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ABSTRACT
Phenylhydrazine (PHZ)-induced hemolytic anemia is associated with oxidative stress and hematological dysfunction. This study evaluated the cardio-hematoprotective effects of combined Manihot esculenta and Vernonia amygdalina leaf extracts in PHZ-induced rats. Rats were divided into four groups: neutral control, PHZ-treated, PHZ + standard drug (Oreifer), and PHZ + plant extract. Oxidative stress biomarkers (MDA, SOD, CAT, GSH) in cardiac tissue and hematological parameters (WBC, RBC, Hb, PCV, PLT) were assessed. PHZ administration significantly increased malondialdehyde (MDA) levels while reducing antioxidant enzymes (SOD, CAT) and glutathione (GSH), indicating oxidative stress. It also caused marked reductions in red blood cells (RBC: 2.9 ± 0.82 ×10⁶/µL), hemoglobin (HGB: 31.42 ± 7.0 g/dL), and packed cell volume (PCV: 26.14 ± 5.5%), while elevating white blood cells (WBC: 13.12 ± 2.1 ×10³/µL) and platelets (PLT: 72.68 ± 12.4 ×10³/µL). Treatment with the combined plant extract significantly (p < 0.05) reduced MDA levels and restored antioxidant defenses, with notable improvements in CAT and GSH levels. Hematological parameters were also significantly improved, with restoration of RBC, Hb, and WBC levels toward normal. The effects of the extract were comparable to the standard drug in most parameters. These findings suggest that Manihot esculenta and Vernonia amygdalina leaf extracts possess potent antioxidant, cardioprotective, and hematoprotective properties, and may serve as promising therapeutic agents against oxidative stress and hemolytic anemia.Further dose and duration optimization are recommended.	Comment by intel: Delete	Comment by intel: Delete this
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INTRODUCTION
Oxidative stress plays a central role in the pathogenesis of numerous cardiovascular (Busari et al., 2024) and hematological disorders (Orororo and Asagba, 2022; Ekakitie et al., 2021; Dammak et al., 2021). It arises from an imbalance between the generation of reactive oxygen species (ROS) and the capacity of endogenous antioxidant defense systems, leading to cellular and tissue damage (Busari et al., 2023; Orororo et al., 2023). Excessive ROS production has been implicated in lipid peroxidation, protein oxidation, DNA damage, and disruption of normal physiological functions, particularly in highly metabolically active organs such as the heart (Halliwell, 2017; Adeyemi &Akinrinlola, 2021).
Phenylhydrazine (PHZ) is a well-established chemical agent widely used to induce experimental hemolytic anemia in animal models (Orororo et al., 2025a; Orororo et al., 2025b). Its toxicity is primarily mediated through oxidative mechanisms, including the generation of free radicals that oxidize hemoglobin (Hb)to methemoglobin and erythrocyte membrane lipids, resulting in hemolysis and reduced red blood cell lifespan (El-Shehryet al., 2023; Berger, 2007;).This cascade reduces Hb and RBC counts while elevating markers of oxidative damage, such as malondialdehyde (MDA) (McMillan et al., 2018; Rother et al., 2020). In addition to hematological alterations, PHZ-induced oxidative stress can extend to vital organs such as the heart, causing lipid peroxidation and depletion of antioxidant enzymeslike superoxide dismutase (SOD), catalase (CAT), and glutathione (GSH), thereby contributing to cardiac dysfunction (Okonkwo et al., 2022).Additionally, PHZ activates pro-inflammatory cytokines like tumor necrosis factor-alpha (TNF-α), linking hemolysis to immune-mediated tissue injury. These systemic effects highlight the need for therapies that address both hematological and organ-specific damage in hemolytic disorders(Conran et al., 2024; Schaer et al., 2023).	Comment by intel: PHZ cause oxidative stress to heart and other  vital organs and phenylhydrazine results in hemolytic anemia. How do you correlate phenylhydrazine toxicity and cardiac damage.
Given the involvement of oxidative stress in PHZ-induced toxicity, there has been growing interest in the use of natural antioxidants from plant sources as therapeutic agents. Medicinal plants are rich in bioactive compounds such as flavonoids, phenolics, alkaloids, and vitamins, which possess potent free radical scavenging (Odeghe et al., 2025; Odeghe et al., 2024); and metal-chelating properties (Onobrudu et al., 2024; Odeghe et al., 2023). These compounds have been shown to enhance endogenous antioxidant systems and protect against oxidative damage in various experimental models (Enaohwo et al., 2025; Idenyiet al., 2024; Pham-Huy et al., 2020).
Manihot esculenta (cassava) and Vernonia amygdalina (bitter leaf) are widely consumed plants in Africa and have been traditionally used for their medicinal properties. M. esculenta leaves are known to contain significant amounts of vitamins, minerals, and antioxidant compounds, while V. amygdalina is rich in flavonoids, sesquiterpene lactones, and phenolic acids with documented antioxidant, anti-inflammatory, and hematopoietic activities (Adebayo et al., 2024; Orororo et al., 2022; Ijehet al., 2019). These compounds underpin its ethnomedical applications, including treatments for diabetes, gastrointestinal disorders, and inflammatory conditions (Ezeonu et al., 2023).Previous studies have demonstrated that extracts from these plants can modulate oxidative stress and improve hematological parameters under pathological conditions.Modern phytochemical analyses highlight cassava’s potential in nutraceutical applications, with studies identifying its role in mitigating oxidative stress and inflammation, though dose-dependent effects require careful evaluation (Efekemo and Orororo, 2022).
Despite the documented individual benefits of these plants, there is limited information on the combined effects of Manihot esculenta and Vernonia amygdalina leaf extracts on oxidative stress and hematological alterations, particularly in PHZ-induced models. Exploring such combinations may provide synergistic effects that enhance therapeutic efficacy.Therefore, this study aimed to evaluate the cardio-hematoprotective effects of combined Manihot esculenta and Vernonia amygdalina leaf extracts against phenylhydrazine-induced oxidative stress and hemolytic anemia in rats by assessing key oxidative stress biomarkers and hematological indices.




