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Biological evaluation of proso millet and sweet lupine seeds in hypercholesterolemia rats

Abstract
Given the rising global prevalence of atherosclerosis and cardiovascular diseases, a study was conducted to evaluate the effects of incorporating proso millet seed powder (PMSP) and sweet lupine seed powder (SLSP) into the diet of hypercholesterolemic (Hyper-C) rats. These powders were included at varying levels (10% or 15%) as replacements for starch. The findings revealed that substituting a hypercholesterolemic diet with PMSP, SLSP, or a combination of both at 10% resulted in significant reductions in serum total cholesterol (T.C.), total triglycerides (T.G.), low-density lipoproteins (LDL), and very low-density lipoproteins (v.LDL), while simultaneously increasing high-density lipoproteins (HDL).Additionally, this dietary substitution led to a marked reduction in serum liver enzyme levels, indicating improved liver function, alongside enhanced activity of antioxidant enzymes. Histopathological evaluations further corroborated these findings, revealing that Hyper-C rats fed PMSP and SLSP displayed significant improvements in the structural integrity of the liver, heart and kidneys, with reduced lesion severity. These findings emphasize the potential of PMSP and SLSP as functional dietary components that not only lower serum cholesterol but also provide protective benefits for individuals at risk of liver and cholesterol-related diseases.
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Abbreviations: (PMSP): proso millet seed powder; (SLSP): sweet lupine seed powder and Hyper-C: hypercholesterolemic
Introduction
Hypercholesterolemia and cardiovascular diseases, particularly atherosclerosis, are pressing challenges to global public health. Effective management and prevention require increased awareness of the role of dietary interventions, as highlighted by de Leon et al. (2007). Park et al. (2022) demonstrated that imbalanced diets significantly contribute to the risk of chronic diseases, including a 30% rise in cardiovascular disease, a 35% increase in cancer risk, and a 50% higher likelihood of obesity. To mitigate these risks, incorporating nutrient-dense foods such as proso millet into the diet offers considerable promise. Proso millet is rich in bioactive compounds, including nutraceuticals, dietary fiber, omega-3 fatty acids, phenolics, and flavonoids. These components support cholesterol metabolism, protect tissues and DNA from oxidative damage, and regulate blood sugar levels, making proso millet a valuable candidate for managing metabolic disorders and degenerative diseases, as outlined by Mishra et al. (2022).
Lupin, a legume with a high protein content (35-40%) and abundant in non-starch polysaccharides (NSP), has also demonstrated its potential to modulate cholesterol levels. Studies by Garmidolova et al. (2022) and Kefala et al. (2022) have shown that lupin can influence sterol and cholesterol absorption in the intestine. Research by Sirtori et al. (2004) found that lupin protein significantly reduced plasma total cholesterol, LDL cholesterol, and very low-density lipoprotein levels in rats, an effect attributed to the activation of LDL receptors by specific lupin seed proteins, as confirmed in vitro. Furthermore, Viveros et al. (2007) observed that lupin carbohydrates increased intestinal viscosity and reduced cecal pH, mechanisms linked to lower serum and liver cholesterol and decreased cholesterol absorption. Proso millet, recognized for its antioxidant, antibacterial, and anti-carcinogenic phytochemicals, continues to gain attention for its health-promoting properties, as noted by Taylor et al. (2014). Additionally, the proteins in proso millet have been found to enhance cholesterol metabolism. In recent years, its popularity as a whole-grain alternative has grown, particularly in Europe and North America, due to its gluten-free nature, mild flavor, and light color, making it an attractive ingredient in the food industry, as emphasized by Bora et al. (2018).
The primary objective of this study was to evaluate the nutritional properties of proso millet seed powder (PMSP) and sweet lupin seed powder (SLSP) and investigate their effects on hypercholesterolemic (Hyper-C) rats.

MATERIALS AND METHODS
Materials
Proso millet seeds (Panicum miliaceum) and sweet lupine seeds (Lupinus albus) were sourced from the Field Crops Department, Agricultural Research Center, Giza, Egypt, during the 2023 harvest season. These seeds were stored at -20 °C to preserve their quality until use. A total of 49 male Sprague Dawley albino rats, weighing between 150-200 g, were procured from the Faculty of Medicine, Al-Mansoura University, Egypt. Chemicals and diagnostic kits used in the study were supplied by El-Gomhoriya Trading Company.
Methods:
Sample Preparation:
[bookmark: _Hlk183901944]The preparation of proso millet seed powder (PMSP) and sweet lupine seed powder (SLSP) involved grinding the seeds using a laboratory hammer mill (Retsh, Germany). The resulting powders were sieved through a 60-mesh screen and stored at -20 °C in polyethylene bags for subsequent analysis (Ahmed, 2014).
Gross Chemical Composition of PMSP and SLSP:
[bookmark: _Hlk183902102]The chemical composition of PMSP and SLSP was assessed using AOAC (2005) methods, including moisture, crude protein, crude fat, and ash content. The carbohydrate content was determined by subtracting the total and available carbohydrates, providing a comprehensive nutritional profile. The energy value (kcal/100g) was calculated as per James’s (1995) equation:
Energy value (kcal/100g) = 4 × (g protein + g carbohydrates) + 9 × (g fat).

