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Introduction: Enriching egg yolks with n-3 polyunsaturated fatty acids (n-3 PUFAs) enhances their nutritional value. While phytobiotics like hemp seed, turmeric, and black pepper show potential for this purpose, their optimal dietary inclusion levels in laying hens remain insufficiently studied.

Methods: This study employed a Box-Behnken Design (BBD) to evaluate the effects of dietary supplementation with hemp seed, turmeric, and black pepper on the enrichment of egg yolks in laying hens. A total of 570 hens were divided into 19 treatment groups, 18 according to the BBD and one control group. The primary responses measured included the contents of saturated fatty acids (SFAs), n-3 PUFAs, n-6 PUFAs, the n-6/n-3 ratio, cholesterol, and total tocopherols in egg yolks.

Results: All models showed statistically significant results (p < 0.05), with coefficients of correlation (R2) ranging from 0.80 to 0.90. Response surface analysis and Pareto charts indicated that dietary hemp seed and black pepper significantly influenced all measured parameters, while turmeric primarily affected cholesterol levels in combination with hemp seed. Ridge optimization analysis identified optimal outcomes at 27.05% SFAs, 5.86% n-3 PUFAs, a 6.04 n-6/n-3 ratio, 846.55 μg/g tocopherols, and 7.02 mg/g cholesterol. The best combination was determined to be 30% hemp seed, 3% turmeric, and 0.3% black pepper.

Conclusion: This study demonstrates that BBD and response surface methodology are effective tools for optimizing functional feed ingredient levels. The results strongly encourage the development of enriched eggs with improved quality and nutritional properties, contributing to a sustainable and healthier poultry product.
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1 Introduction

A balanced diet is essential for maintaining good health. Among the various food products that provide the body with essential daily nutrients, eggs play an important role as a rich and balanced diet of fats, essential amino acids, vitamins and minerals (Rbah et al., 2024).

As consumer demand for healthier products becomes more and more prevalent, eggs are increasingly being studied to reduce their composition in terms of cholesterol and saturated fatty acids, which could be responsible for coronary heart disease (Chen and Liu, 2020). Since one of the most common methods of improving egg quality is to manipulate the diet of laying hens, there is great promise in modifying both the quality of egg yolks and their nutritional characteristics.

As unsaturated fatty acids (UFA) are important in terms of diet and health, researches are directed to improve the proportion of UFA in egg yolk by the inclusion of a source (animal or vegetable) of polyunsaturated fatty acids (PUFAs) such as fish oil, seaweed, rapeseed, sunflower, soybean, flaxseed and hemp seed (Omri et al., 2019). Plant sources of PUFAs are known to be rich in α-linolenic acid (ALA; C18: 3n3), which are subsequently metabolized into a long chain PUFAs, which are mainly eicosapentaenoic acid (C20: 5n3), docosapentaenoic acid (C22: 5n3) and docosahexaenoic acid (C22: 6n3), docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), recognized for its potential health-promoting benefits for prevention of coronary heart disease in addition to inflammatory processes.

Over the past decade, due to various factors (war, COVID-19, drought), oilseed prices have risen. Consequently, selecting an oilseed source rich in PUFAs for feeding hens presents a cost challenge. In 2021, the Moroccan government officially adopted Law No. 13-21, legalizing the cultivation of Cannabis and its use for medical and agro-industrial purposes. This legislation opened avenues of research on the incorporation of hemp seeds, in the formulation of animal and human food.

Cannabis sativa seeds, indigenous to the Rif region of Morocco, have been chosen for trials aimed at producing PUFAs-enriched eggs (particularly omega-3), at an affordable cost for the local population. Studies conducted previously in our laboratory have shown that these seeds contain around 33% oil with a high ALA content and γ-tocopherol (Taaifi et al., 2021; Allay et al., 2024b,a). However, are very highly oxidized. Therefore, the incorporation of PUFAs into the diet of laying hens, through the addition of non-industrial hemp seeds, will increase the susceptibility of eggs lipids to oxidation. To protect fatty acids from oxidation and consequently improve the shelf-life of eggs, natural antioxidant ingredients can be incorporated into laying hen diets, several additives are used successfully in poultry production, especially turmeric, ginger and black pepper.

Turmeric (Curcuma longa L.) and black pepper (Piper nigrum L.) are natural feed additives that offer complementary benefits in poultry (Abou-Elkhair et al., 2014). Turmeric, rich in curcumin, promotes growth, liver health, yolk color, and antioxidant activity, while reducing cholesterol and lipid peroxidation (da Silva et al., 2018). Black pepper offers antioxidant, antimicrobial, and anti-inflammatory properties (Ashokkumar et al., 2021), with piperine boosting curcumin absorption by 2,000% (Shoba et al., 1998). When used together, they improve meat quality, fatty acid profiles, and gut health more effectively than individually (Ashayerizadeh et al., 2023). Studies also show that supplements like hempseed, turmeric, or ginger can enhance egg yolk fatty acid profiles, including increased ω-3 and ω-6 levels. A study on the combination of coriander, turmeric, and black pepper in broiler diets found improvements in weight gain, feed efficiency, serum protein, and immune function, along with reductions in glucose and triglyceride levels (Abou-Elkhair et al., 2014).

The Box-Behnken design (BBD), an alternative response surface design; helps minimize both the number of feed treatments and the number of animals involved in the study (De Leon et al., 2010). In this study, the BBD was used to estimate and optimize the rate of incorporation of hemp seed, with turmeric and black pepper in the diet of laying hens. By exploring the use of plant-based functional food additives to improve the nutritional value of eggs in a sustainable poultry production system, this study makes a significant contribution to the Sustainable Development Goals (SDGs), notably SDG 2 (Zero Hunger), SDG 3 (Good Health and WellBeing), and SDG 12 (Responsible Consumption and Production) (Naim et al., 2024).

As far as we know the optimization of dietary supplementation with hemp seed, turmeric and black pepper on the fatty acid composition, tocopherols, and cholesterol levels in the eggs yolk of laying hens by response surface methodology (RSM), has never been used in laying hens' diet. Therefore, the aim of this study is to investigate the combined effects of these three phytobiotic ingredients inclusion in the laying hen's diet, on the egg's yolk fatty acid composition, cholesterol and tocopherols levels.



2 Materials and methods


2.1 Ethic statement

This study was approved by the Royal Institute for Livestock Research in Kenitra, Morocco, ensuring its compliance with ethical guidelines and animal research regulations (Directive 2010/63/EU). It also complies with European Commission Council Directive 2007/43/EC, which defines minimum welfare standards for laying hens. The study was reported in accordance with ARRIVE guidelines (Percie du Sert et al., 2020), and performed with recommended housing, feeding and animal management behaviors to reduce stress and discomfort during the research.



2.2. Experimental design

A Box-Behnken factorial design was used in this study, employing three factors at three different levels, using the JMP Pro 17 software (SAS Institute Inc., USA), over 18 experimental runs, to investigate the effects of dietary hemp seed (Cannabis sativa) with turmeric (Curcuma longa) and black pepper (Piper nigrum) on fatty acids, health lipid indexes, cholesterol, carotenoids, tocopherols, and color indices in the egg yolk of 245-day-old Lohmann brown laying hens. In accordance with Box et al. (1978), this factorial design featured twelve factorial points with six central points, with five replicates for each run. The BBD may be seen as having three interlocking 22 factorial plans plus one central point. A formula used to calculate the total number of experiments (N = 18) to be run in the BBD is given by this equation: (N = 2x[x1]+Cp). Herein, x is the number of factors while Cp is the number of central point's such that x = 3 and Cp = 6, (Ferreira et al., 2007). In general, the center points are repeated 3–6 times to guarantee both the reliability of the model estimate, and to serves as reference points within the experimental field (Ghanaatparast-Rashti et al., 2018). The experimental factors, along with their corresponding low, medium, and high levels, are listed in Table 1, and the arrangement of the treatments is listed in all results tables. The levels for hemp seed were selected based on a previous study conducted in our laboratory (Taaifi et al., 2023b), which involved feeding hens with non-industrial hemp seed. The levels for turmeric and black pepper were chosen according to existing literature.

TABLE 1 Experimental factors and levels used in Box-Behnken design for optimization of the, hemp seed turmeric and black pepper inclusion in the diet for laying hens.


	Factors (independent variables)
	Levels



	Low (−1)
	Medium (0)
	High (+1)





	X1 hemp seed
	10
	20
	30



	X2 turmeric
	1
	3
	5



	X3 black pepper
	0.1
	0.3
	0.5






In order to relate the responses to the independent variables, a second-degree polynomial was used based on the equation below:

Yi=β0+β1X1+β2X2+β3X3 +β12X1 X2 +β13X1 X3  +β23X2 X3 +β11X12+β22X22 +β33X32

Where β0 is the constant, β1 and β2 are the linear coefficients, β12 is the interaction coefficient, and β11 and β22 are the quadratic coefficients.



2.3. Animals and housing

Five hundred and seventy Lohmann Brown laying hens (35 weeks old) were used for this study. The hens were weighed and randomly divided into 19 treatments, including a control group that received no hemp seed, turmeric, or black pepper supplementation. The laying hens were raised in an animal house equipped with an automatic drop belt system and enriched pens that comply with Council Directive 1999/74/EC on animal health and welfare for laying hens (European Council Directive, 1999). Each enriched pen provided 750 cm2 of space per bird, as required by EU standards. The pens were equipped with nesting areas, perches, and a litter zone, allowing the birds to express natural behaviors such as scratching, laying, and perching. Stocking densities, along with access to feed and water, adhered strictly to regulatory requirements. Feed and water were supplied ad libitum. Environmental conditions were maintained within a regulated range of 18–22°C temperature, 55–60% humidity, and a light schedule of 16 h of light and 8 h of darkness. After an adaptation period of 10 days, the feeding trial lasted for 42 days. No mortality was observed during the experimental period. The experiment was conducted at the poultry facility of the Royal Livestock Research Institute in Kenitra, Morocco.



