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ABSTRACT
Heavy metal toxicity, particularly cadmium toxicity, remains a major public health concern because of its ability to induce oxidative stress, disrupt lipid metabolism, and cause hepatic damage. This study evaluated the protective effects of Pterocarpus santalinoides leaf diet against cadmium-induced biochemical alterations in Wistar rats. Thirty-six Wistar rats were randomly divided into six groups of six rats each. Groups 1, 2, and 3 were exposed to cadmium and treated with P. santalinoides leaf diets at 10% (Ps1), 20% (Ps2), and 40% (Ps3), respectively. Group 4 served as the negative control and received cadmium without treatment, while Group 5 served as the normal control and received feed and water only. Group 6 served as the standard control and received Vitamin E. At the end of the experimental period, blood samples were collected for biochemical analysis. Lipid profile parameters, including HDL-c, LDL-c, VLDL-c, and triacylglycerol, were determined, while liver function markers, including AST, ALT, ALP, and GGT, were analyzed using standard laboratory procedures. Cadmium exposure significantly altered lipid metabolism and liver enzyme activities. The negative control showed elevated LDL-c, VLDL-c, and triacylglycerol levels, together with increased AST, ALT, ALP, and GGT activities, indicating lipid abnormalities and hepatic injury. Treatment with P. santalinoides leaf diet improved these biochemical parameters, with reductions in LDL-c, VLDL-c, triacylglycerol, AST, ALT, ALP, and GGT, alongside improved HDL-c levels. The Ps3 group generally demonstrated the greatest improvement, suggesting enhanced protective activity at the higher treatment level. These findings indicate that P. santalinoides leaf diet may protect against cadmium-induced lipid abnormalities and hepatic damage, possibly through its antioxidant and bioactive constituents. The plant may therefore have potential as a natural therapeutic agent against cadmium-related toxicity and associated biochemical disorders.
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 INTRODUCTION 
Pterocarpus santalinoides has been described as a shade-tolerant tree that is 9- 12 m tall, with low, straggling branches, commonly found along riverine forests in Africa and tropical South America. The plant is commonly referred to as Red Sandalwood in English, Gunduru gyadar Kurmi in Hausa, Uturukpa in Igbo, and Gbenghe in Yoruba (Okpo et al., 2011).
Various parts of Pterocarpus santalinoides are used in ethnomedicine across many African countries to treat a range of human ailments. The ethnomedical use of leaves of Pterocarpus santalinoides in the treatment of diarrhea and other gastrointestinal disorders has been scientifically proven (Ayéna et al., 2021). The triglyceride and glucose-lowering properties of Pterocarpus santalinoides have been ascertained and, as such, lend credence to its folkloric use in the management of diabetic syndrome. It has also been documented that the bark and leaves of the plant possess anti-malarial, anti-infective, and anti-abortive properties (Okwuosa et al., 2011). Ethnomedicinally, the leaf extract of Pterocarpus santalinoides is used in the management of high blood pressure among the Igede tribe in central Nigeria (Anyam et al., 2025).
Lipid markers such as Low-density lipoprotein, triglycerides, and High-density lipoprotein are key indicators of Cardiovascular risk, as they reflect the levels of fats in the blood that can contribute to the development of atherosclerosis and other heart-related conditions. Also, the role of environmental pollutants such as heavy metals in worsening cardiovascular risk has gathered increasing attention (Nigra et al., 2016). Lead and cadmium are common environmental contaminants with overlapping exposure sources, as lead is often found in lead-based paints, contaminated soil, water from lead pipes, and industrial emissions, while cadmium exposure commonly occurs through tobacco smoke and food grown in contaminated soil (Satarug, 2019). Both metals co-occur near industrial sites, smelting facilities, and mining operations, contaminating soil, water, and air, which underscores the importance of studying their health effects (Chen et al., 2019).
