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Flaxseed cake contains high levels of phenolic compounds, which have numerous biological activities, as well as a considerable
amount of omega-3 fatty acids, such as o-linolenic acid, which remains after oil extraction. In this study, we examined the effects of
flaxseed cake meal (FSCM) on the antioxidative status, lipid metabolism, egg fatty acid profile, and egg health index of white-egg
laying hens. A total of 63 Hisex White laying hens were divided into three experimental treatment groups and fed diets containing 0, 5,
or 10% FSCM from 48 to 58 weeks of age. Feeding with 5 and 10% FSCM did not significantly (p>0.05) influence total lipid, triglyc-
eride, total cholesterol, very low-density lipoprotein-cholesterol, or low-density lipoprotein-cholesterol concentrations, or the high-/
low-density lipoprotein ratio in the serum and egg yolk; however, 10% FSCM significantly (P<0.05) increased serum high-density
lipoprotein. Dietary FSCM also did not affect (P>0.05) antioxidant markers in the eggs and blood plasma. Notably, dietary inclusion
of FSCM significantly increased (P<0.05) total n-3 polyunsaturated fatty acids (PUFASs), a-linolenic acid, docosahexaenoic acid, and
eicosapentaenoic acid levels in egg yolk, whereas the n-6:n-3 PUFAs ratio was markedly (P<0.05) decreased in a dose-dependent
manner. Moreover, including 5-10% FSCM improved (P<0.05) egg health indices, with 10% being the most beneficial. Together,
these findings indicated that the inclusion of up to 10% FSCM in laying hen diets improved egg yolk lipid and fatty acid profiles, as

well as egg quality and nutritional and metabolic indices.
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Introduction

Feed resources for livestock production, such as soybean
meal, have been limited owing to increasing demand, recent
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health crises, and warfare, leading to increased feeding costs and
threats to livestock production[1-3]. However, in countries that
do not grow soybeans, a trend exists to substitute soybeans with
alternative sources of plant protein and agro-industrial co-prod-
ucts for livestock nutrition[1]. Crop co-products are also utilized
to reduce feeding costs and environmental pollution. Moreover,
co-products can serve as a vital source of bioactive molecules
and fatty acids with significant advantages for animal and human
health, as well as environmental sustainability[2,3].

In particular, vegetable sources of omega-3 fatty acids are
beneficial because they enhance the nutritional value of eggs and
meat[4—7]. Flax (Linum usitatissimum L.) is a critical crop world-
wide as a food and feed source owing to its oil and fiber com-
ponents, including numerous omega-3 fatty acids[8,9]. Notably,
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the global production of flax reached 8.7 million tons in 2016,
which was priced at about 70.2 § (https://www.statista.com).
Cold-pressed flaxseed meal is a valuable byproduct for animal
and poultry breeding, as it contains substantial levels of residual
oil (approximately 10%) and crude protein (approximately 30 to
35%) when extracted below 35°C[9]. However, flaxseeds contain
non-starch polysaccharides, such as mucilage, along with other
anti-nutritional factors including cyanogenic glycosides, tan-
nins, phytic acid, trypsin inhibitors, and anti-vitamin Bg, which
are concentrated in flaxseed meal[8—10]. Accordingly, various
methods have been employed to reduce antinutritional factors,
enhance nutrient digestibility, and decrease digesta viscosity in
the jejunum of broiler chickens fed flaxseed cake[4,11-13].
Flaxseed, flaxseed meal, or flaxseed oil is a principal source
of a-linolenic acid (ALA, C18:3, n-3) for broiler chickens[4],
laying hens[3], and Japanese quails[14,15]. Dietary intake of
omega-3-enriched meat and eggs is an appropriate strategy for
lowering the incidence of lifestyle-related diseases and enhanc-
ing the human health index[16]. The inclusion of flaxseed cake
meal (FSCM) in laying hen diets enhances the performance, egg
quality, blood and egg yolk lipid profiles, antioxidant status, and
immune response of laying hens[3]. Dietary incorporation of 10
to 20% whole flaxseeds in laying hen diets elevated the ALA
concentration in egg yolk by 10 to 20-fold, respectively[17].
Similarly, dietary whole flaxseeds (15%) increased yolk ALA
content to 7.07 g/100 g of fatty acids, as compared with 0.26
g/100 g of fatty acids in the control diet[18]. Alternatively, the
inclusion of 10% flaxseed did not significantly affect feed intake,
growth, or feed conversion ratio (FCR) in broilers[19] or laying

hens[20]. However, the recommended level of FSCM in poultry
feed varies across studies depending on the type of FSCM and
strain of chicken evaluated, including 2—15% for broiler chick-
ens[4,13,21] and 6-15% for laying hens[3,20,22-24]. Therefore,
the objective of the present study was to investigate the effect of
FSCM on the antioxidant status, mineral profile, lipid metabo-
lism, egg fatty acid profile, and egg health index in laying hens.

Materials and Methods

Ethical statement

This study was conducted following the general guidelines for
animal experimentation by Royal Decree (number M59, dated
14/9/1431H), and was approved by King Abdulaziz University
(KAU) (institutional code ACUC-22-1-2).
Preparation of FSCM

The FSCM (brown variety) was obtained from a commercial
supplier after cold oil extraction using an electric screw-press
machine at approximately 40°, and ground into fine particles to
pass through a 2 mm sieve.
Experimental design

A total of 63 Hisex White (white egg) laying hens (48 weeks
of age), with an average body weight of 1712 +43.6 g, were used
in this study. The feeding trial lasted for 10 weeks from 48 to 58
weeks of age. The initial two weeks, termed the preliminary trial
period, served as a period of adaptation and was not included in

the study analyses. The experimental design included three treat-
ments, each containing seven replicates (three hens per replicate),
housed in cages providing 0.36 m? area per hen. Each cage had a
50 cm long tube feeder and a stainless-steel nipple drinker. Lay-
ing hens were fed diets containing 0, 5, and 10% FSCM. These
levels were selected based on previous studies[17,18,20,25,26].
However, to compensate for the presence of antinutritional fac-
tors in the raw, untreated flaxseed cake, we selected lower levels
among the published range for use in the present study[10,27].
The dietary FSCM influences on the performance, quality, and
sensory attributes of the eggs, serum, and egg trace minerals of
laying hens during 48 to 58 weeks of age have been recently
published[28]. In addition, the blood properties and egg yolks
of laying hens were sampled at 58 weeks of age (at the end of
the trial). The composition of the experimental diets is reported
in Table 1. The nutritional profile and fatty acid content of the
experimental diets were computed based on the analytical values
of the feedstuffs[29] and chemical analyses of the FSCM.
Antioxidant content and activity of whole flaxseed phytocon-
stituents