[bookmark: _Hlk183902604]Phenolic and Flavonoid Content:
Total phenolic compounds were extracted following Salah et al. (2024). The Folin-Ciocalteu reagent was used for spectrophotometric determination of total phenolic compounds, with tannic acid serving as the standard (Salem et al., 2018). Similarly, the total flavonoid content was evaluated using Quercetin as the standard.
Antioxidant Activity:
[bookmark: _Hlk183902915]The antioxidant activity of PMSP and SLSP was measured using the DPPH method as outlined by Peanparkdee et al. (2020)
[bookmark: _Hlk183903515]Biological Assay:
Animal Model and Experimental Design:
Forty-nine male Sprague Dawley rats (153-155 g) were housed in cages with screen bottoms and acclimated to a basal diet for one week. During the 12-week study, the rats had ad libitum access to food and water.
The animals were divided into two main groups:
1-Negative control group (C-ve): Fed a standard basal diet (7 rats).
[bookmark: _Hlk184117071]2-Hypercholesterolemic group (42 rats): Fed a diet enriched with 1% cholesterol and 10% beef tallow for four weeks to induce hypercholesterolemia. Subsequently, the hypercholesterolemic group was divided into six experimental groups and fed modified diets containing PMSP, SLSP, or their mixtures for eight weeks, as shown in Table 1. (Salem et al., 2018).
Sample Collection and Measurements:
At the end of the experiment, blood samples were collected, and the animals were sacrificed. The kidney, liver, and heart were dissected, cleaned, and weighed. Feed intake (F.I.), body weight gain (B. WG), and feed efficiency ratio (F.ER) were calculated weekly using the formula by Salem et al. (2019):
B. WG% = [(Final Weight - Initial Weight) / Initial Weight] × 100.
Relative organ weight (R.O.W.) was calculated as:
R.O.W. = (Organ weight / Animal weight) × 100.
𝐅. 𝐄𝐑 % = 𝑮𝒂𝒊𝒏 𝒘𝒆𝒊𝒈𝒉 / fee𝒅 𝒄𝒐𝒏𝒔𝒖𝒎







    Table (1): Formulation of various experimental hyper-c diets 
	G7
	G6
	G5
	G4
	G3
	G2
	G1
	Groups

	100
	100
	100
	100
	100
	100
	0
	Beef tallow

	2.5
	2.5
	2.5
	2.5
	2.5
	2.5
	0
	Bile salt

	140
	140
	140
	140
	140
	140
	140
	Casein

	50
	50
	50
	50
	50
	50
	50
	Cellulose

	10
	10
	10
	10
	10
	10
	0
	Cholesterol

	2.5
	2.5
	2.5
	2.5
	2.5
	2.5
	2.5
	Choline chloride

	100
	100
	100
	100
	100
	100
	100
	Corn oil

	348
	398
	448
	398
	448
	548
	660.5
	Corn starch

	2
	2
	2
	2
	2
	2
	2
	L-cystine

	35
	35
	35
	35
	35
	35
	35
	Mineral mixture

	100
	-
	-
	150
	100
	-
	-
	PMSP

	100
	150
	100
	-
	-
	-
	-
	SLSP

	10
	10
	10
	10
	10
	10
	10
	Vitamin mixture


PMSP: Proso millet seeds powder; SLSP: sweet lupine seeds powder. 
G1: Feed on the basal diet (control -ve).
G2: Feed on Hypercholesterolemia diet (control +ve).
[bookmark: _Hlk183943677]G3: Feed on Hypercholesterolemia diet replaced 10% (PMSP) for starch.
G4: Feed on Hypercholesterolemia diet replaced 15% (PMSP) for starch.
[bookmark: _Hlk183943651]G5: Feed on Hypercholesterolemia diet replaced 10% (SLSP) for starch.  
G6: Feed on Hypercholesterolemia diet replaced 15% (SLSP) for starch.
  G7: Feed on Hypercholesterolemia diet replaced 10% (a mixture of PMSP and SLSP) for starch.
Biochemical Analysis and Enzyme Assays:
[bookmark: _Hlk183944132][bookmark: _Hlk183943989]High-density lipoprotein cholesterol (HDL-C), total cholesterol (TC), and triglyceride (TG), levels were measured by enzymic colorimetric procedures using commercially available kits. HDL-C and (TC) were carried out according to the methods of Richmond (1973). (TG) were carried out according to the method of Fossati and Principe (1982). 
Low-density lipoprotein cholesterol (LDL-c) and very low-density lipoprotein (VLDL-c) were calculated mathematically according to Friedwald's equations (Friedewald et al., 1972).  VLDL-c = triglycerides/5 while LDL-c = TC – [HDL-c + (TG/5)].
Kidney function tests, including the determination of serum uric acid, urea, and creatinine levels, were performed following the methodologies described by Trinder (1969), Chaney and Marbach (1962), and Fabiny and Ertingshausen (1971), respectively.
Liver function tests involved measuring the activities of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) enzymes as outlined by Varley et al. (1980), while the activity of alkaline phosphatase (ALP) was assessed according to King (1965). Additionally, antioxidant enzyme activities, including serum superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT), were evaluated using the methods detailed by Oyanatui (1984).
Histopathological Examination:
At the conclusion of the experiment, tissue samples from the heart, liver, and kidney, of the sacrificed rats were collected and analyzed to assess structural and histological changes. The examination followed the procedures outlined by Yoon et al. (2001).
Statistical Analysis
The collected data was subjected to statistical analysis using analysis of variance (ANOVA). Significant differences between group means were determined using Duncan’s Multiple Range Test (DMRT), as described by Steel and Torrie (1980).