MATERIALS AND METHODS
Chemicals and Reagents
Phenylhydrazine hydrochloride (PHZ) was used to induce hemolytic anemia and was obtained from a standard commercial supplier. All other chemicals and reagents used in this study were of analytical grade.

Plant Materials and Preparation of Extract
Fresh leaves of Manihot esculenta and Vernonia amygdalina were collected from a local farm in Delta State, Nigeria, and authenticated by a qualified botanist in the Department of Botany. The leaves were first separated from the stem, thoroughly and washed with distilled water (without squeezing) to remove debris and dust particles, and thereafter dried for a few days at room temperature under shade to avoid inactivation of sensitive chemical components by ultra-violet rays. The dried leaves were grinded into a fine powder with the aid of a manual blender and kept in air-tight containers for further use.
Extraction: The extraction was done using a simple maceration method. Extraction was carried out by measuring 200 grams of the powdered leaves (combined) into 70% quantity of ethanol and 30% of distilled water (v/v) in a stoppered flask at room temperature for 72 hours with frequent stirring. After 3 days the mixture was filtered using Whatman filter paper No.1 into a conical flask to obtain the ethanolic extract. The filtrates were concentrated under reduced pressure using a water bath at 40°C to obtain a thick, viscous mass and the resulting concentrates/extract was stored in an airtight container.

Experimental Animals	Comment by intel: What about permission from Institutional Ethics committee?
A total of adult male Wistar rats (weighing 150–200 g) were used for this study. The animals were obtained from the animal house of Delta State University, Abraka, Nigeria. They were housed in clean polypropylene cages under standard laboratory conditions (temperature: 25 ± 2°C; 12 h light/dark cycle) and allowed free access to standard rat feed and clean drinking water. The animals were acclimatized for two weeks prior to the commencement of the experiment.
All experimental procedures were conducted in accordance with established guidelines for the care and use of laboratory animals and were approved by the Institutional Animal Ethics Committee.

Experimental Design
The animals were randomly divided into four groups (n = 4–6 per group for biochemical analysis; n = 20 per group for hematological analysis):

Group A (Neutral Control): Received normal saline
Group B (Negative Control): Received phenylhydrazine (PHZ) only
Group C (Positive Control): Received PHZ + standard drug (Oreifer)	Comment by intel: Composition of oreifer?
Group D (Treatment Group): Received PHZ + combined Manihot esculenta and Vernonia amygdalina leaf extract

After acclimatization, Groups B, C, and D received PHZ (40 mg/kg b.w., i.p.) for 4 days to induce hemolytic anemia, while Group A received normal saline. Post-induction, Groups B, C, and D received their respective treatments (normal saline, Oreifer®, or combined extract) for 7 days. 	Comment by intel: How you have confirmed the induction of hemolytic anemia?	Comment by intel: Route of treatment?