The antioxidant scavenging activity of 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH) free radicals was determined according to
the method described by Aklet al[30]. The tannin content in the
flaxseed cake was determined using the Folin—Denis reagent
according to the method of Schanderl[31], using gallic acid as
a standard. P-coumaric and ferulic acids were quantified using
high-performance thin-layer chromatography, as described in
Kannanet al[32]. Vitamin C content was determined according
to the method described by Schanderl[31] and Kannan et al.[32].
Total antioxidant activity was standardized to that of ascorbic
acid and expressed as milligrams of ascorbic acid equivalents per
gram of sample on a dry weight basis.

Yolk lipid profile, fatty acid profile, and chemical composition

Seven yolk samples were randomly collected per treatment
(one egg per replicate) and used to determine the chemical com-
position of the yolk. Yolk lipids were extracted to determine the
levels of triglycerides and different cholesterols, such as high-
density lipoprotein (HDL), low-density lipoprotein (LDL), and
total cholesterol, as described in Attia et al.[3]. The hypercholes-
terolemia index (RHCH) was calculated as the ratio of LDL to
total cholesterol.

Saturated fatty acids (SFAs), monounsaturated fatty acids
(MUFAs), and polyunsaturated fatty acids (PUFAs) in the eggs
were measured using seven eggs per treatment. After lipid ex-
traction, lipid methylation was performed using 50 mg of the
extracted lipids by adding 5 mL of methanolic sulfuric acid (1
mL concentrated sulfuric acid and 100 mL methanol) and 2 mL
of benzene to the tube. Then, the tube was sealed and placed
in a water bath at 90°C for 90 min. Subsequently, the tube was
cooled, 5 mL of petroleum ether and 8 mL of distilled water were
added, the tube was shaken vigorously, and the ethereal layer was
separated into a dry tube and dried by evaporation. Fatty acid
profiles were determined according to the methods published by
Radwan[33] by coupling two-dimensional thin-layer gas chro-
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Table 1. Composition and chemical analysis of the experi-
mental diets fed to laying hens.
. Flaxseed cake (%)
Ingredients
0 5 10
Yellow corn 64.50 61.50  58.47
Soybean meal, 48% crude protein ~ 24.00  22.00  20.00
Calcium carbonate 9.00 9.00 9.00
Flax seed cake - 5.0 10.0
Calcium diphosphate 1.30 1.30 1.30
Sodium chloride 0.30 0.30 0.30
Vitamin-Mineral premix* 0.50 0.50 0.50
DL-methionine 0.15 0.15 0.18
L-Lysine 0.10 0.10 0.10
Sodium bicarbonate 0.10 0.10 0.10
Choline chloride 50% 0.05 0.05 0.05
Determined analysis
Dry matter % 93.39 94.24  94.54
Crude protein % 16.69 1674  17.03
Crude fat % 2.58 3.93 5.16
Crude fiber % 3.21 3.61 4.13
Ash,% 17.43 1590 15.53
Calculated analysis
Metabolizable energy, kcal/kg 2731 2722 2700
Calcium % 4.06 4.05 4.0
Phosphorus (available) % 0.351 0.367 0.344
Se, ppm 0367 0424 0.465
Zn, ppm 93.5 97.8 102.7
Fe, ppm 334 44.8 58.0
Methionine % 0.412 0.424  0.503
Lysine,% 0.885 0.886  0.892
C18-2 PUFAs, % 0486  0.467 0.447
C18-3 PUFAs, % 0.020  0.045 0.069
C18:2/C18:3 24.1 10.5 6.50

*Three kg of vitamin—mineral premix per ton of feed supplied each kg
of diet with vitamin A 12,000 IU; vitamin D3 2000 IU; vitamin E 10
mg; vitamin K3 2 mg; vitamin B1 1 mg; vitamin B2 4 mg; vitamin B6
1.5 mg; pantothenic acid 10 mg; vitamin B12 0.01 mg; folic acid 1 mg;
niacin 20 mg; biotin 0.05 mg; choline chloride, 500 mg; Zn 55 mg; Fe
30 mg; I 1 mg; Se 0.1 mg; Mn 55 mg; ethoxyquin 3000 mg.

matography (GC) for the quantitative analysis of lipid classes
and their fatty acid constituents using a Hewlett—Packard (HP)
6890 GC with Flame Ionization Detector (FID detector) (Palo
Alto, CA, USA) (detector temperature: 250°C; injector tempera-
ture: 220°C; and injection volume: 2 pL, split fewer modes). An
HP-5 column (5% diphenyl, 95% dimethyl polysiloxane), 30 m,
0.32 mm ID, and 0.25 pm film thickness was used. Nitrogen was
used as the carrier gas at a flow rate of 1 mL/min. The initial oven
temperature was 150°C x 2 min.
Blood biochemical constituents and antioxidative status

Seven blood samples were randomly collected from each

treatment group to represent all treatment replicates for the hens
at 58 weeks of age. Blood serum was separated by centrifugation
at 1500 x g for 10 min. Serum lipid profiles were then deter-
mined, including triglycerides, total serum cholesterol, plasma
LDL cholesterol, and serum HDL cholesterol, as described by
Attia et al.[3]. Digenetic kits purchased from Diamond Diagnos-
tics (Cairo, Egypt; http://www. diamond diagnostics. com) were
used to determine the lipid profiles. Moreover, very-low-density
lipoprotein (vVLDL)-cholesterol was measured[34] in (mg/dL) ac-
cording to the following equation: vLDL = triglycerides/5. The
HDL:LDL ratio was also calculated.

The risk of hypercholesterolemia was computed using the fol-
lowing equation[35]: Risk of hypercholesterolemia = LDL cho-
lesterol/total cholesterol. The serum total antioxidant capacity
(TAC) and malondialdehyde (MDA) were assayed as previously
described[22,23]. The antioxidant balance was calculated as the
TAC:MDA ratio[16].

