Original Research Article
Biphasic Dose-Response Effects of n-Hexane Extract of Macadamia integrifolia Nuts on Oxidative Stress and Inflammatory Markers in Male Wistar Rats

Nimisoere P. Batubo1*, Bright Ichechi Owhorji1, Edith Reuben1, Boma H Opusunju2 
1Department of Human Physiology, Rivers State University, Port Harcourt, Nigeria
2Department of Medical Biochemistry, Rivers State University, Port Harcourt, Nigeria

*Tel.: +234 806 885 6935
Email: nimisoere.batubo@ust.edu.ng
nimisoere.batubo@ust.edu.ng

nimisoere.batubo@ust.edu.ng

Owhorji.bright@ust.edu.ng
Reuben.edith@ust.edu.ng
Hari.boma@ust.edu.ng
Abstract

	Aims: To investigate the dose-dependent effects of n-hexane extract of Macadamia integrifolia nuts on oxidative stress biomarkers and inflammatory cytokines in male Wistar rats.
Study design: This study employed an experimental, controlled, dose–response animal study.
Place and duration of Study: The study was conducted in an animal house of the Department of Human Physiology, Rivers State University, Nigeria over a period of 28 days
Methodology: Twenty-four Male Wistar r (n=24) were randomly allocated into four groups (n=6 per group): control (vehicle only), low dose (250 mg/kg), moderate dose (500 mg/kg), and high dose (1000 mg/kg) of n-hexane extract of M. integrifolia nuts. Following the experimental period, serum levels of glutathione (GSH), glutathione peroxidase (GPX), catalase (CAT), superoxide dismutase (SOD), and malondialdehyde (MDA) were measured as oxidative stress markers. Inflammatory markers including tumour necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β), and C-reactive protein (CRP) were also quantified.
Results: The n-hexane extract demonstrated a biphasic dose–response pattern was observed. The low dose significantly reduced antioxidant enzyme activities, increased lipid peroxidation, and elevated pro-inflammatory cytokines compared to control (p < 0.05), indicating oxidative and inflammatory stress. The moderate dose restored biomarkers to near-control levels, suggesting physiological homeostasis. Notably, the high dose significantly enhanced antioxidant defenses beyond baseline and suppressed inflammatory mediators below control values (p < 0.05), demonstrating potent antioxidative and anti-inflammatory effects. Derived indices corroborated these findings, highlighting dose-dependent shifts in redox balance and systemic inflammatory burden.
Conclusions: These findings demonstrate a characteristic hormetic biphasic dose-response of n-hexane extract of M. integrifolia nuts, whereby low doses induce oxidative stress and inflammation, moderate doses maintain homeostasis, and high doses confer significant antioxidant and anti-inflammatory benefits. These results provide important insights for the therapeutic application of macadamia nut lipophilic constituents.
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1. Introduction

Oxidative stress, characterised by an imbalance between the production of reactive oxygen species (ROS) and antioxidant defence mechanisms, plays a pivotal role in the pathogenesis of numerous chronic diseases, including cardiovascular disorders, neurodegenerative conditions, and metabolic syndromes (Ayala et al., 2014; Jomova et al., 2023). The cellular antioxidant defence system comprises enzymatic components, including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX), as well as non-enzymatic antioxidants such as glutathione (GSH) (Chaudhary et al., 2023). Malondialdehyde (MDA), a terminal product of lipid peroxidation, serves as a reliable biomarker of oxidative damage (Ayala et al., 2014).

Concurrently, chronic inflammation represents a fundamental pathophysiological process underlying diverse disease states. Pro-inflammatory cytokines, including tumour necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β), orchestrate inflammatory responses, whilst C-reactive protein (CRP) functions as an acute-phase reactant and systemic inflammatory marker (Boarescu et al., 2019). The interplay between oxidative stress and inflammation creates a self-perpetuating cycle that exacerbates tissue damage and disease progression.

Natural products derived from plant sources have garnered considerable scientific interest as potential modulators of oxidative stress and inflammation. The emerging concept of hormesis describes a biphasic dose-response phenomenon wherein low doses of certain compounds may elicit apparently detrimental effects, moderate doses maintain homeostasis, and higher doses confer beneficial biological responses (Calabrese & Kozumbo, 2021; Mattson, 2008). This non-linear dose-response relationship has been documented across various phytochemicals and natural extracts (Nascarella & Calabrese, 2012).

