-MC also improved the total antioxidant status in a dose-dependent manner. However, PRF-MC, both alone and with PQ, could not restore the red blood cell count, packed cell volume, and hemoglobin concentration to pre-infection levels. Furthermore, PRF-MC antagonized PQ parasite clearance activity, especially at higher doses, and decreased the body weight when combined with PQ. PRF-MC countered malaria and PQ-induced oxidative stress, but antagonized the therapeutic effect of PQ at higher doses. Careful dosing is essential when PRF–MC is combined with PQ.
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Introduction
The global burden of malaria includes cases caused by five Plasmodia species that naturally infect humans (Watson et al., 2021; Chinwuba et al., 2024a). Most of this burden comes from Plasmodium falciparum and Plasmodium vivax malaria, which were only recently reported separately in the World Malaria Report (Popkin-Hall et al., 2023). The estimated annual burden of P. vivax malaria (14.3 million to 15.0 million) is significantly lower than P. falciparum (193.5 million to 254.7 million) (Bach et al., 2023). Oxidative stress plays a major role in the etiology, progression, and outcome of malaria. Host systems and parasite infectivity generate and manipulate oxidative stress in malaria (Mukherjee et al., 2024). Host systems involve immunological responses that produce free radical species for signaling and destruction of parasites (Park & Son, 2024). The parasites trigger molecules that generate free radicals in the host. Unable to synthesize amino acids, the parasite breaks down hemoglobin to salvage it within the food vacuole, creating oxidative stress through the Fenton reaction involving the central ferrous moiety (Sil & Chakraborti, 2025). The parasite converts heme into hemozoin via biocrystallization. Haemozoin induces oxidative and inflammatory mediators (cytokines, chemokines, inducible nitric oxide synthase, nitric oxide, oxygen free radicals, nitrogen free radicals, peroxynitrite, etc.) that can overwhelm the host antioxidant defense systems (Soloviev & Sydorenko, 2024). Other parasitic components, such as glycosylphosphatidylinositol, negatively modulate host oxidative stress. Without intervention, these oxidative stress mechanisms lead to host debilitation, cachexia, and death (Salvagno et al., 2024) . Current malaria treatments are primarily antiparasitic, and can partially alleviate the disease. Some drugs exacerbate host oxidative stress by generating reactive species via their mechanisms of action and metabolism. One such drug is primaquine (Puerta & Rodríguez, 2025) .
Primaquine (PQ) is an 8-aminoquinoline derived from plasmoquine (also known as plasmochin or pamaquine), the first widely available synthetic anti-malarial (Gebrie et al., 2024). While 8-aminoquinolines have unique anti-malarial properties, they present safety concerns, leading to varying treatment recommendations and prescribing practices (Naude et al., 2024) . These compounds are effective against mature gametocytes of Plasmodium falciparum, developing parasites in the liver  (causal prophylactic activity), and dormant hypnozoites of Plasmodium vivax and Plasmodium ovale  (radical curative activity), and show weak activity against asexual stages  (particularly weak for P. falciparum) (Naude et al., 2024) . A significant drawback is the potential to cause hemolysis in individuals with glucose-6-phosphate dehydrogenase (G6PD) deficiency, an X-linked condition prevalent in tropical regions, with gene frequencies ranging from 3 to 30% (Xuan-Rong Koh et al., 2023) . The hemolytic activity of PQ is attributed to intraerythrocytic oxidative stress caused by redox-active metabolites rather than by the parent drug (Wu et al., 2021) . Less damaged erythrocytes are identified by splenic macrophages as akin to senescent red cells, leading to their removal from circulation (Hernandez-Baixauli et al., 2024). Klouda and Stone demonstrated that PQ significantly inhibited the antioxidant defense system and induced higher levels of superoxide and lipid peroxides (Li et al., 2024). Additionally, 5-hydroxyprimaquine causes prolonged ROS generation within erythrocytes (Tittelmeier et al., 2025). The focus on malaria elimination, coupled with concerns over artemisinin-resistant falciparum malaria, potentially undermining these efforts, has brought primaquine back to focus (Zheng et al., 2024) . As complementary therapies, natural products are effective in combating malaria and antimalarial drug-induced oxidative stress as complementary therapies (Pires et al., 2024) . Plants and their phytochemicals have been explored for their ability to stimulate antioxidant defenses and scavenge reactive species that cause oxidative stress (Fakhri et al., 2025) . Musanga cecropioides is used in traditional medicine for general healing and enhancing antioxidant defense, as documented in experimental models to mitigate chemical and disease-induced oxidative stress (Zhang et al., 2025) . Musanga cecropioides is used in Cameroonian folk medicine to treat infectious diseases, with antimicrobial activity (Ansari et al., 2025) validated by Enoyoze and Idu (Enoyoze & Idu, 2023). Its hypoglycemic properties have been reported in both in vitro and in vivo studies. (Awwad et al., 2021) Given that malaria and primaquine promote oxidative stress by decreasing antioxidant defences, changing redox state and stimulating oxidative damage, this study investigated the effect of Musanga cecropioides supplementation on malaria and primaquine induced oxidative stress in experimental animal model.

