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This study investigates the impact of dietary nonindustrial Moroccan hemp seed (HS) on the fatty acid profile, cholesterol, and
tocopherol levels, in the liver of 120 Lohmann brown laying hens aged 22 weeks during 12 weeks of treatment. The hens are
randomly allocated into four treatment groups, each subdivided into six replicates with five birds in each replicate. The dietary
treatments consist of 0% HS (control), 10% HS, 20% HS, and 30% HS. Results indicate a substantial increase (p<0.01) in
polyunsaturated fatty acids, including omega 3 (n-3) and omega 6 (n-6) types, with the inclusion of HS in the diet. The n-6/n-3
ratio is significantly reduced (p <0.01), and there is a significant reduction (p < 0.01) in saturated fatty acids only for the 30% HS
treatment, indicating a more favorable fatty acid composition. Cholesterol levels remain largely unaffected by HS inclusion, except
for the 10% HS group, which shows a significant decrease (p < 0.05). Moreover, hepatic tocopherol levels are significantly elevated
(p<0.01) in subjects receiving the HS diet, with the 30% HS group exhibiting the highest tocopherol content. In summary,
incorporating HS into the diet up to 30% appears to offer promising benefits for hepatic lipid composition, particularly in terms of
n-3 polyunsaturated fatty acids, the n-6/n-3 ratio, and tocopherol levels, while having minimal impact on cholesterol levels.

1. Introduction

Eggs are an important human foodstuff, consumed in
millions of tonnes every year. According to statistics, world
production is estimated at 86.4 million tonnes in 2021 and is
set to rise further due to the strong demand for animal
proteins [1]. Hens’ eggs constitute a great source of proteins
and fats as well as an excellent and balanced source of

essential amino acids, certain minerals (calcium, zinc, and
iron), and vitamins both liposoluble and hydrosoluble [2-5].
Daily consumption of eggs provides almost all of the rec-
ommended amount of these nutrients [6].

Poultry farming in Morocco has undergone rapid
growth in recent years, with a 44% surge in investment
recorded between 2010 and 2019. Nevertheless, the sector’s
heavy reliance on imported poultry feed inputs remains
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a significant challenge. Hence, a key research focus has been
to explore the feasibility of utilizing local ingredients that can
lower feed costs while maintaining high nutritional stan-
dards for the hens. One promising alternative is the in-
corporation of fish-based products such as fish oils and
meals produced within Morocco, as well as seaweed-based
ingredients. Nevertheless, the high cost and the sustain-
ability of the world’s fish stocks remain a serious concern. In
addition, some research has indicated their adverse impact
on both hens’ productive performance and the sensory at-
tributes of the resultant eggs [7]. A further alternative would
be to use oilseeds produced in Morocco, such as local
nonindustrial cannabis seeds (named beldiya). Beldiya is
considered a hashish terroir. The hashish production in
Morocco relies on a specific cultivar named NLD, an ab-
breviation for narrow-leaf drug cannabis, often colloquially
termed “sativa.” This particular cultivar, Cannabis indica ssp.
indica var. mediterranean, may have emerged from the
interbreeding of Asian NLD with narrow-leaf Cannabis
varieties (NLH) from southern Europe. This hybridization
could account for the cultivar’s moderate delta-9-tetrahy-
drocannabinol (THC) content, ranging from 2% to 5%, and
its comparatively elevated cannabidiol (CBD) levels [8].

In previous studies conducted in our laboratory [9, 10],
the variability of oil, tocopherol, phenol, and fatty acid
content across various nonindustrially produced Moroccan
hemp seed (HS) varieties was investigated. The fatty acid
composition predominantly consisted of unsaturated fatty
acids (87.3-88.96%), with linoleic acid (LA) being the
dominant form, accounting for approximately 56% of total
fatty acids, while a-linolenic acid (ALA) levels ranged from
14 to 17%. The LA (omega-6) to ALA (omega-3) ratio was
found to be approximately 3.4. Furthermore, our findings
[10, 11] demonstrate that HS collected from different regions
of the Rif region exhibited significant concentrations of
phenolic compounds and gamma tocopherols, along with
potent antioxidant activity that could provide protection to
PUFA, particularly very long-chain fatty acids (VLCs),
against oxidation.

Until now, most investigations on the impact of in-
corporating hemp seed (HS) or hemp oil in poultry diets
have primarily focused on productive performance and egg/
meat nutritional quality [12-14].

Numerous research studies have been conducted to
assess the influence of industrial hemp seeds on the mod-
ification of lipid profiles in the hepatic tissue of chickens
[15-17]. Yang et al. [18] revealed that dietary alterations can
induce variations in lipogenesis and lipid storage in the livers
of chickens. By combining elevated quantities of hemp seeds
with flaxseeds, the hepatic vitamin E content was augmented
[17]. Elkin et al. [19] established that the addition of DHA-
rich microalgae to the diets of White Leghorn hens mitigated
substantial liver enlargement, induced changes in the
ovarian follicle hierarchy, reduced the circulation of tri-
glycerides, as well as suppressed hepatic expression of critical
genes linked to the biosynthesis of triglycerides.

In a previous study [20], it was documented that the
utilization of nonindustrial Moroccan hemp seeds in the
diets of Lohmann Brown laying hens resulted in a marked
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enhancement in nutritional egg quality, which was at-
tributed to elevated levels of n-3 fatty acids and tocoph-
erols. The objective of the current investigation was to
explore the impact of integrating nonindustrial Moroccan
hemp seeds from the Beldiya ecotype into the diets of laying
hens on the hepatic fatty acid profile, tocopherols, and
cholesterol content, while concurrently correlating these
alterations with observed nutritional composition changes
in eggs.

2. Materials and Methods

This experiment has been performed in the poultry building
at the Royal Institute of Livestock, Kenitra, kingdom of
Morocco.

2.1. Birds and Husbandry. In this investigation, a group of
120 Lohmann Brown laying hens, each aged 22 weeks, was
procured from a licensed commercial poultry facility. These
hens underwent an initial weight assessment and were
subsequently assigned randomly to one of four distinct
treatment groups, which encompassed a control group re-
ceiving no hemp seed supplementation. Each treatment
group was subdivided into six replicates, each consisting of
five birds, and a completely randomized design was
employed. The dietary interventions involved the sub-
stitution of soybean-corn components in the control basal
diet with varying levels of hemp seed, specifically 0%
(control), 10% (HS 10), 20% (HS 20), and 30% (HS 30). The
laying hens were accommodated in a designated animal
housing facility equipped with automated drop belts and
battery cages, with the following dimensions: 0.61 m long,
0.57 m wide, and 0.5m high, adhering to rigorous sanitary
and veterinary standards. Individual nipple drinkers were
provided for each bird, and the metallic feeders were par-
titioned to prevent interreplicate feed consumption. Feeding
occurred thrice daily, and ad libitum access to water was
ensured. Environmental conditions were meticulously reg-
ulated, maintaining a controlled temperature range of
18-22°C, humidity levels at 55-60%, and a photoperiod of
16 hours of light followed by an 8-hour dark cycle. The
experiment lasted 12 weeks; throughout the experimental
duration, no instances of mortality were observed, and
vaccination procedures were executed under the oversight of
a licensed veterinarian.

