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Dose-Dependent Effects of n-Hexane Extract of Macadamia Integrifolia Nuts on Serum Lipid Profile and Glucose Metabolism in Male Wistar Rats



ABSTRACT

	Aims: This study investigated the dose-dependent effects of n-hexane extract of Macadamia integrifolia nuts on serum lipid profile and glucose metabolism 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 rats were randomly divided into four groups (n=6): Control (distilled water), Low dose (250 mg/kg), Moderate dose (500 mg/kg), and High dose (1000 mg/kg) of n-hexane extract of Macadamia integrifolia nuts. The treatment was administered orally for 28 days. Serum lipid parameters, including total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), very low-density lipoprotein (VLDL), and fasting blood glucose (FBG), were measured. Atherogenic indices, including Atherogenic Index of Plasma (AIP), Castelli Risk Index I (CRI-I), Castelli Risk Index II (CRI-II), and Atherogenic Coefficient (AC), were calculated.
Results: The low dose (250 mg/kg) significantly increased TC, TG, HDL, LDL, VLDL, and FBG compared to control (P < 0.05). The moderate dose (500 mg/kg) showed comparable lipid and glucose levels to control, while the high dose (1000 mg/kg) significantly reduced FBG (P < 0.05) and maintained normal lipid profiles. The high dose also showed the most favourable AIP value (-0.041 ± 0.003), indicating reduced cardiovascular risk.
Conclusion: High-dose n-hexane extract of Macadamia integrifolia nuts demonstrates hypoglycaemic effects and favourable lipid-modulating properties, suggesting potential therapeutic applications in managing dyslipidaemia and hyperglycaemia. The dose-dependent biphasic response warrants further investigation into optimal dosing strategies
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1. INTRODUCTION

Cardiovascular diseases (CVDs) and diabetes mellitus represent two of the most significant global health challenges of the 21st century, accounting for millions of deaths annually  (World Health Organization, 2021). Dyslipidaemia and impaired glucose metabolism are well-established risk factors for these conditions, driving the search for natural therapeutic agents with favourable safety profiles.

Macadamia integrifolia, commonly known as the macadamia nut, is native to Australia and is now cultivated in various tropical and subtropical regions worldwide, including Nigeria (Alemayehu et al., 2025). These nuts are characterised by their high content of monounsaturated fatty acids (MUFAs), particularly oleic acid and palmitoleic acid, which together constitute approximately 80% of the total fatty acid content (Goncalves et al., 2023). Additionally, macadamia nuts contain various bioactive compounds, including tocopherols, phytosterols, and polyphenols, that contribute to their antioxidant and anti-inflammatory properties (Tu et al., 2021).

Previous studies have demonstrated the cholesterol-lowering effects of macadamia nut consumption in humans. For example, Garg et al. (2003) reported that macadamia nut consumption (40-90 g/day) for four weeks significantly reduced plasma total cholesterol by 3.0% and LDL cholesterol by 5.3% in hypercholesterolemic men, while increasing HDL cholesterol by 7.9%. Similarly, a study by Xia et al. (2021) found that tree nut consumption significantly decreased total cholesterol, LDL cholesterol, apolipoprotein B, and triglycerides.

The lipid-modulating effects of macadamia nuts have been attributed to their unique fatty acid profile, particularly the high content of palmitoleic acid (omega-7), which has been shown to improve insulin sensitivity and reduce inflammation (Pruteanu et al., 2023). Furthermore, the phytochemical constituents of macadamia nuts, including squalene and phytosterols, may inhibit cholesterol absorption and synthesis (Xia et al., 2021).