RESULTS AND DISCUSSION
[bookmark: _Hlk124621151][bookmark: _Hlk124621204]Nutritional composition of PMSP and SLSP samples:
According to the results presented in Table 2, the moisture contents of PMSP and SLSP were found to be 8.97% and 8.00%, respectively. This level of moisture is beneficial for the storage of seeds under appropriate conditions as it helps inhibit the growth of microorganisms and biochemical reactions. 
Additionally, the data reveals that SLSP has higher protein, either extract, and crude fiber contents (35.08%, 11.37%, and 12.70%, respectively) than PMSP. On the other hand, PMSP exhibits higher ash content, total carbohydrates, total phenolic compounds, total flavonoid content, and antioxidant activity (4.00%, 79.14%, 130.00 mg TAE/100g, 33.00 mg QE/100g, and 78.00%, respectively) as compared to SLSP. These findings are consistent with the results reported by
El-Hadidi (2017), Reddy et al. (2019), Abdel-Gawad et al. (2020), Hassan et    al. (2020), and Mansour et al. (2021) Salem et al. (2023).











Table (2): Nutritional evaluation of PMSP or SLSP (on a dry weight basis).
	SLSP
	PMSP
	Samples
Compounds

	8.00±0.15b
	8.97±0.11a
	Moisture%

	92.00±0.19a
	91.03±0.13b
	Dry matter

	35.08±0.39a
	12.67±0.25b
	Crude Protein%

	11.37±0.17a
	4.19±0.24b
	Ether extract%

	3.22±0.11b
	4.00±0.10a
	Ash%

	12.70±0.19a
	8.70±0.17b
	Crude fiber%

	50.33±0.32b
	79.14±0.41a
	Total carbohydrates%

	37.63±0.37b
	70.44±0.48a
	Available carbohydrates%

	443.97±3.11a
	404.95±1.07b
	Caloric value (K. cal./100g)

	18.00±0.08b
	130.00 ±0.09a
	TPC (mg TAE/100g)

	21.00±0.009b
	33.00±0.04a
	TF (mg of QE/100g)

	70.00 ± 0.17b
	78.00±0.22a
	[bookmark: _Hlk124690887]Antioxidant activity (%)


    
The values represent the average of seven measurements ± standard deviation (SD). 
Within a column, means sharing the same letters indicate no statistically significant differences at a significance level of <0.05.         TPC: Total phenolic compounds, and TF: total flavonoids.


Impact of feeding with varying levels of PMSP and SLSP in Hypercholesterolemic rats:
A-    growth parameters:
Table (3) displays the effects of PMSP and SLSP on (F.I.), (B. WG%), and (F.ER) of hyper-c rates over a 12-week period. The initial weights of the rat groups were similar with a range of 153.10 to 155.00 g. and the final weights of the Hypercholesterolemia rat Gr.2 (control +ve) were higher than the Gr.1 (control -ve) at the end of the experiment. However, all groups displayed a significant decrease in B. WG, which could be attributed to the rich amounts of dietary fiber present in both PMSP and SLSP. Anderson et al. (2009) have previously demonstrated that dietary fiber mechanisms, such as delayed gastric emptying, decreased glucose diffusion, and prevention of fat absorption, contribute to weight loss. It was also observed that there was a significant decrease in F.I. and F.ER in comparison to hypercholesterolemia rates in Gr.2 (control+ve), aligning with the findings reported by Salem et al. (2019). 




[bookmark: _Hlk184061191]B. Relative organs weight:
Table (4) provides an overview of the liver, kidney, and heart weights of rats subjected to a basal diet or other dietary treatments after 12 weeks. The relative organ weights were expressed as a percentage of the rats’ final body weight. The findings revealed that Group 2 (positive control) exhibited the highest liver weight and relative liver weight, recorded at 2.84 g and 7.10%, respectively. This increase is likely due to hepatic fat accumulation, consistent with the observations of Nagib (2021) and El-Bana et al., 2015 In contrast, Group 1 (negative control) displayed the lowest liver weight and relative liver weight across all groups. Moreover, rats consuming a diet where starch was substituted with SLSP and PMSP post-hypercholesterolemia induction demonstrated significantly reduced liver weights compared to Group 2. Regarding kidney and heart weights, Group 2 recorded the highest values at 1.71 g and 0.93 g, respectively, while Group 1 exhibited the lowest weights for these organs. The reduction in liver weight observed in the groups supplemented with SLSP and PMSP aligns with earlier findings by Bailey et al. (2004), Teradal et al. (2017), and Mohamed et al. (2021), reinforcing the potential benefits of these dietary modifications in mitigating organ weight abnormalities associated with hypercholesterolemia.





