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Abstract

	Aims: This study investigated the hormetic dose-response effects of n-hexane extract of Macadamia. integrifolia nuts haematological parameters in male Wistar rats.
Study design: Experimental, controlled, dose–response animal study.
Place and duration of Study: Animal house of the Department of Human Physiology, Rivers State University, Nigeria over a period of 28 days
Methods: Twenty-four (n=24) Male Wistar rats were randomly assigned into four groups (n=6): control (vehicle only), low dose (250 mg/kg), moderate dose (500 mg/kg), and high dose (1000 mg/kg). The extract was administered orally for 28 days. The study was conducted in accordance with institutional ethical guidelines. At the end of the treatment period, blood samples were collected for evaluation of packed cell volume (PCV), haemoglobin (Hb), RBC count, mean corpuscular haemoglobin concentration (MCHC), mean corpuscular haemoglobin (MCH), mean corpuscular volume (MCV), neutrophils, lymphocytes, eosinophils, and monocytes.
Results: Low-dose administration produced significant reductions in erythrocyte parameters compared with control, including decreases in PCV (≈11% reduction), Hb (≈13% reduction), and RBC count (≈13% reduction). In contrast, higher doses produced progressive improvements in erythropoietic indices. At 1000 mg/kg, PCV increased by ≈11%, Hb by ≈12%, and RBC count by ≈11% relative to control, alongside increases in MCH and MCV. In addition, the low dose increased total WBC counts by approximately 32% compared with control, accompanied by elevations in neutrophils, lymphocytes, eosinophils, and monocytes. Conversely, the high dose reduced WBC counts by approximately 23% relative to control and normalized leukocyte differentials.
Conclusions: n-Hexane extract of Macadamia integrifolia nuts exhibits a clear hormetic dose-response in haematological parameters. Low-dose exposure was associated with suppression of erythrocyte indices and increased leukocyte counts, whereas higher doses enhanced erythropoietic parameters and normalised immune cell profiles. These effects may be linked to phytochemical-mediated modulation of oxidative stress and stimulation of erythropoietic pathways, highlighting the importance of dose optimisation in nutraceutical and pharmacological applications.
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1. Introduction

Macadamia integrifolia, a member of the Proteaceae family, is native to Australia and widely cultivated for its nutritious kernels (Pansooksan et al., 2025). The nuts are characterised by a high content of monounsaturated fatty acids, particularly oleic acid and palmitoleic acid, which constitute approximately 80% of the total fatty acid profile (Shuai et al., 2021). Additionally, macadamia nuts contain bioactive phytochemicals, including phenolic compounds, flavonoids, tocotrienols, and squalene, which confer significant antioxidant capacity (Seham El-Hawary, 2022).

The pharmacological potential of M. integrifolia and its extracts has garnered considerable scientific interest. Previous investigations have demonstrated antioxidant, anti-inflammatory, antimicrobial, and hepatoprotective properties of various macadamia nut fractions (Pansooksan et al., 2025; Shuai et al., 2021). Furthermore, macadamia oil has been shown to ameliorate high-fat diet-induced lipid accumulation and oxidative stress through activation of the AMPK/Nrf2 pathway, suggesting protective effects against metabolic disorders.

Hormesis represents a fundamental biphasic dose-response phenomenon characterised by low-dose stimulation and high-dose inhibition (Calabrese & Kozumbo, 2021). This adaptive response has been documented across diverse biological systems and chemical agents, including phytochemicals, where subtoxic doses may induce beneficial cellular adaptations whilst higher doses produce toxic effects (Jodynis-Liebert & Kujawska, 2020; Murakami, 2020). The hormetic nature of plant-derived compounds has significant implications for understanding their therapeutic windows and establishing safe dosing regimens.

The haematopoietic system serves as a sensitive indicator of xenobiotic exposure, with haematological parameters providing valuable insights into the toxicological or protective profiles of plant extracts (Batubo et al., 2023; Reuben et al., 2026). Red blood cell indices, including packed cell volume (PCV), haemoglobin (Hb), red blood cell count (RBC), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), and mean corpuscular haemoglobin concentration (MCHC), reflect erythropoietic function and oxygen-carrying capacity. White blood cell parameters, encompassing total WBC count and differential leukocyte populations, indicate immune status and inflammatory responses.

Despite the documented bioactivities of M. integrifolia constituents, the dose-dependent effects of n-hexane extracts on haematological parameters remain inadequately characterised. The n-hexane fraction is particularly relevant as it concentrates lipophilic bioactive compounds, including fatty acids and lipid-soluble antioxidants. This study was designed to investigate the effects of n-hexane extract of M. integrifolia nuts on red and white blood cell parameters in male Wistar rats, with specific emphasis on identifying potential hormetic dose-response relationships.