Egg qualitative, nutritive, and metabolic indices

The qualitative, nutritive, and metabolic indices of eggs and
their desirable relationships with human health were estimated
(n = 7/treatment)[36]. The qualitative indices were estimated as
follows:

PUFA/SFA ratio =(£ PUFAs)/(X SFAs); X n-6 PUFAs/X n-3
PUFAs ratio = (C18:2n-6 + C20:2n-6 + C20:3n-6 + C20:4n-6)/
(C18:3n-3 + C20:3n-3 + C20:5n-3 + C22:51-3 + C22:6n-3)
[37,38].

Linoleic acid/a-linolenic acid ratio = (C18:2n-6)/(C18:3n-3)
[39.,40].

Sum of eicosapentaenoic acid and docosahexaenoic acid
(EPA+ DHA) = % C20:5n-3 + % C22:6n-3[40,41].

Unsaturation index (UI) = (% monoenoic) + (2 x % dienoic)
+ (3 x % trienoic) + (4 x % tetraenoic) + (5 x % pentaenoic) + (6
% % hesaenoic)[41].

As nutritional indices, the following formulas were used:

Nutritional value index (NVI) = (C18:0 + C18:11-9)/(C16:0)
[42].

Atherogenic index (AI) = (C12:0 + 4 x C14:0+C16:0)/ ¥
UFAs,
where UFAs is unsaturated fatty acids.

Thrombogenic index (TI) = (C14:0+C16:0+C18:0)/
[(0.5xyMUFAs) + (0.5x3n-6 PUFAs) + (3xYn-3 PUFAs) +
(3 n-3 PUFAs /Y 'n-6 PUFAs)].

Platelet aggregation and thrombus formation can occur when
Al and TI levels are elevated. Consequently, lower values are
beneficial for human health[43].

Egg health index (EHI) = (C18:0+C18:1)/C16:0.

Desirable fatty acids (DFAs) have a beneficial, neutral hypo-
cholesterolemic effect in humans: DFA = Y} MUFAs+) PUFAs
+C18:0).

Undesirable fatty acids (UDFAs) have a hypercholesterolemic
effect on humans: UDFAs = C14:0 + C16:0.

The lipid quality parameter expresses the percentage correla-
tion between the main n-3 PUFAs [EPA + DHA) and total lipids.
Higher values of this index are synonymous with higher-quality
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Table 2.  Amount of antioxidants in flaxseed cake.

Flaxseed cake Mean' + SD
DPPH % 36.32+6.12
Ascorbic acid % 4.14£2.90
Tannic acid % 0.13£0.01
Ferulic acid (mg/g) 5.38+0.71
p-Coumaric acid (mg/g) 3.07+0.56

DPPH, 1,1-diphenyl-2-picryl-hydrazil; SD, standard deviation. 'Mean
of nine replicates.

dietary lipid sources[44]. The equation used to calculate lipid
quality was:

Egg lipid quality index (ELI) = 100 x [EPA + DHA]/ [% of
total fatty acids].

Hypocholesterolemic/hypercholesterolemic ratio (HHR) =
(C18:1 + X PUFAs)/(C12:0 + C14:0 + C16:0).

Health-promoting index (HPI) = (XUFAs)/[C12:0 + (4 X
C14:0) + C16:0].

Fish lipid quality/Flesh lipid quality (FLQ) =100 x (C20:51-3
+ C22:6n-3)/(X SFAs)[45].

As metabolic indices, the following formulas can be utilized
as surrogates for real desaturase activity[46—48].

Elongase index = (C18:0/C16:0) x 100

Thioesterase index = (C16:0/C14:0) x 100[49].

A9-desaturase (C16:1 + C:18:1) = (Cl16:1n-7 + C18:1n-9/
(C16:0 + C18:0 + C16:1n-7 + C18:11-9) x 100.

AS5-desaturase + A6-desaturase = (C20:2n-6 + C20:4n-6 +
C20:5n-3 + C22:5n-3 + C22:6n-3)/(C18:2n-6 + C18:3n-3+
C20:2n-6 + C20:4n-6 + C20:5n-3 + C22:5n-3 + C22:6n-3).

Activity index of n-3 B-oxidation in the yolk eggs = (X n-3
PUFAs)/(C18:3n-3).

Statistical analysis

The normality of data and differences among treatments were
statistically examined using Statistical Analysis Software[50].
All percentages were transformed to log10 to normalize the data
distribution before performing statistical analysis. The statistical
model used was a one-way analysis of variance (ANOVA), and
the replicate was the experimental unit. Tukey’s post hoc test was
used to compare significant differences among the means of the
treatments. Pearson’s correlation test was employed to estimate
the correlation coefficient between FSCM and fatty acid profiles
in the egg yolk and related indices.

Results

The antioxidant levels of FSCM are listed in Table 2. FSCM
is a rich source of antioxidants. The DPPH, ascorbic acid, tannic
acid, ferulic acid, and p-coumaric acid values were: 36.32+6.12%,
4.14+2.90%, 0.13+0.01%, 5.38+0.71 mg/g, and 3.07+0.56 mg/g,
respectively.

The fatty acid and health index profiles of FSCM are shown
in Table 3. The results indicated that flaxseed cake is a suit-
able source of omega-3 fatty acids (11.12), with the following

profiles: omega-6:omega-3 (1.44), atherogenic index (0.271),
thrombogenic index (3.42), hypocholesterolemic index (3.98),
lipid quality index (1.30), and health index (2.97).

The influence of dietary FSCM on the blood serum and egg
lipid fractions of laying hens is shown in Tables 4 and 5, respec-
tively. Feeding of 5 to 10% FSCM did not significantly affect the
serum concentrations of total lipids, triglycerides, total choles-
terol, vLDL-cholesterol, LDL-cholesterol, HDL/LDL, or RHCH.
However, dietary 10% FSCM increased the concentration of se-
rum HDL cholesterol compared to that in the control. Table 5
presents the egg yolk lipid profiles of laying hens fed 5 or 10%
FSCM. All lipid fractions, were unaffected by the FSCM levels.

Evaluation of the effect of FSCM levels on serum antioxidant
indices of Hisex laying hens indicated that 5-10% FSCM did not
significantly affect the blood serum content of glutathione per-
oxidase (GPX), TAC, vitamin E, MDA, or the MDA:TAC ratio
(Table 6). As shown in Table 7, feeding with 5 or 10% FSCM
did not significantly influence the antioxidative markers in eggs,
including TAC, MDA, the MDA:TAC ratio, and vitamin E.