[bookmark: _Hlk184062094]



Table (3): Impact of feeding hyper-C rats with varying levels of PMSP and SLSP on growth parameters.
	Parameters



         Animal groups        
	Initial
weight (g)
	Final weight
(g)
	B. WG
	F.I. (g)
	F.ER

	
	
	
	G
	%
	
	

	Gr.1
	154.80±1.29 a
	181.20±0.65 g
	26.40±0.17g
	17.05
	1100.00±0.47 c
	2.40±0.015 f

	Gr. 2
	153.70±1.43 a
	250.30±0.80 a
	96.60±0.49 a
	62.84
	1250.20±2.44 a
	7.72±0.045 a

	Gr. 3 
	154.63±1.45 a
	210.40±1.1 b
	55.77±1.48 b
	36.06
	1005.70±2.92 e
	5.54±0.125b

	Gr.4 
	153.40±1.30 a
	205.40±0.70 c
	52.00±0.28 c
	33.89
	1097.20±4.10 c
	4.73±0.04c

	Gr. 5
	155.00±1.31 a
	202.50±0.95 d
	47.50±1.16 d
	30.64
	1070.9±40.23 d
	4.43±0.10cd

	Gr. 6
	154.46±1.19 a
	200.10±1.4 e
	45.64±1.51e
	29.54
	1094.51±2.11 c
	4.16±0.16d

	Gr.7 
	153.10±1.17 a
	195.80±1.45 f
	42.70±1.43f
	27.89
	1120.0±3.29 b
	3.81±0.10 e


Gr.1, Gr.2 … etc. were as in Table (1).
The values represent the average of seven measurements ± standard deviation (SD). 
Within a column, means sharing the same letters indicate no statistically significant differences at a significance level of <0.05.

[bookmark: _Hlk148081520]Table (4): Impact of feeding hyper-C rats with varying levels of PMSP and SLSP on the relative organ’s weight.

	Final body
Weight
	Heart
	Kidneys
	Liver
	Animal groups

	
	R. W. O. 
	G
	R. W.O. 
	g
	R. W. O. 
	g
	

	181.20±0.65 f
	0.38
	0.70±0.035 c
	0.78
	1.42±0.02 b
	2.75
	5.00±0.05 e
	Gr.1

	250.30±0.80 a
	0.37
	0.93 ±0.045 a
	0.68
	1.71±0.05 a
	2.84
	7.10±0.045 a
	Gr. 2

	210.40±1.1 b
	0.37
	0.78±0.035 b
	0.69
	1.47±0.04 b
	2.48
	5.22±0.035 b
	Gr. 3

	205.40±0.72 d
	0.36
	0.75±0.045bc
	0.70
	1.45±0.03b
	2.51
	5.16±0.04bc
	Gr. 4

	202.50±0.95 c
	0.37
	0.76±0.04abc
	0.72
	1.46±0.035 b
	2.56
	5.19±0.055 b
	Gr. 5

	200.10±1.4 b
	0.35
	0.72±0. 05bc
	0.71
	1.44±0.05 b
	2.54
	5.10±0.05 cd
	Gr. 6

	195.80±1.45 e
	0.36
	0.71±0.02bc
	0.72
	1.42±0.025 b
	2.58
	5.07±0.02 de
	Gr. 7


Gr.1, Gr.2 … etc. were as in Table (1).
The values represent the average of seven measurements ± standard deviation (SD). 
Within a column, means sharing the same letters indicate no statistically significant differences at a significance level of <0.05.
R. O. W.: Relative organ weight.