Despite the growing body of evidence supporting the health benefits of macadamia nuts, limited research has examined the dose-dependent effects of their n-hexane extracts on lipid profiles and glucose metabolism using standardised experimental conditions. The n-hexane extraction method selectively isolates lipophilic compounds, including fatty acids, tocopherols, and other lipid-soluble bioactive constituents that may contribute to the observed therapeutic effects. Therefore, this study was designed to investigate the dose-dependent effects of n-hexane extract of Macadamia integrifolia nuts on serum lipid profile and glucose metabolism in male Wistar rats, with the aim of establishing optimal dosing parameters and elucidating the underlying mechanisms of action.

2. MATERIALS AND METHODS

2.1 Study Design
This study employed a controlled experimental design using Wistar rats to investigated the dose-dependent effects of n-hexane extract of Macadamia integrifolia nuts on serum lipid profile and glucose metabolism in male Wistar rats. The rats were randomly allocated into treatment groups, thereby reducing bias and strengthening internal validity.

2.2 Study Area
The experiment was conducted at the Animal House and Physiology Laboratory, Department of Physiology, College of Medical Sciences, Rivers State University, Port Harcourt, Nigeria. The facility is equipped for animal handling, sample collection, and biochemical assays, ensuring compliance with laboratory standards.

2.3 Experimental Animals
Twenty-four adult male Wistar rats (weighing 180-220 g) were obtained from the animal house of the Human Physiology Department, Rivers State University, Nigeria. The animals were housed in standard polypropylene cages under controlled environmental conditions (temperature 25 ± 2°C, relative humidity 50-60%, 12-hour light/dark cycle). They were fed standard laboratory chow and provided with water ad libitum. The animals were acclimatised for two weeks before the commencement of the experiment. All experimental procedures were conducted in accordance with the guidelines of the NIH Guide for the Care and Use of Laboratory Animals (National Institutes of Health, 2011) and followed the principles of the Declaration of Helsinki.

2.4 Plant Material and Extract Preparation
Fresh Macadamia integrifolia nuts were obtained from a commercial plantation in Jos, Plateau State, Nigeria, authenticated by a taxonomist in the Department of Plant Science and Biotechnology, Rivers State University, and deposited as voucher specimen RSUPbH0259. The nuts were shelled, and the kernels were dried at 40°C for 48 hours. The dried kernels were ground into a fine powder using a mechanical grinder. The n-hexane extract was prepared by macerating 500 g of powdered macadamia kernels in 2 L of n-hexane (analytical grade, Sigma-Aldrich) for 72 hours at room temperature with intermittent shaking. The extract was filtered through Whatman No. 1 filter paper, and the solvent was evaporated under reduced pressure using a rotary evaporator at 40°C. The resulting extract was stored at -20°C until use.

2.5 Experimental Design
The rats were randomly divided into four groups of six animals each:
· Group I (Control): Received distilled water (1 mL/kg body weight) orally
· Group II (Low dose): Received 250 mg/kg body weight of n-hexane extract
· Group III (Moderate dose): Received 500 mg/kg body weight of n-hexane extract
· Group IV (High dose): Received 1000 mg/kg body weight of n-hexane extract
The extracts were administered orally once daily for 28 consecutive days using an oral gavage. Body weights were recorded weekly throughout the experimental period.

2.6 Sample Collection and Biochemical Analysis
At the end of the experimental period, the animals were fasted overnight and anesthetised with ketamine-xylazine (75 mg/kg and 10 mg/kg, respectively). Blood samples were collected through cardiac puncture into plain tubes and allowed to clot at room temperature for 30 minutes. Serum was separated by centrifugation at 3,000 rpm for 10 minutes and stored at -20°C until analysis. Serum total cholesterol (TC), triglycerides (TG), and high-density lipoprotein cholesterol (HDL-C) were measured using commercially available diagnostic kits (Randox Laboratories, UK) according to the manufacturer's instructions. Low-density lipoprotein cholesterol (LDL-C) was calculated using the Friedewald formula: LDL-C = TC - HDL-C - (TG/5). Very low-density lipoprotein cholesterol (VLDL-C) was calculated as TG/5. Fasting blood glucose (FBG) was determined using the glucose oxidase method.