2.4. Diet formulation and analysis

The composition of the feed and ingredients are shown in Table 2, concerning the composition of the hemp seeds used in this study has already been reported in our previous work (Rbah et al., 2024). The formulated diets were isocaloric and isonitrogenic, adapted to meet the nutritional requirements of laying hens (National Research Council, 1994). The incorporation levels tested were as follows: hemp seed (HS) at 10%, 20%, and 30%; turmeric (Tr) at 1% (Tr-1), 3% (Tr-3), and 5% (Tr-5); and black pepper (BP) at 0.1% (BP-0.1), 0.3% (BP-0.3), and 0.5% (BP-0.5).

TABLE 2 Formulation, proximate chemical composition and nutrient profile of laying hen's diets containing hempseed (HS) compared with the control.


	Item
	Diet



	Control
	HS-10
	HS-20
	HS-30





	Ingredients (g. 100 g-1)



	Maize
	57.5
	54.5
	47
	33.4



	Cannabis seed
	0
	10
	20
	30



	Soy meal
	20
	16.5
	14.4
	12.9



	Sunflower meal
	4
	3
	2
	6



	Soy oil
	3.5
	1
	0
	0



	Limestone
	9
	9
	9.8
	9.9



	Di calcium phosphate
	1.9
	1.9
	2.2
	2.4



	Sodium chloride
	0.4
	0.4
	0.6
	0.7



	DL-methionine
	2
	2
	2.2
	2.3



	L-Lysine HCl
	1.2
	1.2
	1.4
	1.5



	*Vitamin premix
	0.5
	0.5
	0.5
	0.5



	Nutrient composition



	AME (Kcal/kg)**
	2,669
	2,668
	2,671
	2,675



	Moisture (%)
	12.4
	12.3
	12.7
	12.9



	Crude fat (%)
	5.96
	6.67
	8.26
	11.02



	Crude protein (%)
	18.55
	18.57
	19.03
	19.24



	Calcium (g/kg)
	39
	39
	40
	40



	Phosphorus available (g/kg)
	3.33
	3.4
	3.45
	3.50



	Sodium (g/kg)
	1.55
	1.57
	1.65
	1.7



	α-Linolenic acid (%)
	2.49
	7.45
	12.09
	17.37



	Lysine (g/kg)
	8.35
	8.64
	8.91
	8.94



	Methionine (g/kg)
	5.58
	5.59
	5.92
	6.14






*Each gram of the premix contains the following components:

Vitamin: 3,000 IU of cholecalciferol, 11,00 IU of retinol, 15 IU of tocopherol, 0.65 mg of riboflavin, 0.45 mg of pyridoxine, 0.3 mg of menadione, 0.22 mg of thiamine, 2 μg of cyanocobalamin, 1 mg of calcium pantothenate, 2.5 mg of nicotinamide, 0.4 mg of folate.

Minerals: 23 mg of choline chloride, 0.10 mg of selenium, 36 mg of magnesium, 66 mg of manganese, 80 mg of iron, 70 mg of zinc, 10 mg of copper, 0.4 mg of iodine, and 0.30 mg of sodium. **Indicates apparent metabolizable energy.




A total of 19 dietary treatments (T1–T19) were tested. Treatments T1–T18 included combinations of HS, Tr, and BP, while T19 served as the control diet with no added phytobiotics. All diets were formulated using a mixture primarily composed of soy and corn. The specific compositions for each treatment group are as follows: T1 (10% HS, 5% Tr, 0.1% BP), T2 (10% HS, 1% Tr, 0.3% BP), T3 (10% HS, 3% Tr, 0.1% BP, T4 (10% HS, 5% Tr, 0.3% BP, T5 (10% HS, 3% Tr, 0.5% BP), T6 (20% HS, 1% Tr, 0.5% BP), T7 (20% HS, 1% Tr, 0.1% BP), T8 (20% HS, 5% Tr, 0.5% BP), T9–T14 (20% HS, 3% Tr, 0.3% BP; replicated to ensure statistical robustness), T15 (30% HS, 5% Tr, 0.3% BP), T16 (30% HS, 3% Tr, 0.1% BP), T17 (30% HS, 1% Tr, 0.3% BP), T18 (30% HS, 3% Tr, 0.5% BP), T19 (Control; 0% HS, 0% Tr, 0% BP). The formulated diets were examined for various nutritional constituents including moisture, crude fiber, crude protein, calcium, total and available phosphorus, and lipid content, according to Horwitz (2002).



2.5. Egg yolk analysis

Eggs were collected daily during the last week of the feeding experiment from each replicate of the feeding groups and stored at 4°C until analysis. Various parameters such as color index (L*, a*, b*, Chromaticity, and Hue angle), fatty acids profile, total tocopherols, carotenoids and cholesterol levels, were analyzed in triplicate.


2.5.1 Egg yolk color index

Egg yolk color was measured using the MINOLTA CR410 colorimeter (Konica Minolta CR 410 Sensing, Inc., Osaka, Japan), basing on the CIE Lab color system, which includes parameters for lightness index (L*), redness index (a*) and yellowness index (b*). Each sample was measured in triplicate.

Chromaticity (C*) was calculated according to Belhaj et al. (2021):

C*=a2+b2

Hue angle (H*) was determined according to Taaifi et al. (2023a):

H*=tan-1(b*a*)× 57.29.
 

2.5.2 Lipid extraction and fatty acid analysis

The extraction of total lipids from egg yolk and laying hen feed samples was conducted using the Bligh dyer method (Bligh and Dyer, 1959). The samples were homogenized in a chloroform/methanol solution (2:1, v/v), then after being centrifuged, the organic phase was separated, evaporated under vacuum and the fat extracts obtained were stored at −20°C for further analysis.

The transformation of fatty acids to fatty acids methyl esters was carried out according to the AOCS “Ce 1k-09” method (Aocs Official Method, 2007), and the fatty acids analysis realized by gas chromatography coupled with a FID detector (GC-6890, Agilent Technologies) using a BPX70 capillary column (length 60 m, internal diameter 0.32 mm and film thickness 0.25 μm, SGE Europe), with 1 μL of sample was injected in the splitless mode. Helium gas was used as the carrier gas at a flow rate of 1 ml/min. the temperature of the oven started at 50°C and was gradually raised at a rate of 30°C per minute until it reached 170°C. It was then raised at 4°C/min until it was 220°C, where it was kept for 10 min. For the identification of fatty acids, a mixture of FAs standards including 37 FAME (Sigma-Aldrich, Supelco, Bellefonte PA, USA) was used, and the results were expressed as percentages.



2.5.3 Estimation of health-related lipid quality indexes

The fatty acid profile of egg yolk is used to calculate health lipid indexes, including Thrombogenic Index (TI), Atherogenic Index (AI), Hypocholesterolemic/hypercholesterolemic ratio (h/H), the LA/ALA and PUFAs/SFAs ratio. Specific formulas for these indices are described in our previous publication (Rbah et al., 2024).



2.5.4 Tocopherols analysis

Egg yolk tocopherols were analyzed using a Shimadzu HPLC equipped with DAD detection technology. The protocol began by dissolving the samples in hexane (w/w) before separating on a silica Uptisphere NH2 column (length 250 mm, internal diameter 4.6 mm with particle size 5 μm), according to Mansouri et al. (2023). A hexane/isopropanol mixture (99:1, v/v) served as the mobile phase, maintaining an isocratic condition throughout the analysis. The rate of flow is set to 1 ml/min, and compounds were separated at wavelengths of 292, 296 and 298 nm using a UV detector. Quantification was based on external calibration with a standard tocopherol (Sigma-Aldrich, St. Louis, USA).



2.5.5 Cholesterol and carotenoids content in egg yolk

Cholesterol levels in egg yolk were determined using the Liebermann-Burchard (LB) method, as described in our previous work (Rbah et al., 2024); This method involves diluting 0.1 g of fat in chloroform, adding LB reagent to aliquots, and measuring absorbance at 640 nm after a 15-min incubation. A cholesterol standard is also used for calibration.

Carotenoid content was determined by the modified AOAC spectrophotometric method (Latimer, 2007). 2 g of egg yolk was solubilized in 7 ml of acetone for 3 times (sequential extraction), next the mixture was centrifuged at 6,000 rpm for 2 min. Then after filtration through Whatman paper, absorbance was taken at 450 nm with an UV-Visible spectrophotometer (Rayleigh UV-1800), and finally the results were expressed as β-carotene using a calibration curve.




2.6. Statistical analysis

ANOVA was used to analyze the surface responses of the results whether Tukey's test and they were illustrated via a standardized Pareto chart. We then compare the experimental and predicted values of the responses in order to assess the model's validity with regard to a significance level at (p < 0.05).

To compare the means of the results obtained with the control group diet and the predicted results with the optimal combination diet, statistical analysis was used using IBM SPSS software (version 27; IBM Corp., Chicago, IL, USA), applying the student's t-test, and significance was established at the p < 0.05 level.