C. Serum lipids parameter:
Table (5) presents the serum lipid profiles of hypercholesterolemic (hyper-C) rats after 12 weeks. The total cholesterol levels in Gr.1 (control -ve) were recorded at 145.00 mg/dL, significantly lower than the 241.00 mg/dL observed in Gr.2 (control +ve). Rats fed diets containing PMSP and SLSP (Gr.3–Gr.7) showed notable reductions in T.C. compared to Gr.2, consistent with previous research by Lee et al. (2010), Fontanari et al. (2012), and Bora et al. (2018), which attributed such effects to dietary fiber and phytochemicals with antioxidant properties present in PMSP and SLSP.
Similarly, the total triglyceride (T.G.) levels for Gr.1 were 118.00 mg/dL, rising to 208.00 mg/dL in hyper-C rats fed the control diet (Gr.2). Rats fed a hyper-C diet supplemented with PMSP at 10% and 15% (Gr.3 and Gr.4) had T.G. levels of 149.00 mg/dL and 142.00 mg/dL, respectively, while those fed SLSP at the same substitution levels (Gr.5 and Gr.6) showed T.G. levels of 146.00 mg/dL and 137.22 mg/dL. Additionally,, rats fed a mixture of PMSP and SLSP at 10% substitution levels (Gr.7) achieved the lowest T.G. level among the treated groups, at 131.36 mg/dL.
The data also highlighted an enhancement in HDL-C levels among rats fed diets containing PMSP and SLSP, with Gr.7 showing the closest values to Gr.1 and significantly higher levels than Gr.2. These results align with studies by Osman et al. (2011) and Anusha et al. (2018). LDL-C levels in Gr.1 were recorded at 65.70 mg/dL, increasing to 166.18 mg/dL in Gr.2. Substituting starch with PMSP at 10% and 15% in Gr.3 and Gr.4 resulted in LDL-C levels of 99.20 mg/dL and 82.70 mg/dL, respectively. Similar reductions were observed in Gr.5 and Gr.6, which were fed SLSP at 10% and 15%, achieving LDL-C levels of 92.65 mg/dL and 75.22 mg/dL, respectively. The group fed a mixture of PMSP and SLSP at 10% levels (Gr.7) demonstrated an LDL-C level of 70.18 mg/dL, aligning with findings from Bettzieche et al. (2008) and Tiwari and Srivasi (2017). Sirtori et al. (2004) similarly noted that lupin protein isolates can lower LDL-C by activating LDL receptors, driven by specific protein components in lupin seeds.
The very low-density lipoprotein cholesterol (v.LDL-C) levels followed a comparable trend. Gr.1 had a mean value of 23.80 mg/dL, which rose to 41.60 mg/dL in Gr.2. Substitution with PMSP (Gr.3 and Gr.4) resulted in values of 29.80 mg/dL and 28.40 mg/dL, respectively, while substitution with SLSP (Gr.5 and Gr.6) yielded values of 29.20 mg/dL and 27.44 mg/dL. Gr.7, fed a mixture of PMSP and SLSP at 10% each, showed the lowest v.LDL-C level among the treated groups, at 26.27 mg/dL. Overall, the data indicate that replacing a hyper-C diet with PMSP and SLSP significantly reduced T.G., T.C., LDL-C, and v.LDL-C levels while improving HDL-C levels, consistent with findings by Tiwari and Srivasi (2017) and Bora et al. (2018).



D- Liver function activities:

Table (6) highlights the effects of replacing starch with PMSP and SLSP in the diets of hypercholesterolemic (hyper-C) rats on the activity of key liver enzymes: alanine aminotransferase (AL.T.), aspartate aminotransferase (AS.T.), and alkaline phosphatase (AL.P.) over a 12-week period.
At the conclusion of the experiment, the AL.T. activity in the hyper-C control group (Gr.2) was significantly elevated at 70.60 U/L compared to 30.20 U/L in the negative control group (Gr.1). However, substituting starch with PMSP at 10% and 15% in the diet (Gr.3 and Gr.4) reduced AL.T. activity to 47.00 U/L and 42.00 U/L, respectively. A similar reduction was observed in groups feed SLSP at the same substitution levels (Gr.5 and Gr.6). Notably, rats fed a diet containing a combination of PMSP and SLSP (Gr.7) exhibited AL.T. levels closer to those of the negative control group, with a significant improvement compared to the hyper-C control (Gr.2). These results align with the findings of Shobana et al. (2010) and Harisa and Elanazi (2015).
A similar pattern was observed for AS.T. activity. The hyper-C control group (Gr.2) displayed a markedly higher AS.T. level of 95.40 U/L compared to 44.00 U/L in the negative control (Gr.1). Substitution of starch with PMSP at 10% and 15% (Gr.3 and Gr.4) reduced AS.T. activity to 61.00 U/L and 56.55 U/L, respectively. Comparable reductions were observed with SLSP substitutions at 10% and 15% (Gr.5 and Gr.6). The group feed a combination of PMSP and SLSP at 10% each (Gr.7) also exhibited AS.T. levels approaching those of the negative control group. These results are consistent with the studies by Osman et al. (2011) and El-Dakak et al. (2013).








[bookmark: _Hlk184064693][bookmark: _Hlk183875963]Table (5): Impact of feeding hyper-C rats with varying levels of PMSP and SLSP on serum lipid parameters.
	vLDL – C
(mg/dl)
	LDL – C (mg/dl)
	HDL -C (mg/dl)
	Total triglyceride (mg/dl)
	T.C
(mg/dl)
	lipid profile 

