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Hemp seed (HS) and flax seed (FS) are natural sources of bioactive compounds,
including n-3 polyunsaturated fatty acids (PUFAs). The aim of this study was to
investigate the effects of HS from the non-psychoactive variety Futura, non-
extruded FS from the variety Floral, and their combination on the performance of
laying hens and the quality and nutritional profile of the eggs produced. A total of
240 Lohmann Brown laying hens were randomly allocated to 4 dietary
treatments, with 6 replicate cages and 10 hens per cage. The first (I) control
diet contained no seed supplementation. The second (Il) and third (Ill) diets were
supplemented with 40 g/kg FS and 40 g/kg HS, respectively. The fourth (IV) diet
included a combination of HS and FS (both at 40 g/kg). The inclusion of FS
significantly increased both egg production and egg mass (p < 0.001). The lowest
feed conversion ratio was observed in group Il, which received FS alone. The
addition of HS increased feed consumption per egg (p = 0.005) and total egg
mass (p < 0.001). All the seed-supplemented groups exhibited increased egg
weights. HS supplementation markedly increased yolk y-tocopherol
concentrations (p < 0.001) and reduced total cholesterol (p = 0.042) and
malondialdehyde levels in fresh yolks (p = 0.003), indicating a potential
improvement in oxidative stability. The combined supplementation with HS
and FS (V) significantly increased the total PUFA content (p = 0.004), including
both n-6 (p < 0.022) and n-3 (p = 0.001) PUFAs. Among the n-3 PUFAs, the levels
of a-linolenic and eicosapentaenoic acids were elevated. These changes
contributed to an improved n-6/n-3 ratio, which was significantly affected by
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both HS and FS supplementation (p < 0.001). All dietary treatments significantly
improved the lipid quality indices (p < 0.001). These findings highlight the
potential of HS and FS as functional feed ingredients, with FS mainly enhancing
hen performance and HS improving the nutritional quality of eggs through
bioactive compound enrichment.

KEYWORDS

oilseeds, bioactive compounds, tocopherols, a-linolenic acid, eicosapentaenoic acid,
feed conversion ratio, cholesterol, nutritional indices

1 Introduction

Over the years, interest has dramatically increased in using
animal-derived food products to enhance human nutrition and
health (Cuchillo-Hilario et al., 2024). The enrichment of animal
products with bioactive compounds, particularly n-3 polyunsaturated
fatty acids (PUFAs), has attracted growing attention, largely due to
increasing consumer awareness of the relationship between diet and
health (Palmquist, 2009; Mandal et al., 2014). The fatty acid (FA)
composition of animal-derived foods, such as egg yolks, closely
reflects the lipid profile and composition of the animals’ diet
(Taaifi et al., 2023).

o-linolenic acid (ALA, C18:3, n-3), the main n-3 PUFA, is an
essential nutrient for both animals and humans (Jing et al., 2017).
ALA and its long-chain derivatives, eicosapentaenoic acid (EPA,
C20:5, n-3) and docosahexaenoic acid (DHA, C22:6, n-3), are FAs
required for normal development and optimal health maintenance
(Farinon et al., 2020) and have been shown to reduce the risk of
cardiovascular and allergic diseases (van den Elsen et al., 2012), as
well as inflammatory conditions (Honda et al.,, 2015). Furthermore,
the n-6/n-3 PUFA ratio remains a critical indicator of fat quality
and is recommended to be below 4 (Simopoulos, 2008). The World
Health Organization (WHO) recommended sufficient intake of n-3
PUFAs, particularly EPA and DHA, which are found primarily in
fish and seafood products (Cardoso et al, 2016). However, this
recommendation is not applicable in low-income countries, where
fish consumption is low because of limited availability and high
prices (Neori and Agami, 2024). In contrast, eggs are consumed
more frequently in almost all countries around the world because of
their availability and low cost (Taaifi et al, 2023). Therefore,
enriching eggs with n-3 PUFA-rich ingredients represents a
sustainable and practical strategy to support a healthy, well-
balanced diet while simultaneously reducing pressure on marine
resources (Kumar et al,, 2019). Good sources of n-3 PUFAs are
seeds and their oils (Jing et al., 2017), which may include hemp seed
(HS) and flax seed (FS).

HS and FS are natural sources of various health-promoting
bioactive compounds, and it is hypothesized that they may exert
distinct effects on the performance of laying hens, as well as the
quality and nutritional profile of the eggs produced.
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Hemp (Cannabis sativa L.) has recently garnered attention in
animal nutrition because of its rich nutraceutical properties
(Incharoen et al., 2025). Industrial hemp cultivars bred to contain
less than 0.2% Ag-tetrahydrocannabinol (THC) have attracted
renewed interest in the nutritional value of HS and its by-
products (e.g., hemp seed oil - HO) as promising dietary
ingredients for livestock, including poultry (Gakhar et al., 2012;
Neijat et al., 2014; Farinon et al., 2020; Shariatmadari, 2023). Whole
HS typically contains 25-35% lipids with a unique and well-
balanced FA composition (Farinon et al., 2020). The high PUFA
content of HO is characterized by a favorable ratio of approximately
3:1 between linoleic acid (LA, C18:2, n-6, ~60%) and ALA (~19%;
Parker et al., 2003). This ratio makes HO a desirable ingredient for
supporting development and health in both animals (Yao et al,
2012) and humans (Siano et al., 2019). Moreover, multiple studies
have consistently shown that the inclusion of HS or HO alters the
FA profile of egg yolks in a consistent manner: monounsaturated
fatty acids (MUFAs) tend to decrease, whereas essential FAs and
their long-chain PUFA derivatives tend to increase (Silversides and
LefranCois, 2005; Gakhar et al., 2012; Halle and Schoéne, 2013;
Neijat et al., 2016). These dose-dependent effects may have positive
implications for human health (Fraeye et al., 2012). HS is also rich
in tocopherols (Farinon et al., 2020). Tocopherols are commonly
supplemented in laying hen diets to improve the oxidative stability
of n-3 PUFA-enriched eggs (Ren et al., 2013). When HS is included
in the diets of laying hens, both dietary a-tocopherol and vy-
tocopherol are largely transferred to the egg yolks (Skrivan et al,
2019), further increasing their antioxidant potential. As
comprehensively reviewed by Szmek et al. (2025), hemp and its
products possess a unique and well-balanced composition of the
aforementioned bioactive compounds, which are associated with
remarkable antioxidant and health-promoting properties.

Flax (Linum usitatissimum L.) is another oilseed that has
attracted considerable worldwide attention because of the high
concentration of #n-3 PUFAs, especially ALA, in its seeds (Shim
et al,, 2015). Whole FS typically contains 30-41% lipids (Coskuner
and Karababa, 2007). Flax seed oil (FO) is the most valuable fraction
of FS. FS lipids consist largely of PUFAs, such as ALA (~55%) and
LA (~14%), and a moderate proportion of MUFAs, primarily oleic
acid (C18:1, n-9, ~18%; Bekhit et al., 2018). Numerous studies have
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shown that including FS in poultry diets can increase bird
performance and improve product quality (Azcona et al., 2008;
Mridula et al., 2014; Alagawany et al., 2019). Moreover, increasing
dietary FO levels in laying hen diets allows dietary n-3 PUFAs to be
efficiently absorbed, transferred, and deposited into the egg yolks
(Ehr et al., 2017), thereby offering a route to deliver these FAs to
humans. This approach is also consistent with the United Nations
(UN) Sustainable Development Goals (SDG), particularly SDG 2,
SDG 3, and SDG 12, by contributing to improved nutrition,
healthier food products, and more sustainable use of agricultural
resources (United Nations, 2015).

In this context, the present study aimed to investigate the dietary
effects of HS from the non-psychoactive variety Futura, non-extruded
FS from the variety Floral, and their combination on laying hen
performance and egg characteristics. To comprehensively evaluate
egg quality and nutritional composition, this study assessed physical
parameters, egg yolk concentrations of lipophilic vitamins and B-
carotene, FA profiles with related nutritional indices and cholesterol
content, and the oxidative stability of egg yolk lipids, as indicated by
malondialdehyde (MDA) levels. Unlike previous studies, which have
mainly focused on either HS or FS supplementation alone, this work
provides a direct comparison of their individual and combined
dietary effects. Furthermore, by using specific seed varieties and
evaluating a broad spectrum of nutritional and functional egg
traits, this study provides a novel and more integrated perspective
on the potential of these oilseeds in laying hen nutrition.