Sample Collection
At the end of the experimental period, the animals were fasted overnight and sacrificed under mild anesthesia. Blood samples were collected via cardiac puncture into EDTA-containing tubes for hematological analysis.
The heart tissues were excised, rinsed in ice-cold saline, blotted dry, and homogenized in phosphate buffer (pH 7.4). The homogenates were centrifuged, and the supernatants were used for biochemical assays.

Biochemical Assays
Assessment of Oxidative Stress Parameters in the Heart tissue
Lipid Peroxidation (MDA)
Lipid peroxidation was estimated by measuring malondialdehyde (MDA) using thiobarbituric acid (TBA) as the indicator, following the method of Oboh et al. (2021). Malondialdehyde levels (MDA) an index of lipid peroxidation, were measured by reaction with thiobarbituric acid (TBA) at 535 nm (Noah et al., 2023).

SOD Activity 
Superoxide dismutase (SOD) catalyzes the dismutation of the superoxide anion (O₂⁻) into hydrogen peroxide (H₂O₂) and molecular oxygen (O₂). The assay is based on the inhibition of the reduction of nitroblue tetrazolium (NBT) by superoxide radicals generated by the xanthine–xanthine oxidase system or by auto-oxidation of epinephrine under alkaline conditions. According to the Misra and Fridovich method (1972), SOD activity was determined by measuring the inhibition of auto-oxidation of epinephrine to adrenochrome at pH 10.2. One unit of SOD activity is defined as the amount of enzyme required to inhibit the auto-oxidation of epinephrine by 50%. 
The increase in absorbance at 480 nm for 5 minutes at 30-second intervals using a spectrophotometer was read. 

Catalase Activity (CAT)
Catalase activity was determined based on monitoring the decomposition of H₂O₂ measured at 240 nm (Pham-Huy et al., 2020).

Reduced Glutathione (GSH) Measurement
GSH concentration was measured using Ellman's reagent (DTNB) as described by Ellman (1959) and modified by Adeyemi (2024), which forms a yellow chromophore read at 412 nm.

Hematological Analysis
Blood samples were collected via cardiac puncture under mild anesthesia at the end of the treatment period. Whole blood was dispensed into EDTA-coated tubes and gently inverted to ensure proper anticoagulant mixing. Hematological parameters were quantified within 2 hours of collection using an automated hematology analyzer (Sysmex XN-550). 

Statistical Analysis
Data were analyzed using GraphPad Prism 8.0. All data were expressed as mean ± standard deviation (SD). Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by appropriate post hoc tests (e.g., Tukey’s test) to determine significant differences between groups. Differences were considered statistically significant at p < 0.05.


Effects of combined Manihot esculenta and Vernonia amygdalina leaf extract on Oxidative Stress Parameters in the Heart of phenylhydrazine-induced rats
The effects of combined Manihot esculenta and Vernonia amygdalina leaf extract on Oxidative Stress Parameters in the Heart ofphenylhydrazine-induced rats is presented in Table 1.

Table 1:Effects of combined Manihot esculenta and Vernonia amygdalina leaf extract on Oxidative Stress Parameters in the Heart ofphenylhydrazine-induced rats		Comment by intel: Mention results of other groups also

	Groups
	MDA (nmol/g tissue)
	SOD (U/mg protein)
	CAT (U/mg protein)
	GSH (µmol/g tissue)

	A – Neutral Control
	62.32 ± 5.3ᵃ
	60.24 ± 4.0ᵃ
	44.04 ± 4.0ᵃ
	37.00 ± 2.6ᵃ

	B – Negative Control (PHZ)
	123.10 ± 6.4ᵇ
	31.40 ± 7.0ᵇ
	29.02 ± 3.1ᵇ
	15.12 ± 4.2ᵇ


	C – Positive Control (PHZ + Oreifer)
	65.06 ± 6.4ᵃ

	53.02 ± 12.0ᵇ
	37.42 ± 3.1ᵃ
	41.32 ± 3.1ᵃ


	D – PHZ + M. esculenta and V. amygdalina
	69.23 ± 1.0ᵃ

	53.11 ± 11.3ᵇ
	38.01 ± 3.6ᵃᵇ
	33.03 ± 4.2ᵃ




[image: ]Values are presented as mean ± SD (n = 4–6 per group). Values with different superscripts (a, b) in thesame column indicate statistically significant differences (p < 0.05).


