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Comparative Impacts of Alternating Magnetic Field and Crude Extract of Tithonia diversifolia Leaf on Hematological Indices of Plasmodium berghei-infected Mice



Abstract
The present study investigated the comparative effects of varying intensities of alternating magnetic field and Tithionia diversifolia crude extract on hematological parameters of mice infected with Plasmodium berghei. Experimental solenoids were designed to generate the magnetic field, whereas  T. diversifolia crude extract was prepared using 80% methanol as solvent. Twenty-five male mice were divided into five groups of five mice each. Mice in the first group were infected with parasite, but untreated; group 2 consisted of parasitized mice treated with Arthemeter/Lumefantrine; group 3 contained infected mice treated with crude extract of T. diversifolia leaf;  group 4 contained parasitized mice exposed to a 10mT magnetic field, whereas mice in group 5 consisted of parasitized mice exposed to alternating magnetic field intensity of 20 mT. Parasitemia was confirmed by testing blood drawn from their tails. Group III was treated with 100 mg/kg body weight of the extract each day for seven days whereas Groups IV and V were exposed to alternating magnetic field for six hours each day for seven days. A four-day suppressive test was carried out, and the animals were sacrificed after the seventh day, for the collection of blood prior to assay for hematological parameters. Results from the suppressive test revealed that T. diversifolia suppressed parasitemia count better than alternative magnetic fields, whereas mice that received a magnetic field intensity of 20mT had the most improved hematological indices. The study concludes that alternating magnetic fields have the potential to ameliorate anemic conditions in mouse models of malaria and should be explored further at higher intensities.
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1.0 Introduction
Plasmodium parasite protozoans are the cause of malaria, an infectious disease that affects humans and other mammals. The female Anopheles mosquito is the carrier of this parasite. If treatment is not received, the parasite's growth within erythrocytes might cause fatal symptoms like high fever, chills in the evening, and headaches. Malaria complications include brain, liver, and kidney damage, as well as deadly anemia (Ekun et al., 2023). P. vivax, P. malariae, P. ovale, P. falciparum, P. knowlesi, are the major species of Plasmodium that cause malaria. It has been shown that P. vivax and P. falciparum play a major role in the pathogenesis of malaria worldwide, resulting in millions of cases and deaths (Ahmed and Cox-Singh, 2015). Malaria frequently causes biochemical changes in tissue metabolism because the parasite's metabolic processes deplete structural biomolecules such as lipids, proteins in organs such the liver, kidney, heart, and brain (Olusola, 2018). These result in the loss of these biomolecules from the tissue and increased levels of specific enzymes and biomolecules in blood plasma, which suggests a progressive death of the affected animals' critical organs (Megabiaw et al., 2022). In addition, malaria parasite progressively degrades hemoglobin, and by extension the erythrocytes, causing anemia in infected individuals. Atermisinin derivatives are commonly used in conventional chemotherapeutic techniques, particularly when combined with a quinoline or an antimetabolite as in the case of the advised artemisinin combination treatments, ACTs (Assefa et al., 2010). Nonetheless, a number of studies and case reports have documented instances of antimalarial resistance, via several mechanisms such as drug inactivation and drug efflux from vacuoles (Dondorp et al., 2009). Due to this, there is need for research into other alternatives, which in this study we explored Tithonia diversifolia and alternating magnetic field.
Tithonia diversifolia is a perennial shrub belonging to the Asteraceae family. It is known in many places as the Mexican sunflower and it occurs in several tropical and subtropical regions of the world. It has been reported in folkloric medicine for its diverse ethnomedicinal potentials, as it has been used in treating several ailments. The plant comprises of a plethora of secondary metabolites such as phenolic acids, flavonoids and several classes of terpenoids, which are present in the plant’s roots stems and leaves. The terpenoids, especially the sesquiterpene lactones have been linked to the pharmacologic effects of the plant (Saxena et al., 2003). T. diversifolia have been reported in several literature to possess broad-spectrum antimicrobial activity against various pathogens, including bacteria, fungi, and parasites. For example, it was reported that T. diversifolia demonstrated potencies against Escherichia coli, Staphylococcus aureus, Bacillus subtilis and Candida albicans and this efficacy was attributed to the presence of secondary metabolites which exhibited antimicrobial effects by inhibiting