Tables 8-10 show the effects of dietary inclusion of 5 or 10%
FSCM on yolk fatty acid profiles, including SFAs, MUFAs, and
PUFAs. As shown in Table 8, increasing dietary FSCM signifi-
cantly reduced hexadecanoic acid (C16:0) and total SFAs in the
egg yolk. Table 9 reveals that 5% dietary FSCM increased the
yolk concentrations of 9-octadecenoic acid (C18:1, n-9) and total
MUFAs. Notably, feeding FSCM to laying hens resulted in a pro-
portional increase in the total n-3 PUFA concentration in egg yolk
lipids, whereas the n-6:n-3 PUFAs ratio decreased significantly
as the dietary FSCM increased (Table 10). Data from the current
trial showed that the incorporation of ALA, EPA, and DHA into
the egg yolk via dietary FSCM was successful (Table 10).

Based on the fatty acid profile of egg yolks, the qualitative,
nutritional, and metabolic indices of eggs were significantly af-
fected by feeding FSCM, except for the elongase and thioesterase
indices (Table 11). The qualitative and nutritional indices of the
egg yolks of the 5 and 10% FSCM groups were considerably bet-
ter than those of the control group. The metabolic indices in the
egg yolk of the 5 and 10% FSCM hens were significantly lower
than those in the control (Table 11).

The correlations between FSCM, fatty acid profiles, and
health indices are presented in Table S1. The FSCM exhibited
significant (P<0.05) positive correlations with egg PUFA:SFA
ratio (R?=0.999), PUFAs (R?=0.998), NVI (R?>=0.991), HHR
(R?=0.995), EHI (R?=0.947), HPI (R?>=0.995), Yn-6 (R*=0.963),
UFAs (R?=0.784), elongase index (R?=0.990), A5-desaturase
+ A6-desaturase (R?=0.907), and Yn-3 PUFAs (R>=0.611).
The egg yolk fatty acid profiles significantly (P<0.05) nega-
tively correlated with SFAs (R?=-0.804), MUFAs (R?>=-0.988),
Sn-7 (R?=-0.976), Yn-9 (R>=-0.986), Ul (R?>=—0.943), Al
(R?=—0.957), TI (R?>=—0.845), DFAs (R>=—0.941), UDFAs
(R?>=—0.949), thioesterase (R’>=—0.868), and A9-desaturase
(C16:1 + C:18:1) (R?>=—0.943). No substantial (P>0.05) relation-
ships were observed between FSCM and n-6:1-3 PUFAs, linoleic
acid:a-linolenic acid ratio, EPA% + DHA%, FLQ, and the activ-
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Table 3. Fatty acids composition and health-related indi-
ces of flaxseed cake.

Fatty acid mg/100 g as-fed basis

C3:0 0.298

C4:0 1.570

C6:0 0.308
C10:0 2.19
C12:0 5.49

C14:0 0.212

C15:0 0.286
C16:0 3.48
C17:0 3.93
C 18:0 6.36
C20:0 2.15
C21:0 1.57
Total aturatd faty acids 27.84
Cleé:1 1.60
C18:1 3.98
C20:1 5.35

C24:1 0.278
Totalmonounaturatd fatty acids 11.21
C18:2 2.92
C18:3-LA 5.00
C18:3n-4 stearidoni acid 1.68
C18:3n-3 0.27
C20:2n-6 1.58
C20:2 3.03
C20:3 2.03
C20:4 4.96

C20:513 0.307

C22:5 n-3 clupandnic acid (DAP) 0.004

C22:6 n-3 Docosahexenoic acid 0.213
Total saturated faty acids 15.84
Mono unsaturated faty acids 9.06
Poly unsaturated faty acids 15.21
Unsaturated fatty aids 24.27
Omega-6 16.01
Omega-3 11.12
Omega-6/omega-3 1.44

Atherogenic index 0.271
Thrombogenic index 3.42
Hypercholesteremic ndex 3.98
Lipid quality index 1.30
Health index 2.97

ity index. The egg yolk fatty acid profiles showed both positive
and negative associations with other metrics (P<0.05) (Table S1).

Discussion

Phenols from plants and plant byproducts are considered vital

dietary components and have considerable antioxidant activity,
as well as other biological activities and health benefits[51]. The
polyphenolic extract of FSCM exhibited high antioxidant activ-
ity as measured using the DPPH free radical scavenging method,
which is commonly used to evaluate the free radical scavenging
ability of natural products[52]. FSCM showed a strong ability to
scavenge DPPH radicals, indicating that FSCM can donate sub-
stantial amounts of hydrogen to scavenge DPPH radicals. The
radical scavenging activity of flaxseed extracts is comparable to
that of other medicinal plants, spice extracts, and synthetic anti-
oxidants used in food products[52]. In particular, ferulic acid is
a naturally occurring phenolic antioxidant that is widely used in
the food, cosmetics, pharmaceutical, and other biological indus-
tries owing to its low toxicity[53]. In agreement with the results
of Akl et al.[30], phenolic compounds extracted from FSCM,
such as DPPH, ascorbic acid, tannic acid, ferulic acid, and p-
coumaric acid, showed significant biological activity.

These results indicated that FSCM is a rich source of desir-
able fatty acids and has health-promoting effects for laying
hens, and consequently for human health. FSCM is a substan-
tial source of omega-3 and long-chain PUFAs that promoting
health index[7,17]. As shown in Table 4, dietary inclusion of
5 to 10% FSCM did not alter serum triglycerides, total choles-
terol, vLDL-cholesterol, LDL-cholesterol, HDL/LDL ratio, or
RHCH. These results are consistent with those of previous stud-
ies[54] with regard to serum triglyceride, total cholesterol, and
the HDL-cholesterol:total cholesterol ratio. Moreover, dietary
extruded flaxseed at up to 270 g/kg did not significantly affect the
serum concentrations of triglycerides and LDL cholesterol[55].
However, we found that dietary 10% FSCM increased the serum
concentration of HDL cholesterol compared with that in the con-
trol. Similarly, Attia et al.[3] reported that the inclusion of 12%
soaked flaxseed meal increased the serum concentration of HDL
cholesterol with respect to that with the control diet. Addition-
ally, Celebi and Utlu[56] reported that the addition of 4% flax-
seed oil increased the plasma HDL cholesterol concentration in
ISA brown laying hens. The increase in serum HDL cholesterol
content in laying hens fed 10% FSCM demonstrates the positive
effects of dietary inclusion of FSCM on lipid metabolism and the
elevation in healthy lipoproteins associated with increased con-
sumption of omega-3 sources[57]. Consistent with this, several
previous studies have indicated that dietary full-fat flaxseed, flax-
seed meal, and flaxseed oil reduce blood plasma lipid profiles, in-
cluding total plasma cholesterol, triglycerides, LDL cholesterol,
and VLDL in laying hens[3,56,58].