Materials and method
Plant material collection and authentication
Fresh leaves of M. cecropioides were collected from a single site in Amawbia, Anambra. Identification was carried out by Prof. B.A. Anyinde from the Department of Pharmacognosy at the University of Benin, and authentication was performed by Mr. Felix Nwafor from the Department of Pharmacognosy and Environmental Medicine at the University of Nigeria, Nsukka, Enugu State. A voucher specimen, PCG/473/A/021, was deposited in the Herbarium of the Department of Pharmacognosy and Traditional Medicine, Faculty of Pharmaceutical Sciences, Nnamdi Azikiwe University, Awka.

Animals
Swiss Albino mice, weighing between 24 and 30 g and aged 7 to 8 weeks, of both sexes, were used for this study. All animals were sourced from the Animal House of the Department of Pharmacology at the Enugu State University of Science and Technology, Enugu State, Nigeria. They were allowed a one-week acclimatization period before the study commenced, with food and water provided ad libitum. All animal experiments adhered to the NIH guidelines for the care and use of laboratory animals  (National Institute of Health  (NIH)  (2011) Pub No: 85-23) and were approved by the Institutional Animal Ethics Committee (approval number ESUT/AEC/574/AP531).

Parasite
Plasmodium berghei used for the study was obtained from the Nigerian Institute of Medical Research, Lagos, Nigeria. The Parasite was of ANKA strain with a chloroquine-resistant phenotype. This was maintained by serial passage in mice in our laboratory.

Plant extraction and fractionation
Musanga cecropioides leaves were air-dried in the shade, pulverized, and extracted through cold maceration in methanol for 72 h with intermittent shaking. The resulting solution was filtered and the filtrate was concentrated to dryness in vacuo using a rotary evaporator (RE300 Model, United Kingdom) at 40°C. Subsequently, 200 g of the extract was dissolved in 400 ml of water and subjected to successive liquid-liquid partitioning with n-hexane, ethyl acetate, and butanol in increasing order of polarity. The fractions soluble in these solvents were concentrated in vacuo using a rotary evaporator to obtain the n-hexane  (HF), ethyl acetate  (EAF), and butanol  (BF) fractions. The remaining fraction was the water fraction  (WF). The extracts and all fractions were stored in a refrigerator at temperatures between 0-4°C.

Total Phenolic Content of the Extracts and Fractions by Folin Ciocalteu’s Assay
The total phenolic content of the extract and its fractions was determined using the method outlined by Ajaghaku et al. (2025). The total phenolic content was estimated from a calibration curve prepared with gallic acid solution and expressed as milligrams of gallic acid equivalent (GAE) per gram of the extract.