2.2. Experimental Diets. The composition of the diets and
ingredients used were described in our previous article
(Table 1) [20]. As for the content of the hemp seeds used in
this study, they are shown in (Table 2). The diets admin-
istered were carefully formulated to be isocaloric and iso-
nitrogenous, meticulously tailored to meet the specific
nutritional needs of laying hens [21], receiving a daily ration
of 100 grams of feed [18]. The diets were administered on
a daily basis and stored at a temperature of 4°C throughout
the duration of the trial. The dietary formulations encom-
passed incremental quantities of HS (0%, 10%, 20%, and
30%), designated as control, HS-10, HS-20, and HS-30,
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TaBLE 1: Formulation, proximate chemical composition, and
nutrient profile of diets containing hempseed (HS) compared with
the control.

Diet
Item
Control HS-10 HS-20 HS-30

Ingredients (g-kg™")
Corn 588.29 462.14 380.01 212.94
Hemp seed 0 100 200 300
Soybean meal 255.85 104.59 95.63 110.94
Sunflower meal 16.85 130 130 130
Soybean oil 20.28 10 0 0
Calcium 86.09 73.79 89.34  89.27
DDGS* 8.96 70 70 35.72
Di calcium phosphate 13.68 3726 11.62 20
Sodium sulfate 0 2.37 3 2
Sodium chloride 1.83 1.12 2 2
DL-methionine 2.73 2.15 217 2
L-Lysine HCI 0.1 1.46 9.99 15
Vitamin premix** 5 5 6.11 80
Mineral premix** 0.4 0.12 0.13 0.13

Composition (calculated unless noted)
AME (kcal/kg)*** 2990 3000 3000 3000
Crude fat (%) 5.06 7.14 8.48 11.10
Crude protein (%) 17.8 17.8 18 18
Calcium (g/kg) 39 40 40 40
Phosphorus available (%) 0.44 0.85 2.78 2.78
Sodium (g/kg) 1.1 2 2 2
a-Linolenic acid (%) 2.49 7.45 12.09 17.37
Lysine (g/kg) 9.35 8.64 8.71 8.74
Methionine (g/kg) 5.58 5.59 5.82 6.14
Threonine (g/kg) 690 663 694 691

*DDGS: distiller’s dried soluble grains; *** AME available metabolizable
energy. “*Providing per g of premix, 11,00 IU vitamin A; 3,000 IU vitamin
D3; 0.3 mg vitamin K3; 0.22 mg vitamin B1; 0.65mg vitamin B2; 0.45 mg
vitamin B6; 2 yg vitamin B12; 1 mg pantothenic acid; 2.5 mg niacin; 0.4 mg
folic acid; 151U vitamin E; 23 mg choline chloride; 0.30 mg sodium; 66 mg
manganese; 80 mg iron; 70 mg zinc; 10 mg copper; 0.4 mg iodine; 36 mg
magnesium; 0.10 mg selenium.

respectively, incorporated into a primarily soybean-corn-
based mixture. These diets were produced by a specialized
poultry feed company called BENWAY.

2.3. Diet Analyses. In the research, an examination was
conducted on the nutritional elements within the diet,
encompassing moisture, ash, crude protein, crude fiber,
calcium, total phosphorus, and ether extract contents, as per
the methodology outlined by [22]. The apparent metabo-
lizable energy (AME) of the key dietary components was
assessed following the European reference approach de-
scribed by [23]. This method involves calculating the dif-
ference between energy intake and energy expenditure.

2.4.Sampling. Atthe end of the experiment, when layers had
reached 36 weeks of age, the hens were transported to
a slaughterhouse. Six hens from each treatment group (one
hen from each replicate) were randomly selected and
weighed. Prior to slaughter, the layers were subjected to a 12-
hour feed withdrawal, then slaughtered according to the
halal cutting method before being plucked and eviscerated.

TABLE 2: Proximate and major fatty acid composition of hemp
seeds (beldiya) utilized as a dietary constituent for laying hens.

Whole hemp seed (g-kg™' DM)

Dry matter 952.9
Ash 49.7
Crude protein 2203
Crude fiber 2754
Calculated metabolizable energy (kcal/kg) 3883.92
Lipid 330.2
Fatty acid (%)
C16.0 7.68
C16.1 n-9 0.13
C18:0 3.03
C18:1 n-9 18.05
C18:1 n-7 1.05
LA 51.01
GLA 0.61
ALA 16.46
C20:0 0.79
C20:1 n-9 0.43
C24:0 0.27
Other FA 0.49
SFA 11.91
MUFA 19.72
PUFAs 68.38
UFA 88.09
PUFA n-3 16.53
PUFA n-6 51.85
PUFA n-6/PUFA n-3 3.14

LA, linoleic acid; ALA, a-linolenic acid; GLA, y-linolenic acid; PUFAs,
polyunsaturated fatty acids.

This method of slaughter involves first holding the hens’ legs
with the right foot and the wings with the left. The protocol
begins with the recitation of Allah’s name and the Tasmiyah
(Bismillah Allahu Akbar). Then, using a very sharp knife, the
neck of the chicken was cut down to the bone. The weight of
the carcass was recorded prior to tissue sampling. The liver
was expeditiously removed from the carcass, weighed, and
rapidly cooled using liquid nitrogen and then preserved at
a temperature of —20°C for future analyses, including fatty
acid assessment. All relevant international and national
regulations and ethical protocols governing the humane
treatment and utilization of animals were meticulously
adhered to throughout the study [24].

2.5. Liver Lipid Content and Cholesterol. The Folch technique
was employed to extract total lipids from liver and diet
samples. This process involved homogenization in a solution
composed of chloroform and methanol (2: 1, v/v), as initially
outlined by the 2:1 (v/v) solution [25]. Following centri-
fugation, the organic phase was collected, and the resulting
all-lipid extracts were retained for subsequent analyses. To
determine the levels of cholesterol in the liver, the Lie-
bermann-Burchard (LB) technique, as detailed by Sabir et al.
[26], was employed. Specifically, 0.1 g of hepatic fat was
diluted in 10ml of chloroform, and 3ml aliquots were
extracted, followed by the addition of 2ml of LB reagent
(comprising 0.5 ml sulfuric acid dissolved in 10 ml of acetic
anhydride). The final volume was adjusted to 7ml with



chloroform. In parallel, a standard cholesterol solution
(1 mg/ml) was prepared, and 5 aliquots ranging from 0.5 ml
to 2.5 ml were treated with 2 ml of LB reagent, with the final
volume adjusted to 7 ml using chloroform. The solution was
then incubated in darkness for 15 minutes, and the absor-
bance was measured at 640 nm using a UV spectropho-
tometer (Rayleigh UV1800, UV-Visible).