Notably, the egg lipid profile was also not significantly affect-
ed by FSCM levels (Table 5). These results agree with those from
a previous study by Abdel-Raheem and Abd-Allah[22], who re-
ported that the inclusion of different levels of extruded flaxseed
meal (10-30%) in laying hen diets did not significantly influ-
ence the total lipid and cholesterol content in the egg yolk. These
results also confirmed the findings of previous studies[59,60].
However, dietary-soaked flaxseed meal reduced all lipid frac-
tions in the egg yolk[3]. In addition, feeding extruded flaxseed
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Table 4. Effect of flaxseed cake levels on the content of lipid fractions of the blood serum in laying hens.
Flaxseed cake, % TRIG, mg/dL vLDL, mg/dL TC,mg/dL  LDL, mg/dL HDL, mg/dL HDL/LDL RHCH
0 166.4 333 171.0 345 99.2° 2.89 0.201
5 165.0 33.0 173.1 33.5 102.4% 3.00 0.204
10 165.6 33.2 173.8 342 103.2% 3.10 0.201
RMSE 1.91 0.376 2.84 1.29 2.63 0.148 0.0053
P-value 0.463 0.443 0.290 0.468 0.046 0.091 0.813

TRIG, triglycerides; vLDL, very low-density lipoprotein; TC, total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; HDL/
LDL, high-density lipoprotein:low-density lipoprotein ratio; RHCH, risk of hypercholesterolemia (LDL:TC); RMSE, Root mean square error.

Table 5. Effect of flaxseed cake levels on the lipid fractions in the edible egg parts of laying hens.

Flaxseed cake, % TRIG, mg/g VvLDL,mg/g  TC, mg/g LDL, mg/g HDL,mg/g HDL/LDL RHCH
0 175 35.0 189 82.8 57.8 0.698 0.438
5 178 35.5 191 85.1 58.5 0.687 0.448
10 178 35.6 189 84.8 58.9 0.694 0.447
RMSE 2.24 2.24 1.32 2.27 0.913 0.017 0.009
P-value 0.290 0.291 0.302 0.178 0.153 0.515 0.177

TRIG, triglycerides; vLDL, very low-density lipoprotein; TC, total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; HDL/
LDL, high-density lipoprotein:low-density lipoprotein ratio; RHCH, risk of hypercholesterolemia (LDL:TC); RMSE = Root mean square error.

Table 6. Effect of flaxseed cake levels on the blood serum antioxidants indices of laying hens.

Flaxseed cake, % GPX, U/mL TAC, mmol/L Vitamin E, pg/mL. MDA, pmol/mL MDA/TAC
0 34.4 0.823 0.650 1.46 0.562

5 35.4 0.819 0.615 1.47 0.557

10 34.9 0.821 0.627 1.49 0.559
RMSE 1.032 0.0038 0.030 0.0059 0.0041
P-value 0.275 0.270 0.157 0.265 0.184

GPX, glutathione peroxidase; TAC, total antioxidant capacity; MDA, malondialdehyde; MDA/TAC, malondialdehyde:total antioxidant capacity ratio;
RMSE= root mean square error.

Table 7. Effect of flaxseed cake levels on antioxidative markers in the eggs of laying hens.

Flaxseed cake, % TAC, mmol/L MDA, umol/mL TAC/MDA Vitamin E, pg/g
0 0.768 3.80 0.202 22.1
5 0.696 3.82 0.182 20.3
10 0.732 3.80 0.193 21.1
RMSE 0.055 0.070 0.079 1.460
P-value 0.109 0.728 0.159 0.126

TAC, total antioxidant capacity; MDA, malondialdehyde; MDA/TAC, malondialdehyde/total antioxidant capacity ratio; RMSE= Root mean square

error.

(18-27%) reduced the egg yolk cholesterol content[55]. Simi-
larly, contradictory results regarding the effect of flaxseed addi-
tion on yolk HDL-cholesterol content encompass an increase[3],
no change[59], or a decrease[61]. Several studies have concluded
that egg yolk total cholesterol levels are not influenced by dietary
omega-6:omega-3 ratios of 24.5:1, 2.7:1, 1.8:1, 1.2:1, and 1:1
n-6:n-3[15,17].

Among serum and egg antioxidant indices, dietary 5 or 10%
FSCM did not significantly affect the GPX, TAC, vitamin E,

MDA, or MDA/TAC ratio. Similarly, the inclusion of 6 or 12%
soaked flaxseed meal did not change the serum TAC concentra-
tion[3]. Moreover, dietary incorporation of 5 or 10% flaxseed
meal in laying hens diet did not significantly influence serum
concentrations of GPX, superoxide dismutase, or thiobarbituric
acid reactive substances[54]. It has been further postulated that
dietary extruded flaxseed of up to 27% does not significantly af-
fect serum GRX activity in laying hens[55]. The non-significant
effect of the incorporation of FSCM on MDA concentration in
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Table 8. Saturated fatty acid profile (% of total fatty acids) of the egg yolk of laying hens fed different flaxseed cake levels
(n = 4/treatment).