2.7 Calculation of Atherogenic Indices
The following atherogenic indices were calculated from the lipid profile data:
· Atherogenic Index of Plasma (AIP) = log (TG/HDL-C)
· Castelli Risk Index I (CRI-I) = TC/HDL-C
· Castelli Risk Index II (CRI-II) = LDL-C/HDL-C
· Atherogenic Coefficient (AC) = (TC - HDL-C)/HDL-C

2.9 Statistical Analysis
Data are presented 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. Statistical significance was set at P < 0.05. All analyses were conducted using R version 4.3.3 (R Core Team, 2024).

3. RESULTS AND DISCUSSION 

The effects of n-hexane extract of Macadamia integrifolia nuts on serum lipid profile and fasting glucose levels are presented in Table 1. The low dose (250 mg/kg) significantly increased total cholesterol (TC), triglycerides (TG), HDL-C, LDL-C, VLDL-C, and fasting blood glucose (FBG) compared to the control group (P < 0.05). The moderate dose (500 mg/kg) showed comparable levels of TC, TG, HDL-C, and VLDL-C to the control group, while LDL-C remained slightly elevated (P < 0.05). FBG levels in the moderate dose group were not significantly different from those of the control. Interestingly, the high dose (1000 mg/kg) demonstrated significant hypoglycaemic effects, with FBG levels significantly lower than both control and low dose groups (P < 0.05), while maintaining normal lipid profiles comparable to control.

Table 1. Effects of n-hexane extract of Macadamia integrifolia nuts on serum lipid profile and fasting glucose levels in male Wistar rats.
	Group
(n = 6)
	TC (mmol/L)
	TG (mmol/L)
	HDL (mmol/L)
	LDL (mmol/L)
	VLDL (mmol/L)
	FBS (mmol/L)

	Control
	3.58±0.20ᵇ
	1.32±0.03ᵇ
	1.41±0.04ᵇ
	1.90±0.16ᵇ
	0.27±0.01ᵇ
	7.70±0.06ᵃᵇ

	Low dose (250mg/kg)
	5.00±0.26ᵃ
	1.77±0.03ᵃ
	1.85±0.03ᵃ
	2.80±0.26ᵃ
	0.36±0.01ᵃ
	10.37±1.85ᵃ

	Moderate dose (500mg/kg)
	3.83±0.20ᵇ
	1.27±0.07ᵇ
	1.34±0.04ᵇ
	2.24±0.17ᵃᵇ
	0.25±0.01ᵇ
	8.33±1.37ᵃᵇ

	High dose (1000mg/kg)
	3.67±0.23ᵇ
	1.21±0.11ᵇ
	1.33±0.11ᵇ
	2.09±0.10ᵃᵇ
	0.24±0.02ᵇ
	4.67±0.63ᵇ


Values are presented as mean ± SEM (n = 6). Superscripts with different letters (a, b) indicate significant differences between groups at P < 0.05. Groups with the same superscript are not significantly different. TC = Total Cholesterol; TG = Triglycerides; HDL = High-Density Lipoprotein; LDL = Low-Density Lipoprotein; VLDL = Very Low-Density Lipoprotein; FBG = Fasting blood glucose.

The calculated atherogenic indices are presented in Table 2. The Atherogenic Index of Plasma (AIP) showed a dose-dependent decrease, with the high dose group demonstrating the most favourable value (-0.041 ± 0.003), significantly lower than the low dose group (P < 0.05). The Castelli Risk Indices (CRI-I and CRI-II) and Atherogenic Coefficient (AC) showed no significant differences among the treatment groups, although there was a trend toward higher values in the moderate dose group. These findings suggest that while the high dose of macadamia extract may improve certain lipid parameters and glucose metabolism, the overall cardiovascular risk indices require further investigation with longer treatment durations.