2.6. Fatty Acid Analyses. To analyze fats, the AOCS “Ce 1k-
09” method was employed to transform fatty acids from diet
and liver samples into fatty acid methyl esters (FAMEs) [27].
Subsequently, these fats were subjected to analysis via gas
chromatography, coupled with a flame ionization detector
(GC Agilent 6890, Agilent Technologies). The injection of
FAME:s into the system was performed in a splitless mode,
with 1 uL of the sample injected. Separation of FAMEs took
place in a BPX70 capillary column (60 m long, 0.32mm
internal diameter, and 0.25 ym film thickness; SGE Europe).
Helium gas served as the carrier gas at a flow rate of 1 mL per
minute. Initially, the oven temperature was set at 50°C,

SI=

[ (C14: 0+ C16: 0+ C18: 0)
(MUFA + PUFA) ’

DFA =[(C18: 0 + UFA)],

[ (4xC14: 0+ C16: 0+ C18: 0)

Al =
(MUFA + PUFA)

>

TI =
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subsequently increased to 170°C at a rate of 30°C per minute,
and then raised by 4°C per minute until reaching 220°C. This
temperature was maintained for 10 minutes. Identification
of the fatty acids was accomplished by comparing them to
a standard containing 37 FAMEs (Sigma-Aldrich, Supelco,
Bellefonte PA, USA), and the results were reported as
percentages.

2.7. Calculation of Health Lipid Indices. The health lipid
indices profile of the enriched liver hens was determined by
analyzing the proportions of specific fatty acids and their
groups. This involved calculating various indices, including
saturation indices (SI), desirable fatty acids (DFAs), ath-
erogenic indices (AI), thrombogenic indices (TI), oxidative
susceptibility (OS), the ratio of hypocholesterolemic and
hypercholesterolemic ~ fatty  acids  (hH),  hyper-
cholesterolaemic saturated fatty acids (HFSA), and nutritive
value indices (NVI). The following relevant formulas were
used to calculate each of these indices [28-30]:

(ZSFA)
((0.5 x EMUFA) + (0.5 x n — 6PUFA) + (3 x n — 3PUFA) + (n—-3: n—6)) |’

(1)

OS = [(MUFA + (45 x C18: 2) + (100 x C18: 3),

h [(C18: 1n—-9+C18: 2n—6+ C20: 4n—6 + C18: 3n— 3 + C20: 5n—3 + C22: 6n—6)]

H | (C14: 0 + C16: 0)

HSFA =[(C14: 0 + C16: 0)],

(C18: 0+C18: 1)
Cl16: 0

NVI =

2.8. Tocopherols Analyses. To examine tocopherol com-
pounds in liver fat, the methodology by Ben Moumen et al.
[31]. We employed high-performance liquid chromatogra-
phy with diode array detection (HPLC-DAD) for this
purpose. Initially, the samples were dissolved in hexane and
then separated using an Uptisphere 120 A NH2 silica col-
umn (250 mm x 4.6 mm, 5 ym). The mobile phase used was
a hexane/isopropanol mixture (99:1, v/v) maintained iso-
cratically. The flow rate was set at 1 mL/min, and a UV
detector was used to identify the separated compounds at
wavelengths of 292, 296, and 298 nm. For quantification, we

relied on external calibration, utilizing a commercially
available tocopherol standard from Sigma-Aldrich (St.
Louis, MO, USA).

2.9. Statistical Analysis. The collected data were subjected to
rigorous statistical analysis employing the one-way analysis
of variance (ANOVA) test, conducted using IBM SPSS
software (version 20; SPSS Inc., Chicago, IL, USA). This
analytical approach was employed to assess the treatment-
induced variations in the hepatic fatty acid profile, lipid
health indices, cholesterol levels, and tocopherol
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concentrations among the laying hens. For comparing
means, Tukey’s test was applied, and statistical significance
was established at a threshold of p <0.01. The outcomes are
presented in the form of means + standard error of the mean
(SEM). Furthermore, to elucidate the interrelationship
among the examined parameters, a principal component
analysis (PCA) was conducted.

3. Results and Discussion

The use of hemp as a poultry feed ingredient is not common
practice due to strict legislation on hemp cultivation, par-
ticularly in and outside European countries; however, in
Morocco, in March 2021, the government passed Law No.
13-21 on the legal uses of cannabis, which authorizes the
cultivation of cannabis for medical and industrial purposes,
while prohibiting its use for recreational purposes.

Several studies have indicated that incorporating alpha-
linolenic acid (ALA)-rich diets can strongly influence the
fatty acid composition in the egg yolk and hen’s liver,
particularly in regards to ALA, EPA, and DHA [16, 32].
Research in the realm of incorporating hemp seed (HS) into
the dietary regimen of laying hens predominantly centers on
the utilization of whole hemp seeds, hemp oil, or other
derivatives and products derived from the hemp plant
[32-35]. Both birds and humans depend strongly on their
liver for lipid metabolism [36]. Hepatic tissue occupies
a central position in the orchestration of serum cholesterol
and triglyceride levels through the modulation of their
biosynthetic pathways and metabolic processes, as well as
the intricate mechanisms governing the assembly, reutili-
zation, and efflux of lipoproteins [37]. This present study
demonstrates that the inclusion of HS at rates of 10%, 20%,
and 30% in the diets of hens significantly raises levels of
PUFAs n-3 in their liver when compared to the
control group.

SFAs have been linked to an increased risk of developing
heart disease. As a result, it is recommended to reduce their
consumption. A diet enriched with HS impacted the con-
centration of SFAs (Table 3), composed mainly of palmitic
acid (C16:0) and stearic acid (C18:0). When HS intake was
raised from 0 to 30%, the level of SFAs in the liver fat reduced
significantly (p <0.01) from 38.6% to 36.9%. In agreement
with these findings, Huang et al. [38] reported a noteworthy
decrease in SFAs within the livers of hens that consumed
10% flaxseed. On the contrary, Juodka et al. [15] reported
that there was no difference in the level of SFAs in the liver
lipids of cannabis-cake fed ducks.

The total MUFAs in the liver are influenced by en-
dogenous synthesis and/or intestinal absorption from the
diet [39]. In the present study, the total MUFAs content was
found to be significantly decreased from 29.6 to 22, as
a result of a notable reduction of 0.2% in palmitoleic acid
(C16:1) and oleic acid (C18:1) in the livers treated with (HS)
diet, in comparison to the control group. Similar findings
were also reported by Neijat et al. [16, 34], who demon-
strated a significant reduction in hepatic MUFA levels at
varying inclusion levels of HS (10%, 20%, and 30%). In
addition, we observed a decrease in MUFA content in the

TasLE 3: Effect of dietary hemp seed on fatty acids profile (% total
FA) in liver.