3 Results and discussion

In this study, we provided laying hens with a diet primarily enriched with hemp seeds, turmeric, and black pepper to assess the impact on omega-3 fatty acid enrichment in eggs. This research is motivated by the fact that table eggs are an inexpensive staple of our daily diet. Furthermore, it is well established that the fatty acid profile of eggs is influenced by the diet, digestive system, and biosynthetic process of laying hens (Popiela et al., 2013; Tang et al., 2015). Thus, PUFAs-enriched diets, including n-3 PUFA-enriched eggs, provide an excellent low-cost approach to increasing human consumption of long-chain n-3 PUFAs such as DHA and EPA. In this regard, many studies have demonstrated successful changes in the fatty acid profile of eggs through modifications in the diet of laying hens (Bruneel et al., 2013; Taaifi et al., 2023b; Sim and Sunwoo, 2002).

Table 3 shows the significant responses from the eighteen experiments used to optimize dietary supplementation of hemp seed, turmeric and black pepper for laying hens, in particular responses concerning fatty acids content [SFAs (Y1), n3 PUFAs (Y2), n6 PUFAs (Y3), and n6 PUFAs/n3 PUFAs (Y4)], total-tocopherols (Y5), and cholesterol levels (Y6), are listed in Table 3. To predict the response models based on the intake rates of hemp seed (X1), turmeric (X2), and black pepper (X3), we utilize the second-order polynomial equations presented in Table 3.

TABLE 3 Model fitting and regression equation coefficients for Saturated fatty acids (SFAs), Polyunsaturated fatty acids omega-3 (n3 PUFAs), Polyunsaturated fatty acids omega-6 (n6 PUFAs), n6 PUFAs/n3 PUFAs ratio, total tocopherols and cholesterol levels in egg yolk.


	Item
	β0
	β1
	β2
	β3
	β4
	β5
	β6
	β7
	β8
	β9
	Model Sig.
	Lack of fit
	R2





	SFAs
	29.81
	−1.90
	0.11
	0.02
	−0.86
	−0.33
	1.52
	−0.35
	−0.28
	0.07
	**
	0.20
	0.88



	n3 PUFAs
	4.93
	0.84
	−0.13
	0.02
	0.10
	−0.21
	−0.60
	0.06
	0.18
	0.22
	***
	0.82
	0.90



	n6 PUFAs
	32.81
	2.63
	−1.14
	0.03
	0.50
	−0.08
	−3.70
	1.21
	1.07
	0.84
	**
	0.72
	0.86



	n6 PUFAs/n3 PUFAs
	6.68
	−0.69
	−0.05
	−0.01
	0.05
	0.27
	0.13
	0.16
	0.02
	−0.18
	**
	0.27
	0.87



	Cholesterol
	8.47
	−0.84
	−0.10
	−0.09
	−0.62
	0.68
	0.21
	0.23
	−0.32
	−0.21
	*
	0.07
	0.80



	Total tocopherols
	711.38
	144.60
	−19.14
	−31.69
	−9.43
	−60.52
	−24.76
	23.00
	65.35
	8.05
	**
	0.93
	0.89






SFAs, Saturated Fatty Acids; n3 PUFAs, Omega 3 Poly-Unsaturated Fatty Acids; n6 PUFAs, Omega 6 Poly-Unsaturated Fatty Acids.

*p < 0.05, **p < 0.01, ***p < 0.001.




The ANOVA results (Table 3) indicated that all six prediction models were statistically significant (p < 0.05), and demonstrated a strong correlation coefficient (R2). Ranging from 0.80 to 0.90. This ensures that the regression equations are consistent with the experimental data. Based on these correlation coefficients, regression models can explain 88%, 90%, 90%, 87%, 86%, and 80% of the response variation in SFAs, n3 PUFAs, n6 PUFAs, n6/n3 ratio, total-tocopherols and cholesterol level, respectively. In addition, the lack-of-fit test was found to be non-significant (p > 0.05), confirming the models' validity.

The Pareto charts (Figures 1, 2) serve as a visual tool to illustrate the varied impacts of supplementing with hemp seed, turmeric, and black pepper on the studied responses. It encompasses linear interaction, and quadratic effects in a standardized format. A bar, whose length proportionally reflects the value of the estimated coefficient, represents each effect.


[image: Four Pareto charts standardized labeled (AD) show the effects of hemp seed (Hs), black pepper (Bp), and turmeric (Tr) and their interaction on the lipid profile of egg yolk. (A) Hs shows the highest negative-effect on SFAs. (B) indicates the strongest positive-effect of Bp*Bp interaction on MUFAs. In (C, D) Hs has the highest positive-effect on α-LA and n3PUFAs, respectively. Red lines at p = 0.05 indicate statistical significance in all graphs. Blue and gray bars represent positive and negative effects, respectively. Blue and gray bars represent positive and negative effects, respectively.]
FIGURE 1
 Pareto charts standardized from the optimization study evaluate the impact of dietary supplementation variables for laying hens (hemp seed, turmeric, and black pepper) on the lipid profile of egg yolk. The analyzed parameters include variations in the percentage of: (A) Saturated fatty acids, (B) Mono-Unsaturated fatty acids, (C) α-linolenic acid, and (D) Polyunsaturated fatty acids omega 3 type, in the egg yolk.



[image: Four Pareto charts standardized labeled (AD) show the effects of hemp seed (Hs), black pepper (Bp), and turmeric (Tr) and their interaction on the lipid profile of egg yolk. (A) shows the strongest positive-effect of Hs on n6PUFAs. (B) highlights a strong negative-effect for Hs on the n6PUFAs/n3PUFAs ratio. (C) show that the Hs*Hs interaction has an positive-effects on tocopherols. (D) shows significant negative effects of Hs*Tr interaction on cholesterol. Red lines at p = 0.05 indicate statistical significance in all graphs. Blue and gray bars represent positive and negative effects, respectively.]
FIGURE 2
 Pareto charts standardized from the optimization study evaluate the impact of dietary supplementation variables for laying hens (hemp seed, turmeric, and black pepper) on the lipid profile of egg yolk. The analyzed parameters include variations in the percentage of (A) Polyunsaturated fatty acids n6, (B) the n6 PUFAs/n3 PUFAs ratio, (C) the levels of tocopherols and (D) the levels of cholesterol in the egg yolk.



3.1 Egg yolk lipid profile and health lipid indexes
 
3.1.1. Sum of saturated fatty acids

When looking at the sum of SFAs in egg yolk [mainly the myristic (C14:0), palmitic (C16:0), and stearic acids (C18:0)], the Pareto chart shows that the linear effect of hemp seed intake is the variable with most important influence, followed by the quadratic effect of black pepper supplementation; for turmeric, it appears that its inclusion had no significant effect. Hemp seed have a negative impact on the sum of SFAs, leading to a decrease in SFA concentration in egg yolk, while black pepper has a positive influence on SFA content (Figure 1A).

Dietary treatments incorporating hemp seed, turmeric, and black pepper appear to reduce the level of SFAs in the lipid profile of egg yolk. All treatments exhibit a reduction in their levels of SFAs (Table 4) ranging from 31.98% (Traitement-1) to 26.54% (Traitement-17). This significant decrease in SFAs levels is more distinctly showcased when visualized on the 3D-response surface. As shown in Figure 3A, we observed that when hemp seed supplementation is up to 30% and black pepper is added at a rate of 0.3%, the percentage of SFAs becomes around 27% of total fatty acids.

TABLE 4 The impact of dietary treatments (Hemp seeds, Turmeric, and Black pepper) on the levels of Saturated fatty acids (SFAs %) in the lipid profile of egg yolk.


	Treatment
	Independent variable (%)
	Response (%)



	Hemp seed
	Turmeric
	Black pepper
	C14:0 (MA)
	C16:0 (PA)
	C18:0 (SA)
	SFAs





	T-1
	10
	5
	0.1
	0.23 ± 0.02
	23.59 ± 0.31
	8.17 ± 0.41
	31.98 ± 0.11



	T-2
	10
	1
	0.3
	0.17 ± 0.01
	20.82 ± 0.90
	8.46 ± 0.21
	29.45 ± 0.32



	T-3
	10
	3
	0.1
	0.26 ± 0.02
	23.45 ± 0.87
	8.08 ± 0.55
	31.80 ± 0.81



	T-4
	10
	5
	0.3
	0.21 ± 0.00
	22.10 ± 0.03
	9.18 ± 0.35
	31.49 ± 0.18



	T-5
	10
	3
	0.5
	0.23 ± 0.02
	23.44 ± 0.96
	9.48 ± 0.32
	33.15 ± 0.69



	T-6
	20
	1
	0.5
	0.21 ± 0.00
	21.74 ± 0.12
	8.99 ± 0.71
	30.94 ± 0.38



	T-7
	20
	1
	0.1
	0.20 ± 0.01
	21.79 ± 1.31
	9.88 ± 0.94
	31.86 ± 0.55



	T-8
	20
	5
	0.5
	0.19 ± 0.01
	20.75 ± 0.28
	9.29 ± 0.82
	30.23 ± 0.76



	T-9
	20
	3
	0.3
	0.19 ± 0.00
	22.08 ± 1.20
	7.98 ± 0.47
	30.26 ± 0.54



	T-10
	20
	3
	0.3
	0.20 ± 0.03
	21.78 ± 0.51
	8.07 ± 0.45
	30.06 ± 0.16



	T-11
	20
	3
	0.3
	0.19 ± 0.01
	21.39 ± 0.78
	8.26 ± 0.25
	29.84 ± 0.85



	T-12
	20
	3
	0.3
	0.20 ± 0.02
	20.46 ± 0.41
	9.23 ± 0.61
	29.89 ± 0.01



	T-13
	20
	3
	0.3
	0.23 ± 0.01
	21.43 ± 0.31
	8.74 ± 0.04
	30.40 ± 0.16



	T-14
	20
	3
	0.3
	0.20 ± 0.01
	19.63 ± 0.82
	8.51 ± 0.11
	28.34 ± 0.92



	T-15
	30
	5
	0.3
	0.15 ± 0.01
	19.12 ± 0.12
	7.79 ± 0.11
	27.06 ± 0.41



	T-16
	30
	3
	0.1
	0.16 ± 0.00
	19.69 ± 0.26
	8.45 ± 0.12
	28.30 ± 0.21



	T-17
	30
	1
	0.3
	0.16 ± 0.00
	19.18 ± 0.16
	7.20 ± 0.61
	26.54 ± 0.94



	T-18
	30
	3
	0.5
	0.19 ± 0.01
	20.64 ± 0.71
	7.85 ± 0.23
	28.68 ± 0.31



	T-19
	0
	0
	0
	0.25 ± 0.02
	23.29 ± 0.36
	8.41 ± 0.45
	31.95 ± 0.98






MA, Myristic acid; PA, Palmitic acid; SA, Stearic acid; SFAs, Saturated fatty acids.