Acute Toxicity Test 
Acute toxicity analysis of the extract was conducted using Lorke's method as outlined by Ajaghaku et al. (2021) and Chinwuba et al. (2024b). In the first phase, which determined the toxic range, three groups of three mice each received oral doses of 10, 100, and 1000 mg/kg of the phenol-rich fraction. The mice were monitored for 24 h to observe mortality. The death pattern observed in this phase indicated the doses for the second phase. Since no deaths were recorded in the first phase, a new set of four mice was administered doses of 1000, 1600, 2900, and 5000 mg/kg of the extract. These animals were then observed for 24 h for signs of lethality or acute intoxication. The LD50 was estimated using the following formula:

𝐿𝐷 = √  (𝐷0 ∗ 𝐷100) 

D0: Highest dose that resulted in no mortality; D100: Lowest dose that produced mortality

Experimental design 
The albino mice used in the experiment were randomly divided into seven groups of five animals each. Group 1 received 10 ml/kg of 5% Tween 80 as a naive control group  (mice not inoculated with P. berghei). Group 2 was administered 10 ml/kg of 5% Tween 80 and served as the vehicle control group  (mice inoculated with P. berghei). Group 3 was orally administered 0.25 mg/kg b. w. of primaquine along with 5 ml/kg of 5% Tween 80 daily. Group 4 received an oral dose of 200 mg/kg b. w. of M. cecropioides combined with 0.25 mg/kg b. w. of primaquine daily. Group 5 was given 400 mg/kg b. w. of M. cecropioides and 0.25 mg/kg b. w. of primaquine orally each day. Group 6 received 200 mg/kg bw of M. cecropioides with 5 ml/kg of 5% Tween 80 daily, while Group 7 was administered 400 mg/kg bw of M. cecropioides and 5 ml/kg of 5% Tween 80 daily.

Inoculation of Mice 
Albino mice previously infected with P. berghei and exhibiting a parasitemia level of 50–60% served as donors. Blood samples were drawn from these donor mice via the retro-orbital plexus into heparinized tubes. The blood was then diluted with normal saline  (0.9%) according to the parasitemia of the donor mice and red blood cell  (RBC) count, ensuring that 1 mL of blood contained 5 × 107 infected erythrocytes. Subsequently, 0.2 mL of blood, containing 1x107 P. berghei-infected erythrocytes was administered intraperitoneally  to each mouse, except those in the naïve control group (Wei et al., 2025) .

Treatment of infected animals
Seventy-two hours after infection with the parasite, parasitemia was confirmed in the animals before administering their respective doses, as detailed in the Animal Grouping and Dosing section. Treatment was continued for 14 days. On the 15th day, the animals were weighed using a sensitive balance, and blood samples were collected via the retro-orbital plexus into plain and anticoagulant tubes. The blood in plain tubes was centrifuged at 3000 × g for 15 min to separate the serum, which was then used for biochemical assays. A thin blood film was prepared directly from whole blood during the bleeding process.

Determination of Parasitemia 
 Parasitemia was determined as described by Misganaw et al. (2020), and the number of infected RBCs was counted using (a minimum of three fields per slide) using a light microscope (MB23 0 T, China) with an objective lens magnification power of 100x. Percent parasitemia and inhibition were calculated using the modified Peters and Robinson formula:

% Parasitemia  =  

% plasmodium clearance = 

Determination of Packed Cell Volume
A microhaematocrit centrifuge (Hettichhaematokrit, Germany) was used. Centrifugation was performed at 12,000 rpm for 5 min after blood was collected from the tail of each mouse using heparinized capillary tubes.

PCV was determined using the following calculation.
PCV = 
Haemoglobin quantification
The hemoglobin content of whole blood was quantified using Drabkin’s reagent (K3Fe(CN)6 200 mg/l, KCN 50 mg/l, NaHCO3 1 g/L, pH 8.6). This procedure is based on the oxidation of hemoglobin to methemoglobin in the presence of alkaline potassium ferricyanide. Methemoglobin reacts with potassium cyanide to produce cyanmethemoglobin. The color intensity measured at 540 nm was proportional to the total hemoglobin concentration. 
To each tube, whether blank or containing a sample, 5 ml of Drabkin solution was added. Then, 20 µL of whole blood was introduced into the sample tubes and distilled water was added to the blank tube. The tubes were mixed and allowed to stand for 15 minutes at room temperature. After blanking, the absorbance of the samples was measured at 540 nm and the total hemoglobin concentration (mg/ml) was determined using the cyanmethemoglobin calibration curve.