Table 2: Effects of n-hexane extract of Macadamia integrifolia nuts on atherogenic indices in male Wistar rats.
	Group
(n = 6)
	AIP
	CRI-I
	CRI-II
	AC

	Control
	-0.027 ± 0.001ᵃᵇ
	2.532 ± 0.084ᵃ
	1.343 ± 0.084ᵃ
	1.532 ± 0.084ᵃ

	Low dose 
(250 mg/Kg)
	-0.018 ± 0.001ᵃ
	2.702 ± 0.135ᵃ
	1.511 ± 0.136ᵃ
	1.702 ± 0.135ᵃ

	Moderate dose 
(500mg/Kg)
	-0.024 ± 0.010ᵃᵇ
	2.867 ± 0.108ᵃ
	1.678 ± 0.110ᵃ
	1.867 ± 0.108ᵃ

	High dose 
(1000 mg/Kg)
	-0.041 ± 0.003ᵇ
	2.759 ± 0.057ᵃ
	1.578 ± 0.058ᵃ
	1.759 ± 0.057ᵃ


Values are presented as mean ± SEM (n = 6). Superscripts (a, b) indicate statistically significant differences between groups (P < 0.05). Groups sharing the same superscript are not significantly different. AIP = Atherogenic Index of Plasma; CRI-I = Castelli Risk Index I (TC/HDL); CRI-II = Castelli Risk Index II (LDL/HDL); AC = Atherogenic Coefficient (non-HDL/HDL).

The present study investigated the dose-dependent effects of n-hexane extract of Macadamia integrifolia nuts on serum lipid profile and glucose metabolism in male Wistar rats. Our findings reveal a complex, dose-dependent relationship between macadamia extract administration and metabolic parameters, with distinct effects observed at low, moderate, and high doses. The most striking finding was the biphasic response observed with increasing doses of the extract. The low dose (250 mg/kg) unexpectedly elevated all lipid parameters and fasting glucose compared to the control. This paradoxical effect may be attributed to the high caloric density of the lipid-rich extract, which at lower concentrations may have provided insufficient bioactive compounds to offset the metabolic load of the additional fat intake. Similar findings have been reported by Vitulano et al. (2025), who observed that suboptimal doses of lipid-rich nutraceuticals can transiently increase circulating lipids before adaptive mechanisms become established.

The moderate dose (500 mg/kg) demonstrated a normalisation of most lipid parameters, with values approaching those of the control group. This suggests that at this concentration, the bioactive compounds in the extract, including monounsaturated fatty acids, tocopherols, and phytosterols, begin to exert their beneficial effects on lipid metabolism. The mechanisms may include enhanced bile acid excretion, inhibition of hepatic cholesterol synthesis, and improved LDL receptor activity (Cui et al., 2025). The high dose (1000 mg/kg) produced the most favourable metabolic profile, with significantly reduced fasting blood glucose and normalised lipid parameters. The hypoglycaemic effect observed at this dose is particularly noteworthy and aligns with previous studies demonstrating the insulin-sensitising properties of palmitoleic acid (omega-7), a major constituent of macadamia oil (Miklankova et al., 2022). Entezari et al. (2022) demonstrated that palmitoleic acid improves glucose uptake in skeletal muscle cells through activation of AMP-activated protein kinase and upregulation of glucose transporter 4 (GLUT4) expression.

The improvement in Atherogenic Index of Plasma (AIP) at the high dose further supports the cardioprotective potential of macadamia extract. AIP, calculated as the logarithm of the TG/HDL-C ratio, is considered a strong predictor of cardiovascular risk, with lower values indicating reduced atherogenic potential (Cai et al., 2017). The significant reduction in AIP observed in the high dose group suggests that this extract concentration may offer protection against atherosclerotic cardiovascular disease. The lack of significant differences in the Castelli Risk Indices and Atherogenic Coefficient among groups may be attributable to the relatively short study duration (28 days). Longer intervention periods may be required to observe meaningful changes in these composite risk markers. Additionally, the use of healthy normolipidemic rats in this study may have limited the magnitude of observable effects, as the animals had no pre-existing metabolic dysregulation to correct.