Group

Fatty acids SEM p value
ontrol HS-10 HS-20 HS-30
C14:0 0.285% 0.208° 0.124* 0.152> 0.003 <0.001
C15:0 0.077°  0.066° 0.084° 0114% 0.001 <0.001
C16:0 23.65° 22.45° 18.85° 19.11* 0198 <0.001
Cl16:1 1716 1.178° 0.683° 0.735° 0.017 <0.001
C18:0 14350 14.32° 19.26° 17.44° 0.103 <0.001
C18:1 27.94° 2531 21.18% 21.46% 0.057 <0.001
Cl182n-6  22.60° 2575 24.84% 26.33% 0.099 <0.001
C18:3n-6  0.099° 0.111° 0.143° 0.183¢ 0.001 <0.001
C18:3n-3  0.942° 1.905° 1.758° 2.528% 0.016 <0.001
C20:0 0.041 0.021 0.054 0.038 0.018 0.229
C21:0 0.181° 0.123* 0.12° 0.091° 0.011 <0.001
C20:3n-6  0.426° 0.438° 0.749° 0.683° 0.021 <0.001
C20:4n-6  5919° 5288 7.936° 7.503° 0.102 <0.001
C20:3n-3  0.041* 0.049° 0.078° 0.143° 0.017 <0.001
EPA 0.069 0.095 0.098 0117 0.014 0.076
C24:0 0.034> 0.038° 0.016° 0.021* 0.002 <0.001
DHA 1.633*  2.671° 4.028¢ 3.353° 0.094 <0.001
SFA 38.62° 37.22°% 38.51" 36.96* 0.277 0.001
UFA 61.38%  62.78% 61.49%° 63.04° 0277 0.001
MUFA 29.66%  26.47° 21.86° 22.21° 0.064 <0.001
PUFA 3173 36.31° 39.63° 40.84° 0.277 <0.001
n-3 2.684° 4721 5962° 6.141° 0109 <0.001
n-6 29.04*  31.59° 33.67° 3470 0195 <0.001
n-6/n-3 10.88° 6.691° 5.648° 5651° 0364 <0.001

SFA, saturated fatty acids; UFA, unsaturated fatty acids MUFA, mono-
unsaturated fatty acids; PUFA, polyunsaturated fatty acids; n-6: poly-
unsaturated fatty acids n-6; n-3: polyunsaturated fatty acids n-3; SEM,
standard error of the mean; p significance. ****Mean marked with a different
superscript letter within each row are significantly different.

egg yolk lipids when fed with HS [20]. These variations in
MUFA levels can be attributed to a high level of omega-3
fatty acids, provided by cannabis seeds, which would reduce
the expression of stearoyl-CoA desaturase SCD-1 in the
liver, thereby decreasing oleic acid [40].

PUFA-n-3 fatty acids play crucial roles in numerous
physiological activities, particularly in regulating the phys-
ical properties of cellular membranes, eicosanoid signaling,
and gene expression of enzymes responsible for triglyceride
storage [41]. However, it is noteworthy that the dietary
requirements for animals with respect to these fatty acids are
still not clearly defined [42]. It has been observed that the
synthesis of omega-3 long-chain fatty acids is primarily
regulated by substrate levels rather than gene
expression [43].

Like many monogastric animals, laying hens exhibit
a restricted endogenous enzymatic capacity to enzymatically
alter the molecular structure of dietary fatty acids [44].
Nonetheless, they are capable of converting alpha-linolenic
acid (ALA) to eicosapentaenoic (EPA) and docosahexaenoic
(DHA) acids, as well as linoleic acid (LA) to arachidonic acid
(ARA), by using specific elongase and desaturase enzymes
[45]. The well-known competition between n-6 and PUFAs
n-3 for their substrates, LA and ALA, respectively, by the
same LC-PUFA-converting enzymes (desaturases and
elongases) has been established [46]. Our results on PUFAs



demonstrated a significant increase in the amount of PUFAs
with the inclusion of HS, which is consistent with the
recognized process of laying hens, converting ALA into
long-chain metabolites [47]. A significant increase
(p<0.01) in DHA and ALA, and consequently PUFAs n-3,
was observed in the livers of hens fed an HS-enriched diet,
compared to the control group, which increased from 2.68%,
4.72%, 5.96% to 6.14%, respectively, for the control group,
10%, 20%, and 30% HS, respectively. However, for EPA, we
found a nonsignificant increase when compared with con-
trol (p > 0.05). Some authors suggest that this may be due to
the limited conversion of ALA to EPA in both animals and
humans [48-50], or the subsequent conversion of EPA to
eicosanoids to fulfill other functional requirements in vivo
[51]. The HS supplementation also increased PUFAs n-6
levels in liver lipids from 29.04% for the control diet to
31.59%, 33.67%, and 34.7% for diets containing 10%, 20%,
and 30% (HS), respectively. The enriched diets induced
a significant rise in LA and ARA compared to the control
diet, which is expected for two main reasons. First, the HS
are abundant in LA, which is recognized as a substrate for
PUFAs n-6 [45]. Second, there is co-occurrence of n-3 and
PUFASs n-6 on the same PUFA conversion LC enzyme type.
[46]. The competitive nature of n-3 and n-6 fatty acids for
desaturation and elongation enzymes has been widely in-
vestigated in different experiments [52-54]. Most of these
studies suggest that 18:3 n-3 is a preferential substrate for
A6 desaturase to 18:2 n-6, given that an n-6/n-3 ratio of up
to 3 is maintained [53, 55]. Consequently, the high con-
centration of ALA in Cannabis seeds can effectively promote
the conversion of ALA to EPA and DHA over that of LA to
ARA [56]. The marked increase in PUFA n3 relative to
PUFA n-6 results in a substantial decrease in the n-6/n-3
ratio, which decreases as the level of HS inclusion increases
until it reaches a plateau at 20% HS. These findings align with
the majority of previously documented research outcomes
[16, 34].

PUFAs and their ratios are important for regulating
hypocholesterolemic indices. The PUFAs n-3 seem to play
an essential role in the regulation of the thrombogenic index
(TI), while the PUFAs n-6 are thought to have a major
influence on the atherogenic index (AI). The consumption of
healthy animal foods, such as meat products, should be
characterized by low AI and TI values and high HDL-C
indices [50]. According to other reports, the recommended
levels for AI and TI should be below 1.0 [51]. The results of
our study indicate that the hepatic lipid profile has a sig-
nificant impact on lipid health indices. The AI was com-
parable in all treatments (0.6), except for HS-30% which
showed a significant decrease compared to the control, while
the TT was substantially lower in HS-10, HS-20, and HS-30
(0.85, 0.83, and 0.77, respectively) versus the control (1.02).
We also found that the value of hepatic fatty acid saturation
index decreased in hens subjected to the HS 10%, 20%, and
30% diets (22.65, 18.97, and 19.26, respectively) compared to
the control diet (23.94). The value of the HDL-C/HDL-
C+LDL-C (hH) indices obtained from the hens fed the HS
diet was significantly higher than the value obtained from
the control, which is beneficial for human health. Our
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finding is consistent with the results obtained by other
authors based on the fatty acid profile of laying hens
[23, 30, 57, 58]. According to the Food and Agriculture
Organization (FAO), peroxidability index (PI), oxidative
susceptibility (OS), desirable fatty acid (DFA), and nutritive
value index (NVI) should be as high as possible and should
be considered to have neutral or cholesterol-lowering effects
[58, 59]. Our results show that the inclusion of HS in the diet
of laying hens allows the increase of these different in dices
compared to the control, and therefore the Cannabis seeds
ecotype beldiya would allow to further improve the nutri-
tional quality of laying hens (Table 4).