Determination of antioxidant enzymes activity
Serum catalase activity was measured using the visible light method as outlined by Weydert and Cullen, employing a catalase assay kit from Elabscience Biotechnology Co. Ltd., China. Similarly, serum superoxide dismutase (SOD) activity was assessed using the hydroxylamine method, as described by Weydert and Cullen, with an SOD assay kit from Elabscience Biotechnology Co. Ltd., China. (weydert et al., 2010)

Determination of Reduced glutathione concentration
The method outlined by Rukkumani et al. was used to estimate the level of reduced glutathione in the serum. (Rukkumani et al., 2004) Typically, the reduced form of glutathione comprises the majority of cellular non-protein sulfhydryl groups. This method relies on the formation of a stable yellow color when sulfhydryl compounds react with 5, 5-dithiobis- (2-nitrobenzoic acid) (Ellman's reagent). Ellman's reagent interacts with reduced glutathione to yield 2-nitro-5-thiobenzoic acid, a chromophoric compound with molar absorption at 412 nm.

Determination of the Lipid Peroxidation (LPO) in Serum
The levels of thiobarbituric acid reactive substance (TBARS) and malondialdehyde (MDA) production were measured in serum by the modified method described by Olszewska-Słonina et al. (2011) The serum (50 μL) was deproteinized by adding 1 mL of 14% trichloroacetic acid and 1 mL of 0.6% thiobarbituric acid. The mixture was heated in a water bath for 30 min to complete the reaction, and then cooled on ice for 5 min. After centrifugation at 2000 g for 10 min, the absorbance of the colored product (TBARS) was measured at 535 nm using a UV spectrophotometer. The concentration of TBARS was calculated using the molar extinction coefficient of malondialdehyde (1.56 × 105 mol/L/cm) using the following formula: 

A = ΣCL

where A = absorbance, 

Σ = molar coefficient, 

C = concentration

L = path length. The results are expressed in nmol/mg of protein.

Determination of serum total antioxidant capacity
The total antioxidant capacity of the serum was assessed using the ABTS radical cation decolorization assay method outlined by Cecchini and Fazio. (Bekdeşer & Apak, 2024) This assay, conducted with the Sigma-Aldrich  (USA) antioxidant assay kit  (Catalog number CS0790), relies on the serum antioxidants' ability to inhibit the formation of the ferryl myoglobin radical from metmyoglobin and hydrogen peroxide. This reaction oxidizes 2, 2-Azino-di-3-ethylbenzthiazoline sulphonate  (ABTS) to generate a radical cation, which can be measured spectrophotometrically at 405 nm. The assay was calibrated using Trolox, and the total antioxidant capacity was expressed in terms of Trolox equivalents  (mM).

Statistical analysis
Results are expressed as the mean ± Standard Error of Mean (SEM). The variance in treatment outcomes was analyzed using one-way ANOVA with the Statistical Package for Social Science (SPSS, version 20). Post hoc multiple comparisons were conducted using Tukey’s test.

RESULTS

Yield and phytochemical content of extracts and fractions 
The extract yielded approximately one-quarter of the powdered leaves, amounting to 22.90% (Table 1). The majority of the extract was found in the n-hexane fraction, whereas the butanol fraction had the lowest yield. The extract had a total phenolic content of 297.76 mgGAE/g  (Figure 1). The phenolic content of the fractions followed the order: ethyl acetate fraction > butanol fraction >> water fraction >> n-hexane fraction. Notably, the ethyl acetate and butanol fractions had similar phenolic content values, measuring 386.04 and 364.88 mgGAE/g, respectively.

Effect of Phenol rich fraction of M. cecropioides alone and in combination with primaquine on body weight
Before infection and treatment of the animals, the body weights across all groups were similar, showing no significant difference (P>0.05). In contrast to the pretreatment body weights, the naïve uninfected control group exhibited a significant (P<0.05) increase in body weight after the 14-day study (Figure 2). A reduction in body weight was noted in the other experimental groups, with a significant (P<0.05) decrease observed in the groups treated with primaquine (PQ) + 200 mg/kg phenol-rich fraction of M. ceceropioides  (PRF-MC), PQ + 400 mg/kg PRF-MC, and 400 mg/kg PRF-MC, compared to the naïve control group during the post-treatment evaluation. Significant  (P<0.05) reduction in body weight was observed in the other experimental groups. However, compared to the vehicle  (infected) control group, only the PQ + 400 mg/kg PRF-MC group showed a significant  (P<0.05) reduction in body weight. Additionally, the combination of PRF-MC at 200 and 400 mg/kg doses with PQ resulted in a significant (P<0.05) reduction in body weight compared with PQ alone.