[image: Four 3D surface plots display the effects of hemp seed and black pepper percentages on different fatty acid contents. (A) shows SFA, (B) shows MUFA, (C) shows linolenic acid, and (D) shows PUFA n3. Each plot is colored to represent varying percentage of fatty acids across the axes.]
FIGURE 3
 The 3D surface responses from the optimization study of dietary variables (hemp seed, turmeric, and black pepper) in hens' diet for: (A) Saturated fatty acids, (B) Mono-unsaturated fatty acids (C) α-Linoleic Acid, (D) Polyunsaturated fatty acids n 3; in eggs yolk.


This reduction was evident, with levels decreasing from 32% to 27% for regimes at 10% and 30% hemp seed and 0.1% and 0.3% turmeric respectively, mainly attributed to lower concentrations of palmitic acid in the egg yolk. Indeed, as reported by Simopoulos et al. (2000) palmitic acid is particularly sensitive to variations in dietary polyunsaturated fatty acids. In addition, recent studies have demonstrated that hemp seed supplementation helps reduce the SFA fraction in egg yolk (Neijat et al., 2016b; Taaifi et al., 2023b). With regard to the inclusion of black pepper, Ashayerizadeh et al. (2023) incorporated black pepper into the diet of quails and reported a reduction in the proportion of saturated fatty acids in meat. This reduction in SFA levels has potential health benefits, particularly given the negative perception of SFA-rich foods, which is often associated with increased health risks associated with cardiovascular disease (de Souza et al., 2015).



3.1.2. Sum of mono-unsaturated fatty acids

In terms of total Mono-Unsaturated Fatty Acids (MUFAs), primarily comprising oleic and palmitoleic acids, results from the Pareto charts (Figure 1B) indicate that black pepper has a positive quadratic effect by increasing the amount of MUFAs. In contrast, the inclusion of hemp seed in the diet of laying hens has a negative linear effect on MUFAs in egg yolk, while the inclusion of turmeric has no effect on MUFAs percentage. Table 5 illustrates a significant decrease in the level of MUFAs ranging from 39.27% (Treatment-1) to 30.34% (Treatment-14). The 3D-response surface corresponding (Figure 3B) clearly highlights the dramatic decrease in MUFAs in egg yolk with high levels of hemp seed supplementation (30-hemp seed). It also shows an increase in the proportion of MUFAs with the addition of black pepper up to 0.5%.

TABLE 5 Dietary treatments (hemp seed, turmeric and black pepper) and their effects on mono-unsaturated fatty acids (MUFAs) profile (%) of egg yolk.


	Treatment
	Independent variable (%)
	Response (%)



	Hemp seed
	Turmeric
	Black pepper
	C16:1n7 (PLA)
	C18:1 n9 (OA)
	C18:1 n7 (VA)
	MUFAs





	T-1
	10
	5
	0.1
	2.87 ± 0.07
	35.58 ± 0.73
	0.82 ± 0.03
	39.27 ± 0.81



	T-2
	10
	1
	0.3
	1.65 ± 0.52
	33.44 ± 1.18
	0.60 ± 0.12
	36.30 ± 1.65



	T-3
	10
	3
	0.1
	2.87 ± 0.82
	33.03 ± 1.13
	0.73 ± 0.22
	36.63 ± 1.99



	T-4
	10
	5
	0.3
	2.22 ± 0.12
	33.95 ± 0.80
	0.66 ± 0.03
	36.82 ± 1.07



	T-5
	10
	3
	0.5
	2.40 ± 0.35
	34.84 ± 2.56
	0.65 ± 0.02
	37.89 ± 2.10



	T-6
	20
	1
	0.5
	2.32 ± 0.07
	32.94 ± 1.35
	0.62 ± 0.02
	35.88 ± 1.57



	T-7
	20
	1
	0.1
	1.90 ± 0.14
	30.96 ± 0.85
	0.53 ± 0.08
	33.39 ± 0.90



	T-8
	20
	5
	0.5
	1.97 ± 0.26
	32.84 ± 0.69
	0.54 ± 0.09
	35.52 ± 1.72



	T-9
	20
	3
	0.3
	2.13 ± 0.19
	32.56 ± 0.90
	0.60 ± 0.01
	35.29 ± 1.26



	T-10
	20
	3
	0.3
	1.79 ± 0.28
	28.91 ± 0.99
	0.55 ± 0.11
	31.25 ± 1.19



	T-11
	20
	3
	0.3
	1.69 ± 0.09
	28.59 ± 0.49
	0.57 ± 0.01
	30.84 ± 0.39



	T-12
	20
	3
	0.3
	1.86 ± 0.13
	29.58 ± 0.17
	0.60 ± 0.01
	32.04 ± 0.20



	T-13
	20
	3
	0.3
	2.18 ± 0.08
	30.58 ± 0.74
	0.61 ± 0.01
	33.36 ± 1.02



	T-14
	20
	3
	0.3
	1.62 ± 0.31
	28.21 ± 0.71
	0.51 ± 0.07
	30.34 ± 1.92



	T-15
	30
	5
	0.3
	1.65 ± 0.05
	29.98 ± 0.63
	0.59 ± 0.02
	32.22 ± 0.72



	T-16
	30
	3
	0.1
	1.83 ± 0.08
	31.99 ± 0.91
	0.65 ± 0.01
	34.46 ± 1.16



	T-17
	30
	1
	0.3
	1.60 ± 0.17
	29.36 ± 0.62
	0.56 ± 0.05
	31.53 ± 0.67



	T-18
	30
	3
	0.5
	1.92 ± 0.13
	30.09 ± 0.41
	0.60 ± 0.06
	32.23 ± 0.40



	T-19
	0
	0
	0
	2.73 ± 0.10
	39.09 ± 0.96
	0.88 ± 0.01
	42.71 ± 0.99






PLA, Palmitoleic acid; OA, Oleic acid; VA, cis-Vaccenic acid; MUFAs, Mono-unsaturated fatty acids.




Typically, modifications in MUFAs are mainly due to changes in oleic acid (C18:1 n9), the most common MUFAs in eggs. Previous research suggesting a depressive impact of PUFA-rich diets on the conversion of palmitic acid (C16:0) to oleic acid (C18:1 n9) by reducing the Δ-9 desaturase activity (Garg et al., 1988; Lee et al., 2019). These findings align with those of Taaifi et al. (2023b), who reported a significant decrease in total MUFAs, particularly the oleic acid, in eggs from hens supplemented with hemp seed. Regarding the inclusion of black pepper, our results align with those reported by Ashayerizadeh et al. (2023), who observed an increase in the percentage of MUFAs in meat with the addition of black pepper.



3.1.3. Sum of poly-unsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) including linoleic acid (LA), γ-linolenic acid (GLA), and arachidonic acid (ARA) are essential n6 PUFAs, while α-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) are essential n3 PUFAs. These fatty acids are renowned for their anti-inflammatory properties; they are implicated in protecting against various diseases such as cancer, thrombosis, osteoarthritis, and autoimmune disorders. Additionally, they play pivotal roles in diverse cellular activities such as cellular signaling, maintaining cell membrane fluidity, and regulating blood pressure (Minihane and Lovegrove, 2006; Kapoor et al., 2021).

Hens are able to convert the α-LA into very long-chain omega 3 fatty acids (n3 VLCFA), mainly DHA and EPA, and the LA into omega 6 VLCFA, primarily the ARA, through the enzymatic processes of elongation and desaturation, and store them in yolk lipids (Alagawany et al., 2019; Monroig et al., 2022).

Regarding ALA and total n3 PUFAs contents, the results show similar Pareto plots with a significant positive linear effect for hemp seed supplementation, and a negative quadratic effect of black pepper; while the turmeric inclusion has no effect on ALA and total n3 PUFAs percentage (Figures 1C, D). In addition, Table 6 shows that the quantity of ALA and n3 PUFAs increased significantly, from 1.79% (Traitement-1) to 4.23% (Traitement-17) and from 3.28% (Traitement-1) to 5.66% (Traitement-17), respectively. The 3D-response surface showed in Figures 3C, D clearly indicates that supplementation with up to 30% hemp seed and 0.3% black pepper results in the highest levels of both ALA and total n3 PUFAs in egg yolk.

TABLE 6 Dietary treatments (Hemp seed, Turmeric and Black pepper) and their effects on Poly-Unsaturated Fatty Acids omega 3 type (n3 PUFAs) profile (%) of egg yolk.