The liver is the primary site of cholesterol biosynthesis in
laying hens, and the resulting cholesterol is incorporated
into vitellogenin and/or very low-density lipoprotein par-
ticles that are secreted into the bloodstream and sub-
sequently taken up by the oocytes [60]. In a previous study
[61], we demonstrated that local ecotype hemp seed oil (HS)
had an interesting effect on mice plasma lipid parameters,
reducing the atherogenic index and LDL/HDL ratio but the
hen’s egg cholesterol content remained unaffected [20]. In
the present study, we found that diets containing HS led to
a reduction in cholesterol levels, which was significant at
a level of p <0.05 for the HS-10% diet, with levels of 94 and
82mg/100 g for the control and HS-10% diet, respectively
(Table 5). Although the observed decrease in cholesterol
levels was small, it is likely due to a combination of factors
related to the chemical composition of cannabis seeds (HS
are particularly rich in phytosterols, protein, and insoluble
fiber). Phytosterols mainly f3-sitosterol have potential ben-
efits in reducing hypercholesterolemia by blocking choles-
terol absorption [62, 63]. They can also reduce cholesterol
biosynthesis in the liver by modulating the activity of HMG-
CoA reductase, thereby limiting the level of cholesterol
formation [64]. Additionally, HS is rich in insoluble fiber
and proteins. Plant proteins have been shown to have
a cholesterol-lowering effect, which is largely due to the
indigestible fraction that decreases intestinal cholesterol
absorption, increases fecal sterol excretion, and improves the
catabolism of lipoproteins containing the bulk of cholesterol
by increasing the number or activity of LDL receptors [65].
Increasing fiber concentrations in diets reduces hepatic fat
concentrations in laying hens by increasing fatty acid oxi-
dation and decreasing fatty acid synthesis in the liver [66].
The viscosity produced by fiber is considered to be one of the
key factors in reducing intestinal cholesterol absorption by
binding directly to cholesterol, reducing its diffusion to the
apical surface of the intestinal mucosa cells and being in-
volved in the cholesterol emulsification in the intestinal
lumen [67]. Concerning the liver weight, fat, and relative fat
liver content, our findings show that the HS diet has no effect
(p>0.05) on these parameters.

Hemp seeds are acknowledged for their high levels of
antioxidant constituents, including tocopherols, specifically
y-tocopherol [68, 69]. In the current study, there was
a significant increase (p <0.01) in total tocopherol levels, as
well as a- and p-tocopherol levels, only in the livers of
chickens fed a diet containing a high amount of cannabis
seeds (30-HS), than in the control group, while for the other
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TaBLE 4: Effect of dietary hemp seed on health-related lipid indices of the liver of studied laying hens.
Group
Items SEM p value
Control HS-10 HS-20 HS-30
SI 0.389% 0.361° 0.309°¢ 0.305°¢ 0.004 <0.001
DFA 75.73% 77.1° 80.75°¢ 80.48°¢ 0.21 <0.001
Al 0.638° 0.599°° 0.628% 0.589° 0.030 0.001
TI 1.021° 0.853> 0.834> 0.781° 0.017 <0.001
OS 1150.8% 1386.9° 1329.9¢ 1478.34 1.36 <0.001
hH 2.119° 2.313° 2.485° 2.579¢ 0.028 <0.001
HSFA 23.94% 22.65° 18.97¢ 19.26¢ 0.199 <0.001
NVI 1.788* 1.765% 2.145° 2.036° 0.014 <0.001

SI, saturation indices; DFA, desirable fatty acids; Al, atherogenicity indices; TI, thrombogenicity indices; OS, oxidative susceptibility; hH, hypo/hyper-
cholesterolemic; HSFA, hypercholesterolemic saturated fatty acids; NV, nutritive value indices; SEM, standard error of the mean, p significance. ****Mean
marked with a different superscript letter within each row are significantly different.

TaBLE 5: Effect of dietary hemp seed on weight, fat content, relative fat content, cholesterol, and tocopherol concentration of the liver of

studied laying hens.

Group
Items SEM p value
Control HS-10 HS-20 HS-30
Liver weight (g) 48.71 50.67 53.29 50.70 2.06 0.198
Fat liver (g/100g) 5.09 492 4.74 4.84 0.22 0.438
Relative fat liver (%) 2.47 2.50 2.52 2.45 0.186 0.979
Cholesterol (mg/100 g liver) 95.14° 82.05" 90.39° 91.84° 3.062 0.013
a-Tocopherol (ug/g liver) 8.055" 8.7651" 9.8885" 15.81° 0.912 <0.001
y-Tocopherol (ug/g liver) 0.936™ 0.651° 1.131° 1.661° 0.110 <0.001
Total tocopherol 8.991° 9.416° 11.02° 17.46° 0.549 <0.001
®<Mean marked with a different superscript letter within each row are significantly different.
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FiGure 1: Correlation load of fatty acids, health indices, cholesterol, and tocopherol of the liver samples analyzed in the plane defined by 2

principal components.

treatments (10, 20-HS), there was an increase, compared to
the control group, although not significant (p>0.01).
Skiivan et al. [17, 70] demonstrated that upon the inclusion
of HS in the dietary regimen of hens, a substantial

transference of «- and y-tocopherol occurred in the egg yolk,
liver, and muscle tissues and therefore enhanced their an-
tioxidant potential. Korosec et al. [71] had reported that both
isomers (a- and yp-tocopherol) played an important role in
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the expression of genes involved in inflammatory processes,
immune response, and the metabolism of lipids and
cholesterol.

To unravel the intricacies of the complex mixture
comprising fatty acid classes, health lipid indices, tocoph-
erols, and cholesterol, a principal component analysis (PCA)
was conducted. The PCA model (depicted in Figures 1 and 2)
revealed two significant components that accounted for
69.4% and 14.8% of the total variance of the original pa-
rameters (PC1 and PC2). Specifically, PC1 showed a positive
correlation with tocopherols, NVI, and unsaturated fatty
acids and a negative correlation with saturated fatty acids
and SI, while PC2 revealed a positive correlation with DHA,
polyunsaturated fatty acid and omega 3 fatty acid, and
a negative correlation with cholesterol and Al

Based on our data, we have observed a positive cor-
relation between the concentration of ALA, EPA, DHA,
and PUFA n-3 and some health indices. Furthermore,
a robust correlation was discovered between tocopherols
and long-chain fatty acid n-3. From the PCA conducted, we
have identified four distinct groups, of which the control
and 30-HS groups were the most prominent. The control
group exhibited high values for SFAs, n-6/n-3 ratio,
MUFAs, saturation index (SI), and thrombogenicity index
(TI), while the 30-HS group showed high values for UFAs
PUFA n-3, PUFA n-6, and tocopherols. The occurrence of

these two distinct clusters therefore confirms the beneficial
health effect of HS incorporation on the hepatic lipid
profile.