Animal groups

	23.80±0.20 g
	65.70±0.66 g
	65.50 ±0.40 a
	118.56±0.94 g
	145.00±0.65 g
	Gr.1

	41.60±0.16 a
	166.18±1.20 a
	33. 22±0.38 f
	208.00±0.95 a
	241.00±1.1 a
	Gr. 2

	29.80±0.10 b
	99.20±0.79 b
	49.00±0.20 e
	149.00±0.75 b
	178.21±0.85 b
	Gr. 3

	28.40±0.07 d
	82.70±0.75 d
	51.87±0.33 c
	142.00±0.66 d
	163.00±0.95 d
	Gr. 4

	29.20±0.13 c
	92.65±0.85 c
	50.15±0.42 d
	146.00±0.60 c
	172.00±1.15 c
	Gr. 5

	27.44±0.14 e
	75.22±0.90 e
	52.34±0.37 c
	137.22±0.72 e
	155.00±0.75 e
	Gr. 6

	26.27±0.15 f
	70.18±0.85 f
	53.55±0.32 b
	131.36±0.88 f
	150.03±1.00 f
	Gr. 7


Gr.1, Gr.2 … etc. were as in Table (1).
The values represent the average of seven measurements ± standard deviation (SD). 
Within a column, means sharing the same letters indicate no statistically significant differences at a significance level of <0.05.

 Regarding AL.P. activity, the negative control group (Gr.1) exhibited a value of 100.00 U/L, while the hyper-C control group (Gr.2) had a significantly higher AL.P. activity of 174.00 U/L. Groups fed PMSP, SLSP, or a combination of both at 10% substitution levels (Gr.3–Gr.7) demonstrated a marked reduction in AL.P. activity compared to Gr.2. Among these, the combination diet (Gr.7) showed the greatest improvement, with AL.P. levels closer to those of the negative control group. These findings align with the work of Bouchoucha et al. (2016).
The observed decreases in liver enzyme activities can be attributed to the antioxidant properties of polyphenols present in PMSP and SLSP. The polyphenol content, similar to that found in the seed coat of finger millet as reported by Shobana et al. (2010), likely contributed to the liver-protective effects observed in this study.
     
[bookmark: _Hlk184064378] 
[bookmark: _Hlk184064863]
Table (6): Impact of feeding hyper-C rats with varying levels of PMSP and SLSP on liver function activities.
	AL. P IU/L))
	AS. T IU/L))
	AL. T IU/L))
	Animal groups

	100.00±0.65 g
	44.00±0.56 g
	30.20±0.60 g
	Gr.1

	174.00±0.80 a
	95.40±0.60 a
	70.60±0.67 a
	Gr. 2

	120.00±0.58 b
	61.00±0.55 b
	47.00±0.50 b
	Gr. 3

	116.50±1.00 d
	56.55±0.60 d
	42.00±0.51d
	Gr. 4

	118.00±0.65 c
	59.30±0.57 c
	44.70±0.21 c
	Gr. 5

	110.80±0.68 e
	50.00±0.50 e
	40.50±0.58 e
	Gr. 6

	105.70±0.75 f
	47.80±0.60 f
	35.30±0.57 f
	Gr. 7


Gr.1, Gr.2 … etc. were as in Table (1).
The values represent the average of seven measurements ± standard deviation (SD). 
Within a column, means sharing the same letters indicate no statistically significant differences at a significance level of <0.05.

E- Kidney functions:
[bookmark: _Hlk159147370]	The data in Table (7) show that the urea concentration in the hypercholesterolemic positive control group (Gr2) was 48.90 mg/dl. In contrast, groups fed hypercholesterolemic diets substituted with 10% and 15% PMSP (Gr.3 and Gr.4) had reduced urea levels of 42.50 mg/dl and 38.40 mg/dl, respectively. Similarly, groups fed diets substituted with 10% and 15% SLSP (Gr5 and Gr6) exhibited urea levels of 40.80 mg/dl and 37.00 mg/dl, respectively. While the group supplemented with a mixture of 10% PMSP and 10% SLSP (Gr.7) displayed the lowest urea level at 35.20 mg/dl. These findings indicate that substituting PMSP or SLSP at various levels, as well as using the PMSP-SLSP mixture, significantly reduced urea levels compared to the hypercholesterolemic control group (Gr.2). Regarding uric acid, similar trends were observed. Groups substituted with 10% or 15% PMSP or SLSP (Gr.3–Gr.6) and the group receiving the PMSP-SLSP mixture (Gr7) showed significantly lower uric acid levels compared to Gr.2, the hypercholesterolemic control group. Creatinine levels were also significantly affected by dietary interventions. After 12 weeks, the negative control group (Gr.1) had a creatinine level of 0.79 mg/dl. The hypercholesterolemic control group (Gr.2) exhibited a higher creatinine level of 1.30 mg/dl. Groups substituted with 10% and 15% PMSP (Gr3 and Gr4) had reduced creatinine levels of 0.99 mg/dl and 0.85 mg/dl, respectively. Similarly, groups substituted with 10% and 15% SLSP (Gr5 and Gr6) had creatinine levels of 0.92 mg/dl and 0.82 mg/dl, respectively. The group receiving a combination of 10% PMSP and 10% SLSP (Gr.7) showed a further reduction in creatinine levels, emphasizing the effectiveness of the mixed supplementation.
Overall, groups fed hypercholesterolemic diets substituted with PMSP, SLSP, or their mixture demonstrated significantly lower levels of uric acid, urea, and creatinine compared to the hyper-c control group (Gr.2). The negative control group (Gr.1), fed a basal diet, consistently showed the lowest levels of these markers. These findings align with previous research by Karthika and Devi (2016) and Nie et al. (2017). Additionally, Shobana et al. (2010) reported a reduction in urea and creatinine levels following treatment with various concentrations of seed coat finger millet. This effect was attributed to the presence of polyphenols in the seed coat.