	Treatment
	Independent variable (%)
	Response (%)



	Hemp seed
	Turmeric
	Black pepper
	C18:3n 3 (ALA)
	C20:3n 3 (ETA)
	C20:5 n3 (EPA)
	C22:6n 3 (DHA)
	n3 PUFAs





	T-1
	10
	5
	0.1
	1.77 ± 0.04
	0.01 ± 0.01
	0.02 ± 0
	1.27 ± 0.26
	3.07 ± 0.31



	T-2
	10
	1
	0.3
	2.38 ± 0.73
	0.01 ± 0
	0.01 ± 0.01
	1.22 ± 0.25
	3.61 ± 0.99



	T-3
	10
	3
	0.1
	2.20 ± 0.34
	0.01 ± 0
	0.03 ± 0
	0.92 ± 0.16
	3.16 ± 0.49



	T-4
	10
	5
	0.3
	2.18 ± 0.08
	0.01 ± 0
	0.02 ± 0
	1.31 ± 0.35
	3.53 ± 0.28



	T-5
	10
	3
	0.5
	2.39 ± 0.73
	0.01 ± 0
	0.02 ± 0
	1.26 ± 0.37
	3.68 ± 0.36



	T-6
	20
	1
	0.5
	2.78 ± 0.23
	0.01 ± 0
	0.02 ± 0
	1.10 ± 0.23
	3.91 ± 0.00



	T-7
	20
	1
	0.1
	3.04 ± 0.55
	0.01 ± 0.01
	0.02 ± 0
	1.40 ± 0.57
	4.47 ± 0.02



	T-8
	20
	5
	0.5
	2.93 ± 0.29
	0.01 ± 0
	0.02 ± 0.01
	1.58 ± 0.16
	4.55 ± 0.46



	T-9
	20
	3
	0.3
	2.99 ± 0.15
	0.01 ± 0
	0.02 ± 0
	1.18 ± 0.16
	4.19 ± 0.02



	T-10
	20
	3
	0.3
	3.15 ± 0.29
	0.01 ± 0
	0.02 ± 0
	1.41 ± 0.20
	4.59 ± 0.49



	T-11
	20
	3
	0.3
	3.60 ± 0.14
	0.01 ± 0
	0.02 ± 0
	1.30 ± 0.50
	4.93 ± 0.37



	T-12
	20
	3
	0.3
	3.36 ± 0.03
	0.01 ± 0
	0.02 ± 0.01
	1.58 ± 0.17
	4.97 ± 0.14



	T-13
	20
	3
	0.3
	3.25 ± 0.22
	0.01 ± 0
	0.02 ± 0
	1.61 ± 0.16
	4.89 ± 0.06



	T-14
	20
	3
	0.3
	3.61 ± 0.36
	0.01 ± 0
	0.02 ± 0
	1.35 ± 0.22
	4.99 ± 0.59



	T-15
	30
	5
	0.3
	4.02 ± 0.39
	0.01 ± 0
	0.02 ± 0
	1.69 ± 0.03
	5.74 ± 0.36



	T-16
	30
	3
	0.1
	3.63 ± 0.52
	0.01 ± 0
	0.02 ± 0
	1.75 ± 0.08
	5.41 ± 0.45



	T-17
	30
	1
	0.3
	4.00 ± 0.33
	0.01 ± 0
	0.02 ± 0
	1.48 ± 0.1
	5.50 ± 0.23



	T-18
	30
	3
	0.5
	3.57 ± 0.01
	0.01 ± 0
	0.02 ± 0
	1.88 ± 0.15
	5.47 ± 0.15



	T-19
	0
	0
	0
	1.04 ± 0.02
	0.01 ± 0
	0.02 ± 0
	1.11 ± 0.06
	2.18 ± 0.05






ALA, α-Linoleic acid; ETA, Eicosatrienoic acid; EPA, Eicosapentaenoic acid; DHA, Docosahexaenoic acid; n3 PUFAs, Omega 6 Poly-Unsaturated Fatty Acids.




Concerning n6 PUFAs, the Pareto chart (Figure 2A) highlights a positive linear effect of hemp seed and a negative quadratic effect of black pepper on the total n6 PUFA content, while there was no effect for turmeric supplementation. Table 7 highlights the change in total n6 PUFAs from 25.16% (Treatment-1) to 36.03% (Treatment-17). The 3D-response surface (Figure 4A) clearly indicates that dietary supplementation with hemp seed and black pepper increases the percentage of n6 PUFAs in egg yolk fatty acids.

TABLE 7 Dietary treatments (Hemp seed, Turmeric and Black pepper) and their effects on Poly-Unsaturated Fatty Acids omega 6 type (n6 PUFAs) profile (%) of egg yolk.


	Treatment
	Independent variable (%)
	Response (%)



	Hemp seed
	Turmeric
	Black pepper
	C18:2n 6-Tr (LA-tr)
	C18:2n 6-Cis (LA-cis)
	C18:3n 6 (GLA)
	C20:3n 6 (DGLA)
	C20:4n 6 (ARA)
	n6 PUFAs





	T-1
	10
	5
	0.1
	0.03 ± 0.00
	22.88 ± 1.02
	0.12 ± 0.01
	0.19 ± 0.01
	1.95 ± 0.01
	25.16 ± 1.02



	T-2
	10
	1
	0.3
	0.02 ± 0.01
	23.31 ± 0.59
	0.16 ± 0.05
	0.21 ± 0.05
	2.38 ± 0.31
	25.52 ± 1.98



	T-3
	10
	3
	0.1
	0.02 ± 0.02
	25.59 ± 1.13
	0.12 ± 0.02
	0.22 ± 0.02
	1.84 ± 0.16
	27.80 ± 1.31



	T-4
	10
	5
	0.3
	0.02 ± 0.00
	25.21 ± 1.63
	0.14 ± 0.01
	0.19 ± 0.02
	2.15 ± 0.07
	27.72 ± 1.53



	T-5
	10
	3
	0.5
	0.02 ± 0.00
	22.95 ± 1.98
	0.15 ± 0.04
	0.19 ± 0.02
	1.97 ± 0.09
	25.28 ± 1.83



	T-6
	20
	1
	0.5
	0.02 ± 0.00
	26.87 ± 1.82
	0.17 ± 0.02
	0.20 ± 0.01
	1.80 ± 0.15
	29.06 ± 1.96



	T-7
	20
	1
	0.1
	0.02 ± 0.00
	27.29 ± 1.67
	0.19 ± 0.06
	0.20 ± 0.04
	2.33 ± 0.41
	30.03 ± 1.17



	T-8
	20
	5
	0.5
	0.02 ± 0.00
	27.65 ± 0.90
	0.15 ± 0.01
	0.16 ± 0.02
	2.84 ± 0.59
	29.82 ± 1.51



	T-9
	20
	3
	0.3
	0.02 ± 0.00
	28.03 ± 1.65
	0.14 ± 0.02
	0.20 ± 0.01
	1.67 ± 0.20
	30.06 ± 1.82



	T-10
	20
	3
	0.3
	0.01 ± 0.01
	31.19 ± 1.85
	0.19 ± 0.04
	0.24 ± 0.05
	1.92 ± 0.08
	33.55 ± 1.86



	T-11
	20
	3
	0.3
	0.02 ± 0.00
	31.57 ± 0.93
	0.16 ± 0.02
	0.20 ± 0.03
	1.95 ± 0.05
	33.89 ± 0.82



	T-12
	20
	3
	0.3
	0.02 ± 0.00
	29.95 ± 0.44
	0.14 ± 0.01
	0.23 ± 0.01
	2.41 ± 0.09
	32.74 ± 0.36



	T-13
	20
	3
	0.3
	0.02 ± 0.01
	28.72 ± 1.13
	0.17 ± 0.01
	0.20 ± 0.01
	2.04 ± 0.01
	31.14 ± 1.11



	T-14
	20
	3
	0.3
	0.02 ± 0.00
	32.92 ± 1.01
	0.25 ± 0.06
	0.25 ± 0.05
	2.25 ± 0.13
	35.69 ± 1.26



	T-15
	30
	5
	0.3
	0.01 ± 0.00
	32.25 ± 0.14
	0.27 ± 0.06
	0.28 ± 0.05
	2.19 ± 0.08
	35.00 ± 0.05



	T-16
	30
	3
	0.1
	0.01 ± 0.00
	29.40 ± 1.78
	0.18 ± 0.01
	0.24 ± 0.01
	2.09 ± 0.12
	31.91 ± 1.90



	T-17
	30
	1
	0.3
	0.01 ± 0.00
	33.61 ± 1.40
	0.20 ± 0.01
	0.31 ± 0.05
	1.91 ± 0.07
	36.03 ± 1.38



	T-18
	30
	3
	0.5
	0.02 ± 0.00
	30.54 ± 0.07
	0.25 ± 0.02
	0.25 ± 0.01
	2.21 ± 0.02
	33.26 ± 0.04



	T-19
	0
	0
	0
	0.05 ± 0.00
	20.46 ± 0.11
	0.12 ± 0.00
	0.17 ± 0.01
	2.09 ± 0.06
	22.88 ± 0.19






LA-tr, Linoleic acid-trans; LA-cis, Linoleic acid Cis; GLA, γ-Linolenic acid; DGLA, Dihomo-γ-Linolenic acid; ARA, Arachidonic acid; n6 PUFAs, Omega 6 Poly-Unsaturated Fatty Acids.





[image: Four 3D surface plots labeled (AD) show varying effects of ingredient percentages on different nutritional metrics. (A, B) display the impact of hemp seed and black pepper on PUFA n6 level and the n6PUFAs/n3PUFAs ratio. (C) shows the effect of black pepper and hemp seed on total tocopherols. (D) illustrates changes in cholesterol with turmeric and hemp seed. Each plot features a gradient color scheme indicating different value levels.]
FIGURE 4
 The 3D surface responses from the optimization study of dietary variables (hemp seed, turmeric, and black pepper) in hens' diet for (A) Polyunsaturated fatty acids n6 (B) n6 PUFA/n3 PUFA ratio (C) Total tocopherols levels and (D) Cholesterol levels in eggs yolk.