2 Materials and methods

All experimental procedures in this study complied with the
guidelines of the Ethics Committee of the Central Commission for
Animal Welfare at the Ministry of Agriculture of the Czech Republic
(Prague, Czech Republic) and with Directive 2010/63/EU of the
European Parliament and the Council on the protection of animals
used for scientific purposes. The research protocol (code 03/2022)
was reviewed and approved by the Ethical Committee of the Institute
of Animal Science (Prague — Uhfinéves, Czech Republic).

2.1 Experimental design, management of
laying hens, and dietary treatments

The experiment was performed with a total of 240 Lohmann
Brown laying hens aged 50 weeks. The laying hens were housed in
three-tier enriched cages within the same air-conditioned facility
and randomly allocated to 4 dietary treatments, with 6 replicate
cages and 10 hens per cage. The 2 x 2 factorial experiment included
two levels of non-psychoactive HS (Futura variety; 0 and 40 g/kg)
and two levels of non-extruded FS (Floral variety; 0 and 40 g/kg) in
the diet. The first (I) control diet consisted of basal wheat-maize—
soybean meal mixed feed without HS and FS. The second (II) and
third (III) experimental groups of laying hens were fed diets
supplemented with 40 g/kg FS and 40 g/kg HS, respectively. The
laying hens from the fourth (IV) experimental group received a diet
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containing a combination of the above seeds, specifically 40 g/kg HS
and 40 g/kg FS. The experimental design and allocation of laying
hens to dietary treatments are presented in Table 1. Each enriched
cage had an area of 7 560 cm®. The stocking density, cage equipment
(i.e., feeders, drinkers, nests, and perches), lighting, ventilation, and
vaccination complied with the requirements of the European
Council Directive 1999/74/EC (European Union, 1999). The
technological and microclimatic housing conditions complied
with the standard procedure for the Lohmann Brown hybrid,
with an average temperature of 20-22 °C and humidity between
50 and 60%. The light cycle was 14 hours of light and 10 hours of
darkness, with a light intensity of approximately 10 lux at the
middle tier of the three-tier enriched cage system. The ingredients
and chemical compositions of the experimental laying hen diets,
HS, and FS are presented in Table 2 and Table 3. All the diets were
formulated to achieve comparable levels of metabolizable energy
(~11.50 MJ/kg) and crude protein (~162 g/kg). Feed and fresh water
complying with hygiene standards were supplied ad libitum. The
experiment lasted for 12 weeks, including a two-week preparation
period. The health status of the laying hens and the number of eggs
laid were monitored daily. The hen-day egg production (%), feed
intake (g/hen/day and g/egg), and feed conversion ratio (FCR; kg/
kg) were calculated weekly for each cage and group. Egg weights (g)
were recorded three times per week for all eggs in each replicate.
The eggs used for chemical analyses of the yolk were collected at the
end of the experiment, when the laying hens were at 61 weeks of
age. Three eggs from each replicate were homogenized to form one
sample (n = 6).

2.2 Physical analysis of eggs

For the analysis of physical parameters, a whole day of egg
production was analyzed in the laying hens at 61 weeks of age. A
total of 219 eggs were analyzed. The values were averaged per cage
(n = 6). The percentages of albumen, yolk, and shell were
determined on the basis of the individual weight of each egg (g)
and the corresponding weights of its components (g). The yolk was
weighed after the chalazae were removed. All eggs and their
components were weighed using a digital scale (KERN & SOHN
GmbH, Balingen, Germany) with an accuracy of 0.1 g.

TABLE 1 Experimental design and allocation of laying hens to dietary
treatments.

Group (diet) | Il 11 \Y
Hemp seed (%) 0 0 4 4
Flax seed (%) 0 4 0 4
Number of cages 6 6 6 6
Lavi

aying hens per 10 10 10 10
cage
Laying h

Aying ens per 60 60 60 60

group

Dietary levels of 0 and 4% correspond to the inclusion of 0 and 40 g/kg hemp seed or flax seed,
respectively.
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TABLE 2 Ingredient composition of the experimental diets of the laying
hens.

Group (diet) I [ 1] \Y
Hemp seed (%) 0 0 4 4
Flax seed (%) 0 4 0 4
Ingredient

Wheat (g/kg) 427.0 404.0 409.0 400.0
Maize (g/kg) 191.0 189.0 189.0 177.0
Soybean meal (g/kg) 218.0 207.0 202.0 188.0
Hemp seed (g/kg) 0 0 40.0 40.0
Flax seed (g/kg) 0 40.0 0 40.0
Soybean oil (g/kg) 49.2 44.1 43.7 37.6
Monocalcium phosphate (g/kg) 8.0 8.0 8.0 8.0

Coarse graded limestone, 1-2 mm (g/kg) 96.0 96.0 96.0 96.0

Sodium chloride (g/kg) 2.0 2.0 2.0 2.0
Sodium bicarbonate (g/kg) 3.0 3.0 3.0 3.0
L-Lysine hydrochloride (g/kg) 0 0.5 0.7 1.3
DL-Methionine (g/kg) 0.8 1.1 1.2 14
L-Threonine (g/kg) 0 0.3 0.4 0.7
Vitamin-mineral premix' (g/kg) 5.0 5.0 5.0 5.0

!Vitamin-mineral premix provided per kg of experimental diet: thiamine, 2.0 mg; riboflavin, 5
mg; niacin, 25 mg; calcium pantothenate, 8 mg; pyridoxine, 4 mg; biotin, 0.075 mg; folic acid,
0.5 mg; cobalamin, 0.01 mg; choline chloride, 250 mg; retinyl acetate, 3.0 mg; cholecalciferol,
3000 IU; o-tocopheryl acetate, 30 mg; menadione, 2.0 mg; betaine, 100 mg; lutein, 7 mg;
manganese, 70 mg; zinc, 50 mg; iron, 40 mg; copper, 6 mg; iodine, 1 mg; cobalt, 0.3 mg;
selenium, 0.2 mg; butylated hydroxytoluene, 7.5 mg; ethoxyquin, 5.6 mg; butylhydroxyanisole,
1 mg; DL-Methionine, 0.7 g. Synthetic ethyl ester of B-apo-8™-carotenoic acid (E160f) was
added to the amino-vitamin premix at a concentration of 6000 mg per kg.

The Haugh units (HU), which assess the quality of albumen,
were calculated on the basis of the method of Haugh (1937). The
formula for calculating HU was as follows:

HU =100 x log (H - 1.7 x W*¥ +7.6)

where H represents the height of the albumen (mm) and W
represents the weight of the egg (g).

The color of the yolk was determined with a DSM yolk color fan
(DSM Nutritional Products, Basel, Switzerland) ranging from 1-15
and expressed as the a* (redness) and b* (yellowness) values
obtained with a Minolta CR-300 colorimeter (Konica Minolta,
Osaka, Japan). On the CIELAB color space diagram, the a* and
b* values indicate the red-green and yellow-blue components,
respectively, of a color (CIE, International Commission
on Illumination).

The breaking strength of the shell (g/cm?®) was measured along
the vertical axis with an Instron 3360 apparatus (Instron, Norwood,
MA, USA). After the shell membranes were removed, the shell
thickness (m) was determined by averaging three measurements
taken from the sharp and blunt ends and the shell equator using a
digital micrometer (Schut Geometrical Metrology, Groningen,
The Netherlands).
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TABLE 3 Chemical composition of the experimental diets of the laying
hens, hemp seed, and flax seed.

Group (diet), Hemp  Flax
type of seed seed seed
Hemp seed (%) 0 0 4 4
Flax seed (%) 0 4 0 4

Analyzed nutrient content

Dry matter (g/kg) 902.3 | 903.8 | 901.8 & 904.8 931.2 945.1
AMEy (MJ/kg) 11.46 | 11.50 | 11.51 = 11.54 14.62 17.71
Crude protein (g/kg) 161.8 | 1624 | 162.1 & 162.0 253.4 200.8
Crude fat (g/kg) 50.5 60.0 57.7 60.9 302.5 394.0
Crude fiber (g/kg) 27.2 30.6 322 323 299.5 224.6
Ash (g/kg) 129.6 | 128.1 | 1299 1278 56.4 37.3
Calcium (g/kg) 38.92 | 3931 | 3941 | 39.67 1.04 241
Phosphorus (g/kg) 4.03 4.09 | 404 415 7.13 6.53
SFAs (mg/100 g) 1152 1115 1202 1367 3370 3617
MUFAs (mg/100 g) 1299 1326 1368 1545 4002 4976
PUFAs (mg/100 g) 4540 | 5232 | 5017 | 5975 23338 26886
n-6 (mg/100 g) 4027 | 3745 | 4368 | 4264 18019 5382
n-3 (mg/100 g) 511 1486 642 1703 5106 21505
n-6/n-3 7.87 2.52 6.81 2.50 3.53 0.25
Retinol (mg/kg) 1.55 2.30 2.85 3.54 / /
o-tocopherol (mg/kg) = 31.9 35.1 42.6 39.7 17.9 1.83
Y-tocopherol (mg/kg) = 33.5 = 373 403 | 392 207.0 152.3
d-tocopherol (mg/kg) 30.5 30.7 35.4 30.0 39.5 7.27
B-carotene (mg/kg) 0.688 | 1.044  1.120 @ 1.191 0.682 0.229

AMEy;, nitrogen-corrected apparent metabolizable energy, by calculation; SFAs, saturated
fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids.