Table (7): Impact of feeding hyper-C rats with varying levels of PMSP and SLSP on kidney function.
	 Creatinine
mg/dl
	Uric acid
mg/dl
	Urea
mg/dl
	Animal
Groups

	0.25±0.079 e
	1.55±0.045 g
	34.40±0.60 g
	Gr.1

	1.30±0.015 a
	4.70±0.035 a
	48.90±0.46 a
	Gr. 2

	0.99±0.005 b
	2.90±0.055 b
	42.50±0.26 b
	Gr. 3

	0.85±0.045 d
	2.53±0.10 d
	38.12±0.27 d
	Gr. 4

	0.92±0.045 c
	2.76±0.038 c
	40.80±0.51 c
	Gr. 5

	0.82±0.02 de
	2.35±0.045 e
	37.00±0.53 e
	Gr. 6

	0.80±0.015 de
	2.00±0.035 f
	35.20±0.40 f
	Gr. 7


[bookmark: _Hlk184115526]Gr.1, Gr.2 … etc. were as in Table (1).
The values represent the average of seven measurements ± standard deviation (SD). 
Within a column, means sharing the same letters indicate no statistically significant differences at a significance level of <0.05.
. 

[bookmark: _Hlk125058048]F- Antioxidant enzymes:
Table (8) highlights that hypercholesterolemic (hyper-C) rats exhibited markedly reduced activity levels of the antioxidant enzymes glutathione peroxidase (GPX), superoxide dismutase (SOD), and catalase (CAT) compared to the negative control group (Group 1). However, incorporating either PMSP or SLSP at 10% and 15% levels, or a combined supplementation of 10% PMSP and 10% SLSP into the hyper-C diet, significantly enhanced the enzymatic activities of GPX, SOD, and CAT when compared to the positive control group (Group 2). This suggests a promising role of PMSP and SLSP in mitigating oxidative stress associated with hypercholesterolemia. These findings align with the observations of Asai and Miyazawa (2001), who reported that high-fat diet (HFD) treatments supplemented with chickpea, lupin, or their combination enhanced liver enzyme parameters (AST, ALT, and ALP) compared to the group receiving HFD alone. Furthermore, studies by Osman et al. (2011) and Nagib (2021) emphasized that dietary fiber plays a crucial role in decreasing the absorption of dietary fat and cholesterol while simultaneously boosting the activity of antioxidant enzymes.
Table (8): Impact of feeding hyper-C rats with varying levels of PMSP and SLSP on antioxidant enzymes.
	SOD (u/ml)
	Catalase(u/ml)
	GPX (u/ml)
	Animal groups

	71.00±0.46 a
	35.22±0.30 a
	43.00±0.25 a
	Gr.1

	50.00±0.24 g
	22.24±0.185 g
	18.62±0.095 g
	Gr. 2

	61.57±0.25 f
	28.00±0.07 f
	35.00±0.09 b
	Gr. 3

	65.00±0.40 d
	31.53±0.45 d
	26.38±0.14 d
	Gr. 4

	63.06±0.15 e
	30.70±0.225 e
	28.00±0.135 c
	Gr. 5

	67.65±0.40 c
	32.86±0.175 c
	24.70±0.17 e
	Gr. 6

	69.40±0.25 b
	34.00±0.135 b
	20.50±0.09 f
	Gr. 7


Gr.1, Gr.2 … etc. were as in Table (1).
The values represent the average of seven measurements ± standard deviation (SD). 
Within a column, means sharing the same letters indicate no statistically significant differences at a significance level of <0.05.





	





Tissue Histopathology: 
Histopathological alterations were examined to evaluate the impact of PMSP and SLSP at inclusion levels of 10% and 15%, as well as a combined supplementation of 10% PMSP and 10% SLSP, on the liver, heart, and kidney tissues of rats. The findings are detailed in Table (9) and visually represented through slides numbered 1 to 30, showcasing the histological changes observed in the respective organs across different treatment groups.




 Table (9): Histopathological alterations in the liver, kidney, or heart tissues of hyper-c rats fed diets substituted with PMSP and SLSP for basal diets.

	Animal groups
	Liver
	Kidney
	Heart

	Gr.1
	No abnormalities or pathological changes were detected.
	No abnormalities or pathological changes were detected.
	No abnormalities or pathological changes were detected.

	Gr.2
	Congestion of the central vein and hepatic sinusoids, accompanied by cytoplasmic vacuolization of hepatocytes, and localized hepatocellular necrosis with infiltration of mononuclear inflammatory cells.
	The renal blood vessels exhibited congestion, with the presence of proteinaceous material within the lumens of certain renal tubules. Additionally, focal necrosis of cardiac myocytes was observed, accompanied by infiltration of inflammatory cells.
	Focal necrosis of cardiac myocytes was detected, characterized by the presence of inflammatory cell infiltration in the affected areas.