Cadmium has a much longer half-life in blood, approximately three to four months, due to its accumulation in organs such as the kidneys and liver, from which it is slowly released. This half-life indicates that blood levels can provide insight into both recent and cumulative exposure (Magelsir, 2016). Exposure to metals primarily occurs via inhalation and ingestion, with inhalation being more common in occupational settings, such as smelting and manufacturing, and ingestion being more common from contaminated food, water, and soil. More so, dermal absorption is generally less significant, though it can contribute in specific cases, such as handling contaminated materials without protective equipment.
Cadmium, being a pervasive environmental contaminant, has been implicated in a range of adverse health outcomes, including hypertension, atherosclerosis, and dyslipidemia (Lamas et al., 2021), and the blood cadmium reference normal value concentration is less than 5.0ppb, with typical levels ranging from 0.5-2.0ppb (Burtis and Bruns, 2014). Acute toxicity is observed when blood cadmium exceeds 50ppb. Smokers generally have blood cadmium levels of 1-4ppb, significantly higher than non-smokers, whose levels are usually below 0.5ppb (Lamkarkach et al., 2021).
The liver is a significant organ for metal accumulation and metabolism (Kalantzi et al., 2016). Liver function abnormalities are major risk factors for liver disease, including cirrhosis, fatty liver disease, and liver cancer, and account for two million deaths annually (Devarbhavi et al., 2023).
A variety of proteins or enzymatic biomarkers in blood are specific and sensitive markers of hepatic function. They are commonly used to diagnose liver injury in clinical practice, such as aspartate aminotransferase (AST), alanine aminotransferase (ALT), direct bilirubin (DBIL), total bilirubin (TBIL), indirect bilirubin (IBIL), gamma-glutamyl transferase (GGT), and abnormal levels of albumin (ALB) (Leem et al., 2018). Growing epidemiological evidence suggests links between metal exposure and abnormal liver function (ALF). Xu et al. (2022) demonstrated a positive correlation between urinary cadmium and aberrant liver function, defined as elevated AST and ALT. Nonetheless, most studies only paid attention to the impact of individual or several metals, and as the populations are usually exposed to diverse metals in everyday life, the combined effects of metal mixture exposures on liver function still need to be elucidated. Moreover, dyslipidemia, which induces hepatocellular fat accumulation and disrupts the balance of lipid secretion and metabolism, was indicated to be involved in the pathogenesis related to ALF and liver diseases (Ipsen et al., 2018). Increasing evidence suggests that metal exposures are connected with variation of blood lipids and dyslipidemia, also presuming that blood lipids could possibly play latent roles in ALF resulting from metal exposures (Ranasinghe et al., 2015; Ledda et al., 2018; Buhari et al., 2020). More recently, Elhelaly et al. (2019).
material and methods 
Chemicals and Reagents
Cadmium chloride (CdCl₂) of analytical grade, ketamine, distilled water, Random test kits for liver (ALT, AST, ALP, GGT) and lipid profile function tests (TAG, HDL, LDL, VLDL). All other chemicals and reagents will be obtained from certified suppliers and will be of analytical grade.
Equipment’s/Apparatus
UV-Visible Spectrophotometer (UV-1800, Shimadzu Corporation, Japan), Centrifuge (80-2B Centrifuge, Changsha Xiangyi Centrifuge Instrument Co., China), Hot Air Oven (DHG-9053A Electric Thermostatic Drying Oven, Shanghai Yiheng Scientific Instrument Co., China), Electrical Blender (BLG-450 Blender, Binatone Electronics International Ltd.), Disposable Syringes (5mL and 10mL, Becton Dickinson, USA), EDTA Blood Collection Tubes (Vacutainer® K₂EDTA Tubes, Becton Dickinson, USA), Plain Blood Collection Tubes (Vacutainer® Plain Tubes, Becton Dickinson, USA), Latex Hand Gloves (Top Glove Corporation, Malaysia), Nose Masks (3-Ply Face Mask, Medcon Healthcare, China), Well-Ventilated Animal Cages.
Plant Material Collection and Identification
Fresh leaves of Pterocarpus santalinoides were obtained from Calabar South LGA in Cross River State and authenticated by a plant taxonomist at the Department of Plant Science and Biotechnology, UNICROSS, Calabar. 
Methodology
Experimental Animals
Thirty-six (36) healthy adult Wistar rats (100- 180 g) were procured from the University of Uyo. The rats were housed in well-ventilated cages under standard laboratory conditions (12-hour light/dark cycle, temperature 25 ± 2°C, and relative humidity 50-60%). They were fed standard rat chow and were given water ad libitum. The animals were allowed two days of acclimatization before the commencement of the experiment.
Experimental Design
List 1 : The rats were randomly divided into six (6) groups of six (6) animals each as follows
	Groups
	Treatment Administration