Flaxseed cake,%

Fatty acid profile RMSE P-value
0 5 10
C12:0 0.00 0.00 0.04 0.052 0.414
C14:0 0.382 0.332 0.476 0.179 0.461
C15:0 ND ND ND - -
C16:0 28.1° 25.1° 24.8° 0.838 <0.0001
C17:0 0.298 0.132 0.296 0.132 0.119
C18:0 8.97 7.95 7.91 1.02 0.011
C21:0 0.208 0.166 0.136 0.061 0.217
> SFAs 38.0° 33.7° 33.6° 1.45 0.0007

C12:0, Lauric acid; C14:0, tetradecanoic acid; C15:0, pentadecyclic acid; C16:0, hexadecanoic acid; C17:0, heptadecanoic acid; C18:0, octadecanoic
acid; C21:0, heneicosylic acid; )’ SFAs: sum of saturated fatty acids; ND, not detectable; RMSE: standard error of the means. *  Means within a row

with different superscripts are significantly different (P<0.05).

Table 9. Monounsaturated fatty acid profile of the egg yolk of laying hens fed different flaxseed cake levels
(% of total fatty acids) (n = 4/treatment).

Flaxseed cake, %

Fatty acid profile RMSE P-value
0 5 10
Cl4:1n-5 0.011° 0.001° 0.003° 0.007 <0.0001
C16:1n-7 471 4.83 433 0.436 0.208
C18:1n-9 39.6° 41.9* 38.6° 1.44 0.011
Ci18:1n-7 2.23 2.09 1.96 0.222 0.203
C20:1n-7 ND ND ND - -
C20:1n-9 0.227 0.178 0.320 0.161 0.354
C22:1n-11 0.00 0.17 0.07 0.069 0.228
C22:1n-9 ND ND ND - -
>MUFAs 46.9%° 49.0° 45.3° 1.86 0.027

Cl4:1n-5, Myristoleic acid; C16:1n-7, 9-hexadecenoic acid; C18:1n-9, 9-octadecenoic acid; C18:1n-7, vaccenic acid; C20:1n-7, paullinic acid, cis-
13-eicosenoic acid; C20:1n-9, cis-11-eicosenoic acid; C22:1n-9, erucic acid; Y MUFAs, sum of monounsaturated fatty acids; RMSE, standard error of
the mean; ND, not detectable. “® Means within a row with different superscripts are significantly different (P<0.05).

the serum and eggs suggests that serum MDA may be maintained
at normal concentrations by defensive mechanisms, such as he-
patic microsomes that possess the ability to degenerate MDA[62]
and prevent lipid peroxidation in the blood serum[8]. In addi-
tion, different dietary sources of n-3 PUFAs, including flaxseed
oil and/or fish oil, did not increase serum lipid peroxidation and
consequently did not induce cellular oxidative damage, but might
rather provide an antioxidative effect in laying hens[5]. Alterna-
tively, decreasing the antinutritional factor content in FSCM may
reduce oxidative stress by suppressing free radical production in
laying hens and prolonging the oxidative stability of eggs.

Yolk lipoprotein precursors, including vitellogenin and vLDL,
are hepatically synthesized under the influence of estradiol-17f
and taken up by the developing yolk through receptor-mediated
endocytosis[63]. The results of the current trial showed that the
dietary inclusion of 5 to 10% FSCM did not alter the plasma
concentrations of vVLDL or of Zn, which is indicative of circulat-
ing vitellogenin[64]. Therefore, it can be speculated that dietary
FSCM did not adversely affect folliculogenesis (ovarian follicu-

lar development), which was consequently related to the egg pro-
duction rate in the present study (data not shown).

In recent studies, dietary manipulation to modify the fatty
acid profile of eggs has taken precedence over efforts to lower
egg cholesterol content[6,65,66]. A major finding of the present
study was that dietary inclusion of 5 or 10% FSCM increased
ALA, EPA, DHA, and total n-3 PUFA concentrations in the egg
yolk, whereas the n-6:n-3 PUFAS ratio decreased significantly in
a dose-dependent manner. Significant (P<0.05) positive correla-
tions were observed in the egg yolk fatty acid profile between
FSCM and }n-6 and ) n-3; however, no significant correla-
tions were found between FSCM and n-6:n-3 PUFAs. The cur-
rent study demonstrated successful incorporation of long-chain
n-3 PUFAs (e.g., ALA, EPA, and DHA) into the egg yolk via
dietary FSCM. These results agree with those of previous stud-
ies[55,59,67,68]. Dietary incorporation of 5 or 10% flaxseed meal
in laying hen diets increased the egg yolk contents of PUFAs and
n-3 PUFAs, whereas those of MUFAs and the n-3:n-6 ratio de-
creased[54]. Moreover, dietary extruded flaxseed meal (10, 20,
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Table 10. Polyunsaturated fatty acid profile of the egg yolk of laying hens fed different flaxseed cake levels
(% of total fatty acids) (n = 4/treatment).
. Flaxseed cake, %
Fatty acid profile RMSE P-value
0 5 10
Cl16:3n-4 0.088 0.000 0.048 0.058 0.1004
C18:2n-6 11.39¢ 12.59° 13.70* 0.321 <0.0001
C18:3n-6 0.126* 0.00° 0.00° 0.003 <0.0001
C20:2n-6 0.132 0.000 0.438 0.433 0.3001
C20:4n-6 (AA) 1.82% 1.04° 0.510° 0.341 0.0003
C22:4n-6 0.056 0.000 0.000 0.057 0.2451
> n-6 PUFAs 13.53 13.63 14.65 0.694 0.050
Cl18:3n-3 (ALA) 0.450°¢ 2.51° 4.887 0.507 <0.0001
C 20:3n-3 ND ND ND - -
C20:4n-3 ND ND ND - -
C20:5n-3 (EPA) 0.00° 0.00° 0.142% 0.008 <0.0001
C22:5n-3 (DPA) 0.418* 0.00° 0.086" 0.105 <0.0001
C22:6n-3 (DHA) 0.622° .08 1.33% 0.376 0.0374
> n-3 PUFAs 1.49¢ 3.59° 6.43% 0.398 <0.0001
>'PUFAs 15.11¢ 17.22° 21.13* 0.834 0.006
>UFAs 61.99° 66.2% 66.38° 1.444 <0.0001
> n7 2.23 2.09 1.96 0.222 0.201
> n-9 39.8° 42.12 38.9° 1.486 0.018