both of cell wall formation and enzyme activity (Okiti and Osuntokun 2020). In addition, T. diversifolia leaf extracts has been reported to possess hypoglycemic, anti-hyperlipidemic (Muniroh et al., 2022) anti-inflammatory and analgesic properties (Owoyele et al., 2004). In addition, T. diversifolia leaf extracts have been used in speeding up the healing of wounds, and protect against skin infections (Owoyele et al., 2004) since they have been found to possess antimicrobial properties against bacterial and fungal strains (Okiti and Osuntokun, 2020). These observed effects were thought to be as a result of the antioxidant activity of the plant, as reactive oxygen and nitrogen species are neutralized, reducing oxidative damage to tissues (Hiransai et al., 2016). Also, antimicrobial properties of Tithonia diversifolia further prevent infection in wounds (Owoyele et al., 2004).
The exploitation of alternating magnetic fields (AMFs) as possible alternatives in the treatment of malaria has gained increasing attention in recent times (Sackey, 2011; Ekun et al., 2023). Their application as a possible antimalarial alternative is majorly based on the magnetic susceptibility of hemozoin, a byproduct of hemoglobin digestion by Plasmodium parasites (Abajingin, 2015). During their intraerythrocytic stages, malaria parasites digest host hemoglobin and aggregate the toxic free heme into a non-toxic structure known as hemozoin. These hemozoin molecules possess paramagnetic properties, which make them interact with external magnetic fields (Sackey,  2011). The interaction of hemozoin-laden plasmodium with alternating magnetic fields create a magnetic torque generated on the hemozoin crystals. This can cause a disruption of the parasite’s physiologic and biochemical processes and damage its cellular organelles, inhibiting growth and/or result in the death of the parasite. In addition, the interaction between the AMF and hemozoin may disrupt redox balance within the parasite, causing oxidative stress and cell death (Lai and Singh, 2010). Several studies have shown the antiplasmodial effects and antimalarial potencies of AMFs in in vitro and in vivo studies respectively. Gilson et al. (2018) demonstrated that the exposure of P. falciparum cultures to rotating magnetic fields resulted in a significant reduction in parasite growth. The study suggested that the application of oscillating magnetic field interfered with the hemozoin formation process, which is crucial for the parasite's survival. This finding was further supported by electron microscopy, which revealed structural damage to the parasite following AMF exposure. In vivo studies also gave promising results. In a mouse model of malaria, AMF exposure reduced levels of low-density lipoprotein and normalized kidney function in mouse model of malaria in a previous study (Ekun et al., 2023).
However, since the search for fresh approaches is ongoing, this study focuses on the comparative effects of AMF, and crude extracts of T. diversifolia leaf on hematological parameters of mouse model of malaria.
2.0 Materials and Methods
2.1 Materials
2.1.1 Animals
A total of twenty five (25) male mice, three weeks old, weighing 65 g on average, were acquired from the University College Hospital's parasitology department in Ibadan, Nigeria. 
2.1.2 Malarial parasite
The Institute of Advanced Medical Research, College of Medicine, Ibadan, Oyo State, Nigeria, provided the parasitized mice. Serial blood passage from an infected mouse to a healthy mouse was the approach used to inoculate the experimental animals with parasites.
2.1.3 Experimental Solenoid
The procedure described by Abajigin (2015), was used to generate the experimental solenoid. In order to create the oscillating magnetic field needed for the experiment, it was built on a 7 cm-diameter, pliable, cylindrical metal sheet frame that held 220 turns of a conventional wire guaze coil conductor at 37 degrees Celsius. The conductor's inner radius measured 750 mm and its thickness measured 102.5 mm. A 30-volt step down transformer was used to link the solenoid to an alternating current source, which was crucial for generating an output of 6.0 amperes of AC power. A specialized regulator that regulates the alternating magnetic field's intensity from 10mT to 40mT was used to control the magnetic field. The solenoid's self-inductance was 13 mH, and it was powered by 30 volts of stored energy.
2.1.4 Plant Material
Tithonia diversifolia leaves were collected from farmlands within the University, and they were subsequently identified by the Department of Plant Science and Biotechnology, Adekunle Ajasin University, Akungba-Akoko. Voucher samples of the plant were also deposited and kept for reference.  
2.1.5 Reagents, Chemicals and Equipment
All chemicals and reagents used for this study were of analytical grade and were products of Sigma-Aldrich Limited, Co-Antrim, United Kingdom. Equipment used in this study included microplate reader, weighing balance, bench centrifuge, experimental solenoid, automated stromatolyser, water bath, pH meter, refrigerator, rotary evaporator, among other equipment.