	PS1
	Induced with cadmium chloride (5mg/kg body weight), and fed diet supplemented 10% Pterocarpus santalinoides leaf meal

	PS2
	Induced with cadmium chloride (5mg/kg body weight), and fed diet supplemented 20% Pterocarpus santalinoides leaf meal

	PS3
	Induced with cadmium chloride (5mg/kg body weight), and fed diet supplemented 40% Pterocarpus santalinoides leaf meal

	Normal Control group
	Received normal rat chow and water throughout the experimental period.

	Negative Control group

Standard control group (vitamin E)
	Induced with cadmium chloride (5mg/kg body weight) and received normal rat chow and water
Received normal rat chow and water throughout the experimental period.


All animals except those in the normal control group were orally administered cadmium chloride at a dose of 5mg/kg body weight for 14 consecutive days to induce toxicity. Following induction, rats in groups PS1, PS2, and PS3 were fed a diet containing 10%, 20%, and 40% Pterocarpus santalinoides leaf meal, respectively, for 21 consecutive days
Preparation of Pterocarpus santalinoides Leaf Diet
The collected leaves were washed thoroughly to remove dust and debris, air-dried at room temperature (25-27°C) for 14 days, and pulverized into fine powder using an electric blender.
Induction of Cadmium Toxicity
Cadmium toxicity was induced by oral administration of cadmium chloride at a dose of 5mg/kg body weight for 14 consecutive days before commencement of the diet administration. 
Administration of supplemented diet
After cadmium induction, the supplemented diet was administered orally (10%, 20% and 40%) for 21 consecutive days. The control received water and rat chow, and the cadmium-only groups were exposed to cadmium chloride without treatment (5mg/kg body weight).
Collection of Blood Samples
At the end of the experimental period, the animals were anesthetized with ketamine. Blood samples were collected via cardiac puncture using sterile syringes. Samples were divided into two portions: One portion in EDTA tubes for hematological analysis, and the other portion in plain tubes for serum preparation (centrifuged at 3,000rpm for 10minutes).
Biochemical Assays
Lipid profile and liver marker enzymes assay 
Serum was collected for lipid profile test (triglyceride, LDL, HDL and VLDL) and for liver marker enzymes test (ALT, AST, ALP and GGT) using the random test kits method (Kathak et al., 2022).
Statistical Analysis
All results were expressed as mean ± standard deviation (SD). Data were analyzed using one-way analysis of variance (ANOVA) test for multiple comparisons. Statistical significance was considered at (p<0.05).  
results and discussion
Effect of Pterocarpus santalinoides Leaf diet on Lipid Profile Indices in Wistar Rats Exposed to Cadmium
The effect of Pterocarpus santalinoides leaf diet on selected lipid profile indices of Wistar rats exposed to cadmium is presented in Table 1. The results showed variations in HDL-c, VLDL-c, triacylglycerol, and LDL-c levels across the experimental groups. For HDL-c, the normal control group recorded the lowest value (0.58 ± 0.37 mmol/L), while Ps3 recorded the highest value (1.52 ± 0.44 mmol/L). Ps1 and Ps2 also showed relatively elevated HDL-c values of (1.35 ± 0.36 mmol/L and 1.25 ± 0.33 mmol/L) respectively. The negative control group had a value of (1.90 ± 0.30 mmol/L). In the case of VLDL-c, Ps1 recorded the highest value (0.38 ± 0.06 mmol/L), which was similar to the negative control group (0.38 ± 0.07 mmol/L). Lower values were observed in Ps2 (0.11 ± 0.07 mmol/L), Ps3 (0.18 ± 0.07 mmol/L) and the normal control group (0.18 ± 0.05 mmol/L). Triacylglycerol concentration was highest in Ps1 and the negative control group, both having a value of (0.84 mmol/L) with slight variations in standard deviation. Lower values were observed in Ps2 and Ps3, both recording (0.40 mmol/L), while the normal control group also recorded (0.40 ± 0.11 mmol/L). For LDL-c, the highest value was recorded in the negative control group (2.44 ± 0.23 mmol/L), followed by Ps3 (2.00 ± 0.33 mmol/L) and Ps1 (1.92 ± 0.08 mmol/L). Ps2 showed a lower LDL-c value of (1.16 ± 0.31 mmol/L), while the normal control group recorded the lowest value (1.34 ± 0.15 mmol/L). The lipid profile parameters varied among the treatment groups, with differences observed in the concentrations of HDL-c, VLDL-c, triacylglycerol and LDL-c following administration of Pterocarpus santalinoides leaf diet in cadmium-exposed Wistar rats.
Table 1: Effect of Pterocarpus santalinoides Leaf Diet on selected lipid profile indices in Wistar rats Exposed to Cadmium
	GROUPS
	   HDLc (mmol/L)
	VLDLc (mmol/L)
	Triacylglycerol (mmol/L)
	 LDLc (mmol/L)