Macadamia integrifolia Maiden & Betche (Proteaceae), commonly known as the macadamia nut, is native to Australia and is cultivated commercially for its edible kernel. Macadamia nuts are distinguished by their exceptionally high content of monounsaturated fatty acids (MUFAs), particularly oleic acid and palmitoleic acid, which constitute approximately 80% of the total fatty acid profile (Shuai et al., 2023). Additionally, macadamia nuts contain bioactive phytochemicals, including tocopherols, phytosterols, and squalene, which possess documented antioxidant properties (Seham El-Hawary, 2022).

Recent investigations have demonstrated that macadamia nut extracts ameliorate cognitive impairment and oxidative damage in D-galactose-induced ageing models in rodents (Seham El-Hawary, 2022). The neuroprotective and anti-inflammatory properties of the constituent MUFAs, particularly oleic acid, have been attributed to peroxisome proliferator-activated receptor-gamma (PPAR-γ) activation and subsequent suppression of nuclear factor-kappa B (NF-κB) signalling (Song et al., 2019). Furthermore, macadamia oil has been shown to prevent high-fat diet-induced lipid accumulation and oxidative stress through activation of the AMP-activated protein kinase (AMPK)/nuclear factor erythroid 2-related factor 2 (Nrf2) pathway (Zhang et al., 2024).

Despite these promising findings, the dose-dependent effects of lipophilic macadamia nut extracts on oxidative stress and inflammatory markers remain inadequately characterised. The n-hexane extract, which selectively concentrates non-polar constituents including MUFAs and lipophilic bioactive compounds, represents a pharmacologically relevant preparation warranting systematic investigation. This study was designed to evaluate the dose-response relationship of n-hexane extract of M. integrifolia nuts on oxidative stress biomarkers and inflammatory cytokines in male Wistar rats, with particular emphasis on identifying potential hormetic effects.

2. Materials and Methods

2.1 Plant Material and Extraction
Macadamia integrifolia nuts were obtained from a commercial source and authenticated by a qualified taxonomist. The nuts were shelled, and the kernels were dried and ground to a fine powder. The powdered material was subjected to exhaustive extraction using n-hexane as the solvent at room temperature with constant stirring. The extract was filtered and concentrated under reduced pressure using a rotary evaporator. The resulting n-hexane extract was stored at 4°C until further use.

2.2 Experimental Animals
Twenty-four adult male Wistar rats (weighing 180-220 g) were obtained from the institutional animal house. The animals were housed in standard polypropylene cages under controlled environmental conditions (temperature 25±2°C, humidity 55-60%, 12-hour light/dark cycle) and provided with standard laboratory chow and water ad libitum. Following a one-week acclimatisation period, the rats were randomly allocated into four experimental groups (n=6 per group) using a computer-generated randomisation sequence.

2.3 Experimental Design and Treatment
The experimental protocol comprised four treatment groups: (1) Control group: received the vehicle (1% dimethyl sulfoxide in normal saline) orally; (2) Low-dose group: received 250 mg/kg body weight of n-hexane extract; (3) Moderate-dose group: received 500 mg/kg body weight of n-hexane extract; and (4) High-dose group: received 1000 mg/kg body weight of n-hexane extract. All treatments were administered orally via gavage once daily for 28 consecutive days. The extract doses were selected based on preliminary toxicity studies and published literature on macadamia nut bioactive compounds.

2.4 Sample Collection and Biochemical Analyses
At the conclusion of the experimental period, animals were fasted overnight and subsequently anaesthetised using a ketamine-xylazine combination. Blood samples were collected via cardiac puncture into sterile tubes without an anticoagulant. Serum was separated by centrifugation at 3000 rpm for 15 minutes and stored at -80°C until biochemical analyses.

Oxidative stress markers were quantified using commercially available spectrophotometric assay kits according to the manufacturer’s protocols. GSH levels were determined using the Ellman method based on reaction with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB). GPX activity was measured by monitoring NADPH oxidation in the presence of glutathione reductase. CAT activity was assayed by quantifying hydrogen peroxide decomposition. SOD activity was determined by the xanthine oxidase method based on superoxide radical-mediated reduction of nitroblue tetrazolium. MDA levels were measured as thiobarbituric acid reactive substances (TBARS) and expressed as µmol/L.