2.3 Laboratory analyses

Nutrient analyses of the experimental laying hen diets, HS, and
FS were conducted according to the methods of the Association of
Official Analytical Chemists (AOAC, 2005). The dry matter content
(g/kg) of the diets, HS, and FS was determined by drying to a
constant weight at 105 °C in an oven (Memmert ULM 500;
Memmert, Schwabach, Germany). The crude protein content (g/
kg) of the diets, HS, and FS was measured with a Kjeltec Auto 1030
instrument (Tecator, Hogands, Sweden). The dry homogenized
diets, HS, and FS were heated to 550 °C in a muffle furnace
(LMH 11/12 with Ht40 AL temperature controller; LAC Asia
Limited, Hong Kong, China), and the mineral ash was dissolved
in 3 M hydrochloric acid (HCI). The calcium (Ca) concentration (g/
kg) in the HCI extract was measured by atomic absorption
spectrometry with a Solar M6 instrument (TJA Solutions,
Cambridge, UK). The total phosphorus (P) concentration (g/kg)
was determined in the HCI solution with a vanadate-molybdate
reagent (AOAC, 2005; method No. 965.17).
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The FA profiles (mg/100 g fresh weight) of the experimental laying
hen diets, HS, FS, and egg yolks (1 = 6) were determined following
chloroform-methanol extraction of total lipids (Folch et al., 1957). The
FAs underwent alkaline trans-methylation as described by Raes et al.
(2003). The resulting FA methyl esters (FAME) were analyzed by gas
chromatography (GC) with an HP 6890 chromatograph (Agilent
Technologies, Inc., Santa Clara, CA, USA) equipped with a 60 m
DB-23 capillary column (150-230 °C) and a flame ionization detector
(FID), with split injections carried out with an Agilent autosampler.
One-microliter FAME samples in hexane were injected in split mode
(split ratio 1:40) with nitrogen (N,) as the carrier gas at a total flow rate
of 352 mL/min, using hydrogen (H,) and air for flame ionization
detection. The column temperature program was as follows: initially
held at 60 °C for 7 minutes, then increased by 20 °C/min to 110 °C,
which was held for 4 minutes, followed by a 10 °C/min increase to 120 °
C, which was held for 4 minutes, then increased by 15 °C/min to 170 °
C, followed by a 2 °C/min increase to 210 °C, which was held for 13.5
minutes, and finally, the temperature was increased by 40 °C/min to
230 °C and maintained for 7 minutes. FAs were identified by
comparing their retention times with those of reference standards
PUFA No.l (cat. no. 47033), PUFA No.2 (cat. no. 47015-U), PUFA
No.3 (cat. no. 47085-U), and a 37-component FAME mixture (Supelco,
Bellefonte, PA, USA). For quantification, nonadecanoic acid (C19:0;
cat. no. N5252, Sigma-Aldrich, Prague, Czech Republic) was used as an
internal standard.

The concentrations of retinol, o-tocopherol, y-tocopherol, -
tocopherol, and B-carotene (mg/kg) in the experimental laying hen
diets, HS, FS, and lyophilized egg yolks (n = 6) were determined with
a Shimadzu high-performance liquid chromatography (HPLC)
system (VP series; Shimadzu, Kyoto, Japan) equipped with a diode
array detector (HPLC-DAD). Samples underwent alkaline
saponification with 60% aqueous potassium hydroxide (KOH)
solution and diethyl ether extraction, following the EN 12822-1
(2000), EN 12823-1 (2000), and EN 12823-2 (2000) European
standards. Chromatographic analyses were performed with a
Phenomenex Synergi 4 um Fusion-RP 80 A column (150 x 4.6
mm, 4 um; P/No. 00F-4424-E0, Torrance, CA, USA) using methanol
as the mobile phase. The method employed a gradient flow program,
where the solvent composition remained constant and the flow rate
was adjusted from 0.6 mL/min to 1.5 mL/min and back to 0.6 mL/
min. A 50 uL sample injection volume was used. Quantification was
performed using individual calibration curves for each compound.
Detection wavelengths (A) were set as 325 nm for retinol, 292 nm for
o-tocopherol, 296 nm for y-tocopherol, 296 nm for 8-tocopherol, and
450 nm for B-carotene. The concentrations of lipophilic vitamins and
[B-carotene in the experimental laying hen diets, HS, and FS were
expressed as mg/kg fresh weight, whereas in egg yolks they were
expressed on a dry matter basis (i.e., mg/kg DM).

The cholesterol concentration (g/kg egg yolk) in egg yolks (n = 6)
was determined after lipid saponification and extraction of the
unsaponified fraction with diethyl ether, following ISO 3596:2011.
Silyl derivatives were prepared with trimethylchlorosilane (TMCS) and
hexamethyldisilazane (HMDS) silylation reagents (Sigma-Aldrich,
Prague, Czech Republic) and quantified by GC with a SAC-5
capillary column (Supelco, Bellefonte, PA, USA) operated
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isothermally at 285 °C. One-microliter samples were injected in split
mode (split ratio 15:1) with N, as the carrier gas at a total flow rate of
19.001 mL/min, using H, and air for flame ionization detection (FID).

Lipid peroxidation levels in the egg yolks (n = 6) of fresh eggs and
eggs stored for 28 days at 18 °C and 50-55% relative humidity on
paper trays were measured by a modified method based on that
outlined by Czauderna et al. (2011). For derivatization of
malondialdehyde (MDA), egg yolk hydrolysates were acidified and
reacted with 2,4-dinitrophenylhydrazine (DNPH) to hydrazone (i.e.,
MDA-DNPH), as described by Czauderna et al. (2011).
Chromatographic analysis was performed with a Phenomenex C18
Synergi 2.5 um Hydro-RP 100 A column (100 x 3 mm, 2.5 wm; P/No.
00D-4387-Y0, Torrance, CA, USA) coupled with a Shimadzu HPLC
system (VP series; Shimadzu, Kyoto, Japan) and a diode array
detector (HPLC-DAD). The mobile phase consisted of solvent A
(water-acetonitrile, 95:5) and solvent B (acetonitrile), using a gradient
program from 90% A/10% B to 1% A/99% B within 23.5 min at a flow
rate increasing from 1.10 to 1.40 mL/min, followed by column re-
equilibration. The total run time was 26 min. Detection of MDA-
DNPH derivatives was performed at A = 303 nm. The oxidative
stability of egg yolk lipids was expressed as the amount of MDA in
milligrams per kilogram of fresh egg yolk (i.e., mg/kg egg yolk),
determined in both fresh and stored eggs.

2.4 Calculations of nutritional indices

On the basis of the FA profiles determined, nutritional indices
(i.e., index of atherogenicity — IA, index of thrombogenicity - IT,
hypocholesterolemic/hypercholesterolemic ratio - HH, and index
of peroxidizability — IP) related to the nutritional value of egg yolk
lipids were calculated with the formulas provided below.

The formula for calculating the index of atherogenicity (IA) was
as follows:

[C12:0+ (4 x C14:0) + C16:0]

IA =
YUFA

where lauric acid (C12:0), myristic acid (C14:0), and palmitic
acid (C16:0) represent the main classes of saturated fatty acids
(SFAs), and XUFA denotes the sum of unsaturated fatty acids
(UFAs), including MUFAs and PUFAs.

The formula for calculating the index of thrombogenicity (IT)

was as follows:

(C14:0 + C16:0 + C18:0)

IT =
(0.5 x MUFA) + (0.5 x n — 6 PUFA) + (3 x Zn— 3 PUFA) + (n—3/n-6)

where myristic acid (C14:0), palmitic acid (C16:0), and stearic
acid (C18:0) represent the main classes of SFAs; XMUFA represents
the sum of MUFAs; and Xn-6 PUFA and Xn-3 PUFA denote the
sums of #n-6 and n-3 PUFAs, respectively.

The formula for calculating the hypocholesterolemic/
hypercholesterolemic ratio (HH) was as follows:

— (cis— C18:1 + SPUFA)
" (C12:0+Cl14:0 + C16:0)
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where MUFAs are represented by oleic acid in the cis
configuration (cis-C18:1), ZPUFA denotes the sum of PUFAs,
and lauric acid (C12:0), myristic acid (C14:0), and palmitic acid
(C16:0) represent the main classes of SFAs.