	NORMAL CONTROL
	0.58 ± 0.37a
	0.18 ± 0.05a
	0.40 ± 0.11a
	1.34 ± 0.15a

	NEGATIVE CONTROL
	1.9 ± 0.30b
	0.38 ± 0.07b
	0.84 ± 0.15b
	2.44 ± 0.23a

	STANDARD CONTROL
	1.30 ± 0.40a
	1.12 ± 0.07a
	0.28 ± 0.14a
	1.20 ± 0.31a

	Ps1 (10%)
	1.35 ± 0.36a
	0.38 ± 0.06a
	0.84 ± 0.13a
	1.92 ± 0.08a

	Ps2 (20%)
	1.25 ± 0.33a
	0.11 ±0.07 a
	0.24 ± 0.15a
	1.16 ± 0.31a

	Ps3 (40%)
	1.52± 0.44a
	0.18 ± 0.07a
	0.40 ± 0.15a
	2 ± 0.30a


Values are presented as mean ± SD (n = 6). Values with different superscripts in the same column are significantly different (p < 0.05).
Effect of Pterocarpus santalinoides Leaf Diet on Liver Marker Enzymes in Wistar Rats Exposed to Cadmium
The effect of Pterocarpus santalinoides leaf diet on liver marker enzymes in Wistar rats exposed to cadmium is presented in Table 2. The liver enzymes assessed include AST, ALT, ALP, and GGT. The results showed that AST activity was highest in the negative control group (145 ± 11 IU/L), followed by Ps1 (118 ± 9 IU/L). Lower AST values were observed in Ps2 (102 ± 8 IU/L) and Ps3 (88 ± 7 IU/L), while the normal control group recorded the lowest value (72 ± 6 IU/L). For ALT activity, the negative control group also recorded the highest value (78 ± 6 IU/L). Ps1 had an ALT value of (62 ± 5 IU/L), while Ps2 and Ps3 recorded lower values of (51 ± 4 IU/L and 43 ± 3 IU/L) respectively. The normal control group showed the lowest ALT activity of (31 ± 3 IU/L). In the case of ALP, the negative control group recorded the highest enzyme activity (148 ± 12 IU/L), followed by Ps1 (128 ± 10 IU/L). Reduced ALP values were observed in Ps2 (110 ± 8 IU/L) and Ps3 (96 ± 7 IU/L), while the normal control group recorded the lowest value (74 ± 6 IU/L). Similarly, GGT activity was highest in the negative control group (8.3 ± 0.9 IU/L). Ps1 recorded a value of (6.2 ± 0.8 IU/L), while Ps2 and Ps3 recorded lower values of (5.1 ± 0.6 IU/L and 4.0 ± 0.5 IU/L), respectively. The normal control group had the lowest GGT activity (2.8 ± 0.4 IU/L). The liver marker enzymes showed variations across the experimental groups, with enzyme activities decreasing progressively from Ps1 to Ps3 when compared with the negative control group.
Table 2: Effect of Pterocarpus santalinoides Leaf Diet on some liver marker enzymes in Wistar rats exposed to Cadmium
	GROUPS
	 AST (IU/L)
	ALT (IU/L)
	ALP (IU/L)
	 GGT (IU/L)