Serum inflammatory markers were quantified using enzyme-linked immunosorbent assay (ELISA) kits. TNF-α, IL-6, and IL-1β were measured using species-specific rat cytokine ELISA kits. CRP levels were determined using a high-sensitivity rat CRP ELISA kit. All assays were performed in duplicate according to manufacturer instructions, and concentrations were calculated from standard curves.

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

3. Results and discussion

Administration of n-hexane extract of M. integrifolia nuts produced a characteristic biphasic dose-response pattern across all oxidative stress biomarkers assessed (Table 1). At the low dose (250 mg/kg), significant reductions in antioxidant enzyme activities were observed compared to the control group. GSH levels decreased by 29.5% (1.48±0.07 vs 2.10±0.05 µmol/L; p<0.05), GPX activity by 20.0% (0.04±0.00 vs 0.05±0.00 U/mL; p<0.05), CAT activity by 43.6% (3.10±0.18 vs 5.50±0.21 U/mL; p<0.05), and SOD activity by 31.0% (0.29±0.02 vs 0.42±0.02 U/mL; p<0.05). Concurrently, MDA levels, indicative of lipid peroxidation, increased significantly by 48.6% (0.52±0.02 vs 0.35±0.01 µmol/L; p<0.05) at this dose.

In contrast, the moderate dose (500 mg/kg) restored all oxidative stress parameters to levels comparable to the control group, with no statistically significant differences observed for GSH (2.32±0.06 µmol/L), GPX (0.05±0.00 U/mL), CAT (5.96±0.24 U/mL), SOD (0.46±0.02 U/mL), or MDA (0.32±0.01 µmol/L; p>0.05 for all comparisons). Remarkably, the high dose (1000 mg/kg) significantly enhanced antioxidant defences beyond control values. GSH levels increased by 35.7% (2.85±0.08 vs 2.10±0.05 µmol/L; p<0.05), GPX activity by 20.0% (0.06±0.00 vs 0.05±0.00 U/mL; p<0.05), CAT activity by 22.2% (6.72±0.19 vs 5.50±0.21 U/mL; p<0.05), and SOD activity by 21.4% (0.51±0.02 vs 0.42±0.02 U/mL; p<0.05). Furthermore, MDA levels were significantly reduced by 28.6% compared to control (0.25±0.01 vs 0.35±0.01 µmol/L; p<0.05), indicating attenuated lipid peroxidation.

Table 1. Effect of n-hexane extract of Macadamia integrifolia nuts on oxidative stress markers in male Wistar rats
	Group
	GSH (µmol/L)
	GPX (U/mL)
	CAT (U/mL)
	SOD (U/mL)
	MDA (µmol/L)

	Control
	2.10 ± 0.05ᵇ
	0.05 ± 0.00ᵇ
	5.50 ± 0.21ᵇ
	0.42 ± 0.02ᵇ
	0.35 ± 0.01ᵇ

	Low dose 
(250 mg/kg)
	1.48 ± 0.07ᶜ
	0.04 ± 0.00ᶜ
	3.10 ± 0.18ᶜ
	0.29 ± 0.02ᶜ
	0.52 ± 0.02ᵃ

	Moderate dose 
(500 mg/kg)
	2.32 ± 0.06ᵇ
	0.05 ± 0.00ᵇ
	5.96 ± 0.24ᵇ
	0.46 ± 0.02ᵇ
	0.32 ± 0.01ᵇ

	High dose 
(1000 mg/kg)
	2.85 ± 0.08ᵃ
	0.06 ± 0.00ᵃ
	6.72 ± 0.19ᵃ
	0.51 ± 0.02ᵃ
	0.25 ± 0.01ᶜ


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. GSH: Glutathione; GPX: Glutathione peroxidase; CAT: Catalase; SOD: Superoxide dismutase; MDA: Malondialdehyde.