	Gr.3
	Hepatocytes exhibited cytoplasmic vacuolization alongside noticeable dilation of the hepatic sinusoids.
	No abnormalities or pathological changes were detected.
	Focal necrosis of cardiac myocytes was observed, coupled with the presence of intermuscular edema in the surrounding tissue.

	Gr.4
	The activation of Kupffer cells was evident.
	No abnormalities or pathological changes were detected.
	No abnormalities or pathological changes were detected.

	Gr.5
	Activation of Kupffer cells was observed, accompanied by mild portal infiltration with a limited presence of inflammatory cells.
	No abnormalities or pathological changes were detected.
	No abnormalities or pathological changes were detected.

	Gr.6
	The activation of Kupffer cells was noted, along with portal infiltration characterized by a sparse presence of inflammatory cells.
	No abnormalities or pathological changes were detected.
	Focal necrosis of cardiac myocytes was identified, accompanied by the infiltration of inflammatory cells in the affected regions.

	Gr.7
	The activation of Kupffer cells was evident.
	No abnormalities or pathological changes were detected.
	No abnormalities or pathological changes were detected.









	[bookmark: _Hlk103271158][image: ]Fig. (1): Photomicrograph of liver of rat from group 1 showing the normal histological architecture of hepatic lobule (H & E X 400)
	[bookmark: _Hlk107504584][image: ]
[bookmark: _Hlk107505313]Fig. (2): Photomicrograph of liver of rat from group 2 showing congestion of central veins (black arrow) and focal hepatocellular necrosis associated with inflammatory cells infiltration (red arrow) (H & E X 400).
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	[bookmark: _Hlk103685501][bookmark: _Hlk104485782][bookmark: _Hlk107505409]Fig. (3): Photomicrograph of rat from group 3 showing Kupffer cells activation (black arrow) and few leukocytes in the hepatic sinusoids (red arrow) (H & E X 400).
	Fig. (4): Photomicrograph of liver of rat from group 4 showing congestion of central veins and hepatic sinusoids (black arrow) (H & E X 400).
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	Fig. (5): Photomicrograph of liver of rat from group 5 showing Kupffer cells activation (red arrow) and congestion of hepatoportal blood vessel (black arrow) (H & E X 400).

	Fig. (6): Photomicrograph of liver of rat from group 6 showing Kupffer cells activation (black arrow) (H & E X 400)
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	Fig. (7): Photomicrograph of liver of rat from group 7 showing Kupffer cells activation (black arrow) (H & E X 400).
	Fig. (8): Photomicrograph of kidney of rat from group 1 showing the normal histological structure of renal parenchyma (H & E X 400).
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Fig. (9): Photomicrograph of kidney of rat from group 2 showing vacuolar degeneration of epithelial lining renal tubules (black arrow) (H & E X 400).
	[bookmark: _Hlk107494409][bookmark: _Hlk107495100][image: ]Fig. (10): Photomicrograph of kidney of rat from group 2 showing proteinaceous material in the lumen of some renal tubules (black arrow) and slight congestion of glomerular tuft (red arrow) (H & E X 400).
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	Fig. (11): Photomicrograph of kidney of rat from group 3 showing slight congestion of glomerular tuft (arrow) (H & E X 400).
	Fig. (12): Photomicrograph of kidney of rat from group4 showing the normal histological structure of renal parenchyma (H & E X 400).
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	[bookmark: _Hlk107494895]Fig. (13): Photomicrograph of kidney of rat from group 5 showing vacuolar degeneration of epithelial lining renal tubules (black arrow) (H & E X 400).
	Fig. (14): Photomicrograph of kidney of rat from group 6 showing the normal histological structure of renal parenchyma (H & E X 400).
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	Fig. (15): Photomicrograph of kidney of rat from group 7 showing the normal histological structure of renal parenchyma (H & E X 400).
	[bookmark: _Hlk98089086]Fig. (16): Photomicrograph of heart of rat from group 1 showing the normal histological structure of cardiac myocytes (H & E, X 400). 
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	Fig. (17): Photomicrograph of heart of rat from group 2 showing congestion of myocardial blood vessel (black arrow) and vacuolation 
[image: ]
	Fig. (18): Photomicrograph of heart of rat from group 3 showing congestion of myocardial blood vessel (black arrow) (H & E, X 400). 
[image: ]

	Fig. (19): Photomicrograph of heart of rat from group 4 showing no histopathological alterations (H & E, X 400). 
	Fig. (20): Photomicrograph of heart of rat from group 5 showing slight intermyocardial edema (black arrow) (H & E, X 400). 
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	Fig. (21): Photomicrograph of heart of rat from group 4 showing no histopathological alterations (H & E, X 400).
	Fig. (22): Photomicrograph of heart of rat from group 4 showing no histopathological alterations (H & E, X 400).
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