The formula for calculating the index of peroxidizability (IP)

was as follows:
IP = [(% monoenoic x 0.025) + (% dienoic x 1) + (% trienoic X 2)

+ (% tetraenoic X 4) + (% pentaenoic X 6) + (% hexaenoic x 8)]

where the peroxidizability of FAs increases with the number of
double bonds, with highly UFAs being the most susceptible
to oxidation.

2.5 Statistical analysis

The experimental data obtained were analysed with a two-way
analysis of variance (ANOVA) with the general linear model (GLM)
procedure in the Statistical Analysis System (SAS, 2013). The main
effects were the level of HS in the diet, the level of FS in the diet, and
the interaction effect between these factors (i.e., HS*ES). Differences
between the groups were tested with Duncan’s multiple range test.
The experimental unit was a cage (# = 6). The results in the tables
are presented as the means (*P<4) the standard error of the mean
(SEM), and the probability (p) values. All differences were
considered significant at p < 0.05.

Testing of significant differences was carried out according to
the following mathematical statistical model:

Yije = W+ 05 + B + vi5 + ey

where Y. represents the trait value; | represents the overall
mean; o; represents the effect of HS content in the diet (i=1and 2;0
and 4%, respectively); B; represents the effect of FS content in the
diet (j = 1 and 2; 0 and 4%, respectively); V; represents the
interaction effect between these factors (i.e., HS*FS); and e
represents the random residual error.

3 Results

All the results of the experimental data evaluated were
summarized and presented in the following tables. The ingredient
compositions of the experimental laying hen diets are shown in
Table 2. As shown in Table 3, both feed ingredients, HS and FS,
demonstrated a nutritionally favorable composition. HS exhibited a
notably higher crude protein content (253.4 g/kg) compared to that
of FS (200.8 g/kg). In terms of the lipid profile, FS contained greater
total PUFA content (26886 mg/100 g) than HS did (23338 mg/100
g), mainly because of its high concentration of n-3 PUFAs (21505
mg/100 g), which subsequently improved the lipid profile of both
the diets and the egg yolks. However, HS had a more balanced n-6/
n-3 PUFA ratio (3.53) compared to that of FS (0.25), which may be
beneficial for achieving an optimal dietary FA balance. Moreover,
HS was particularly rich in y-tocopherol (207.0 mg/kg), an
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antioxidant isomer form of vitamin E, which was considerably
more abundant than in FS (152.3 mg/kg), potentially increasing the
oxidative stability of yolk lipids.

3.1 Performance characteristics of the
laying hens

The performance characteristics of the laying hens are
presented in Table 4. The inclusion of FS (40 g/kg) in the
experimental laying hen diets significantly increased both egg
production (p < 0.001) and egg mass (p < 0.001). In contrast, HS
supplementation had no significant effect on egg production. The
addition of HS (40 g/kg) to the diets resulted in increased feed
consumption per egg produced (p = 0.005) and a greater total egg
mass (p < 0.001). The highest overall feed intake (128.3 g/hen/day)
was observed in laying hens whose diet (IV) was supplemented with
both types of seeds, with a significant increase (HS*ES; p = 0.002)
compared with that of the other groups. Additionally, laying hens
fed the FS-enriched diet (II) presented a lower (p < 0.001) FCR (2.09
kg/kg) than those fed the combination of HS and FS (IV; 2.14 kg/kg)
or the control diet (I; 2.17 kg/kg).

3.2 Physical characteristics of egg quality

As shown in Table 5, the mixed feed containing both HS and FS
(IV) significantly increased egg weight (HS*ES; p = 0.002) by almost
2% compared with that of the control group (I). The highest egg
weight (62.4 g) was observed in laying hens fed the diet (III) with
HS supplementation alone, followed by the combination of HS and
FS (IV; 62.3 g) and FS supplementation alone (II; 61.7 g), compared
with that of the control group (I; 60.5 g). The experimental laying
hen diets containing FS (IT), HS (IIT), and a combination of HS and
FS (IV) exhibited a marked increase in the percentage of egg
albumen, which was significantly affected by the HS*FS
interaction (p < 0.001). As a direct trade-off, the egg yolk
proportion was reduced, with the highest egg yolk percentage
(28.0%) observed in the control group (I) without the addition of
seeds (p = 0.001). Compared with the control group (I), all the seed-
supplemented groups (i.e., IL, I, and IV) showed a reduction in egg
yolk yellowness (b* values), with significant effects of HS (p = 0.001)
and the HS*FS interaction (p = 0.028). On the other hand, the
combined supplementation with HS (40 g/kg) and FS (40 g/kg) in
the diet (IV) resulted in a significantly higher shell percentage (p =
0.036). Shell thickness and breaking strength, however,
remained unaffected.

3.3 Lipophilic vitamin and -carotene
concentrations in the egg yolks

The concentrations of lipophilic vitamins and -carotene in egg

yolks are summarized in Table 6. The inclusion of 40 g/kg HS in the
experimental diets of laying hens resulted in elevated levels of
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TABLE 4 Performance characteristics of the laying hens.

10.3389/fanim.2025.1685765

Group (diet) | Il ] Y SEM Probability
Hemp seed (%) 0 0 4 4

HS FS HS*FS
Flax seed (%) 0 4 0 4
Hen-day egg production (%) 94.3 95.7 94.0 96.2 0.24 NS <0.001 NS
Feed intake (g/hen/day) 123.6° 123.3° 124.1° 128.3" 0.37 <0.001 0.007 0.002
Feed intake (g/egg) 131.2 128.9 132.2 133.4 0.49 0.005 NS NS
Feed conversion ratio (kg/kg) 2.17° 2.09° 2.12% 2.14%® 0.008 NS NS <0.001
Egg mass (g/hen/day) 57.1 59.1 58.7 59.9 0.18 <0.001 <0.001 NS

SEM, standard error of the mean; HS, hemp seed; FS, flax seed; HS*FS, interaction between hemp seed and flax seed; NS, not significant.

*b<in the same row indicate significant differences.

v-2tocopherol (p < 0.001). As shown in Table 3, HS was the dominant
source of this vitamin E isomer. The concentration of 3-tocopherol
in egg yolks was negatively affected by both HS (p = 0.006) and FS
(p < 0.001) supplementation. A significant HS*FS interaction
(p = 0.029) was detected in the 3-carotene content of egg yolks. The
control group (I) showed the highest B-carotene level (0.387 mg/kg
DM), whereas the lowest (0.312 mg/kg DM) was recorded in group III,
which received HS alone. No significant effects of dietary treatments
were observed for the retinol or o-tocopherol concentrations.

3.4 Fatty acid composition, nutritional
indices, and cholesterol concentrations in
the egg yolks

As reported in Table 7, the dietary inclusion of FS (II), HS (III),

or their combination (IV) had a significant effect on the FA profile,
nutritional indices, and cholesterol content of egg yolks.

TABLE 5 Physical characteristics of egg quality.

The addition of HS (40 g/kg) and FS (40 g/kg) to the diet (IV) of
laying hens significantly reduced (HS*FS; p = 0.008) the total SFA
content (8827 mg/100 g) compared with that of the diet (III) with
HS supplementation alone (9418 mg/100 g). More specifically, both
myristic and palmitic acid concentrations were significantly higher
in group III than in the other groups. The combined
supplementation with HS and FS (IV) mitigated this increase
(HS*ES; p = 0.007 and p = 0.003, respectively), resulting in levels
comparable to those of the control group (I). A similar trend
(HS*FS; p = 0.036) was observed for the total MUFA content,
which was lower in group IV (10638 mg/100 g) than in group III
(11100 mg/100 g), which received HS alone. The total PUFA levels
were significantly increased in all the seed-supplemented groups
(i.e, II, III, and IV) compared to the control group (I), with the
highest concentration found in group IV (9477 mg/100 g), which
received the combination of HS and FS (HS*ES; p = 0.004). The
increase was primarily due to a substantial increase in ALA, with the
highest level in group IV (866 mg/100 g), reflecting the strong n-3

Group (diet) | Il 1 1\ SEM Probability
Hemp seed (%) 0 0 4 4

HS FS HS*FS
Flax seed (%) 0 4 0 4
Egg weight (g) 60.5° 61.7° 62.4° 62.3" 0.12 <0.001 0.017 0.002
Haugh units (HU) 76.4 76.0 76.2 74.1 043 NS NS NS
Albumen percentage (%) 61.8° 62.7° 62.8° 62.4° 0.09 NS NS <0.001
Yolk percentage (%) 28.0 27.1° 27.1° 273" 0.09 NS 0.045 0.001
DSM yolk color fan 13.5° 13.7* 13.6* 13.6" 0.02 NS NS 0.014
CIE redness (a*) 215 215 212 20.9 0.07 0.001 NS NS
CIE yellowness (b*) 48.7° 47.7° 47.0° 47.3° 0.15 0.001 NS 0.028
Shell percentage (%) 10.2%° 10.2%° 10.1° 10.3* 0.03 NS NS 0.036
Shell thickness (pm) 380 381 377 383 12 NS NS NS
Shell breaking strength (g/cm?) 4182 4169 4237 4350 311 NS NS NS

SEM, standard error of the mean; HS, hemp seed; FS, flax seed; HS*FS, interaction between hemp seed and flax seed; NS, not significant.

ab,cs
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TABLE 6 Lipophilic vitamin and B-carotene concentrations in the egg yolks.