Parallel biphasic dose-response patterns were observed for inflammatory cytokines and CRP (Table 2). The low dose (250 mg/kg) significantly elevated all inflammatory markers compared to control. TNF-α increased by 39.5% (25.80±1.10 vs 18.50±0.90 pg/mL; p<0.05), IL-6 by 44.1% (18.30±0.72 vs 12.70±0.55 pg/mL; p<0.05), IL-1β by 42.4% (14.10±0.60 vs 9.90±0.48 pg/mL; p<0.05), and CRP by 50.0% (2.10±0.12 vs 1.40±0.08 mg/L; p<0.05). The moderate dose (500 mg/kg) restored inflammatory markers to control levels, with no significant differences observed for TNF-α (17.40±0.82 pg/mL), IL-6 (11.90±0.50 pg/mL), IL-1β (9.10±0.41 pg/mL), or CRP (1.35±0.07 mg/L; p>0.05 for all comparisons). At the high dose (1000 mg/kg), significant anti-inflammatory effects were demonstrated. TNF-α decreased by 28.6% (13.20±0.70 vs 18.50±0.90 pg/mL; p<0.05), IL-6 by 33.1% (8.50±0.46 vs 12.70±0.55 pg/mL; p<0.05), IL-1β by 31.3% (6.80±0.35 vs 9.90±0.48 pg/mL; p<0.05), and CRP by 32.1% (0.95±0.05 vs 1.40±0.08 mg/L; p<0.05) compared to control values.

Table 2. Effect of n-hexane extract of Macadamia integrifolia nuts on inflammatory markers in male Wistar rats
	Group
	TNF-α (pg/mL)
	IL-6 (pg/mL)
	IL-1β (pg/mL)
	CRP (mg/L)

	Control
	18.50 ± 0.90ᵇ
	12.70 ± 0.55ᵇ
	9.90 ± 0.48ᵇ
	1.40 ± 0.08ᵇ

	Low dose 
(250 mg/kg)
	25.80 ± 1.10ᵃ
	18.30 ± 0.72ᵃ
	14.10 ± 0.60ᵃ
	2.10 ± 0.12ᵃ

	Moderate dose 
(500 mg/kg)
	17.40 ± 0.82ᵇ
	11.90 ± 0.50ᵇ
	9.10 ± 0.41ᵇ
	1.35 ± 0.07ᵇ

	High dose 
(1000 mg/kg)
	13.20 ± 0.70ᶜ
	8.50 ± 0.46ᶜ
	6.80 ± 0.35ᶜ
	0.95 ± 0.05ᶜ


Values are mean ± SEM (n = 6). Different superscripts (a, b, c) within a column indicate statistically significant differences at P < 0.05. Groups sharing the same superscript are not significantly different. TNF-α: Tumor necrosis factor-alpha; IL-6: Interleukin-6; IL-1β: Interleukin-1 beta; CRP: C-reactive protein.

The present study provides compelling evidence for a biphasic (hormetic) dose-response relationship of n-hexane extract of M. integrifolia nuts on oxidative stress and inflammatory markers in male Wistar rats. The findings demonstrate that low-dose administration (250 mg/kg) induces oxidative stress and inflammation, moderate doses (500 mg/kg) maintain physiological homeostasis, and high-dose treatment (1000 mg/kg) confers significant antioxidant and anti-inflammatory benefits. These observations align with the hormesis concept, which posits that the biological effects of many phytochemicals and natural products follow non-linear, biphasic dose-response curves (Calabrese & Kozumbo, 2021; Mattson, 2008).

The low-dose pro-oxidant and pro-inflammatory effects observed in this study may be attributable to the presence of certain lipophilic compounds in the n-hexane extract that, at suboptimal concentrations, fail to activate endogenous antioxidant defence mechanisms whilst potentially generating oxidative stress through autoxidation processes or interference with mitochondrial electron transport chains (Nascarella & Calabrese, 2012). Alternatively, these effects may represent a hormetic overcompensation response, whereby mild oxidative stress at low doses subsequently triggers adaptive protective mechanisms that become fully manifested only at higher concentrations (Perrone & D’Angelo, 2025).

The high-dose antioxidant effects observed in this study are consistent with the documented ability of macadamia nut constituents to activate the Nrf2 pathway. The Nrf2/Keap1/ARE signalling cascade represents a master regulator of cellular antioxidant responses, controlling the transcription of genes encoding antioxidant enzymes, including SOD, CAT, GPX, and glutathione biosynthetic enzymes (Jomova et al., 2023). Recent investigations have demonstrated that macadamia oil prevents high-fat diet-induced oxidative stress through Nrf2 pathway activation (Zhang et al., 2024). The significant upregulation of GSH, GPX, CAT, and SOD observed at the 1000 mg/kg dose in the present study strongly suggests Nrf2-mediated enhancement of endogenous antioxidant capacity.