	NORMAL CONTROL
	72 ± 06ᵉ
	31 ± 03ᵉ
	74 ± 06ᵉ
	2.8 ± 0.4ᵉ

	NEGATIVE CONTROL
	145 ± 11ᵃ
	78 ± 06ᵃ
	148 ± 12ᵃ
	8.3 ± 0.9ᵃ

	STANDARD CONTROL
	104 ± 06c
	55 ± 07c
	100 ± 08c
	4.0 ± 0.6d

	Ps1 (10%)
	118 ± 09ᵇ
	62 ± 05ᵇ
	128 ± 10ᵇ
	6.2 ± 0.8ᵇ

	Ps2 (20%)
	102 ± 08ᶜ
	51 ± 04ᶜ
	110 ± 08ᶜ
	5.1 ± 0.6ᶜ

	Ps3 (40%)
	88 ± 07ᵈ
	43 ± 03ᵈ
	96 ± 07ᵈ
	4.0 ± 0.5ᵈ


Values are presented as mean ± SD (n = 6). Values with different superscripts in the same column are significantly different (p < 0.05).
Discussion 
Heavy metals are naturally occurring metallic elements with relatively high atomic weight and density that become toxic to living organisms when present in excessive concentrations (Tchounwou et al., 2012). Among the various heavy metals, cadmium is regarded as one of the most hazardous environmental pollutants because of its persistence, bioaccumulation and toxic effects on biological systems.
Cadmium exposure has been associated with hepatic dysfunction, renal impairment, oxidative stress and disturbances in lipid metabolism. According to Bernhoft (2013), cadmium toxicity is largely mediated through the generation of reactive oxygen species and interference with antioxidant defense mechanisms. Similarly, Genchi et al., (2020) reported that prolonged cadmium exposure alters metabolic homeostasis and enzymatic activities, thereby resulting in tissue damage and cellular dysfunction.
Medicinal plants have gained considerable scientific attention due to their therapeutic potentials and rich phytochemical composition. Many medicinal plants contain biologically active compounds such as flavonoids, alkaloids, tannins, saponins, and phenolic compounds, which exhibit antioxidant, anti-inflammatory, and protective properties against toxic substances (Sofowora, 2008). Pterocarpus santalinoides is one such medicinal plant widely utilized in traditional medicine for the management of various ailments, including gastrointestinal disorders, inflammation, and microbial infections. The medicinal value of the plant has been attributed to its phytochemical constituents, which may help in scavenging free radicals and stabilizing cellular membranes against oxidative damage (Edeoga et al., 2005).
The result of this study showed that cadmium exposure altered the lipid parameters of the experimental animals. The negative control group exhibited elevated LDL-c and triacylglycerol levels when compared with the normal control group, indicating lipid disturbances associated with cadmium toxicity. Increased LDL-c concentration has been linked with impaired lipid metabolism and oxidative damage induced by heavy metals. This observation agrees with the findings of El-Demerdash et al. (2018), who reported that cadmium intoxication significantly increased serum LDL-c and triglyceride levels in experimental rats. Similarly, Samarghandian et al. (2015), observed that cadmium exposure disrupted lipid metabolism through oxidative stress-mediated mechanisms.
Administration of Pterocarpus santalinoides leaf diet appeared to influence the lipid profile parameters across the treatment groups. The reduction observed in LDL-c and triacylglycerol levels, particularly in Ps2 and Ps3 groups, suggests an improvement in lipid metabolism following treatment. The comparatively lower VLDL-c values recorded in the treated groups further indicate possible hypolipidemic activity of the leaf diet. This finding is consistent with the report of Akinmoladun et al. (2015), who demonstrated that medicinal plants rich in flavonoids and phenolic compounds could improve serum lipid profiles by reducing lipid peroxidation and enhancing antioxidant defense systems. The elevated HDL-c values observed in some treated groups may also suggest improved reverse cholesterol transport and protective cardiovascular effects. Similar findings were reported by Olorunnisola et al. (2012), who observed increased HDL-c levels following treatment with plant-derived antioxidants in toxicant-induced animal models.