C16:3n-4,—; C18:2n-6 (linoleic acid): 9,12-octadecadienoic acid (Z,Z)-; C18:3n-6, dihomo-gamma-linolenic acid; C20:2n-6: eicosadienoic acid;
C20:4n-6 (arachidonic acid; AA), 1l-cis-5,8,11,14-eicosatetracnoic acid; C22:4n-6, adrenic acid; ) n-6 PUFAs: total omega-6 polyunsaturated fatty
acids; C18:3n-3 (o-linolenic acid; ALA), 9,12,15-octadecatrienoic acid; C20:3n-3: eicosatrienoic acid; C20:4n-3: eicosatetraenoic acid; C20:5n-3
(eicosapentaenoic acid; EPA), cis-5,8,11,14,17-eicosapentaenoic acid; C22:51-3, docosapentaenoic acid (DPA); C22:6n-3 (docosahexaenoic acid;
DHA), 4,7,10,13,16,19-docosahexaenoic acid; Y n-3 PUFAs: total omega-3 polyunsaturated fatty acids; > PUFAs, total polyunsaturated fatty acids;
Y'UFA, total unsaturated fatty acids; Y n-7, total n-7 fatty acids; > n-9, total n-9 fatty acids; ND, not detectable; RMSE, standard error of the means. *
® Means within a row with different superscripts are significantly different (P<0.05).

and 30%) in the hen diet increased the egg yolk concentration of
ALA and DPA, while reducing the arachidonic acid concentra-
tion[22]. Similarly, previous studies have reported a significant
increase in the accumulation of ALA in egg yolks when laying
hens were fed 10% extruded flaxseed[69] and that the dietary
inclusion of flaxseed in laying hens produces omega-3-enriched
eggs, particularly ALA[59,70]. Furthermore, up to 27% dietary
extruded flaxseed modified the egg yolk fatty acid profile, includ-
ing increased n-3 PUFAs and decreased n-6 PUFAs, SFAs, and
MUFAs, consistent with the available literature[67].

In recent years, the demand for healthy foods has increased
because of their relationship with improving consumer health and
increasing resistance to diseases and epidemics. Thus, enhancing
egg health indices represented a highly relevant finding of the
present study. The Al of the 5 and 10% FSCM-derived egg yolks
was significantly lower than that of the control group. TI and Al
are the most widely employed nutritional indices for evaluating
fatty acid content, as they clearly demonstrate important implica-
tions[71]. The TI and Al in the present study were reduced by
FSCM and were comparable to those reported by Attia et al.[35].
A healthy egg is characterized by low DFAs, Al, and TI, which
predicts a delay in atherosclerosis, and consequently, a reduced
risk of cardiovascular disease[35,72]. These results suggest that

A6 desaturase is used in the n-3 PUFAs pathway rather than the
n-6 PUFAs pathway, which inhibits the conversion of linoleic
acid into ARA[73], leading to a reduced n-6 PUFA concentration
and n-6:n-3 PUFAs ratio in eggs produced from FSCM-fed hens.

The PUFA:SFA ratio of vegetable sources of omega-3 fatty
acids is a universally used indicator for analyzing the effects of
a given diet on cardiovascular health, on the assumption that all
PUFAs lower LDL and total cholesterol, but that all SFAs may
increase serum cholesterol. Consequently, as a direct indicator,
a lower PUFA to SFA ratios indicates a greater benefit (or the
opposite effect) from eating a particular egg[74]. In this case, the
group fed FSCM, particularly 10% FSCM, had a significantly
higher PUFA/SFA ratio (positive effect), therefore, the Al and TI
were lower, and the HHR was higher in the FSCM group than in
the control group. A lower ratio of n-6:n-3 PUFAs is desirable for
reducing the risk of chronic diseases in both developing countries
and Western societies[38]. Thus, both FSCM groups performed
better than the control regarding the PUFA/SFA ratio in a dose-
dependent manner, whereas on the basis of the n-6:n-3 PUFA
ratio, the 10% FSCM group exhibited better performance than
did the 5% FSCM group.

As linoleic acid and linolenic acid fatty acids cannot be syn-
thesized in the human body and must be ingested through the
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Table 11.  Effect of flaxseed cake levels on qualitative, nutritional, and metabolic indexing in the edible egg parts of laying hens.
Flaxseed cake, %
Item RMSE P-value
0 5 10

Qualitative indices
PUFAs/SFAs 0.397¢ 0.512° 0.629° 0.026 <0.0001
n-6/n-3 PUFAs 9.39° 3.80° 2.29¢ 1.672 <0.0001
Linoleic acid/a-Linolenic acid 26.2° 5.04° 2.88° 2.884 <0.0001
EPA% + DHA% 0.623° 1.08% 147 0.316 0.0110
Unsaturation index 85.3¢ 92.3b 99.4% 1.790 <0.0001

Nutritional Indices
Nutrition index 1.73° 1.99* 1.88% 0.084 0.0033
Atherogenic index 0.479° 0.400° 0.403° 0.022 0.0004
Thrombogenic index 1.08* 0.790° 0.669¢ 0.046 <0.0001
Hypocholesterolemic index 1.97° 2.41% 2.42% 0.284 0.001
HHR 0.990° 1.00? 0.999° 0.0213 <0.0001
Egg health index 1.81° 2.07° 1.96% 0.094 0.0054
Egg lipid quality index 0.623° 1.08 147 0.326 0.0110
Health-promoting index 2.09° 2.51% 249 0.124 0.0006
Fish lipid quality/Flesh lipid quality 1.64° 3.20% 4.31° 0.836 0.0024

Metabolic Indices
Elongase index 31.9 31.7 31.8 3.178 0.9952
Thioesterase index 7384 7723 6477 1496 0.4962
A9-desaturase (C16:1 + C:18:1) 54.42° 58.55% 56.75% 1.710 0.0168
A5-desaturase + A6-desaturase 0.209* 0.132° 0.126° 0.381 0.0145
Activity index 3.410° 1.438° 1.338° 0.492 <0.0001

RMSE, standard error of the means; PUFA, poly unsaturated fatty acid; SFA, saturated fatty acid; SEM, Standard error of the mean; HHR, hypocho-
lesterolemic/hypercholesterolemic ratio. *° Means within a row within each factor not sharing similar superscripts are significantly different, P<0.05.