The augmentation in n3 PUFAs relative to n6 PUFAs in egg yolks leads to a reduction in the n6 PUFAs/n3 PUFAs ratio. This trend is visually depicted in the Pareto diagram and the response surface corresponding to the n6 PUFAs/n3 PUFAs ratio (Figures 2B, 4B), suggesting that only hemp seed supplementation exerts a significant linear negative effect on reducing this ratio in egg yolk. Table 8 provides the results obtained for this ratio, with the lowest value achieved with a 30% hemp seed inclusion (5.96).

TABLE 8 Dietary treatments (hemp seed, turmeric and black pepper) and their effects on health-related lipid quality indexes of egg yolk.


	Treatment
	Independent variable (%)
	Response (%)



	Hemp seed
	Turmeric
	Black pepper
	LA/ALA
	PUFAs/SFAs
	n6 PUFAs/n3 PUFAs
	AI
	TI
	h/H





	T-1
	10
	5
	0.1
	12.75 ± 0.29
	0.89 ± 0.04
	7.65 ± 0.13
	0.48 ± 0.03
	0.76 ± 0.07
	2.53 ± 0.03



	T-2
	10
	1
	0.3
	10.78 ± 0.38
	0.92 ± 0.06
	7.88 ± 0.27
	0.49 ± 0.01
	0.74 ± 0.04
	2.55 ± 0.17



	T-3
	10
	3
	0.1
	10.48 ± 0.26
	0.98 ± 0.03
	7.93 ± 0.35
	0.48 ± 0.04
	0.74 ± 0.06
	2.58 ± 0.09



	T-4
	10
	5
	0.3
	11.86 ± 0.17
	1.00 ± 0.05
	7.44 ± 0.21
	0.47 ± 0.02
	0.72 ± 0.03
	2.75 ± 0.06



	T-5
	10
	3
	0.5
	12.24 ± 0.73
	0.87 ± 0.07
	7.39 ± 0.09
	0.51 ± 0.05
	0.79 ± 0.08
	2.52 ± 0.11



	T-6
	20
	1
	0.5
	10.25 ± 0.69
	1.07 ± 0.05
	7.42 ± 0.19
	0.46 ± 0.05
	0.70 ± 0.02
	2.85 ± 0.26



	T-7
	20
	1
	0.1
	10.28 ± 0.27
	1.08 ± 0.04
	6.69 ± 0.23
	0.48 ± 0.03
	0.70 ± 0.03
	2.77 ± 0.12



	T-8
	20
	5
	0.5
	10.14 ± 0.47
	1.15 ± 0.06
	7.06 ± 0.22
	0.44 ± 0.01
	0.67 ± 0.01
	3.02 ± 0.25



	T-9
	20
	3
	0.3
	9.72 ± 0.63
	1.13 ± 0.04
	7.16 ± 0.14
	0.44 ± 0.01
	0.67 ± 0.00
	2.85 ± 0.14



	T-10
	20
	3
	0.3
	9.28 ± 0.47
	1.28 ± 0.04
	6.80 ± 0.16
	0.44 ± 0.02
	0.64 ± 0.02
	2.89 ± 0.17



	T-11
	20
	3
	0.3
	9.00 ± 0.59
	1.31 ± 0.01
	6.53 ± 0.26
	0.44 ± 0.03
	0.62 ± 0.00
	2.95 ± 0.32



	T-12
	20
	3
	0.3
	8.97 ± 0.22
	1.27 ± 0.02
	6.46 ± 0.12
	0.44 ± 0.01
	0.63 ± 0.03
	3.05 ± 0.13



	T-13
	20
	3
	0.3
	9.27 ± 0.75
	1.18 ± 0.03
	6.43 ± 0.11
	0.45 ± 0.00
	0.65 ± 0.01
	2.88 ± 0.43



	T-14
	20
	3
	0.3
	8.51 ± 0.44
	1.45 ± 0.01
	6.61 ± 0.27
	0.41 ± 0.02
	0.57 ± 0.02
	3.28 ± 0.19



	T-15
	30
	5
	0.3
	8.61 ± 0.42
	1.50 ± 0.01
	6.38 ± 0.28
	0.38 ± 0.03
	0.54 ± 0.03
	3.43 ± 0.15



	T-16
	30
	3
	0.1
	9.00 ± 0.71
	1.31 ± 0.04
	6.26 ± 0.16
	0.40 ± 0.00
	0.58 ± 0.05
	3.26 ± 0.22



	T-17
	30
	1
	0.3
	7.94 ± 0.13
	1.57 ± 0.01
	6.36 ± 0.22
	0.37 ± 0.01
	0.52 ± 0.01
	3.48 ± 0.06



	T-18
	30
	3
	0.5
	8.56 ± 0.02
	1.35 ± 0.01
	5.96 ± 0.16
	0.41 ± 0.02
	0.58 ± 0.03
	3.07 ± 0.18



	T-19
	0
	0
	0
	19.65 ± 0.29
	0.78 ± 0.02
	10.50 ± 0.12
	0.48 ± 0.01
	0.81 ± 0.01
	2.58 ± 0.03






LA/ALA, Linoleic acid/α-linolenic acid ratio; PUFAs/SFAs, Poly-Unsaturated Fatty Acids/Saturated Fatty Acids ratio; n6 PUFAs/n3 PUFAs, Omega 6 Poly-Unsaturated Fatty Acids/Omega 3 Poly-Unsaturated Fatty Acids ratio; TI, Thrombogenic index; AI, Atherogenic index; h/H, hypocholesterolemic/hypercholesterolemic index.




The results in Tables 6, 7 clearly illustrate the variations observed in the Pareto chart. ALA-rich diets showed a significant increase (p < 0.01) in total PUFAs content, total n3 PUFAs content (p < 0.01) and total n6 content (p < 0.05) in egg yolk in all experiments. The concentration of the LA shows a significant increase (p < 0.05) in egg yolk with the hemp seed inclusion, with regard to γ-LA and ARA, the results show an in-crease in their concentrations in egg yolk but they are not significant (p > 0.05). The α-LA content shows a significant increase (p < 0.01) with the inclusion of hemp seeds, EPA and DHA depot in yolk were not significantly increased (p > 0.05). This may be due to the limited conversion of ALA and LA to VLC PUFAs in birds (Elkin et al., 2016). Most data indicates that large quantities of VLC PUFA are deposited in the egg yolk When DHA is supplied directly, whether from fish or algae (Neijat et al., 2016a; Elkin and Harvatine, 2023). Conversely, with ALA supplementation, it must undergo biosynthesis in the liver through delta-5 and delta-6 desaturase and elongase enzymes before being exported to deposited in yolk (Rbah et al., 2024). In addition, research into the incorporation of phytogenic feed additives suggests that the addition of black pepper leads to an increase in PUFAs levels. This increase is the result of the reinforcement of the antioxidant defense system, which serves to protect against PUFA oxidation and ultimately promotes the production of stable end products (Mohebodini et al., 2021; Ashayerizadeh et al., 2023).



3.1.4. Health-related lipid quality indexes in egg yolk

Increasing the content of n3 PUFAs in egg yolks led to a significant reduction (p < 0.01) in the n6/n3 ratio. Furthermore, Increasing ALA levels more significantly than LA led to an interesting reduction (p < 0.01) in LA/ALA ratios. Decreasing the n6/n3 and LA/ALA ratios holds significance for human health (Chen and Liu, 2020), as it diminishes the likelihood of chronic diseases like coronary heart disease; obesity and cancer, while enhancing nervous system functionality (Alagawany et al., 2019; Kapoor et al., 2021; Liput et al., 2021).

The PUFAs/SFAs ratio, Hypocholesterolemic/hypercholesterolemic index (h/H), thrombogenic index (TI), and atherogenic index (AI), are established measures used to assess the physiological effects of fats on consumer health. As a general rule, an optimal PUFAs/SFAs ratio >0.45 is desired, while AI and TI values should be < 0.5 and 1, respectively (Chen and Liu, 2020). Highest h/H values are considered to be beneficial to health (Rafieian-Kopaei et al., 2014). Our results, presented in Table 8, revealed a clear increase in PUFAs/SFAs values with increasing hemp seed inclusion in all treatments (p < 0.01) with values above 0.45, the highest value (1.57) was observed in the Treatment-17. With increasing inclusion of hemp seeds, AI and TI values decreased significantly (p < 0.01) below 0.5 and 1 respectively for AI and TI. The lowest values were observed with Treatment-17, reaching 0.369 and 0.521 for AI and TI respectively, this progressive inclusion also led to significantly high values (p < 0.01) in the h/H interval, ranging from 2.52 to 3.47. The highest value was observed with the same dietary treatment (Treatment-17) mentioned above for PUFAs/SFAs ratio, AI and TI indices. Our results for these indices are consistent with findings from researchers who have investigated the impact of hemp seed inclusion on health-related lipid indexes (Taaifi et al., 2023b; Mierlita et al., 2024).



3.1.5. Cholesterol in egg yolk

Consumer concern about the lipid composition of egg yolks, especially their cholesterol content, has long been recognized as an unfavorable nutrient (Myers and Ruxton, 2023). Cholesterol content can be influenced by a variety of factors, including the; hen breed, age, farm management practices and nutritional strategies (Dalle Zotte et al., 2021). As a result, a considerable effort has been made in the field of nutrition to reduce cholesterol levels in egg yolks.