From a mechanistic perspective, the beneficial effects of macadamia extract at higher doses may be mediated through multiple pathways. The high content of monounsaturated fatty acids, particularly oleic acid and palmitoleic acid, may improve membrane fluidity and enhance insulin receptor signalling (Sivri & Akdevelioglu, 2025). The presence of tocopherols and polyphenols in the extract may reduce oxidative stress and inflammation, both of which are implicated in the pathogenesis of insulin resistance and dyslipidaemia (Batubo et al., 2025; Shahidi & Danielski, 2024). The findings of this study have important implications for the potential therapeutic use of macadamia nut extracts. The dose-dependent effects suggest that there may be an optimal therapeutic window, with doses below or above this range producing suboptimal outcomes. This highlights the importance of dose-finding studies in the development of nutraceutical interventions.

Several limitations of this study should be acknowledged. First, the relatively short duration of treatment (28 days) may not have allowed for the full expression of lipid-modulating effects. Second, the study was conducted in healthy animals without pre-existing metabolic dysfunction, which may have limited the magnitude of observable effects. Third, the n-hexane extraction method isolates primarily lipophilic compounds, and the potential contributions of hydrophilic bioactive constituents were not evaluated. Therefore, future studies should investigate the long-term effects of macadamia extract administration in animal models of dyslipidaemia and diabetes, evaluate the effects of different extraction methods on bioactivity, and elucidate the specific molecular mechanisms underlying the observed metabolic effects. Clinical trials in human populations with metabolic syndrome or type 2 diabetes would be valuable in translating these preclinical findings to therapeutic applications.

4. CONCLUSION

This study demonstrates that n-hexane extract of Macadamia integrifolia nuts exerts dose-dependent effects on serum lipid profile and glucose metabolism in male Wistar rats. The high dose (1000 mg/kg) significantly reduced fasting blood glucose and maintained favourable lipid parameters, suggesting potential hypoglycaemic and cardioprotective properties. The biphasic response observed, with the low dose increasing metabolic parameters and higher doses producing beneficial effects, highlights the importance of dose optimisation in nutraceutical interventions. The favourable Atherogenic Index of Plasma observed at the high dose suggests that Macadamia integrifolia extract may offer protection against cardiovascular disease when administered at appropriate doses. These findings support the traditional use of macadamia nuts as a functional food and provide a scientific basis for further investigation of their therapeutic potential in managing dyslipidaemia and hyperglycaemia. Further research is warranted to elucidate the underlying mechanisms, determine optimal dosing strategies, and evaluate the translational potential of these findings in human clinical trials. The development of standardised macadamia extract formulations with defined concentrations of bioactive compounds may facilitate the integration of this natural product into evidence-based approaches for metabolic disease management.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS

AC: Atherogenic Coefficient
AIP: Atherogenic Index of Plasma
AMPK: AMP-Activated Protein Kinase
ANOVA: Analysis of Variance
CRI-I: Castelli Risk Index I
CRI-II: Castelli Risk Index II
CVDs: Cardiovascular Diseases
FBG: Fasting Blood Glucose
FBS: Fasting Blood Sugar
GLUT4: Glucose Transporter Type 4
HDL-C: High-Density Lipoprotein Cholesterol
HDL: High-Density Lipoprotein
LDL-C: Low-Density Lipoprotein Cholesterol
LDL: Low-Density Lipoprotein
MUFAs: Monounsaturated Fatty Acids
NIH: National Institutes of Health
SEM: Standard Error of the Mean
TC: Total Cholesterol
TG: Triglycerides
VLDL-C: Very Low-Density Lipoprotein Cholesterol
VLDL: Very Low-Density Lipoprotein
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