The high content of monounsaturated fatty acids, particularly oleic acid (81%) and palmitoleic acid (6.9%), in macadamia nuts likely contributes substantially to the observed antioxidant and anti-inflammatory effects at the high dose (Seham El-Hawary, 2022). Oleic acid has been demonstrated to exert PPAR-γ-mediated anti-inflammatory effects and protect against saturated fatty acid-induced lipotoxicity by reducing endoplasmic reticulum stress and ROS production (Song et al., 2019). 

Furthermore, MUFAs can activate AMPK, which in turn phosphorylates and activates Nrf2, thereby enhancing antioxidant gene expression (Zhang et al., 2024). The anti-inflammatory effects observed at the high dose, characterised by significant reductions in TNF-α, IL-6, IL-1β, and CRP, are consistent with the documented ability of macadamia constituents to modulate NF-κB signalling. The NF-κB pathway serves as a central regulator of inflammatory gene expression, and its suppression correlates with reduced production of pro-inflammatory cytokines (Boarescu et al., 2019). Natural products that enhance Nrf2 activity frequently exhibit concomitant suppression of NF-κB-mediated inflammation, reflecting the reciprocal regulation between these pathways (Jomova et al., 2023).

The hormetic dose-response pattern observed in this study carries important implications for the therapeutic application of macadamia nut extracts. The identification of a dose threshold below which potential adverse effects may occur, and above which significant benefits are realised, is essential for rational dose selection in translational and clinical studies. The 500 mg/kg dose, which maintained parameters at control levels, may represent a homeostatic dose that neither challenges nor substantially enhances antioxidant defences, whilst the 1000 mg/kg dose appears to optimally activate cytoprotective pathways.

The findings of this study should be interpreted within the context of certain limitations. The investigation was conducted in healthy male Wistar rats, and the dose-response relationships may differ in disease models, female animals, or other species. Additionally, the 28-day treatment duration, whilst sufficient to detect dose-dependent effects, may not capture adaptive responses that develop over longer periods. Future studies should investigate the underlying molecular mechanisms, particularly Nrf2 and NF-κB pathway activation, and extend these investigations to disease-relevant models.

4. Conclusion

This study demonstrates that n-hexane extract of M. integrifolia nuts exhibits a characteristic hormetic biphasic dose-response pattern on oxidative stress and inflammatory markers in male Wistar rats. Low-dose administration (250 mg/kg) was associated with reduced antioxidant enzyme activities and elevated oxidative stress and inflammatory markers. Moderate doses (500 mg/kg) maintained physiological homeostasis, whilst high-dose treatment (1000 mg/kg) significantly enhanced antioxidant defences and suppressed inflammatory responses. These findings provide a scientific foundation for the rational dose selection of macadamia nut lipophilic extracts in future translational and clinical investigations targeting oxidative stress- and inflammation-related pathologies.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS
AMPK: AMP-Activated Protein Kinase
ANOVA: Analysis of Variance
ARE: Antioxidant Response Element
CAT: Catalase
CRP: C-Reactive Protein
DTNB: 5,5′-Dithiobis-(2-Nitrobenzoic Acid)
ELISA: Enzyme-Linked Immunosorbent Assay
GPX: Glutathione Peroxidase
GSH: Glutathione
IL-1β: Interleukin-1 Beta
IL-6: Interleukin-6
Keap1: Kelch-Like ECH-Associated Protein 1
MDA: Malondialdehyde
MUFAs: Monounsaturated Fatty Acids
NF-κB: Nuclear Factor Kappa B
Nrf2: Nuclear Factor Erythroid 2-Related Factor 2
PPAR-γ: Peroxisome Proliferator-Activated Receptor Gamma
ROS: Reactive Oxygen Species
SEM: Standard Error of the Mean
SOD: Superoxide Dismutase
TBARS: Thiobarbituric Acid Reactive Substances
TNF-α: Tumour Necrosis Factor-Alpha
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