4. Conclusion

The primary aim of our study was to assess the beneficial
influence of incorporating nonindustrial Moroccan eco-
type hemp seed (HS Beldiya) into the diet of laying hens
on hepatic lipid metabolism. The results obtained in this
study corroborate and extend our prior research on the
productive performance and egg characteristics of laying
hens. The results demonstrated that HS supplementation
up to a level of 30% leads to advantageous changes in liver
lipid composition, including a noteworthy increase in
PUFAs n-3 levels, a decrease in cholesterol levels, and an
increase in tocopherol levels. The most suitable concen-
tration for the supplement appeared to be at a very low
level, not exceeding 10% HS. Since the liver is the primary
location of lipid metabolism, these modifications are
expected to lead to favorable changes in plasma lipid
parameters and may also improve the quality of meat
produced. Consequently, future work may be conducted
to investigate this hypothesis by analyzing the lipids of
different muscles in laying hens fed nonindustrial
Moroccan HS.



Scientifica

Data Availability

The data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Acknowledgments

This work was supported by the Ministry of National Ed-
ucation, Professional Training, High Education and Scien-
tific Research in collaboration with “National Agency for
Medicinal and Aromatic Plants” and “Royal Institute of
Specialized Technicians in Livestock-Fouarat” through the
VPMA2/ref 2020/1 project.

References

(1]

[2

(3]

[4

(10]

(11]

Statista, “Production of eggs worldwide,” 2021, https://www.
statista.com/statistics/263972/egg-production-worldwide-since-
1990/.

E. Applegate, “Introduction: nutritional and functional roles
of eggs in the diet,” Journal of the American College of Nu-
trition, vol. 19, no. sup5, pp. 4955-498S, 2000.

P. A. Vlaicu, A. E. Untea, R. P. Turcu, T. D. Panaite, and
M. Saracila, “Rosehip (rosa canina L.) meal as a natural an-
tioxidant on lipid and protein quality and shelf-life of poly-
unsaturated fatty acids enriched eggs,” Antioxidants, vol. 11,
no. 10, p. 1948, 2022.

Z.Wen, Y. Wu, Z. Qi et al., “Rubber seed oil supplementation
enriches n-3 polyunsaturated fatty acids and reduces cho-
lesterol contents of egg yolks in laying hens,” Food Chemistry,
vol. 301, Article ID 125198, 2019.

Z. Zdrojewicz, M. Herman, and E. Starostecka, “Hen’s egg as
a source of valuable biologically active substances,” Postepy
Higieny i Medycyny Doswiadczalnej, vol. 70, pp. 751-759,
2016.

N. Sanlier and D. Ustiin, “Egg consumption and health effects:
a narrative review,” Journal of Food Science, vol. 86, no. 10,
pp. 42504261, 2021.

P. S. Hargis and M. E. Van Elswyk, “Manipulating the fatty
acid composition of poultry meat and eggs for the health
conscious consumer,” World’s Poultry Science Journal, vol. 49,
no. 3, pp. 251-264, 1993.

P.-A. Chouvy, “Moroccan hashish as an example of a cannabis
terroir product,” Geojournal, vol. 88, no. 4, pp. 3833-3850,
2022.

C. Benkirane, F. Mansouri, A. Ben Moumen et al., “Phenolic
profiles of non-industrial hemp (Cannabis sativa L.) seed
varieties collected from four different Moroccan regions,”
International Journal of Food Science and Technology, vol. 58,
no. 3, pp. 1367-1381, 2023.

Y. Taaifi, A. Benmoumen, K. Belhaj et al., “Seed composition
of non-industrial hemp (Cannabis sativa L.) varieties from
four regions in northern Morocco,” International Journal of
Food Science and Technology, vol. 56, no. 11, pp. 5931-5947,
2021.

C. Benkirane, A. Ben Moumen, M.-L. Fauconnier et al.,
“Bioactive compounds from hemp (Cannabis sativa L.) seeds:
optimization of phenolic antioxidant extraction using simplex
lattice mixture design and HPLC-DAD/ESI-MS 2 analysis,”

(12]

(13]

(14]

(15]

(16]

(17]

(18

(19]

(20]

(21]

(22]

(23]

(24]

(25]

Royal Society of Chemistry Advances, vol. 12, no. 39,
pp. 25764-25777, 2022.

R. U. Khan and F. R. Durrani, “Influence of feed supple-
mentation with cannabis sativa on quality of broilers carcass,”
2010, http://www.pvj.com.pk/pdf-files/30_1/34-38.pdf.

M. Mahmoudi, P. Farhoomand, and R. Nourmohammadi,
“Effects of different levels of hemp seed (cannabis sativa L.)
and dextran oligosaccharide on growth performance and
antibody titer response of broiler chickens,” Italian Journal of
Animal Science, vol. 14, no. 1, p. 3473, 2015.

M. Neijat, N. Gakhar, J. Neufeld, and J. D. House, “Perfor-
mance, egg quality, and blood plasma chemistry of laying hens
fed hempseed and hempseed oil,” Poultry Science, vol. 93,
no. 11, pp. 2827-2840, 2014.

R. Juodka, V. Juskiene, R. Juska et al., “The effect of dietary
hemp and camelina cakes on liver fatty acid profile of ducks,”
Journal of Applied Animal Research, vol. 50, no. 1, pp. 152-
160, 2022.

M. Neijat, M. Suh, J. Neufeld, and J. D. House, “Increasing
levels of dietary hempseed products leads to differential re-
sponses in the fatty acid profiles of egg yolk, liver and plasma
of laying hens,” Lipids, vol. 51, no. 5, pp. 615-633, 2016b.
M. Sktivan, M. Englmaierovd, T. Taubner, and E. Skiivanova,
“Effects of dietary hemp seed and flaxseed on growth per-
formance, meat fatty acid compositions, liver tocopherol
concentration and bone strength of cockerels,” Animals,
vol. 10, no. 3, p. E458, 2020.

X. Yang, J. Zhuang, K. Rao, X. Li, and R. Zhao, “Effect of early
feed restriction on hepatic lipid metabolism and expression of
lipogenic genes in broiler chickens,” Research in Veterinary
Science, vol. 89, no. 3, pp. 438-444, 2010.

R. G. Elkin, A. S. A. El-Zenary, R. Bomberger et al., “Feeding
laying hens docosa hexaenoic acid-rich microalgae oil at
40 g/kg diet causes hypotriglyceridemia, depresses egg
production, and attenuates expression of key genes affecting
hepatic triglyceride synthesis and secretion, but is rescued by
dietary co-supplementation of high-oleic sunflower oil,”
Poultry Science, vol. 102, no. 2, Article ID 102318, 2023.
Y. Taaifi, K. Belhaj, F. Mansouri et al., “The effect of feeding
laying hens with nonindustrial hemp seed on the fatty acid
profile, cholesterol level, and tocopherol composition of egg
yolk,” International Journal of Food Science, vol. 2023, Article
ID 1360276, 15 pages, 2023.