2.2 Methods
2.2.1 Preparation of Plant Material
Tithonia diversifolia leaves were washed with distilled water, air-dried and subsequently ground into powder. The leaf powder was mixed with 80% methanol in a 1:10 ratio, and stirred continuously for 48 hours using a magnetic stirrer. The mixture was filtered using Whatman filter paper, and a rotary evaporator was used to concentrate the filtrate, evaporating it to dryness in the process. The powder obtained is then referred to as the crude extract and kept in an air-tight container at 4o C until needed.
2.2.2 Experimental Design
Twenty-five male mice (Mus musculus) were divided into five groups of five mice each, and fed with standard rat pellet and water.  The groups were inoculated with the parasite. Group III was treated with 100 mg/kg body weight of the extract each day for four days whereas Groups IV and V were exposed to alternating magnetic field for six hours each day for four days. The animals were categorized into groups as follows:
Group I (IBNT) : Mice infected with Plasmodium berghei and not treated (Control) 
Group II (IBTL): Parasitized mice treated with Lumartem (Arthemeter/Lumefantrine)
Group III (IBTT):  Parasitized mice treated with Crude extract of Tithonia diversifolia leaf
Group IV (IBTM-10): Parasitized mice exposed to alternating magnetic field intensity of 10 mT.
Group V (IBTM-20): Parasitized mice exposed to alternating magnetic field intensity of 20 mT
2.2.3 Blood collection for hematological assays
The method reported by Abajingin and Ekun (2019) was employed in blood collection from the animals. Mice were sacrificed and blood samples collected via jugular puncture. The blood was carefully collected into heparinized tubes. Parasite count was determined by means of the improved Neubauer Counting Chamber whereas hematological parameters such as erythrocyte count (RBC), white blood cells and its differentials, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), hematocrit/packed cell volume (HCT) platelet count, among other indices in all the samples were determined by means of an automated blood analyzer. These assays were conducted at the Adekunle Ajasin University Health Center, Akungba-Akoko.
2.2.4 Statistical Analysis
Results were presented as means ± standard error of means of five (5) replicates. The results were analyzed via One Way Analysis of Variance, followed by Tukey’s multiple range tests. The statistical package, GraphPad Software version 7.0 (GraphPad Software, San Diego, United States) was employed and it was used to determine statistical differences at 5% level of significance (p<0.05).
3.0 Results and Discussion
The chemo-suppressive effects of the T. diversifolia leaf extract and varying intensities of the magnetic field on mice infected with P. berghei are illustrated in Figure 1. All treatments displayed varying effects on the parasite load. The group treated with T. diversifolia had the lowest (p<0.05) parasite count among the treatments over the course of the four days. There was a dose-dependent chemosuppression among the two groups exposed to varying intensities of the magnetic field, with the group which received 20 mT of the magnetic field showing a more significant (p<0.05) reduction than those which received and magnetic field intensity of 10mT. There was no significant difference in parasite suppression between the group that received the standard drug (Lumartem) and those exposed to different measures of the alternating magnetic field. The negative control had increases in malaria parasite count, owing to the growth and proliferation of the trophozoites as the disease progressed. Tithonia diversifolia leaves contain a host of secondary metabolites, which include phenolics, alkaloids and several flavonoid categories (John-Dewole and Oni, 2013). Alkaloids are especially active against plasmodium in several in vitro and in vivo models, and they are thought to act by inhibiting heme polymerization in several strains of Plasmodium (Taek et al., 2021). Other secondary metabolites in the extract such as terpenes, sesquiterpenes and other phenolics also contribute in synergy with alkaloids to anti-plasmodial activity via other mechanisms (Saxena et al., 2003). Alternating magnetic field represents a non-pharmacologic intervention in the treatment of malaria. It has been demonstrated in several studies and models and the results have been largely promising.  Alternating magnetic field therapy is heavily reliant on the ferromagnetic properties of the hemozoin crystals generated by the plasmodium parasite, such that its interaction with the external magnetic field significantly disrupts the metabolism, growth and proliferation of the parasite (Kha et al., 2019). In our study, the parasite count reduced with increase in the intensity of the magnetic field applied. This means that there can be increased parasite suppression with the application of intensities above 20 mT, charting potentially new courses in malaria therapy.