Group (diet) | Il [ v SEM Probability
Hemp seed (%) 0 0 4 4

HS ES HS*FS
Flax seed (%) 0 4 0 4
Retinol (mg/kg DM) 9.25 9.20 9.41 9.50 0.134 NS NS NS
o-tocopherol (mg/kg DM) 181 171 183 184 2.7 NS NS NS
Y-tocopherol (mg/kg DM) 54.0 49.0 61.5 62.1 1.45 <0.001 NS NS
8-tocopherol (mg/kg DM) 26.8 21.8 235 19.9 0.63 0.006 <0.001 NS
B-carotene (mg/kg DM) 0.387° 0.332% 0.312° 0.348% 0.0107 NS NS 0.029

SEM, standard error of the mean; HS, hemp seed; FS, flax seed; HS*FS, interaction between hemp seed and flax seed; NS, not significant.
*bin the same row indicate significant differences. DM, dry matter.

TABLE 7 Fatty acid composition (mg/100 g), nutritional indices, and cholesterol concentrations (g/kg) in the egg yolks.

Group (diet) | ] I \Y SEM Probability
Hemp seed (%) 0 0 4 4

HS FS HS*FS
Flax seed (%) 0 4 0 4
Lauric acid (C12:0) 11.1° 11.8° 14.8" 18.0° 0.54 <0.001 <0.001 0.019
Myristic acid (C14:0) 80.3° 83.2% 86.7" 77.6° 1.15 NS NS 0.007
Palmitic acid (C16:0) 6204° 6289° 6567° 6114° 50.2 NS 0.038 0.003
Palmitoleic acid (C16:1) 4854 621° 562° 538° 10.8 NS <0.001 <0.001
Stearic acid (C18:0) 2417 2354 2618 2489 227 <0.001 0.004 NS
Oleic acid (C18:1, n-9) 9798 9690 9965 9609 54.4 NS 0.032 NS
LA (C18:2, n-6) 5901¢ 6435° 6420° 7313* 97.8 <0.001 <0.001 0.023
ALA (C18:3, n-3) 394¢ 635° 463° 866 332 <0.001 <0.001 <0.001
GLA (C18:3, n-6) 40.2%° 324° 38.9° 41.1° 0.71 <0.001 0.001 <0.001
AA (C20:4, n-6) 442 426 504 509 8.1 <0.001 NS NS
EPA (C20:5, n-3) 6.09° 7.45° 7.61° 11.24° 0.360 <0.001 <0.001 <0.001
DHA (C22:6, n-3) 330 403 399 516 13.1 <0.001 <0.001 NS
SFAs 8836° 8862° 9418* 8827° 67.9 0.016 0.013 0.008
MUFAs 10788%° 10827%° 11100° 10638° 61.6 NS NS 0.036
PUFAs 7286° 8130° 8033° 9477% 148.8 <0.001 <0.001 0.004
n-6 6495¢ 7004° 7082° 7991% 104.4 <0.001 <0.001 0.022
n-3 7824 1114° 943° 1472° 46.8 <0.001 <0.001 <0.001
n-6/n-3 8.31 6.29 7.51 5.44 0.201 <0.001 <0.001 NS
IA 0.362° 0.350° 0.362° 0.321¢ 0.0033 <0.001 <0.001 <0.001
IT 0.792* 0.712° 0.778* 0.632° 0.0117 <0.001 <0.001 <0.001
HH 2.69° 2.77° 2.68° 3.05° 0.029 <0.001 <0.001 <0.001
P 4434 48.6° 47.4¢ 56.1° 0.79 <0.001 <0.001 <0.001
Cholesterol 12.0 11.2 11.1 11.0 0.15 0.042 NS NS

SEM, standard error of the mean; HS, hemp seed; FS, flax seed; HS*FS, interaction between hemp seed and flax seed. NS, not significant.
*bediy the same row indicate significant differences; LA, linoleic acid; ALA, o-linolenic acid; GLA, y-linolenic acid; AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic
acid; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; IA, index of atherogenicity; IT, index of thrombogenicity; HH, hypocholesterolemic/

hypercholesterolemic ratio; IP, index of peroxidizability.
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enrichment effect of FS (p < 0.001). As shown in Table 3, FS
contained a 4.2-fold higher concentration of n-3 PUFAs than did
HS. Furthermore, supplementation with HS and FS significantly
increased (p < 0.001) the levels of EPA and DHA. In the yolk fat of
laying hens fed the combination of both seeds (IV), the
concentrations of ALA, EPA, and DHA were 2.2-, 1.8-, and 1.6-
fold higher, respectively, than those in the control group (I). These
results contributed to an improved n-6/n-3 ratio, which was
significantly affected by both HS (p < 0.001) and FS (p < 0.001)
supplementation. The ratio of pro-inflammatory #n-6 PUFAs to
anti-inflammatory n-3 PUFAs in egg yolks decreased from 8.31 (I)
to 5.44 (IV).

All dietary treatments also affected lipid quality indices. Both
the TA and IT were significantly reduced (p < 0.001) in the FS-
supplemented groups (i.e., II and IV), indicating improved
nutritional quality of yolk lipids. The lowest IA (0.321) and IT
(0.632) values were observed in laying hens fed a diet (IV)
containing 40 g/kg HS and 40 g/kg FS. The HH ratio was
significantly increased in group IV (p < 0.001), indicating a more
favorable lipid profile in terms of cholesterol metabolism. In
contrast, the IP was also significantly elevated in this group (IV; p
< 0.001), reflecting a higher PUFA content and thus greater
susceptibility of yolk lipids to oxidative degradation.

Finally, supplementation with 40 g/kg HS significantly reduced
(p = 0.042) the total cholesterol content in egg yolks.

3.5 Oxidative stability of the egg yolks

The oxidative stability of egg yolks, expressed as the MDA
concentration (mg/kg egg yolk), is shown in Table 8. In fresh eggs,
the inclusion of HS (40 g/kg) in the diets of laying hens significantly
reduced MDA levels (p = 0.003), indicating improved oxidative
stability of yolk lipids. However, no significant differences were
detected among the groups after 28 days of storage.

4 Discussion

Eggs are an affordable and highly nutritious food that provides
an excellent source of high-quality proteins and essential fats
(Réhault-Godbert et al., 2019). They are also widely recognized as
a valuable source of several fat-soluble and water-soluble vitamins
(Adeoye et al., 2023). Owing to their rich nutritional profile, eggs

10.3389/fanim.2025.1685765

are considered an ideal medium for delivering additional health-
promoting bioactive compounds, the presence of which can be
significantly modulated by the diet of laying hens. In particular,
growing interest in #-3 PUFAs in relation to human health and
well-being has driven research aimed at enriching the n-3 PUFA
content of eggs through dietary supplementation with #-3 PUFA-
rich ingredients (Usturoi et al., 2025). In the present study, HS from
the non-psychoactive variety Futura, non-extruded FS from the
variety Floral, and their combination were tested as supplementary
feed ingredients in laying hen diets.