Effects of combined Manihot esculenta and Vernonia amygdalina leaf extract on hematological parameters in phenylhydrazine-induced rats	Comment by intel: What about other groups?
The effects of combined Manihot esculenta and Vernonia amygdalina leaf extract on hematological parameters in phenylhydrazine-induced rats is shown in Figures 1-5. 


Figure 1: Shows the modulatory effect of combined Manihot esculenta and Vernonia amygdalina leaf extract on white blood cells (WBC) in phenylhydrazine-induced rats. 	Comment by intel: delete


Figure 2: Shows the modulatory effect of combined extract on red blood cells (RBC) in phenylhydrazine-induced rats. 	Comment by intel: delete


Figure 3: Shows the effect of combined extract on hemoglobin (HGB) in phenylhydrazine-induced rats. 	Comment by intel: delete


Figure 4: Shows the effect of combined extract on packed cell volume (PCV) in phenylhydrazine-induced rats. 


Figure 5: Shows the effect of combined extract on platelets (PLT) in phenylhydrazine-induced rats. 

RESULTS AND DISCUSSION 
Effects on Cardiac Oxidative Stress Markers
This study examined the cardio-hematoprotective effects of Manihot esculenta and Vernonia amygdalina leaf extract against phenylhydrazine-induced oxidative stress and hemolytic anemia in rats. Phenylhydrazine is a potent oxidizing agent known to generate reactive oxygen species (ROS) by undergoing auto-oxidation in the presence of oxygen, thereby forming free radicals that damage cellular macromolecules (Ezeonu et al., 2023). Administration of phenylhydrazine (PHZ) significantly induced oxidative stress in cardiac tissue, as evidenced by elevated malondialdehyde (MDA) levels and decreased antioxidant enzyme activities (SOD, CAT) and reduced glutathione (GSH) compared to the neutral control group (p < 0.05). The increase in MDA reflects enhanced lipid peroxidation and membrane damage, a well-established consequence of reactive oxygen species (ROS) generation (Ekakitie et al., 2022).
This observation is consistent with previous reports that phenylhydrazine induces oxidative damage by generating reactive oxygen species (ROS), leading to membrane lipid peroxidation and depletion of antioxidant defenses. PHZ undergoes auto-oxidation to produce reactive intermediates such as superoxide anions and hydrogen peroxide, which deplete intracellular antioxidants and damage biological macromolecules (Ezeonu et al., 2023). 
This result aligns with findings by Adedapo et al. (2020), who reported that PHZ causes extensive oxidative injury in cardiac tissues, leading to reduced endogenous antioxidant levels. The observed oxidative imbalance in the PHZ group confirms successful induction of oxidative stress in this experimental model. Group C (positive control), treated with Oreifer after PHZ induction, showed significant restoration of antioxidant markers (SOD, CAT, GSH) and reduced MDA levels. Oreifer is a known hematinic and antioxidant formulation containing iron, folic acid, and vitamins B-complex and C — components that support erythropoiesis and neutralize oxidative radicals. The significant improvement observed suggests that Oreifer countered the oxidative damage through direct scavenging of ROS and by enhancing endogenous antioxidant enzyme activities. This is supported by earlier studies (Chikezie & Ozioma, 2022), which indicated that vitamin-based antioxidant therapies can attenuate oxidative stress induced by toxins or drug administration.
Treatment with the combined Manihot esculenta and Vernonia amygdalina leaf extract (Group D) significantly reduced MDA levels and restored antioxidant defenses (SOD, CAT, GSH). This indicates attenuation of lipid peroxidation and enhancement of endogenous antioxidant systems. Similar findings have been reported in PHZ-induced models where antioxidant therapies reversed oxidative stress by restoring enzymatic and non-enzymatic antioxidant systems (El-Shehry et al., 2023). These findings suggest that the extracts possess significant antioxidative capabilities, potentially through free radical scavenging activity, thanks to flavonoids, phenolics, and alkaloids present in both plants, enhancement of antioxidant enzyme expression, possibly via upregulation of protective genes and lipid membrane stabilization, preventing peroxidation of polyunsaturated fatty acids (PUFAs).	Comment by intel: Delete. No need to thank the plant constituents in research paper
Although SOD activity was not fully normalized, its significant improvement suggests partial recovery of enzymatic antioxidant capacity. The restoration of CAT and GSH is particularly important, as these systems play critical roles in detoxifying hydrogen peroxide and maintaining redox balance. Similar results were obtained in a PHZ-induced oxidative stress model by Adeyemi and Olatunde (2020), who found that plant-derived polyphenols reversed MDA accumulation and restored GSH levels.
The observed antioxidant and cardioprotective effects may be attributed to the phytochemical constituents of M. esculenta and V. amygdalina, including flavonoids and phenolic compounds, which are known to scavenge free radicals, chelate transition metals, and enhance antioxidant enzyme activity. These mechanisms collectively contribute to the mitigation of oxidative stress-induced tissue damage. Vernonia amygdalina is rich in flavonoids, tannins, and terpenoids, all of which exhibit proven antioxidant properties (Okolie et al., 2024; Oluwafemi et al., 2021; Ijeh et al., 2019). Manihot esculenta (cassava), traditionally known for its energy content, also contains saponins and vitamin C derivatives that protect cellular structures from oxidative damage. The combined treatment provided a synergistic effect, enhancing redox balance and reducing lipid peroxidation more effectively than either plant alone could. 