The variations observed among the treatment groups may be associated with differences in the concentration or effectiveness of the leaf diet administered. The progressive improvement in some lipid parameters from Ps1 to Ps3 may indicate dose-related activity of the leaf diet against cadmium-induced lipid abnormalities. This agrees with the report of Uchendu et al. (2018), who noted that medicinal plant diets often exhibit dose-dependent protective effects against heavy metal toxicity.
The findings obtained for liver marker enzymes revealed elevated AST, ALT, ALP and GGT activities in the negative control group compared with the normal control group. Elevated serum liver enzymes are commonly regarded as indicators of hepatocellular damage and membrane leakage. The increased enzyme activities observed following cadmium exposure suggest hepatic injury induced by the toxic effect of cadmium. This observation agrees with the findings of Thévenod (2009), who reported that cadmium accumulation in hepatic tissues results in cellular degeneration and increased release of liver enzymes into circulation. Likewise, Patra et al. (2011), reported elevated AST and ALT activities in cadmium-treated experimental animals due to oxidative stress and hepatocellular necrosis. Administration of Pterocarpus santalinoides leaf diet resulted in reduced AST, ALT, ALP and GGT activities across the treated groups when compared with the negative control group. The progressive decrease in enzyme activities from Ps1 to Ps3 suggests that the leaf diet may possess hepatoprotective properties capable of stabilizing hepatocyte membranes and reducing liver damage.
Similar findings were reported by Ezejindu et al. (2014), who observed reductions in serum liver enzymes following administration of medicinal plant diet rich in antioxidant phytochemicals. The reduction in GGT activity particularly indicates possible improvement in hepatic function and detoxification processes. The comparatively lower liver enzyme activities recorded in Ps3 suggest greater protective activity at that treatment level. This may be attributed to increased availability of bioactive compounds capable of neutralizing free radicals generated by cadmium exposure. According to Valko et al. (2005), antioxidants from medicinal plants play important roles in protecting tissues against oxidative stress-mediated cellular injury. The hepatoprotective effect observed in this study also aligns with the findings of Adedara et al. (2015), who reported that plant-derived antioxidants significantly attenuated cadmium-induced hepatic damage in rats. The findings of this study indicate that cadmium exposure adversely affected lipid metabolism and liver function in Wistar rats, as evidenced by altered lipid profile indices and elevated liver marker enzymes. However, administration of Pterocarpus santalinoides leaf diet appeared to ameliorate these alterations by improving lipid parameters and reducing liver enzyme activities. The observed protective effects may be associated with the antioxidant and bioactive constituents of the leaf, which possibly reduced oxidative stress and stabilized cellular integrity in cadmium-exposed rats 
Conclusion
The findings of this study establish that cadmium exposure induces significant biochemical alterations associated with lipid abnormalities and liver dysfunction in Wistar rats. However, treatment with Pterocarpus santalinoides leaf diet ameliorated these adverse effects by improving lipid profile indices and reducing liver enzyme activities.
The study, therefore, suggests that Pterocarpus santalinoides possesses beneficial pharmacological properties with potential application in the management of cadmium-induced toxicity and related metabolic disorders. The plant may serve as a promising natural source of protective agents against oxidative stress and hepatic injury caused by heavy metal exposure.
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