National Academies Press, Nutrient Requirements of Poultry,
National Academies Press, New York, NY, USA, 9th edition,
1994.

W. Horwitz, Official Methods of Analysis of AOAC In-
ternational, AOAC International, Rockville, MD, USA, 17th
edition, 2000.

A. Bourdillon, B. Carré, L. Conan et al., “European reference
method of in vivo determination of metabolisable energy in
poultry: reproducibility, effect of age, comparison with pre-
dicted values,” British Poultry Science, vol. 31, no. 3,
pp. 567-576, 1990.

National Farm Animal Care Council, Code of Practice for the.
(2017). Code of Practice for the Welfare of Laying Hens and
Pullets, National Farm Animal Care Council, Ottawa, Canada,
2017.

J. Folch, M. Lees, and G. S. Stanley, “A simple method for the
isolation and purification of total lipides from animal tissues,”
Journal of Biological Chemistry, vol. 226, no. 1, pp. 497-509,
1957.


https://www.statista.com/statistics/263972/egg-production-worldwide-since-1990/
https://www.statista.com/statistics/263972/egg-production-worldwide-since-1990/
https://www.statista.com/statistics/263972/egg-production-worldwide-since-1990/
http://www.pvj.com.pk/pdf-files/30_1/34-38.pdf

10

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

S. M. S. Sabir, I. H. Hayat, and S. D. A. Gardezi, “Estimation of
sterols in edible fats and oils,” Pakistan Journal of Nutrition,
vol. 2, no. 3, pp. 178-181, 2003.

Aocs Official Method, “Direct methylation of lipids in foods
for the determination of total fat, saturated, cis mono-
unsaturated, cis-polyunsaturated and trans fatty acids by gas
chromatography,” Method Additions and Revisions, AOAC
International, Rockville, MD, USA, 2011.

P. Domaradzki, M. Florek, P. Skatecki et al., “Fatty acid
composition, cholesterol content and lipid oxidation indices
of intramuscular fat from skeletal muscles of beaver (Castor
fiber L.),” Meat Science, vol. 150, pp. 131-140, 2019.

T. L. Ulbricht and D. A. Southgate, “Coronary heart disease:
seven dietary factors,” The Lancet, vol. 338, no. 8773,
pp. 985-992, 1991.

P. A. Vlaicu, T. D. Panaite, and R. P. Turcu, “Enriching laying
hens eggs by feeding diets with different fatty acid compo-
sition and antioxidants,” Scientific Reports, vol. 11, no. 1,
Article ID 20707, 2021a.

A.Ben Moumen, F. Mansouri, G. Richard et al., “Variations in
the phytosterol and tocopherol compositions and the oxi-
dative stability in seed oils from four safflower (Carthamus
tinctorius L) varieties grown in north-eastern Morocco,”
International Journal of Food Science and Technology, vol. 50,
no. 10, pp. 2264-2270, 2015.

1. Halle and F. Schone, “Influence of rapeseed cake, linseed
cake and hemp seed cake on laying performance of hens and
fatty acid composition of egg yolk,” Journal Fiir Ver-
braucherschutz Und Lebensmittelsicherheit, vol. 8, no. 3,
pp. 185-193, 2013.

M. Jing, S. Zhao, and J. D. House, “Performance and tissue
fatty acid profile of broiler chickens and laying hens fed hemp
oil and HempOmegaTM,” Poultry Science, vol. 96, no. 6,
pp. 1809-1819, 2017.

M. Neijat, M. Suh, J. Neufeld, and J. D. House, “Hempseed
products fed to hens effectively increased n-3 polyunsaturated
fatty acids in total lipids, triacylglycerol and phospholipid of
egg yolk,” Lipids, vol. 51, no. 5, pp. 601-614, 2016a.

M. M. Vispute, D. Sharma, A. K. Biswas et al., “Dietary hemp
(cannabis sativa L.) and dill seed (anethum graveolens) im-
prove physicochemical properties, oxidative stability, and
sensory attributes of broiler meat,” ACS Food Science &
Technology, vol. 1, no. 3, pp. 453-461, 2021.

G. A. Leveille, D. R. Romsos, Y. Yeh, and E. K. O’Hea, “Lipid
biosynthesis in the chick. A consideration of site of synthesis,
influence of diet and possible regulatory mechanisms,”
Poultry Science, vol. 54, no. 4, pp. 1075-1093, 1975.

N. Kaushal, M. Gupta, and E. Kulshreshtha, “Hempseed
(Cannabis sativa) lipid fractions alleviate high-fat diet-
induced fatty liver disease through regulation of in-
flammation and oxidative stress,” Heliyon, vol. 6, no. 7, Article
1D e04422, 2020.

S. Huang, B. Baurhoo, and A. Mustafa, “Effects of feeding
extruded flaxseed on layer performance, total tract nutrient
digestibility, and fatty acid concentrations of egg yolk, plasma
and liver,” Journal of Animal Physiology and Animal Nutri-
tion, vol. 104, no. 5, pp. 1365-1374, 2020.

A. Dal Bosco, A. Cartoni Mancinelli, G. Vaudo, M. Cavallo,
C. Castellini, and S. Mattioli, “Indexing of fatty acids in
poultry meat for its characterization in healthy human nu-
trition: a comprehensive application of the scientific literature
and new proposals,” Nutrients, vol. 14, no. 15, p. 3110, 2022.
S. M. Lee, M. H. Lee, Y. K. Son et al., “Omega-3 fatty acid
decreases oleic acid by decreasing SCD-1 expression in the

[41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

Scientifica

liver and kidney of a cyclosporine-induced nephropathy rat
model,” Renal Failure, vol. 41, no. 1, pp. 211-219, 2019.

P. C. Calder, “Mechanisms of action of (n-3) fatty acids,” The
Journal of Nutrition, vol. 142, no. 3, pp. 5925-599S, 2012.
E. N. Ponnampalam, A.J. Sinclair, and B. W. B. Holman, “The
sources, synthesis and biological actions of omega-3 and
omega-6 fatty acids in red meat: an overview,” Foods, vol. 10,
no. 6, p. 1358, 2021.

W. C. Tu, R. J. Cook-Johnson, M. J. James, B. S. Miihlhausler,
and R. A. Gibson, “Omega-3 long chain fatty acid synthesis is
regulated more by substrate levels than gene expression,”
Prostaglandins, Leukotrienes and Essential Fatty Acids, vol. 83,
no. 2, pp. 61-68, 2010.

A. Haug, N. F. Nyquist, M. Thomassen, A. T. Hostmark, and
T.-K. K. Ostbye, “N-3 fatty acid intake altered fat content and
fatty acid distribution in chicken breast muscle, but did not
influence mRNA expression of lipid-related enzymes,” Lipids
in Health and Disease, vol. 13, no. 1, p. 92, 2014.