Effect of Phenol rich fraction of M. cecropioides alone and in combination with primaquine on haematological parameters
Infection with Plasmodium berghei led to a reduction in the RBC count, as evidenced by a significant  (P<0.05) decrease in the vehicle  (infected) control group compared to the naive uninfected control group  (Figure 3). Treatment with PQ alone or in combination with PRF-MC failed to restore the RBC count to pre-infection levels. However, compared to the vehicle control group, these treatments, both individually and in combination, significantly (P<0.05) improved the RBC count compared to PQ alone therapy. A combination dose of PRF-MC at 400 mg/kg with PQ resulted in a significant  (P<0.05) increase in RBC, similar to the PRF-MC alone treated groups. Infection with P. berghei also caused a reduction in PCV and Hb levels, which could not be restored in the treatment groups  (Figures 4 and 5). The reduction in PCV and Hb was significant  (P<0.05) in all treatment groups, except for the 400 mg/kg PRF-MC-treated group. Compared to the vehicle control group, treatment with PQ alone led to a significant  (P<0.05) decrease in PCV and Hb levels. The combination of PRF-MC with PQ showed an improvement in these parameters, with a significant  (P<0.05) effect observed at both 200 and 400 mg/kg combination doses of PRF-MC. Treatment with single doses of PRF-MC at both 200 and 400 mg/kg also resulted in a significant increase in PCV and Hb compared with the vehicle control group, as well as when compared with the PQ alone group.

Effect of Phenol rich fraction of M. cecropioides alone and in combination with primaquine on parasitemia
Treatment with PQ and PRF-MC, both individually and in combination, led to a significant (P<0.05) reduction in parasitemia compared with pre-treatment and vehicle control values (Figure 6). PQ alone and the combination of PQ and 200 mg/kg PRF-MC showed similar effects, with no significant (P>0.05) difference between these groups. However, when PRF-MC was combined with PQ at a dose of 400 mg/kg, it significantly (P<0.05) antagonized the parasite clearance activity of PQ. Likewise, separate doses of PRF-MC at 200 and 400 mg/kg demonstrated inferior activity compared to PQ alone, as evidenced by a significant (P<0.05) increase in parasitemia in the groups treated with PRF-MC alone compared to those treated with PQ.

Effect of Phenol rich fraction of M. cecropioides alone and in combination with primaquine on antioxidant parameters
Parasitemia led to a significant (P<0.05) reduction in the antioxidant enzymes catalase and superoxide dismutase, as well as in the total antioxidant status, when compared with the naïve uninfected control (Figures 7 and 8). Significant (P<0.05) reductions were also noted across the treatment groups compared with the naïve control. In contrast to the vehicle (infected) control group, treatment with PQ alone resulted in a significant (P<0.05) decrease in catalase and superoxide dismutase activities. However, the combination of PRF-MC and PQ improved these enzyme activities, with a significant (P<0.05) effect observed at the 400 mg/kg PRF-MC + PQ combination dose. Additionally, treatment with separate doses of PRF-MC at 200 and 400 mg/kg resulted in a significant (P<0.05) increase in catalase and superoxide dismutase enzyme activities compared to the vehicle control group. Compared to PQ alone, the combination with PRF-MC at both 200 and 400 mg/kg, as well as when these doses of PRF-MC were administered alone, produced a significant (P<0.05) increase in catalase and superoxide dismutase enzyme activity. Similarly, for reduced glutathione and lipid peroxidation, parasitemia caused a significant  (P<0.05) reduction and increase, respectively, compared with the naïve uninfected control group  (Figures 9 and 10). Treatment with PRF-MC, both alone and in combination with PQ, resulted in an increase in the GSH concentration and a reduction in the MDA concentration  (lipid peroxidation). These effects were significant (P<0.05) only for the 400 mg/kg PRF-MC alone-treated group when compared to the naïve uninfected control group. Treatment with PQ alone led to a significant (P<0.05) reduction in GSH and an increase in MDA compared with the vehicle  (infected) control group. However, treatment with PRF-MC alone and in combination with PQ at all tested doses  (200 and 400 mg/kg) produced a significant  (P<0.05) increase in GSH and a corresponding decrease in MDA compared to the PQ alone-treated group. The total antioxidant status was also significantly  (P<0.05) reduced by malaria infection  (Figure 11). Compared to the vehicle (infected) control group, treatment with primaquine alone resulted in a significant  (P<0.05) reduction in the total antioxidant status. Treatment with M. cecropioides, both alone and in combination, led to a dose-dependent improvement in the total antioxidant status, which was adversely affected by malaria infection and primaquine treatment.