Effects on Hematological Parameters
Hematological parameters, including hemoglobin (Hb), red blood cell (RBC) count, white blood cell (WBC) indices, and hematocrit (HCT), serve as critical biomarkers for diagnosing and monitoring hematological disorders. These parameters reflect the body’s oxygen transport capacity, immune response efficiency, and bone marrow activity. For instance, Hb levels directly correlate with oxygen delivery to tissues, while RBC counts indicate erythropoiesis efficacy (El-Shehry et al., 2023). In pathological states such as hemolytic anemia, these markers are disrupted: Hb and RBC levels decline due to erythrocyte lysis, while reticulocyte counts rise as the bone marrow attempts compensatory RBC production (Duneeh et al., 2025). Such dynamics underscore the importance of hematological profiling in evaluating therapeutic interventions aimed at restoring homeostasis. Oxidative stress and inflammation are key drivers of hematological dysregulation. 
Hemolytic anemia induced by phenylhydrazine (PHZ) is a well-established model for investigating oxidative damage to erythrocytes and the pathophysiological consequences that follow. The condition is marked by the generation of reactive oxygen species (ROS), which compromise red blood cell (RBC) membrane integrity, oxidize hemoglobin (HGB), and ultimately accelerate erythrocyte destruction (Shwetha et al., 2019). The oxidative stress generated by PHZ not only initiates hemolysis but also triggers systemic inflammatory responses and compensatory hematopoietic activity, evidenced by leukocytosis and thrombocytosis (UgboguBerger, 2020). In alignment with previous studies, the current findings revealed that PHZ administration (Group B) significantly induced anemia, as shown by a marked reduction in RBC (2.9 ± 0.82 ×10⁶/µL), HGB (31.42 ± 7.0 g/dL), and packed cell volume (PCV; 26.14 ± 5.5%), alongside a rise in white blood cell count (WBC; 13.12 ± 2.1 ×10³/µL) and platelet count (PLT; 72.68 ± 12.4 ×10³/µL), all of which were statistically significant compared to the neutral control group (p<0.05). These hematological perturbations confirm PHZ’s dual role as both a pro-oxidant and hemolytic agent, leading to cytolysis of erythrocytes and reactive stimulation of the bone marrow.
Importantly, co-treatment with the combined Manihot esculenta and Vernonia amygdalina leaf extract (Group D) significantly attenuated PHZ-induced hematological derangements. The partial restoration of RBC (5.1 ± 0.60 ×10⁶/µL) and HGB (53.14 ± 11.2 g/dL), with levels approaching those of the control (p<0.05), underscores the potential erythropoietic and membrane-protective effects of the extract. This ameliorative activity may be attributed to the synergistic action of phytochemicals present in both plants. For instance, V. amygdalina contains sesquiterpene lactones such as vernodalin, which are known to scavenge free radicals and inhibit lipid peroxidation through iron chelation (Ugbogu et al., 2021). Concurrently, M. esculenta is rich in polyphenolic flavonoids like quercetin, which enhance endogenous antioxidant defense systems—particularly superoxide dismutase (SOD), catalase, and glutathione peroxidase—thus providing robust protection against oxidative erythrocyte lysis (Adedapo et al., 2022). This phytochemical synergy likely preserved erythrocyte membrane integrity, reduced hemoglobin oxidation, and facilitated effective erythropoiesis.
Moreover, the extract effectively modulated the leukocyte and platelet responses elicited by PHZ. The normalization of WBC (5.4 ± 1.4 ×10³/µL) and PLT (50.02 ± 12.4 ×10³/µL) levels is indicative of potent anti-inflammatory and hematomodulatory actions. The flavonoid components of V. amygdalina, particularly luteolin and apigenin, have been shown to downregulate NF-κB signaling pathways, thereby inhibiting the expression of pro-inflammatory cytokines and leukocyte proliferation. Simultaneously, M. esculenta tannins may inhibit platelet-activating factor (PAF) biosynthesis, curbing thrombopoietic responses (Oboh et al., 2018). Interestingly, the WBC-modulating effect of the combined extract surpassed that of the standard treatment (Oreifer), which recorded a WBC count of 4.6 ± 0.70 ×10³/µL. This suggests that the extract may offer broader immunomodulatory effects, potentially through suppression of PHZ-induced immune activation or restoration of leukocyte homeostasis.
Despite these promising results, incomplete recovery of PCV (32.22 ± 2.8%) compared to the neutral control (40.19 ± 4.4%) indicates that the extract, while potent, did not fully restore hematocrit values. This residual deficit may reflect ongoing plasma volume expansion, a known hallmark of chronic hemolysis, where fluid retention dilutes cellular components. Additionally, PHZ’s hepatotoxic effects may impair hepatic erythropoietin synthesis—thereby slowing erythrocyte regeneration—or influence plasma osmolality and fluid balance (Adeyemi and Akinrinlola, 2021). While the extract’s antioxidant constituents likely conferred protection against oxidative injury, the dose or duration used may have been insufficient to fully normalize hemodynamic adaptations. It is also plausible that certain phytochemicals, especially alkaloids from V. amygdalina, exert dose-dependent effects that require further titration for maximal efficacy.	Comment by intel: Is there any reference regarding cardiac toxicity due to PHZ?
Taken together, the hematological improvements observed following treatment with the combined plant extract affirm its potential as a natural adjunct in the management of hemolytic anemia.