The Pareto chart of cholesterol content (Figure 2C), reveals that supplementation with hemp seed have a significant (p < 0.05) negative linear effect on cholesterol content, whereas turmeric has a significant (p < 0.05) positive quadratic effect. In contrast, black pepper does not significantly (p > 0.05) affect cholesterol levels. The 3D surface response of cholesterol (Figure 4C) indicates that the lowest value for cholesterol was obtained with the diet Treatment-17. This result is consistent with that of Table 9, showing that hemp seed intake significantly reduced (p < 0.01) cholesterol levels in egg yolk with increasing levels of hemp seed and turmeric administered to laying hens, ranging from 10.2 to 7.05 for the Treatment-2 and Treatment-17, respectively. It is likely that this cholesterol-lowering effect stems from the synergistic interaction between several vegetal compounds such as phytosterols, fibers and fatty acids, which appear to influence cholesterol biosynthesis.

TABLE 9 Dietary treatments (hemp seed, turmeric and black pepper) and their effects on tocopherols and cholesterol levels in egg yolk.


	Treatment
	Independent variable (%)
	Response



	Hemp seed
	Turmeric
	Black pepper
	α-tocopherol
	γ-tocopherol
	total Tocopherols
	Cholesterol





	T-1
	10
	5
	0.1
	459.41 ± 15.52
	62.27 ± 2.50
	521.67 ± 15.77
	9.43 ± 0.07



	T-2
	10
	1
	0.3
	460.73 ± 26.85
	65.72 ± 9.35
	526.45 ± 27.49
	10.02 ± 0.09



	T-3
	10
	3
	0.1
	547.60 ± 31.34
	68.28 ± 5.52
	615.87 ± 29.82
	7.94 ± 0.16



	T-4
	10
	5
	0.3
	408.34 ± 18.33
	55.02 ± 5.71
	463.36 ± 22.63
	9.43 ± 0.03



	T-5
	10
	3
	0.5
	411.21 ± 10.39
	39.28 ± 5.21
	450.48 ± 15.60
	8.99 ± 0.06



	T-6
	20
	1
	0.5
	463.37 ± 34.1
	140.10 ± 6.02
	603.47 ± 21.91
	9.45 ± 0.03



	T-7
	20
	1
	0.1
	531.37 ± 28.24
	178.91 ± 8.77
	710.28 ± 24.47
	9.69 ± 0.08



	T-8
	20
	5
	0.5
	435.10 ± 5.04
	123.63 ± 8.40
	558.72 ± 13.44
	8.66 ± 0.03



	T-9
	20
	3
	0.3
	430.73 ± 17.05
	193.17 ± 6.64
	623.90 ± 23.59
	8.06 ± 0.10



	T-10
	20
	3
	0.3
	480.14 ± 18.23
	240.43 ± 7.95
	720.58 ± 25.28
	8.12 ± 0.05



	T-11
	20
	3
	0.3
	563.97 ± 8.74
	210.43 ± 5.59
	774.40 ± 14.85
	8.71 ± 0.04



	T-12
	20
	3
	0.3
	570.94 ± 19.29
	123.41 ± 9.36
	694.34 ± 26.93
	8.85 ± 0.04



	T-13
	20
	3
	0.3
	641.69 ± 9.55
	175.76 ± 4.47
	817.46 ± 11.02
	8.86 ± 0.07



	T-14
	20
	3
	0.3
	475.72 ± 24.32
	163.27 ± 4.19
	638.99 ± 18.51
	8.34 ± 0.05



	T-15
	30
	5
	0.3
	705.67 ± 30.72
	97.45 ± 7.54
	803.12 ± 22.26
	7.56 ± 0.04



	T-16
	30
	3
	0.1
	660.02 ± 25.72
	113.87 ± 9.79
	773.90 ± 25.93
	7.84 ± 0.05



	T-17
	30
	1
	0.3
	669.31 ± 21.39
	102.16 ± 4.65
	771.47 ± 21.74
	7.05 ± 0.04



	T-18
	30
	3
	0.5
	788.40 ± 28.84
	78.79 ± 4.09
	867.20 ± 26.75
	7.41 ± 0.07



	T-19
	0
	0
	0
	677.17 ± 11.79
	90.68 ± 5.61
	767.85 ± 12.01
	9.26 ± 0.31






α- γ- and total Tocopherols expressed as μg/g egg yolk; Cholesterol expressed as mg/g egg yolk.




Phytosterols, present in hemp seed, act to lower hypercholesterolemia by hindering the absorption of cholesterol via both crystallization and co-precipitation, as indicated in the literature (Zhang et al., 2022). Their characteristically lower water-solubility than cholesterol enables them to compete for its place in intestinal micelles, thus lowering its absorption rate (Trautwein et al., 2003; Brufau et al., 2008). In addition, phytosterols can reduce liver biosynthesis of cholesterol by regulating the activity of enzymes like those implicated in the synthesis of terpenes and 3-hydroxy-3-methylglutaryl-coenzyme A reductase, thus limiting cholesterol synthesis (Rbah et al., 2024). Consequently, the addition of hemp seed, rich in phytosterols and unsaturated fatty acids, is likely to reduce the concentration of cholesterol in egg yolk. This hypothesis is corroborated by previous findings (Shahid et al., 2015; Taaifi et al., 2023b). Studies have shown that dietary supplementation with turmeric can lower cholesterol levels, possibly by increasing the expression of cholesterol 7α-hydroxylase, a key enzyme in the formation of bile acids from cholesterol, as suggested by Kim and Kim (2010). Curcumin (the most active substance in turmeric) may also inhibit ATP-citrate lyase, a crucial enzyme in fatty acid synthesis that converts citrate to acetyl-CoA (Xie et al., 2019). Furthermore, it has been suggested that curcumin may also promote cholesterol catabolism and excretion, potentially by binding to cholesterol to facilitate its elimination (Keshavarz, 1976).



3.1.6 Tocopherols in egg yolk

Tocopherols, compounds naturally present in plants, are found in varying quantities in foods, mainly in vegetable oils and certain oilseeds (Shahidi and de Camargo, 2016). Isomers α and γ-tocopherols are the most abundant, due to their high amount in food. However, α-Tocopherol predominates as the “primary” vitamin E form, with the greatest concentration in tissues. Metabolically, α-tocopherol platforms are considered the most active (Szewczyk et al., 2021).

Hemp seeds are well known for their richness in tocopherols (Taaifi et al., 2021) and phenolic compounds (Benkirane et al., 2023). Tocopherols, being lipid-soluble molecules, play a crucial role in preserving membrane integrity. Serving as antioxidants, they shield the body from oxygen toxicity (Munné-Bosch and Alegre, 2002). Furthermore, they safeguard lipids and other membrane constituents by both physically quenching singlet oxygen and chemically reacting with it (Kruk et al., 2005).

The Pareto chart (Figure 2D) indicates that only the dietary variable of hemp seed has a significant positive quadratic effect on tocopherol content. The 3D surface response (Figure 4D) confirms these results, showing a consistent trend of increasing tocopherol levels with the inclusion of more than 30% hemp seed in the diet of laying hens. Table 9 presents total concentrations of tocopherol ranging from 450.48 μg/g egg yolk (Treatment-5) to 867.20 μg/g egg yolk (Treatment-17). This finding is closely aligned with the results reported in many other studies that use hemp seed as feed for laying hens (Skrivan et al., 2019; Taaifi et al., 2023b).



3.1.7. Carotenoids in egg yolk and color indices

Yolk color tops the list in terms of consumer satisfaction, as it is easily visible and greatly affects buyer perception, among other quality traits (Abive-Bortsi et al., 2022). As reported by Saleh et al. (2021), yolk coloration is primarily determined by the hen's dietary intake of carotenoids, rather than intrinsic nutrient density.

Table 10 shows the results of the color indices and carotenoids levels in egg yolk from this study. A significant increase (p < 0.05) in the b* value resulting from hemp seed supplementation was observed in all experiments, with the exception of the experiments with 30-hemp seed inclusion, showing a decrease (p < 0.05) in the b* value and the chromaticity index, and there is no change in the a* value. An increase in the b* value is generally interpreted as a color shift toward yellow. For the hue angle, the results showed a significant increase (p < 0.05) in hue angle values with the inclusion of hemp seed. Taaifi et al. (2023a) report that a large inclusion of hemp seeds reduces b* values in egg yolk.

TABLE 10 Dietary treatments (hemp seed, turmeric and black pepper) and their effects on color parameters and total carotenoids in egg yolk.