Table 1: Yield of methanol extract and fractions of M. cecropioides
	Extracts/Fractions
	Yield (g)
	Yield  (%w/w)

	Methanol extract
	572.56
	22.90a

	n-hexane fraction
	63.52
	31.76b

	Ethyl acetate fraction
	48.36
	24.18b

	Butanol fraction
	42.28
	21.14b

	Water fraction
	45.43
	22.72b


aYield calculated from 2500 g of powdered leaves
bYield calculated from 200 g of methanol extract









Figure 1: Total phenolic content of the extract and fractions



Figure 2: Effect of Primaquine and its combination with Musanga ceceropioides on body weight. Where PQ = Primaquine; PRF-MC = phenol rich fraction of Musanga cecropioides
* P<0.05 compared to Pre-treatment/pre-infection values; ♯ P<0.05 compared to Naïve  (post treatment); ¶ P<0.05 compared to vehicle infected control  (post-treatment); β P<0.05 compared to primaquine  (post-treatment)














Figure 3: Effect of Primaquine and its combination with Musanga ceceropioides on Red blood cell count. Where PQ = Primaquine; PRF-MC = phenol rich fraction of Musanga cecropioides. * P<0.05 compared to Pre-treatment values; ♯ P<0.05 compared to Naïve  (post treatment); ¶ P<0.05 compared to vehicle infected control  (post-treatment); β P<0.05 compared to primaquine  (post-treatment)



Figure 4: Effect of Primaquine and its combination with Musanga ceceropioides on Packed cell volume. Where PQ = Primaquine; PRF-MC = phenol rich fraction of Musanga cecropioides. ¶ P<0.05 compared to vehicle infected control; * P<0.05 compared to primaquine; ♯ P<0.05 compared to Naïve












Figure 5: Effect of Primaquine and its combination with Musanga ceceropioides on haemoglobin concentration. Where PQ = Primaquine; PRF-MC = phenol rich fraction of Musanga cecropioides. ¶ P<0.05 compared to vehicle infected control; * P<0.05 compared to primaquine; ♯ P<0.05 compared to Naïve



Figure 6: Effect of Primaquine and its combination with Musanga ceceropioides on parasitemia. Where PQ = Primaquine; PRF-MC = phenol rich fraction of Musanga cecropioides. * P<0.05 compared to Pre-treatment values; ¶ P<0.05 compared to vehicle infected control  (post-treatment); β P<0.05 compared to primaquine  (post-treatment)













Figure 7: Effect of Primaquine and its combination with Musanga ceceropioides serum catalase enzyme activity. Where PQ = Primaquine; PRF-MC = phenol rich fraction of Musanga cecropioides. ¶ P<0.05 compared to vehicle infected control; * P<0.05 compared to primaquine; ♯ P<0.05 compared to Naïve



Figure 8: Effect of Primaquine and its combination with Musanga ceceropioides on serum superoxide dismutase enzyme activity. Where PQ = Primaquine; PRF-MC = phenol rich fraction of Musanga cecropioides. ¶ P<0.05 compared to vehicle infected control; * P<0.05 compared to primaquine; ♯ P<0.05 compared to Naïve