CONCLUSION
This study demonstrates that the combined leaf extract of Manihot esculenta and Vernonia amygdalina exerts significant cardio-hematoprotective effects against phenylhydrazine-induced oxidative stress and hemolytic anemia in rats. Administration of phenylhydrazine resulted in marked oxidative damage, evidenced by elevated malondialdehyde levels and depletion of endogenous antioxidant defenses, alongside pronounced hematological alterations including reduced red blood cell count, hemoglobin concentration, and packed cell volume.
Treatment with the plant extract effectively mitigated these alterations by reducing lipid peroxidation and enhancing antioxidant enzyme activities, particularly catalase and reduced glutathione. The extract also significantly improved hematological parameters, restoring red blood cell indices and normalizing white blood cell and platelet counts. These findings indicate that the protective effects of the extract are mediated through both antioxidant mechanisms and preservation of erythrocyte integrity. Importantly, the efficacy of the combined extract was comparable to that of the standard therapeutic agent, suggesting its potential as a natural and cost-effective alternative in the management of oxidative stress-related cardiovascular and hematological disorders.
In conclusion, Manihot esculenta and Vernonia amygdalina leaf extracts possess promising therapeutic properties and may serve as viable candidates for the development of plant-based interventions against hemolytic anemia and associated oxidative damage. However, further studies involving isolation of active compounds, elucidation of molecular mechanisms, and clinical investigations are recommended to validate these findings and support their translational application
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