As shown in Table 3, both types of seeds (i.e., HS and ES)
exhibited favorable nutritional profiles, particularly in terms of their
crude protein content, the presence of specific PUFA groups, and
the concentrations of individual tocopherol isomers. Numerous
studies have evaluated the nutritional quality of HS and its by-
products (e.g., hemp seed meal - HM), which have identified them
as excellent sources of protein and energy (Gakhar et al., 2012;
Neijat et al., 2014; Farinon et al., 2020; Shariatmadari, 2023). In
addition to their nutritional profile, hemp by-products and extracts
have gained popularity because of their high contents of PUFAs,
proteins and cannabinoids, which offer considerable benefits for
dietary applications and possess antimicrobial properties that are
effective against bacterial and fungal pathogens (Ostapczuk et al,
2021; Meffo Kemda et al., 2024; Paulova et al., 2025). The crude
protein content of HS, as determined by our laboratory analysis,
aligns with previous findings (Vonapartis et al., 2015; Lan et al,
2019; Mohamed et al., 2024). According to Farinon et al. (2020),
whole HS typically contains 20-25% proteins, which are highly
digestible and rich in essential amino acids (EAAs). With respect to
protein quality, lysine is considered the first limiting EAA in HS
proteins for most animal species (House et al., 2010). The
formulation of laying hen diets with up to 20% HM
demonstrated that the protein and energy provided by HM can
support the production performance of laying hens over a 4-week
study period (Silversides and LefranCois, 2005). Similarly, Gakhar
et al. (2012) confirmed the efficacy of whole HS and HO in
supporting egg production in laying hens over a 12-week feeding
period. In line with these findings, Neijat et al. (2014) reported no
significant differences in overall laying hen performance when
graded levels of either HS (up to 30%) or HO (up to 9%) were
included in the diet, compared with laying hens fed the control diet.
However, Skrivan et al. (2019) reported reduced performance in
laying hens when the HS concentration exceeded 30 g/kg. In the
present study, the inclusion of HS did not increase overall hen-day

TABLE 8 Oxidative stability of the egg yolks expressed as malondialdehyde values.

Group (diet) I Il 1]

Hemp seed (%) 0 0 4
Flax seed (%) 0 4 0
MDA - fresh eggs (mg/kg) 0.564 0.512 0.429
MDA - stored eggs (mg/kg)' 0.603 0.530 0.509

v SEM Probability
4
HS FS HS*FS
4
0.403 0.0508 0.003 NS ‘ NS
0.528 0.0237 NS NS ‘ NS

SEM, standard error of the mean; HS, hemp seed; FS, flax seed; HS*FS, interaction between hemp seed and flax seed.

!indicates the oxidative stability of egg yolks from eggs stored for 28 days. MDA, malondialdehyde; NS, not significant.
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egg production. However, it led to elevated feed consumption per
egg produced, greater total egg mass (Table 4), and greater egg
weight (Table 5). On the other hand, the inclusion of FS in the
experimental diets of laying hens significantly increased both egg
production and egg mass. In addition, the diet (II) with FS
supplementation alone resulted in the lowest FCR among all
dietary treatments (Table 4). FS is rich in lipids and provides high
levels of n-3 PUFAs, particularly ALA (Shim et al, 2015), which
increases the energy density of the feed. This may lead to reduced
feed intake while sustaining production levels, thereby directly
improving FCR. However, the experimental results concerning
the effects of FS on the performance characteristics of laying hens
are not consistent. Bean and Leeson (2003) reported that laying
hens can tolerate up to 15% flax seed meal (FM) without any
negative effects on egg production, egg weight, or feed efficiency, in
both brown- and white-egg laying hens. Similarly, Attia et al. (2022)
reported that diets containing up to 12% soaked FM did not
negatively affect the laying rate, egg weight or mass, or FCR. In
contrast, other studies have shown that FS inclusion at levels up to
15% can impair the production performance of laying hens
(Aymond and van Elswyk, 1995; Antruejo et al., 2011; Halle and
Schone, 2013). Long-term FS supplementation has also been
associated with reductions in egg production and impaired shell
quality (Jia et al., 2008). Furthermore, dietary inclusion of extruded
FS at levels above 20% has been shown to reduce laying
performance, despite extrusion significantly lowering the anti-
nutritional compound content (Imran et al., 2015). Anti-
nutritional compounds represent a limiting factor in the use of
oilseeds in poultry diets, with HS being no exception (Galasso et al.,
2016). However, as noted by Skiivan et al. (2020), the negative
effects of these compounds appear to be more pronounced in FS
than in HS. Despite its nutritional benefits, FS contains several anti-
nutritional compounds, such as phytic acid, oxalates, cyanogenic
glycosides, pyridoxine antagonists (e.g., linatine), trypsin inhibitors,
condensed tannins, soluble and insoluble non-starch
polysaccharides, and mucilage (Katare et al., 2012; Shim et al,
2015; Russo and Reggiani, 2016; Bekhit et al., 2018), which may
adversely affect nutrient availability and digestibility (Leeson et al.,
2000; Rodriguez et al, 2001). These factors must be carefully
considered when FS is used in animal feed or as a food additive
in the food industry.

As previously mentioned, the highest egg weight observed in
our experiment was recorded in laying hens fed the diet (III)
supplemented exclusively with HS (Table 5). An increase in egg
weight is generally associated with an age-related increase in egg
yolk weight, often at the expense of other egg components
(Johnston and Gous, 2007). Interior egg quality, particularly yolk
weight, can also be influenced by the dietary lipid content (Ayerza
and Coates, 1999). Although the inclusion of oilseeds in the
experimental laying hen diets did not positively affect the egg yolk
percentage, a noticeable increase in the egg albumen percentage was
observed in all the seed-supplemented groups (i.e., II, III, and IV).
Neijat et al. (2014) reported that a 30% inclusion rate of HS, which
partially replaced soybean meal and corn oil in the diet of laying
hens, substantially lowered egg weight compared with 10% and 20%

Frontiers in Animal Science

10

10.3389/fanim.2025.1685765

inclusion levels, although total egg production and feed intake
remained unaffected. Nevertheless, several other studies have
provided evidence of a positive effect of HS and its by-products
on egg weight (Gakhar et al., 2012; Halle and Schone, 2013; Skfivan
et al,, 2019) and shell thickness (Konca et al., 2019). However,
although the highest dietary concentration of HS (90 g/kg) used in
the study by Skrivan et al. (2019) led to a reduction in shell
thickness, no statistically significant effect was observed in our
experiment, where shell thickness and breaking strength remained
unaffected across all dietary treatments. Interestingly, a significantly
higher shell percentage was observed in group IV, which received
the combination of HS and FS, than in group III, which received HS
alone. However, Panaite et al. (2021) reported no effect on shell
percentage or breaking strength with 6% FM supplementation,
although shell thickness increased significantly. With respect to
yolk color, only a modest decrease in yellowness (b* values) was
observed in all the seed-supplemented groups (i.e., II, III, and IV),
with significant effects attributed to HS and the HS*FS interaction
(Table 5). Yolk lipids contain carotenoids, which are key pigments
responsible for yolk color intensity (Goldberg et al., 2012). The
observed reduction in yellowness (b* values) may have been caused
by increased utilization of carotenoids as powerful natural
antioxidants to protect the UFAs present in the supplemented
seeds. Specifically, lutein, zeaxanthin, and B-carotene have been
shown to decrease lipid peroxidation in UFA-rich membranes and
egg yolks, thereby improving oxidative stability and reducing MDA
formation (Panaite et al., 2021; Dansou et al., 2023). However, in
contrast to our findings, Goldberg et al. (2012); Konca et al. (2019),
and Skrivan et al. (2019) reported increases in both redness (a*) and
yellowness (b*) values following increased inclusion of HS and its
by-products. In line with these observations, Halle and Schone
(2013) reported that FM increased yolk color more markedly than
rapeseed meal or HM did.