	Treatment
	Independent variable (%)
	Response



	Hemp seed
	Turmeric
	Black pepper
	L*
	a*
	b*
	Chromaticity
	Hue angle
	Total carotenoids





	T-1
	10
	5
	0.1
	70.67 ± 0.67
	−5.77 ± 0.13
	31.41 ± 0.81
	31.94 ± 0.82
	100.41 ± 0.05
	2.53 ± 0.03



	T-2
	10
	1
	0.3
	67.66 ± 0.44
	−7.16 ± 0.09
	30.29 ± 0.30
	31.13 ± 0.30
	103.31 ± 0.14
	2.55 ± 0.17



	T-3
	10
	3
	0.1
	69.18 ± 0.49
	−5.78 ± 0.16
	36.80 ± 0.27
	37.25 ± 0.29
	98.93 ± 0.19
	2.58 ± 0.09



	T-4
	10
	5
	0.3
	67.87 ± 0.20
	−7.06 ± 0.15
	30.67 ± 0.29
	31.47 ± 0.31
	102.97 ± 0.20
	2.75 ± 0.06



	T-5
	10
	3
	0.5
	68.11 ± 0.77
	−5.31 ± 0.20
	39.90 ± 1.18
	40.26 ± 1.19
	97.59 ± 0.21
	2.52 ± 0.11



	T-6
	20
	1
	0.5
	67.85 ± 0.19
	−6.39 ± 0.07
	37.52 ± 1.01
	38.06 ± 1.01
	99.67 ± 0.15
	2.85 ± 0.26



	T-7
	20
	1
	0.1
	70.85 ± 0.33
	−5.97 ± 0.04
	39.32 ± 0.70
	39.77 ± 0.69
	98.64 ± 0.15
	2.77 ± 0.12



	T-8
	20
	5
	0.5
	67.94 ± 0.92
	−6.07 ± 0.09
	34.59 ± 1.07
	35.12 ± 1.05
	99.97 ± 0.33
	3.02 ± 0.25



	T-9
	20
	3
	0.3
	69.27 ± 0.18
	−6.44 ± 0.15
	34.73 ± 0.83
	35.33 ± 0.84
	100.52 ± 0.12
	2.85 ± 0.14



	T-10
	20
	3
	0.3
	70.20 ± 1.20
	−6.74 ± 0.26
	35.80 ± 1.32
	36.43 ± 1.35
	100.67 ± 0.12
	2.89 ± 0.17



	T-11
	20
	3
	0.3
	66.12 ± 1.12
	−6.10 ± 0.22
	33.75 ± 1.12
	34.30 ± 1.12
	100.25 ± 0.32
	2.95 ± 0.32



	T-12
	20
	3
	0.3
	69.26 ± 2.37
	−6.52 ± 0.42
	34.91 ± 2.07
	35.52 ± 2.11
	100.58 ± 0.07
	3.05 ± 0.13



	T-13
	20
	3
	0.3
	67.87 ± 2.63
	−6.30 ± 0.39
	34.15 ± 1.25
	34.73 ± 1.30
	100.46 ± 0.26
	2.88 ± 0.43



	T-14
	20
	3
	0.3
	68.45 ± 1.57
	−6.46 ± 0.30
	35.22 ± 0.27
	35.81 ± 0.30
	100.40 ± 0.42
	3.28 ± 0.19



	T-15
	30
	5
	0.3
	66.55 ± 0.58
	−7.62 ± 0.20
	18.68 ± 0.66
	20.17 ± 0.68
	112.22 ± 0.19
	3.43 ± 0.15



	T-16
	30
	3
	0.1
	69.86 ± 0.46
	−6.85 ± 0.03
	12.17 ± 0.19
	13.97 ± 0.16
	119.38 ± 0.44
	3.26 ± 0.22



	T-17
	30
	1
	0.3
	70.13 ± 0.09
	−7.15 ± 0.03
	13.76 ± 0.03
	10.34 ± 0.06
	117.54 ± 0.08
	3.48 ± 0.06



	T-18
	30
	3
	0.5
	72.71 ± 1.16
	−5.92 ± 0.24
	13.74 ± 0.14
	14.96 ± 0.21
	113.29 ± 0.68
	3.07 ± 0.18



	T-19
	0
	0
	0
	69.64 ± 1.22
	−5.80 ± 0.11
	37.31 ± 0.22
	37.76 ± 0.15
	98.85 ± 0.34
	3.61 ± 0.12





L*, Lightness; a*, Red index; b*, Yellow index; Total Carotenoids expressed as mg/g egg yolk.




For carotenoids, they show the same results for the b* value, a significant increase (p < 0.05) with 10 and 20-hemp seed and a significant decrease (p < 0.05) with 30-hemp seed, probably due to the large substitution of corn (carotenes origin) by hemp seed. Instead Skrivan et al. (2019) shows that hemp seed do not affect carotenoid concentrations in egg yolks up to 30% inclusion.




3.2 Optimal diet combination

Based on the results obtained from egg yolk analyses mainly the fatty acid profile (n3 PUFAs, SFA and n6 PUFAs/n3 PUFAs ratio), tocopherols and cholesterols levels, we generate a 2-D superimposed contour plot for the choice of the optimal combination of the three diets (hemp seed, turmeric and black pepper).

The results shown in Table 11 and Figures 5A–C reveals that with 30% hemp seed, 0.3% black pepper and 3% turmeric of dietary inclusion, we obtained the optimal results which are very suitable, in terms of fatty acid composition, the results show that n3 PUFAs have the highest percentage 5.76% compared to the value of the control diet 2.18% (p < 0.05), the SFAs show a low percentage (p < 0.05) of about 27.05% compared with 31.95% for the control diet, The n6/n3 PUFAs ratio for this dietary combination was significantly enhanced (p < 0.05), reaching ~6.04, which is close to the recommended ratio of below 4. This represents a remarkable improvement compared to the control diet, which had a ratio of 10.5, effectively reducing it by nearly half. With regard to the total tocopherols content in egg yolk, this dietary combination reached a very high level of 844.73 μg/g egg yolk, significantly higher (p < 0.05) than that observed in the control diet (767.85 μg/g egg yolk). This clearly reflects a marked improvement in the total tocopherols content of egg yolk. Cholesterol levels in the egg yolk were substantially reduced, reaching 7.05 mg per gram of egg yolk, compared to the control level of 9.26 mg per gram. This significant decrease highlights the dietary combination's effectiveness in lowering cholesterol content in egg yolk.

TABLE 11 Fatty acid profile, health-related lipid quality indexes, cholesterol, Total carotenoids and Total tocopherols levels in egg yolks obtained with the optimal combination (Hemp seed, Turmeric, Black pepper; 30%/3/0.3%) and data validation.


	Responses
	Predicted value
	Control value
	Confidence intervals at 95%





	LA
	33.29
	20.46 ± 0.11
	[30.86–35.70]



	ALA
	4.09
	1.04 ± 0.02
	[3.66–4.53]



	n3 PUFAs
	5.86
	2.18 ± 0.05
	[5.36–6.36]



	n6 PUFAs
	35.94
	22.88 ± 0.19
	[33.40–38.48]



	n6 PUFAs/n3 PUFAs
	6.04
	10.50 ± 0.12
	[5.58–6.49]



	SFAs
	27.05
	31.95 ± 0.34
	[25.75–28.39]



	MUFAs
	30.90
	42.71 ± 0.67
	[28.55–33.07]



	PUFAs
	41.80
	25.06 ± 0.22
	[38.78–44.96]



	TI
	0.52
	0.48 ± 0.01
	[0.48–0.57]



	AI
	0.38
	0.81 ± 0.01
	[0.35–0.41]



	h/H
	3.35
	2.58 ± 0.03
	[3.12–3.59]



	Total tocopherols
	847.41
	767.85 ± 12.01
	[755.95–938.87]



	Total carotenoids
	2.77
	3.61 ± 0.12
	[1.91–3.61]



	Cholesterol
	6.98
	9.26 ± 0.31
	[6.16–7.79]





LA, Linoleic acid; ALA, α-linolenic acid; n3 PUFAs, Omega 3 Poly-Unsaturated Fatty Acids; n6 PUFAs, Omega 6 Poly-Unsaturated Fatty Acids; SFAs, Saturated Fatty Acids; MUFAs, Mono-Unsaturated Fatty Acids; TI, Thrombogenic index; AI, Atherogenic index; h/H, hypocholesterolemic/hypercholesterolemic index; Total Tocopherols expressed as μg/g egg yolk; Total carotenoids expressed as mg/g egg yolk; Cholesterol expressed as mg/g egg yolk.





[image: Three contour plots labeled A, B, and C illustrate the effects of dietary ingredients on various yolk components. Plot A shows the relationship between hemp seed and turmeric on yolk components like cholesterol, tocopherols, SFAs, and n3 PUFAs. Plot B presents hemp seed and black pepper affecting similar yolk parameters. Plot C examines the interaction between turmeric and black pepper, highlighting changes in yolk components. Each plot emphasizes specific nutritional elements, with different colored regions representing various component levels.]
FIGURE 5
 (A–C) represent the overlaid contours of the five responses (SFAs, n3 PUFAs, n6/n3 ratio, tocopherols and cholesterol levels). Pointed area indicates optimal response (27.05% of SFAs, 5.86% of n3 PUFAs, 6.04 of n6 PUFAs/n3 PUFAs ratio, 846.55 μg/g of yolk for tocopherols and 7.02 mg/g of yolk for cholesterol). The combination of 30% hemp seeds, 3% turmeric and 0.3% black pepper was considered suitable for obtaining a high-quality eggs yolk.





4 Conclusion

In the current study, we investigated the effects of incorporating hemp seed, turmeric, and black pepper into the diet of laying hens. Response Surface Methodology was used to determine the optimal levels of saturated fatty acids, n3 PUFAs, n6 PUFAs, n6/n3 ratio, tocopherols and cholesterol levels in egg yolk. Our research findings highlight the effectiveness of RSM and the Box-Behnken statistical method for enriching egg yolk with n3 PUFAs. By introducing hemp seed, turmeric, and black pepper into the laying hens' feed, we successfully enhanced the nutritional quality of eggs. The results show that the combination of 30% hemp seed, 0.3% black pepper and 3% turmeric in the diet of laying hens gives the optimum results in terms of fatty acid profile, cholesterol and tocopherol levels in the egg yolk. Also, this study demonstrates the advantages of employing RSM to evaluate the importance of various variables in egg enrichment research with n3 PUFAs. We consider that these insights, particularly demonstrated through response surface plots, could inspire future research in this area. We are confident that our results will contribute to the continued development of functional foods with excellent health value, in line with global objectives for sustainable food systems. Subsequent research could explore the long-term effects of these phytobiotic combinations on egg laying performance, egg shelf life and consumer acceptance.
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