2. Materials and Methods

2.1 Plant Material and Extraction
M. integrifolia nuts were procured from a commercial supplier and authenticated by a qualified botanist, Dr M.G AJuru at the Department of Plant Science Biotechnology, Rivers State University, where a voucher specimen number: RSUPBH0259 was deposited. The kernels were separated from shells, air-dried, and pulverised to a coarse powder. The n-hexane extract was prepared by macerating 500 g of powdered nut material in 2 L of n-hexane (analytical grade) for 72 hours at room temperature with intermittent agitation. The extract was filtered through Whatman No. 1 filter paper, and the solvent was removed under reduced pressure using a rotary evaporator at 40 degrees C. The resulting extract was stored at -20 degrees C until use. The yield of n-hexane extract was approximately 65% (w/w) of the starting nut material.

2.2 Experimental Animals
Twenty-four (24) adult male Wistar rats (Rattus norvegicus) weighing 180-220 grams were obtained from the institutional animal house. Animals were housed in standard polypropylene cages under controlled environmental conditions (temperature 25 +/- 2 degrees C, humidity 50-60%, 12-hour light/dark cycle) with free access to standard rat chow and water ad libitum. All animals were acclimatised for seven days before experimental procedures.

2.3 Experimental Design and Treatment
Rats were randomly allocated into four experimental groups (n=6 per group) using a computer-generated randomisation sequence: 
(1) Control group: received 1 mL/kg body weight of olive oil (vehicle) orally; 
(2) Low-dose group: received 250 mg/kg body weight of n-hexane extract dissolved in olive oil; 
(3) Moderate-dose group: received 500 mg/kg body weight of n-hexane extract; 
(4) High-dose group: received 1000 mg/kg body weight of n-hexane extract. 
All treatments were administered via oral gavage once daily for 28 consecutive days. Dose selection was based on preliminary toxicity studies and previous literature on n-hexane plant extracts (Reuben et al., 2026). The doses were selected to span a range that would potentially reveal hormetic dose-response characteristics, with the low dose representing approximately 12.5% of the estimated LD50, the moderate dose at 25%, and the high dose at 50% of the estimated LD50 for n-hexane extracts in rodents.

2.4 Haematological Analysis
At the conclusion of the 28-day treatment period, animals were fasted overnight and subsequently anaesthetised with ketamine-xylazine (75 mg/kg and 10 mg/kg, respectively, intraperitoneal). Blood samples were collected via cardiac puncture into EDTA-coated vacutainer tubes for haematological analysis. Red blood cell parameters, including packed cell volume (PCV), haemoglobin concentration (Hb), red blood cell count (RBC), mean corpuscular haemoglobin concentration (MCHC), mean corpuscular haemoglobin (MCH), and mean corpuscular volume (MCV), were determined using an automated haematology analyser (Sysmex KX-21). White blood cell parameters, including total WBC count, neutrophils, lymphocytes, eosinophils, and monocytes, were also assessed.

2.5 Statistical Analysis
Data were expressed as mean +/- standard error of the mean (SEM). Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test for multiple comparisons. Differences between groups were considered statistically significant at p<0.05. All statistical analyses were conducted using R computing environment version 4.3.3 (R Core Team, 2024)..

3. Results and DISCUSSION

Administration of n-hexane extract of M. integrifolia nuts produced distinct dose-dependent effects on red blood cell parameters, demonstrating a characteristic biphasic (hormetic) response pattern (Table 1). At the low dose of 250 mg/kg, significant reductions in erythrocyte indices were observed compared to the control group. PCV decreased from 45.33±1.45% in controls to 40.12±1.62% (p<0.05), representing an 11.5% reduction. Similarly, haemoglobin concentration declined from 15.10±0.49 g/dL to 13.20±0.58 g/dL (p<0.05), and RBC count decreased from 6.69±0.11 to 5.80±0.19 x10(12)/L (p<0.05). Erythrocyte indices MCH (17.85±0.22 pg), MCV (63.45±1.88 fL), and MCHC (31.90±0.25 g/dL) were also significantly reduced at this dose (p<0.05).