Figure 9: Effect of Primaquine and its combination with Musanga ceceropioides on serum reduced glutathione concentration. Where PQ = Primaquine; PRF-MC = phenol rich fraction of Musanga cecropioides. ¶ P<0.05 compared to vehicle infected control; * P<0.05 compared to primaquine; ♯ P<0.05 compared to Naïve



Figure 10: Effect of Primaquine and its combination with Musanga ceceropioides on lipid peroxidation. Where PQ = Primaquine; PRF-MC = phenol rich fraction of Musanga cecropioides. ¶ P<0.05 compared to vehicle infected control; * P<0.05 compared to primaquine; ♯ P<0.05 compared to Naïve










Figure 11: Effect of Primaquine and its combination with Musanga ceceropioides on total antioxidant status. Where PQ = Primaquine; PRF-MC = phenol rich fraction of Musanga cecropioides. ¶ P<0.05 compared to vehicle infected control; * P<0.05 compared to primaquine; ♯ P<0.05 compared to Naïve
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Both the anti-malarial activity and hemolytic toxicity of primaquine have been linked to its reactive metabolites (Kosasih et al., 2023). Combining primaquine with an antioxidant natural product with antiplasmodial activity has been hypothesized to reduce primaquine-induced oxidative damage while maintaining antiplasmodial efficacy (Chaves et al., 2022). In this study, we investigated the combination of a phenol-rich fraction of Musanga cecropioides with therapeutic primaquine for malaria and primaquine-induced oxidative stress. The antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT) are biomarkers of oxidative stress. Their elevation in the vehicle (malaria) control and primaquine-alone treated groups indicates the ability of malaria infection and primaquine therapy to induce oxidative stress (Vasquez et al., 2021). This aligns with the documented reports on malaria and primaquine-induced oxidative stress. The decrease in SOD activity may result from the reduced de novo synthesis of enzyme proteins, as shown by decreased mRNA transcript levels, or irreversible inactivation of enzyme proteins due to increased free radical production from Plasmodium infection and primaquine metabolism. Jenkins and Goldfarb have reported that decreased SOD activity reflects oxidative stress. (Vasquez et al., 2021). The decrease in CAT activity may be due to excess superoxide anion radicals resulting from the reduced SOD activity. Reports have indicated that high production of superoxide anion radicals inhibits CAT activity (Zheng et al., 2023). The phenol-rich fractions of M. cecropioides, alone and in combination with primaquine, stimulated increased SOD enzyme activity, suggesting that this plant attenuates oxidative stress from malaria infection and primaquine metabolism. The catalase restorative effect of M. cecropioides following malaria infection and PQ therapy indicates its ability to complement the antioxidant effect of the SOD enzyme and restore normal oxidative status disrupted by malaria infection and PQ metabolism.

Glutathione (GSH) is synthesized in the cytoplasm of liver cells and is distributed through the circulatory system to organs and subcellular compartments. (Vázquez-Meza et al., 2023) GSH plays a vital role in scavenging reactive oxygen species (ROS) and detoxifying drugs and chemicals. It directly reacts with ROS and electrophilic metabolites, protecting essential thiol groups from oxidation. Any disturbance in the GSH redox status can impair cellular defense against toxic compounds and lead to increased oxidative stress and tissue damage (Georgiou-Siafis et al., 2023). Reduced GSH levels in malaria-infected controls and PQ-treated groups indicated that these agents caused oxidative damage. The phenol-rich fractions of M. cecropioides, alone and with primaquine, enhanced GSH status, providing evidence that M. cecropioides can mitigate oxidative stress from malaria infection and PQ therapy. Lipids are primary targets of ROS, and lipid peroxidation produces reactive aldehydes such as MDA, a major biomarker of free radical-mediated lipid damage. Oxidative damage to lipid structure and function has been reported in malaria infections and PQ therapy (Vasquez et al., 2021). This finding aligns with our results, and confirms the ability of Plasmodium infection and PQ therapy to induce oxidative stress. The increased MDA levels in plasma infection and PQ therapy suggest that peroxidative injury may contribute to complications from infection and drug metabolism. An increase in lipid peroxidation indicates a decline in enzymatic antioxidant defense mechanisms. Studies have shown a strong correlation between the phenolic compound content and the antioxidant potential of fruits and vegetables. The antioxidant activities of the M. cecropioides phenol-rich fractions may be related to their total phenolic content. The antioxidant activity of phenolic compounds stems from their molecular structure, particularly the number and position of the hydroxyl groups and aromatic ring substitutions. These properties may contribute to the antioxidant potential of the phenol-rich fraction of M. cecropioides.