Figure 1. Effect of Treatments on Parasite count of mice infected with plasmodium berghei. Each point on the line represent means± standard error of means of five (5) replicates. Comparisons are made across groups strictly with respect to each day. Points bearing different alphabets are significantly different (p<0.05) from one another, whereas points having the same letters are not significantly different (p>0.05). IBNT: Infected but not treated, IBTL: infected but treated with Lumartem, IBTT: Infected but treated with T. diversifolia, IBTM-10: Infected but treated with magnetic field of 10 mT intensity IBTM-20: Infected but treated with magnetic field of 20 mT intensity.

The effects of T. diversifolia extract and varied intensities of alternating magnetic field (10mT and 20mT) on hematological parameters of mice infected with Plasmodium berghei are displayed in Table 1. The group that received no treatment had increased lymphocyte counts when compared to the groups that received the standard drug, T. diversifolia and 20 mT of the magnetic field. In addition, there was also low counts of erythrocytes, hemoglobin, hematocrit and platelets when compared to other treatment groups. The group that received the standard drug presented with significantly increased (p<0.05) red blood cell indices, and also have the lowest (p<0.05) leukocyte counts, among the treatment groups. The group that received T. diversifolia extract showed no difference(p>0.05) in overall leukocyte and lymphocyte count when compared to the group that was exposed to 10mT of the alternating magnetic field, However, the 20mT group demonstrated significantly(p<0.05) improved hematological indices when compared with the 10mT group and the mice that received T. diversifolia extract. Blood leucocytes are the major responders of the immune response, and they include the lymphocytes, neutrophils, basophil cells and eosinophils (Abajingin and Ekun, 2019). Lymphocytes are the main sub-category of leucocytes which function in the immune system of mammals, and their numbers increase in the face of pathogenic invasion They contribute to improving the overall immune response by engulfing invading pathogens, secreting cytotoxic chemicals, and generating immunomodulatory cytokines (Orakpoghenor et al., 2019). The B and T lymphocytes contribute to cellular immunity by the production of antigen-specific antibodies and the release of toxic chemicals that kill foreign cells that invade the body, respectively. When blood basophils are activated by the immunoglobulin subclass IgE, they release pharmacologically active mediators that ultimately lead to the elimination of pathogens (Rosales, 2018). Also, hemoglobin tests as well as hematocrit measurements gives an estimate the amount of hemoglobin present in a unit sample of whole blood and number of red blood cells respectively. These values provide a measure of both the amount of red blood cells and their ability to convey oxygen to and from body tissues (George-Gay and Parker, 2003). In the group that received no treatment, their white blood cell numbers increased when compared to other groups. In addition, erythrocyte parameters were reduced and this was as a result of progressive red blood cell invasion and destruction during the course of the infection. Treatment of mice with Tithonia diversifolia extract improved hematological indices, and this may be due to the presence of secondary metabolites that helped to inhibit plasmodial activity in the mice, and ameliorated these indices. The presence of alkaloids and terpenoids as secondary metabolites in plant extracts have been correlated linked with their antimalarial activities in several in vitro and in vivo studies, and their mechanisms of action reported (Taek et al., 2021). Some of such mechanisms include the inhibition of heme polymerase, and the disruption of plasmodial cell membranes (Taek et al., 2021, Olusola et al., 2024). Treatment of mice with varying doses of the alternating magnetic field, showed improved hematological indices in a dose dependent manner, such that the group that received an intensity of 20mT had better hematologic results. This group fared even better than the group that received T. diversifolia extract, when white blood cell indices and erythrocyte measurements are compared. This is as a result of differing mechanisms of antimalarial activities of the extract and the alternating magnetic field, AMF. AMFs have been known in recent times to elicit anti-plasmodial potentials by means of leveraging on the paramagnetic properties of the hemozoin crystals synthesized by the malarial parasite (Lai and Singh, 2010). The interaction between the applied magnetic field and hemozoin in the parasite may have contributed to the inhibition of plasmodial growth, and the improvement of hematological parameters as a whole in the mice. In addition, our study suggests that increasing the magnetic field intensity may also give more improved outcomes. 
Table 1. Effect of Treatments on Selected Hematological Parameters of Mice Infected with Plasmodium berghei.  
	