In contrast, the moderate dose (500 mg/kg) demonstrated values comparable to the control group across all red blood cell parameters, with no statistically significant differences observed. Notably, the high dose (1000 mg/kg) produced significant enhancements above control values for all erythrocyte parameters. PCV increased to 50.25±1.18% (p<0.05), haemoglobin to 16.90±0.37 g/dL (p<0.05), and RBC count to 7.40±0.12 x10(12)/L (p<0.05). Furthermore, MCV (82.15±1.69 fL), MCH (22.45±0.20 pg), and MCHC (35.10±0.23 g/dL) were all significantly elevated compared to controls (p<0.05), indicating improved erythrocyte maturation and haemoglobinisation.

Table 1. Effects of n-hexane extract of Macadamia integrifolia nuts on red blood cell parameters in male Wistar rats
	Group
	PCV 
(%)
	Hb 
(g/dL)
	RBC (×10¹²/L)
	MCHC 
(g/dL)
	MCH 
(pg)
	MCV 
(fL)

	Control
	45.33±1.45ᵇ
	15.10±0.49ᵇ
	6.69±0.11ᵇ
	33.30±0.21ᵇ
	19.57±0.19ᵇ
	70.63±1.96ᵇ

	Low dose 
(250 mg/Kg)
	40.12±1.62ᶜ
	13.20±0.58ᶜ
	5.80±0.19ᶜ
	31.90±0.25ᶜ
	17.85±0.22ᶜ
	63.45±1.88ᶜ

	Moderate dose 
(500 mg/Kg)
	46.80±1.30ᵇ
	15.60±0.42ᵇ
	6.85±0.14ᵇ
	33.50±0.19ᵇ
	20.80±0.17ᵇ
	76.20±1.74ᵇ

	High dose 
(1000 mg/Kg)
	50.25±1.18ᵃ
	16.90±0.37ᵃ
	7.40±0.12ᵃ
	35.10±0.23ᵃ
	22.45±0.20ᵃ
	82.15±1.69ᵃ


Values are presented as mean ± SEM (n = 6). Superscripts (a, b, c) indicate statistically significant differences between groups at P < 0.05. Groups sharing the same superscript are not significantly different. PCV: Packed Cell Volume; Hb: Haemoglobin; RBC: Red Blood Cell count; MCHC: Mean Corpuscular Haemoglobin Concentration; MCH: Mean Corpuscular Haemoglobin; MCV: Mean Corpuscular Volume.

White blood cell parameters exhibited an inverse biphasic pattern compared to erythrocyte indices (Table 2). The low dose (250 mg/kg) induced significant increases in total WBC count (14.20±1.11 vs 10.77±1.03 x10(3)/µL, p<0.05), representing a 31.8% elevation. Differential WBC counts demonstrated parallel increases: neutrophils (52.50±1.45% vs 40.00±1.20%, p<0.05), lymphocytes (72.80±2.45% vs 65.33±2.10%, p<0.05), eosinophils (3.10±0.41% vs 1.33±0.33%, p<0.05), and monocytes (4.20±0.52% vs 2.33±0.33%, p<0.05).

At the moderate dose (500 mg/kg), WBC parameters returned to values statistically indistinguishable from controls. The high dose (1000 mg/kg) produced significant suppression of white blood cell parameters: total WBC count decreased to 8.25±0.87 x10(3)/µL (p<0.05), neutrophils to 32.10±1.10% (p<0.05), lymphocytes to 58.60±1.85% (p<0.05), eosinophils to 1.10±0.21% (p<0.05), and monocytes to 2.10±0.28% (p<0.05).

Table 2. Effects of n-hexane extract of Macadamia integrifolia nuts on white blood cell parameters in male Wistar rats
	Group
	WBC (×10³/µL)
	Neutrophils 
(%)
	Lymphocytes 
(%)
	Eosinophils 
(%)
	Monocytes 
(%)

	Control
	10.77 ± 1.03ᵇ
	40.00 ± 1.20ᵇ
	65.33 ± 2.10ᵇ
	1.33 ± 0.33ᵇ
	2.33 ± 0.33ᵇ

	Low dose
(250 mg/Kg)
	14.20 ± 1.11ᵃ
	52.50 ± 1.45ᵃ
	72.80 ± 2.45ᵃ
	3.10 ± 0.41ᵃ
	4.20 ± 0.52ᵃ

	Moderate dose
(500 mg/Kg)
	11.05 ± 0.98ᵇ
	38.40 ± 1.30ᵇ
	63.90 ± 2.00ᵇ
	1.40 ± 0.29ᵇ
	2.50 ± 0.37ᵇ

	High dose
(1000 mg/Kg)
	8.25 ± 0.87ᶜ
	32.10 ± 1.10ᶜ
	58.60 ± 1.85ᶜ
	1.10 ± 0.21ᶜ
	2.10 ± 0.28ᶜ


Values are presented as mean ± SEM (n = 6). Superscripts (a, b, c) indicate statistically significant differences between groups at p < 0.05. Groups sharing the same superscript are not significantly different. WBC: White Blood Cell count.