The total antioxidant capacity of plasma serves as the primary measure for assessing the oxidative stress status in the body (Fierri et al., 2024). Plasma contains compounds that combat oxidative stressors and protect cells and biomolecules from damage (Silvestrini et al., 2023). The collective action of antioxidant molecules reflects the plasma antioxidant capacity (Kıran et al., 2023). Oxidative stress occurs when reduced plasma antioxidant potential is observed (Vasquez et al., 2021). The decrease in plasma antioxidant capacity following Plasmodium infection and PQ therapy indicated their ability to induce oxidative stress. The increase in the plasma antioxidant status of M. cecropioides suggests its counteractive effect against oxidative stress caused by infection and PQ therapy. This effect may be linked to the phenolic content and compounds known for their antioxidant activity. The oxidative impact of infection and PQ therapy was evident through reduced packed cell volume, hemoglobin concentration, and RBC count. Free radicals from infection and drug metabolism may cause hemolysis, reduced hematological parameters. This aligns with the known effects of malaria and PQ toxicity. M. cecropioides administration increased these parameters, indicating its potential to counteract the oxidative effects of malaria and PQ toxicity. PQprimaquine mediates antiplasmodial activity through free radical generation (Tittelmeier et al., 2025), and its activity may be compromised when combined with antioxidant compounds. Since M. cecropioides has antiplasmodial activity, it was expected to augment PQ activity; however, an antagonistic effect likely occurred through its stronger antioxidant activity. This antagonism was more pronounced at higher concentrations, with no significant effect at lower doses. This indicates that PQ therapy may be compromised by high antioxidant levels; thus, the benefits of combination therapy may be exploited at lower concentrations. Changes in body weight were also an adverse effect. Weight reduction after acute infection is likely multifactorial, involving fluid and nutrient loss from increased gastrointestinal permeability, reduced food intake, and elevated metabolism due to fever (Walsh, 2019). The Plasmodium burden may have caused malabsorption and accelerated glucose generation through gluconeogenesis (Moize et al., 2024). Although PQ therapy cleared the plasmodium, it did not improve body weight. Appetite loss, a PQ side effect, may explain the lack of improvement after treatment. Combined with MC, the body weight decreased further. Anti-nutritive compounds, such as tannins, in M. cecropioides may worsen PQ-related appetite loss.

Conclusion
This study explored the effects of combining a phenol-rich fraction of Musanga cecropioides  (PRF-MC) with primaquine  (PQ) on malaria- and PQ-induced oxidative stress in an experimental animal model. The findings revealed that PRF-MC, both independently and in conjunction with PQ, exhibited antioxidant properties by enhancing antioxidant enzyme activity, enhancing glutathione levels, and reducing lipid peroxidation. These effects suggest that PRF-MC could potentially alleviate oxidative stress associated with malaria infection and PQ therapy. However, an antagonistic effect emerged when PRF-MC was combined with PQ at higher concentrations, potentially undermining PQ's antiplasmodial activity. This antagonism was less evident at lower concentrations, indicating that the beneficial effects of combining PRF-MC with PQ may be optimized at reduced doses. The study also found that, while PQ therapy significantly cleared the plasmodium, it did not lead to a corresponding improvement in body weight. The combination of PRF-MC with PQ further decreased body weight, possibly due to the anti-nutritive compounds in PRF-MC exacerbating the PQ-induced appetite loss. Although PRF-MC shows promise in countering malaria and PQ-induced oxidative stress, careful consideration of dosing is essential when combining it with PQ to avoid compromising the antiplasmodial efficacy of the drug. Further research is needed to optimize this combination and to fully understand its potential benefits and limitations in malaria treatment.
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