diet, the linoleic acid:linolenic acid ratio has been used as an
evaluation method for infant feeding. These fatty acids also
compete for the elongation and desaturation enzymes that enable
PUFA synthesis. Because of the low conversion rate of ALA, a
decrease in the LA:ALA ratio moderately improves the values of
certain n-3 PUFAS, such as EPA and DHA[75]; consequently, the
LA:ALA ratio can be considered as a first step in estimating PU-
FAs. Consistent with previous studies, Ryman et al.[40] reported
that supplementation with FSCM increased the ALA content of
egg yolks and decreased the LA:ALA ratio with increasing dos-
es. No significant (P>0.05) associations were observed between
FSCM and the LA:ALA ratio. EPA and DHA are n-3 PUFAs that
benefit human health by preventing cardiovascular diseases and
inflammation, and protecting reproductive health[40]. We found
that EPA was present only in hens fed the 10% FSCM/kg diet. Ul,
which contains information regarding the degree of unsaturation
of'each FA, is computed as XUFAs (%) multiplied by the number
of double bonds, yielding different levels of the different unsatu-
rated types. Ul was positively correlated with Al, TI, DFAs, UD-
FAs, ELI, and FLQ, and negatively correlated with NVI, HHR,
EHI, and HPI, as well as with NVI and Al, TI, DFAs, and UD-
FAs. The index value was similar for the omega-3 and omega-6
series; thus, it is not very specific for dietary features, although

it plays a role in determining oxidative feed stability in humans
and animals and in establishing certain oxidative protective mea-
sures[41,76]. Here, the egg yolks from hens fed 5 or 10% FSCM
had a higher Ul value than those from control hens, indicating a
higher probability of autoxidation of FAs, albeit a higher value
of healthy lipids, from their egg yolks. FSCM correlated strongly
and negatively with Ul owing to the strong negative correlation
between FSCM and both monoenoic and dienoic acids.

Nutritional indices reflect the nutritional aspects of a diet[42].
NVI, EHI, HPI, and FLQ significantly improved in the groups
fed FSCM, particularly at the 5% FSCM level. FSCM strongly
positively correlated with NVI, EHI, and HPI. SFAs significantly
negatively correlated with NVI, HHR, EHI, and HPI. In contrast,
PUFAs significantly positively correlated with HHR, EHI, and
HPIL.

The atherogenic index is a more specific index than the
PUFA:SFA ratio for determining the atherogenicity of foods[77].
With the exception of stearic acid, which is not considered pro-
atherogenic owing to the ability of humans to desaturate stearic
acid to oleic acid, SFAs only exhibited marginally significant
(P<0.05) positive correlations with Al, TI, DFAs, and UDFAs.
Lauric, myristic, and palmitic SFAs promote lipocyte adherence
to circulatory and immune system cells and the aggregation of
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atherogenic plaques while decreasing esterified fatty acid and
phospholipid content[78]. Alternatively, PUFAs significantly
negatively correlated with Al, TI, DFAs, and UDFAs.

In contrast, a lower HPI value indicates that the FSCM feed
has better nutritional properties. Chen et al.[79] suggested that
the HPI constitutes the direct opposite of the atherogenic index.
Thus, HPI showed a significantly higher nutritional value for fat
and lower atherogenic and thrombogenic indices in the present
study at both FSCM concentrations than the values obtained for
the control. Accordingly, HPI is used to evaluate the nutritional
value of fatty acids and their effects on cardiovascular disease.
The thrombogenicity index is used along with the atherogenicity
index to further describe the thrombogenic ability of fatty acids.
Thus, the supplementation of feeds with lower thrombogenicity
is valuable for public health, indirectly suggesting that FSCM
has lower thrombogenicity. The HHR focuses on the relation-
ship between dietary fatty acids and LDL in the blood in terms
of DFAs (e.g., oleic acid and PUFAs) and UDFAs (e.g., lauric
acid, myristic acid, and palmitic acid)[42]. In the present study,
the groups receiving both 5 and 10% FSCM showed an increase
in DFAs (such as the highly positive correlation between FSCM
PUFAs and decreased UDFAs), which resulted in a strong cor-
relation between FSCM and HHR.

The egg yolk fatty acid elongase and thioesterase activities
were comparable across treatments, because the elongation index
(C18:0:C16:0 ratio) showed that the long C18 acyl chains elon-
gated similarly to the C16 acyl chains, and the thioesterase index
(C16:0:C14:0 ratio) showed that the cleavage of C14-acyl carrier
proteins (ACPs) was similar to that of C16-ACPs. FSCM corre-
lated negatively (P<0.05) with thioesterase activity and positive-
ly with the elongase index. Conversely, the 5% FSCM-fed group
had higher levels of A9-desaturase, which converts C16:0+C:18:0
saturated fatty acids to C16:1+C:18:1 monounsaturated fatty ac-
ids. This suggests that the higher levels of both fatty acids in the
5% FSCM-fed group might result from increased A9-desaturase
activity. The FSCM negatively correlated with A9-desaturase and
positively correlated with AS desaturase plus A6-desaturase.

In turn, the energy consumption (f-oxidation cycle) can be
inferred from the ratios of n-3 PUFAs and ALA[80]. In our study,
compared with that of chickens fed FSCM, hens not receiving
FSCM had considerably higher kinetic activity, and their yolks
had a higher oxidative status than glycolytic status. This indicates
that no correlation existed between the activity index and FSCM
supplementation. Alternatively, positive correlations were found
between the activity index and SFAs, n-6/n-3 PUFAs, linoleic
acid:o-linolenic acid ratio, and TI; similarly, negative correla-
tions were observed with UFAs and ) n-3 PUFAs. Notably, the
association between higher kinetic activity and more oxidative
than glycolytic states in hens has been observed in other studies
as well[46,81]. This indicates that the activity index accounts for
the energy expended by hen locomotor activity over the course
of their lifetime, considering all nutritive and qualitative effects
on their yolk fatty acids.

Based on the results of the present study, it can be concluded

that feeding laying hens with up to 10% FSCM does not adverse-
ly influence the blood serum lipid fractions, blood serum antioxi-
dative properties, or antioxidative biomarkers in the plasma and
eggs. Notably, the dietary inclusion of 5 or 10% FSCM increased
ALA, EPA, DHA, and total n-3 PUFA concentrations in the egg
yolk, whereas the n-6:n-3 PUFAS ratio decreased significantly
in a dose-dependent manner. Moreover, egg health indices were
enriched with 10% FSCM having the strongest effect, suggesting
that particular application of FSCM feeding in supplementing the
nutrition of laying hens may enhance egg health quality.
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