These findings collectively demonstrate a clear hormetic dose-response relationship, with low-dose exposure producing effects divergent from controls (mild haematotoxicity for RBC parameters, immune activation for WBC parameters), moderate doses approximating control values, and high doses producing effects in the opposite direction (erythropoietic enhancement for RBC parameters, immune suppression for WBC parameters).

The present study provides compelling evidence for a biphasic (hormetic) dose-response relationship of n-hexane extract of M. integrifolia nuts on haematological parameters in male Wistar rats. The findings demonstrate that low-dose exposure (250 mg/kg) induced mild haematotoxic effects characterised by reduced erythrocyte indices, whilst moderate (500 mg/kg) and high (1000 mg/kg) doses conferred progressive haematoprotective and erythropoietic benefits. This dose-dependent reversal of effects represents a classic hormetic response pattern consistent with the fundamental tenet that the dose determines the poison (Calabrese & Kozumbo, 2021).

The hormetic concept, first articulated by Paracelsus in the 16th century and subsequently refined through extensive toxicological research, posits that biological systems exhibit biphasic responses to chemical and physical stressors (Jodynis-Liebert & Kujawska, 2020; Skaperda et al., 2021). Low-dose stimulation followed by high-dose inhibition has been documented across diverse phytochemicals, including polyphenols, flavonoids, and fatty acid derivatives (Murakami, 2020; Vazhappilly et al., 2025). The hormesis database curated by Calabrese and colleagues encompasses over 9,000 distinct hormetic models, underscoring the generality of this phenomenon across biological systems (Calabrese & Kozumbo, 2021).

The mild haematotoxicity observed at the low dose (250 mg/kg) may reflect oxidative stress-induced erythrocyte membrane damage or transient suppression of erythropoietic activity. n-Hexane extracts contain lipophilic compounds that can interact with cell membrane phospholipids, potentially altering membrane fluidity and erythrocyte deformability (Batubo et al., 2023). The significant reductions in MCV and MCH at this dose suggest impaired erythrocyte maturation or increased turnover of younger, smaller erythrocytes (Kolars et al., 2025). However, the absence of mortality or overt clinical signs of toxicity indicates that these effects represent adaptive responses within the hormetic stimulatory zone rather than pathological damage.

The restoration of erythrocyte parameters to control values at the moderate dose (500 mg/kg) represents the transition zone of the hormetic curve, where compensatory mechanisms effectively counteract the mild stress induced by the extract. This dose aligns with the reported therapeutic range for macadamia oil in metabolic disorder models, where medium-dose interventions have demonstrated optimal efficacy in ameliorating dyslipidaemia and oxidative stress (Shuai et al., 2021; Zhang et al., 2024). The convergence of haematological parameters with control values at this dose suggests establishment of a new homeostatic equilibrium.

The significant enhancements in erythrocyte parameters at the high dose (1000 mg/kg) are particularly noteworthy. The increases in PCV, Hb, and RBC count above control values indicate genuine erythropoietic stimulation rather than mere recovery from suboptimal states. The elevated MCV and MCH values suggest improved erythrocyte quality with enhanced oxygen-carrying capacity per cell. These findings are consistent with the documented antioxidant and erythropoietic properties of macadamia constituents, particularly palmitoleic acid and tocotrienols, which may stimulate erythropoietin production or enhance bone marrow erythropoietic activity (Seham El-Hawary, 2022).

The inverse biphasic pattern observed in white blood cell parameters provides additional insight into the immunomodulatory properties of the extract. Low-dose immune activation, characterised by elevated WBC counts and differential populations, may represent a priming response that enhances immune surveillance capacity. This phenomenon aligns with the hormetic stimulation of immune function reported for various phytochemicals (Wendt et al., 2024). Conversely, high-dose suppression of WBC parameters may reflect anti-inflammatory or immunosuppressive effects that could be therapeutically relevant in conditions characterised by excessive immune activation.