R. G. Elkin, A. N. Kukorowski, Y. Ying, and K. J. Harvatine,
“Dietary high-oleic acid soybean oil dose dependently at-
tenuates egg yolk content of n-3 polyunsaturated fatty acids in
laying hens fed supplemental flaxseed oil,” Lipids, vol. 53,
no. 2, pp. 235-249, 2018.

W. E. M. Lands, “Biochemistry and physiology of n-3 fatty
acids,” The FASEB Journal, vol. 6, no. 8, pp. 2530-2536, 1992.
A. Cartoni Mancinelli, A. Di Veroli, S. Mattioli, G. Cruciani,
A. Dal Bosco, and C. Castellini, “Lipid metabolism analysis in
liver of different chicken genotypes and impact on nutri-
tionally relevant polyunsaturated fatty acids of meat,” Sci-
entific Reports, vol. 12, no. 1, Article ID 1888, 2022.

I. Fraeye, C. Bruneel, C. Lemahieu, J. Buyse, K. Muylaert, and
I. Foubert, “Dietary enrichment of eggs with omega-3 fatty
acids: a review,” Food Research International, vol. 48, no. 2,
pp. 961-969, 2012.

D. L. Palmquist, “Omega-3 fatty acids in metabolism, health,
and nutrition and for modified animal product foods,” The
Professional Animal Scientists, vol. 25, no. 3, pp. 207-249,
2009.

S. E. Scheideler and G. W. Froning, “The combined influence
of dietary flaxseed variety, level, form, and storage conditions
on egg production and composition among vitamin E-
supplemented hens,” Poultry Science, vol. 75, no. 10,
pp. 1221-1226, 1996.

C. Rymer and D. I. Givens, “n-3 fatty acid enrichment of
edible tissue of poultry: a review,” Lipids, vol. 40, no. 2,
pp. 121-130, 2005.

C. Castellini, A. Dal Bosco, S. Mattioli et al., “Activity, ex-
pression, and substrate preference of the §6-desaturase in
slow- or fast-growing rabbit genotypes,” Journal of Agricul-
tural and Food Chemistry, vol. 64, no. 4, pp. 792-800, 2016.
B. L. Dunbar and J. E. Bauer, “Conversion of essential fatty
acids by Delta 6-desaturase in dog liver microsomes,” The
Journal of Nutrition, vol. 132, no. 6, p. 1701S, 2002.

J. M. Purvis, M. T. Clandinin, and R. R. Hacker, “Chain
elongation-desaturation of linoleic acid during the develop-
ment of the pig. Implications for the supply of polyenoic fatty
acids to the developing brain,” Comparative Biochemistry and
Physiology A Part B: Comparative Biochemistry, vol. 75, no. 2,
pp. 199-204, 1983.

T. Popova, E. Petkov, M. Ignatova, and M. Lukic, “Fatty acid
composition of thigh meat in two lines of slow-growing
chickens as affected by the access to pasture,” International
Journal of Innovative Approaches in Agricultural Research,
vol. 2, no. 2, pp. 123-132, 2018.



Scientifica

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

[66]

(67]

[68

(69]

(70]

(71]

H. W. Cook and C. R. McMaster, “Chapter 7 Fatty acid
desaturation and chain elongation in eukaryotes,” Bio-
chemistry of Lipids, vol. 36, pp. 181-204, 2002.

J. Batkowska, K. Drabik, A. Brodacki, A. Czech, and
A. Adamczuk, “Fatty acids profile, cholesterol level and
quality of table eggs from hens fed with the addition of linseed
and soybean oil,” Food Chemistry, vol. 334, Article ID 127612,
2021.

Food and Agriculture Organization of the United Nations,
Fats and Fatty Acids in Human Nutrition: Report of an Expert
Consultation: 10-14 November 2008, Food and Agriculture
Organization of the United Nations, Geneva, Switzerland,
2010.

I. Tonial, D. Oliveira, A. Coelho et al., “Quantification of
essential fatty acids and assessment of the nutritional quality
indexes of lipids in Tilapia alevins and juvenile Tilapia fish
(Oreochromis niloticus),” Journal of Food Research, vol. 3,
p. 105, 2014.

R. Elkin, “Reducing shell egg cholesterol content. I. Overview,
genetic approaches, and nutritional strategies,” World’s
Poultry Science Journal, vol. 62, no. 4, pp. 665-687, 2006.

I. Mokhtari, Y. Taaifi, M. Harnafi et al., “Hypolipidemic effect
of hemp seed oil from the northern Morocco endemic beldiya
ecotype in a mice model: comparison with fenofibrate
hypolipidemic drugs,” Journal of Food Quality, vol. 2022,
Article ID 9142395, 7 pages, 2022.

T. Malini and G. Vanithakumari, “Rat toxicity studies with
B-sitosterol,” Journal of Ethnopharmacology, vol. 28, no. 2,
pp- 221-234, 1990.

F. H. Mattson, S. M. Grundy, and J. R. Crouse, “Optimizing
the effect of plant sterols on cholesterol absorption in man,”
The American Journal of Clinical Nutrition, vol. 35, no. 4,
pp. 697-700, 1982.

E. K. Asem and F. Hertelendy, “Influence of follicular mat-
uration on 3-hydroxy-methylglutaryl coenzyme A reductase
activity in hen granulosa cells,” Reproduction, vol. 79, no. 1,
pp. 215-221, 1987.

J. Belleville, “Complémentarité et équilibre de I'apport ali-
mentaire en protéines et en lipides,” Oléagineux, Corps Gras,
Lipides, vol. 10, no. 1, pp. 31-40, 2003.

G. P. Han, J. H. Kim, J.-M. Kim, and D. Y. Kil, “Tran-
scriptomic analysis of the liver in aged laying hens with
different eggshell strength,” Poultry Science, vol. 102, no. 1,
Article ID 102217, 2023.

P. Prasad, A. Gurav, H. Zhu, P. Martin, M. Vijay-Kumar, and
N. Singh, The Relationship between Probiotics and Dietary
Fiber Consumption and Cardiovascular Health, Springer,
Berlin, Germany, 2017.

A. Kamal-Eldin and L. A. Appelqvist, “The chemistry and
antioxidant properties of tocopherols and tocotrienols,”
Lipids, vol. 31, no. 7, pp. 671-701, 1996.

U. Kriese, E. Schumann, W. E. Weber, M. Beyer, L. Bruhl, and
B. Matthaus, “Oil content, tocopherol composition and fatty
acid patterns of the seeds of 51 Cannabis sativa L. genotypes,”
Euphytica, vol. 137, no. 3, pp. 339-351, 2004.

M. Skiivan, M. Englmaierova, T. Vit, and E. Skiivanova,
“Hempseed increases gamma-tocopherol in egg yolks and the
breaking strength of tibias in laying hens,” PLoS One, vol. 14,
no. 5, Article ID 0217509, 2019.

T. Korosec, U. Tomazin, S. Horvat, R. Keber, and J. Salobir,
“The diverse effects of a- and y-tocopherol on chicken liver
transcriptome,” Poultry Science, vol. 96, no. 3, pp. 667-680,
2017.

11