HPLC-DAD analysis of tocopherols (i.e., vitamin E isomers)
revealed that the main tocopherol with the highest concentration
detected in both HS and FS corresponded to the y-isomer (Table 3).
According to Kriese et al. (2004), the predominant tocopherol
isomer in HS is indeed y-tocopherol (~22.41 mg/100 g), followed
by o-tocopherol (~1.88 mg/100 g), &-tocopherol (~1.50 mg/100 g),
and B-tocopherol (~0.18 mg/100 g). While egg yolks are a valuable
source of o-tocopherol (Skiivan et al., 2019), the amount of y-
tocopherol present is negligible (Guinaz et al., 2009). In our
experiment, the inclusion of HS in the experimental laying hen
diet (III) resulted in 61.5 mg/kg DM of y-tocopherol in egg yolks
(Table 6). In contrast, in the study by Skrivan et al. (2019), a
considerably higher dietary inclusion level of HS (90 g/kg) resulted
in a y-tocopherol content of only 43.3 mg/kg DM in egg yolks. In
our study, the vitamin-mineral premix provided to the
experimental animals contained only o-tocopheryl acetate, which
had no influence on the y-tocopherol concentration. According to
Wang et al. (2010), the main factors influencing the tocopherol
content of egg yolks are nutrition, age, and laying hen variety or
genotype. As noted by Skiivan et al. (2019), tocopherols in the diet
originate exclusively from dietary ingredients, primarily from
dietary fat sources such as rapeseed oil, which was used in their
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study. In our experimental laying hen diets, soybean oil served as
the primary fat source. Data in the literature indicate that the y-
tocopherol concentration in soybean oil can reach approximately
273.3 + 11.1 mg/kg (Grilo et al,, 2014). Given that the experimental
diet with HS (III) contained 43.7 g/kg soybean oil (Table 2), the
theoretical contribution of y-tocopherol from this fat source would
be approximately 12 mg/kg of the feed. However, the actual y-
tocopherol concentration detected in the same diet (III) was 40.3
mg/kg, suggesting that the majority of this compound originated
from the inclusion of HS (207.0 mg/kg; Table 3). This calculation
supports the assumption that HS is a potent source of y-tocopherol
in poultry diets and can markedly increase its content in both feed
and egg yolks. On the other hand, as the HS concentration in the
study by Skrivan et al. (2019) increased in the feed of laying hens,
the amounts of both o-tocopherol and y-tocopherol increased in
the egg yolks. Interestingly, the laying hens from this study also
presented evidence of improved bone-breaking strength, as well as
increased Ca concentrations in the tibia when HS was included in
the diet at a rate of 9%. The role of tocopherols in bone metabolism
further underscores the potential of HS and its by-products for
improving the skeletal health of laying hens housed in both cage
and non-cage production systems (Szmek et al., 2025). Moreover, a
significant increase in total tocopherol content depending on the
dose of HS incorporated was observed after 84 days of treatment
varying from ~281.45 ug/g (control) to ~327.03 ug/g (HS 30%) in
egg yolks (Taaifi et al., 2023). Tocopherols have well-known strong
antioxidant properties, which can contribute to increasing the
antioxidant potential and thus oxidative stability of the produced
eggs. Among all isomers, y-tocopherol is considered the most active
antioxidant in lipophilic matrices (Porto et al., 2014). In contrast, o
tocopherol is considered the only tocopherol isomer with vitamin E
activity in the human body (EFSA NDA Panel, 2015). Chen et al.
(1998) demonstrated that c-tocopherol exerts a positive antioxidant
effect on egg yolk stability at concentrations of 25, 45, and 50 ug/g
yolk; however, at 75 pug/g and above, a prooxidant effect may occur.
These effects, however, depend not only on dietary concentrations
but also on how individual tocopherol isomers are absorbed and
utilized by the organism. Although all tocopherol isomers are
absorbed in the intestinal mucosa, excessive enrichment of oi-
tocopherol in the diet may reduce the absorption efficiency of
other isomers (Wagner et al., 2004). Several studies have reported
preferential retention of the o-isomer in both mammals (Behrens
and Madere, 1986; Hayes et al., 1993) and poultry (Cherian et al,,
1996). This phenomenon is attributed primarily to the presence of a
specific hepatic a-tocopherol transfer protein (o-TTP), which
selectively binds o-tocopherol and facilitates its incorporation
into low-density lipoproteins (LDL), thereby increasing its
distribution to peripheral tissues. Additionally, the existence of
metabolic or transport mechanisms discriminating against the
uptake and accumulation of y-tocopherol may also contribute to
this observed preference (Taaifi et al., 2023). Nevertheless, despite
its relative low accumulation, y-tocopherol has distinct
physiological functions that are not shared with its o-isomer. In
addition to its strong antioxidant properties, y-tocopherol is also
characterized by anti-inflammatory activity, particularly through

Frontiers in Animal Science

11

10.3389/fanim.2025.1685765

the inhibition of prostaglandin-endoperoxide synthase (i.e.,
cyclooxygenase) activity (Jiang et al., 2001; Wagner et al., 2004;
Singh et al., 2005). Finally, the increased concentration of y-
tocopherol in egg yolks from laying hens fed the HS-enriched
diets observed in our experiment may be attributed to the
antioxidant properties of carotenoids, which protect this
lipophilic compound against oxidative degradation in the upper
gastrointestinal tract (Mortensen et al., 2001). This may explain why
the lowest recorded concentration of B-carotene occurred in group
III (Table 6), suggesting that a greater proportion of this carotenoid
was utilized for protective antioxidant functions.

From a nutritional standpoint, a highly significant and beneficial
change was observed in the lipid profile of egg yolks (Table 7).
Primarily, the simultaneous inclusion of HS and FS in
the experimental laying hen diet (IV) resulted in a significant
reduction in the total SFA content in egg yolks, particularly
myristic and palmitic acids, compared with the diet (III) with HS
supplementation alone. This reduction was most likely driven by the
high ALA content in FS, which shifted the FA profile toward n-3
PUFAs and concomitantly decreased SFAs. This finding is supported
by the results of Omri et al. (2019), who reported that the dietary
inclusion of FS significantly reduced the egg yolk content of palmitic
acid from 25.41% (control) to 23.43% (FS 4.5%) and that of stearic
acid from 14.75% (control) to 12.53% (FS 4.5%). A similar trend in
palmitic acid reduction was observed by Taaifi et al. (2023), who
reported a slight decrease from 24.38% (control) to 22.46% in egg
yolks from laying hens fed a diet containing 30% HS. However, the
incorporation of non-industrial HS into the diet of laying hens did
not significantly affect the total SFA rate (Taaifi et al., 2023). A similar
trend to that observed for the total SFA content was also noted for the
total MUFA content, with a reduction in group IV compared with
that in group III. Significant reductions in total and individual MUFA
levels have been reported in several studies evaluating the potential
use of HS alone in laying hen diets (Shahid et al., 2015; Konca et al,,
2019; Taaifi et al., 2023; Boskovic Cabrol et al., 2025; Rbah et al.,
2025). Nevertheless, in our case, these results were observed in the
group (IV) of laying hens fed a diet enriched not only with HS but
also with FS, which makes direct comparisons with the
abovementioned studies somewhat limited. According to the GC
analysis, the total PUFA content was greater in FS than in HS. This
was mainly due to the high concentration of n-3 PUFAs in FS
compared with that in HS (Table 3). The predominant n-3 PUFA was
ALA, which is an essential nutrient in both birds and mammals, as it
cannot be synthesized de novo and must be obtained from the diet
(Whittle et al., 2024). Through desaturation and elongation processes,
ALA can be converted into long-chain FAs such as EPA and DHA
(Oliveira et al., 2010). These bioactive forms of FAs are crucial for
numerous physiological functions and play a vital role in maintaining
optimal health in both animals and humans (Jing et al., 2017; Farinon
et al,, 2020). Both the individual seed supplements (i.e., HS and FS)
and their combination led to an increased content of -6 and n-3
PUFAs in the egg yolks. The highest total PUFA content was found in
group IV, which received the combination of HS and FS. More
specifically, this increase was primarily due to a substantial increase in
ALA, with the highest level in group IV, reflecting the strong n-3
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enrichment effect of FS. The production of eggs enriched with #-3
PUFAs through dietary supplementation with FS as well as HS has
been extensively studied in poultry. In particular, the inclusion of FS
(Cherian and Quezada, 2016) and HS (Rbah et al., 2025) in laying hen
diets led to increased deposition of the health-promoting ALA in the
egg yolks. Moreover, according to Mattioli et al. (2017) and Omri
et al. (2019), dietary inclusion of 10% and 4.5% ES, respectively, was
shown to alter the FA composition of egg yolks and significantly
increase the levels of EPA and DHA in eggs. In agreement with these
findings, our study demonstrated that combined dietary
supplementation with HS and FS (IV) substantially increased the
deposition of n-3 PUFAs in egg yolks, with ALA, EPA, and DHA
levels being 2.2-, 1.8-, and 1.6-fold higher, respectively, than those in
the control group (I). The long-chain PUFA metabolism in animals
allows the conversion of ALA to EPA and DHA only if the ratio of n-
6 to n-3 is not too high; otherwise, the pathway converting LA to
arachidonic acid (AA, C20:4, n-6) will be promoted. In general, n-3-
derived lipid mediators are less bioactive and more anti-
inflammatory, including more pro-resolving species, whereas n-6-
derived lipid mediators tend to be more bioactive and more pro-
inflammatory (Watkins et al., 2003; de Batlle et al., 2012). Therefore,
beyond the absolute concentrations of PUFAs, the evaluation of the
overall n-6/n-3 ratio is crucial, as it represents a key indicator of
nutritional quality and plays an important role in the prevention of
chronic degenerative diseases (Simopoulos, 2008). In our study, the
ratio of pro-inflammatory n-6 PUFAs to anti-inflammatory »-3
PUFAs in egg yolks decreased from 8.31 (I) to 5.44 (IV).
Comparable reductions in the n-6/n-3 ratio have also been
reported in previous studies evaluating the individual
supplementation of either HS or FS. For example, Al-Nasser et al.
(2011) reported a significant decrease in this ratio in eggs from laying
hens fed FS-enriched diets (5, 7.5, and 10%) after a 4-week feeding
period. Likewise, Taaifi et al. (2023) reported a progressive decline in
the n-6/n-3 ratio from 8.19 (control) to 4.89 in the group receiving
30% HS by day 84 of the experiment. Similarly, the findings of other
studies consistently indicate that dietary supplementation with FS
(Aguillon-Paez et al., 2020) and HS (Boskovic Cabrol et al., 2025) can
beneficially modulate the lipid profile of egg yolks and enrich them
with n-3 PUFAs, respectively, which aligns with current
nutritional recommendations.