	White
Blood Cells (109/L)
	Lymphocytes
 (109/L)
	Gra nulocytes (109/L)
	RBC (1012/L)
	Hemoglobin (g/L)
	Mean corpuscular hemoglobin (pg)
	Haematocrit (%)
	Platelets  (109/L)

	IBNT
	9.96±2.26c
	9.52±2.21c
	0.08±0.01 a
	2.25±0.03b
	51.55±3.67a
	15.84±0.02a
	7.52±1.17a
	447.00±144.00a

	IBTL
	2.43±0.30a
	2.14±0.03a
	0.25±0.01 b
	3.72±0.46c
	69.00±18.00b
	17.42±0.63b
	27.89±4.43c
	1511.50±160.50c

	IBTT
	9.07±0.34c
	6.68±0.45b
	0.23±0.11 b
	3.13±0.69c
	69.50±2.50b
	19.51±0.47c
	18.20±1.01b
	758.50±62.50b

	IBTM-10
	9.11±0.20c
	7.19±3.01 b,c
	0.31±0.01 b
	1.05±0.16a
	211.00±10.00d
	16.70±0.42b
	75.32±2.87d
	2400.50±25.50e

	IBTM-20
	4.83±0.51b
	2.82±0.53a
	0.29±0.08 b
	6.75±1.90d
	171.50±0.50c
	17.58±0.61b
	71.39±1.28d
	2177.50±69.50d


[bookmark: OLE_LINK1]Values are presented as means± standard error of means of five (5) replicates. Comparisons are made across groups. Values bearing different superscripts are significantly different (p<0.05) from one another, whereas those having the same letters are not significantly different (p>0.05).IBNT: Infected but not treated, IBTL: infected but treated with Lumartem, IBTT: Infected but treated with T. diversifolia, IBTM-10: Infected but treated with magnetic field of 10 mT intensity IBTM-20: Infected but treated with magnetic field of 20 mT intensity.
Conclusion
The study demonstrated the comparative effects of the administration of T. diversifolia crude extract and varying intensities of alternating magnetic field. From our study, exposure of mice to T. diversifolia administration showed better parasite suppression than those exposed to magnetic field However, exposure to alternating magnetic field intensity of 20mT resulted in better hematologic indices than the effects of T. diversifolia administration in mice models. Further studies such as the co-administration of the extract and magnetic field, and unravelling the mode of interaction between hemozoin crystals and alternating magnetic fields are recommended, for the exploration of this approach in malaria therapy.
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