The contrasting dose-response patterns between erythrocyte and leukocyte parameters highlight the cell-type specificity of hormetic responses (Calabrese & Kozumbo, 2021). Erythrocytes, as anucleate cells with limited repair capacity, may exhibit different vulnerability thresholds compared to nucleated leukocytes with intact transcriptional machinery (Dryllis et al., 2025). The differential responses may also reflect distinct mechanisms of action, with erythrocyte effects mediated primarily through membrane interactions and haemoglobin synthesis pathways, whilst leukocyte effects involve cytokine signalling and cellular proliferation pathways.

From a toxicological perspective, these findings underscore the importance of dose selection in preclinical safety assessments. Traditional toxicity studies often employ limit doses that may miss hormetic stimulatory effects occurring at lower exposure levels. The absence of adverse effects at the highest tested dose (1000 mg/kg), combined with the beneficial enhancements in erythrocyte parameters, suggests a favourable safety profile for n-hexane extracts of M. integrifolia within this dosing range. However, the mild haematotoxicity at the low dose warrants consideration in establishing no-observed-adverse-effect levels (NOAELs) for regulatory purposes (Sewell et al., 2022).

The mechanisms underlying the observed hormetic responses likely involve redox-sensitive signalling pathways. Phytochemicals in the n-hexane fraction, including squalene and tocotrienols, can modulate nuclear factor erythroid 2-related factor 2 (Nrf2) and nuclear factor-kappa B (NF-kappaB) pathways in a dose-dependent manner (Skaperda et al., 2021). At low doses, modest reactive oxygen species generation may activate adaptive stress responses, whilst higher doses may trigger more robust antioxidant defences and cytoprotective gene expression. The biphasic modulation of these pathways provides a mechanistic framework for understanding the observed haematological effects.

The observed dose-dependent haematological modulation suggests meaningful translational implications. The significant increase in erythrocyte indices at the higher dose suggests stimulation of erythropoiesis and improved oxygen-carrying capacity. These effects may be relevant to research exploring supportive strategies for anaemia management, particularly in conditions associated with impaired red cell production or oxidative stress–related erythrocyte suppression. Furthermore, the biphasic modulation of leukocyte counts and differential cell populations indicates immune-regulatory potential. The increase in total WBC and differential counts at low doses, followed by normalisation at higher doses, suggests adaptive immune responsiveness and possible involvement in regulating the inflammatory pathway. Such findings support broader applications in immune homeostasis, inflammatory balance, and stress-related immune modulation.

Although this study was designed as a controlled dose–response experiment, several limitations should be acknowledged. First, the findings are based on an animal model, and therefore, direct extrapolation to humans should be made with caution. Second, the study utilised a 28-day treatment period, which may not fully capture long-term haematological or systemic effects. Third, the oxidative stress markers, inflammatory cytokines, and phytochemical characterisation of the n-hexane extract were assessed in our previous publications; this study focuses specifically on haematological parameters.

4. Conclusion

This study demonstrates that n-hexane extract of M. integrifolia nuts elicits distinct biphasic (hormetic) dose-response effects on haematological parameters in male Wistar rats. Low-dose exposure (250 mg/kg) produced mild haematotoxicity characterised by reduced erythrocyte indices and elevated white blood cell parameters, whilst moderate (500 mg/kg) and high (1000 mg/kg) doses conferred progressive haematoprotective benefits with significant enhancements in red blood cell parameters above control values. These findings establish a hormetic dose-response relationship for M. integrifolia n-hexane extract and provide a scientific basis for optimising therapeutic dosing strategies. The observed hormetic patterns have important implications for the development of M. integrifolia-based nutraceuticals and therapeutic agents. The identification of dose ranges that enhance erythropoietic function without compromising immune competence supports the potential utility of this extract in conditions associated with anaemia or oxidative stress. Future investigations should elucidate the molecular mechanisms underlying these hormetic responses, including the roles of Nrf2 activation, erythropoietin signalling, and cytokine modulation. Additionally, chronic toxicity studies and clinical trials are warranted to translate these preclinical findings into evidence-based therapeutic applications.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS
AMPK: AMP-activated protein kinase
ANOVA: Analysis of Variance
EDTA: Ethylenediaminetetraacetic Acid
Hb: Haemoglobin
LD50: Median Lethal Dose
M.: Macadamia
MCH: Mean Corpuscular Haemoglobin
MCHC: Mean Corpuscular Haemoglobin Concentration
MCV: Mean Corpuscular Volume
NF-kappaB: Nuclear Factor-kappa B
NOAEL: No-Observed-Adverse-Effect Level
Nrf2: Nuclear factor erythroid 2–related factor 2
PCV: Packed Cell Volume
RBC: Red Blood Cell count
SEM: Standard Error of the Mean
WBC: White Blood Cell count
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