Nutritional indices (i.e., IA, IT, HH, and IP) represent other
indicators of fat quality, specifically egg yolk lipids, in terms of human
health. The IA reflects the atherogenic potential of FAs, indicating
their ability to promote the formation of fatty plaques in arteries
(Ulbricht and Southgate, 1991). The IT characterizes the
thrombogenic potential of FAs, indicating the tendency to form
clots in blood vessels and describing the contributions of different
FAs, particularly the balance between pro-thrombogenic FAs (ie.,
SFAs) and anti-thrombogenic FAs (i.e., MUFAs and PUFAs; Ulbricht
and Southgate, 1991). The consumption of foods or products with
lower values of these indices can reduce total and LDL cholesterol
levels in human blood plasma (Yurchenko et al., 2018) and thus
contribute to better cardiovascular health (Chen and Liu, 2020).
Although the IA and IT values in all our groups remained below the
recommended thresholds (0.5 and 1, respectively), their further
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reduction in the FS-supplemented groups (i.e., IT and IV) indicates
an improvement in the nutritional quality of yolk lipids (Table 7).
The lowest values observed in group IV may suggest a synergistic
effect of combined HS and FS supplementation. In line with this
finding, Omuri et al. (2019) reported that feeding FS-supplemented
diets significantly reduced the IT. Similarly, Mierlita (2019) observed
that the inclusion of HS and HM in the diet of laying hens decreased
the value of IT, although it did not significantly affect the IA value or
the HH ratio in egg yolks. The HH ratio, first proposed by Santos-
Silva et al. (2002) and later optimized by Mierlita (2018), is an index
used to assess the effect of FA composition on cholesterol levels. In
our experiment, the HH ratio was significantly increased in group IV,
reflecting a more favorable balance between hypocholesterolemic FAs
(i.e., cis-C18:1 and PUFAs) and hypercholesterolemic FAs, which is
considered beneficial for cholesterol metabolism and cardiovascular
health (Chen and Liu, 2020). The IP, developed by Holman (1954)
and later refined by Laganiere and Yu (2004), assesses the
susceptibility of egg yolk lipids to oxidation on the basis of their
FA composition. In our study, the IP of the eggs was significantly
elevated in the group (IV) of laying hens fed the diet supplemented
with both types of seeds (i.e., HS and FS), although in this case, the
effect was considered negative. This increase was likely attributable to
the higher PUFA content in HS and particularly in ES (Table 3), as
the degree of FA unsaturation directly influences the susceptibility of
yolk lipids to peroxidation (Hulbert et al., 2007).

Finally, supplementation with HS significantly reduced the total
cholesterol content in egg yolks (Table 7). This finding is consistent with
previous studies by Shahid et al. (2015) and Skrivan et al. (2019), who
reported reductions in egg yolk cholesterol from 19.27 mg/g (control) to
11.65 mg/g (HS 20%) and from 12.2 g/kg (control) to 10.6 g/kg (HS 9%),
respectively. According to Rbah et al. (2024), the cholesterol-lowering
effect is likely attributable to a combination of factors associated with the
chemical composition of HS, particularly the presence of phytosterols,
proteins, and insoluble fibers. Notably, phytosterols, especially [3-
sitosterol, are known for their hypocholesterolemic effects, primarily
through the inhibition of intestinal cholesterol absorption (Mattson
et al, 1982; Malini and Vanithakumari, 1990). They may also reduce
endogenous cholesterol biosynthesis in the liver by modulating the
activity of HMG-CoA reductase, thereby limiting cholesterol formation
(Asem and Hertelendy, 1987). However, effectively reducing egg
cholesterol through dietary modification, genetic selection, non-
nutritive factors, or pharmacological agents remains challenging, as
most experimental approaches have resulted in only minor reductions
(< 10%; Puertas and Vazquez, 2018). This may be because laying hens
typically meet their cholesterol requirements entirely through de novo
synthesis (Elkin, 2006).

Lipid peroxidation, a process that compromises the nutritional
and sensory quality of eggs, was assessed by determining MDA
concentrations in egg yolks by HPLC-DAD analysis. MDA, a major
oxidation product of PUFAs, is widely used as a marker of lipid
peroxidation in food products. In fresh eggs, the inclusion of HS in
the diets of laying hens significantly reduced MDA levels, indicating
improved oxidative stability of yolk lipids (Table 8). A similar effect
was reported by Mierlitd (2019), who reported the lowest MDA
concentrations in egg yolks from laying hens fed HS (0.22 mg/kg in
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fresh eggs and 0.35 mg/kg in eggs after 30 days of storage).
According to the author, the unexpectedly low lipid oxidation
despite the elevated n-3 PUFA content in these eggs may be
attributed to the relatively high concentration of tocopherols,
particularly o-tocopherol, in the egg yolks. Other studies have
also demonstrated that the oxidative stability of eggs is
significantly influenced by the type and level of PUFAs, the o-
tocopherol content, and the duration of storage (Chen et al., 1998;
Galobart et al., 2001; Ren et al., 2013). Nevertheless, the explanation
offered by Mierlita (2019) may also apply to our findings, although
the HS used in our experiment led specifically to a marked increase
in y-tocopherol levels in the egg yolks (Table 6). This tocopherol
isomer is the predominant form of vitamin E in HS (Kriese et al.,
2004) and is considered the most potent antioxidant present (Porto
et al,, 2014), capable of preventing peroxidation of n-3 PUFAs and
thereby contributing to the increased oxidative stability of the
produced eggs.

While numerous studies have evaluated the effects of either HS or
FS supplementation alone, the present findings demonstrate that
their combination produces distinct outcomes. Specifically, the
simultaneous inclusion of HS and FS markedly enhanced the yolk
deposition of n-3 PUFAs, particularly ALA and EPA, beyond the
levels observed with either HS or ES alone. Moreover, the combined
diet improved nutritional indices and reduced the #-6/n-3 ratio of the
eggs, highlighting the synergistic effect between these two seeds.
These results suggest that dual supplementation can overcome
some of the limitations and inconsistencies previously reported in
single-seed studies, thereby providing a novel dietary strategy for the
enrichment of eggs with bioactive compounds. Nevertheless, certain
limitations of the present study must be acknowledged. Only a single
inclusion level of HS and FS was evaluated, and detailed egg quality
and yolk lipid analyses were restricted to one time point (61 weeks of
age). This inevitably constrains the generalizability of the findings
across different production stages and supplementation regimens. In
addition, while our results are broadly consistent with recent
investigations into oilseed supplementation in laying hens, such as
those by Boskovic Cabrol et al. (2025); Rbah et al. (2025), and
Saengsuwan et al. (2025) for HS and by Ehr et al. (2017); Mattioli
etal. (2017),and Omri et al. (2019) for FS, direct comparisons remain
limited due to differences in seed type, inclusion level, and
experimental design.

5 Conclusion

The findings of this study indicate that HS and FS are promising
supplementary feed ingredients, especially because of their
beneficial effects on the performance of laying hens and their
enriching influence on egg quality and nutritional value.
Supplementation with HS (40 g/kg) led to the production of eggs
with the highest recorded weight, significantly reduced yolk
cholesterol and MDA levels, and markedly increased y-tocopherol
concentrations, thereby improving the oxidative stability and
nutritional quality of the eggs. The comparable benefits observed
in laying hens fed FS (40 g/kg) were further supported by the lowest
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FCR among all dietary treatments, along with improved egg
production and greater egg mass. The combined dietary inclusion
of HS and FS (both at 40 g/kg) yielded the most favorable outcomes,
including a higher shell percentage and increased yolk deposition of
n-3 PUFAs, particularly ALA and EPA, resulting in a more
balanced 1-6/n-3 ratio and improved nutritional indices of the
eggs. The inclusion of HS and FS in laying hen diets may contribute
to increasing the deposition of various bioactive compounds with
potential health benefits for humans. Further research should
investigate the optimal inclusion levels and potential synergistic
effects of HS and FS under different alternative housing systems, in
which the beneficial concentrations of tocopherols and n-3 PUFAs
provided by these supplements may not only increase egg quality
and nutritional value but also contribute to improving the health
and welfare of laying hens facing new environmental challenges.
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