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Abstract: In chicken diet with dietary fat, adding plant polyphenols as a natural antioxidant is
recommended to enhance the n-3 polyunsaturated fatty acid (n-3 PUFA) content and improve
oxidative stability in meat and eggs. However, high plant polyphenol doses could act as a pro-
oxidant and interfere with the absorption of n-3 PUFAs. The study aimed to determine the effects
of Dodoneae angustifolia (D. angustifolia) polyphenol levels in flaxseed-enriched diets on fatty acid
content and oxidative stability in the meat and eggs of Sasso chickens. Chickens received 0, 200,
500, or 800 mg of D. angustifolia extract/kg diet designated as DA0, DA2, DA5, and DA8 treatments,
respectively. Results showed that the breast muscle content of docosahexaenoic acid (DHA, C22:6n-3)
in 200 and 500 mg extract/kg diet and eicosapentaenoic acid (EPA, C20:5n-3) in 800 mg extract/kg
diet increased (p < 0.05) compared to those who did not receive. Feeding D. angustifolia polyphenol
levels had no significant effect on egg yolk n-3 PUFA content. However, a decrease (p < 0.05) in
egg yolk n-6 PUFAs was observed in hens with an increase in the dose of D. angustifolia polyphenol
extract. In breast muscle, feeding on a 500 mg extract/kg diet decreased lipid peroxidation (p < 0.05)
compared to the control diet. However, feeding different doses of D. angustifolia extracts had no effect
on egg yolk lipid peroxidation.

Keywords: Dodonaea angustifolia extract; flaxseed; fatty acids; meat; eggs; lipid peroxidation; slow-growing
Sasso chicken

1. Introduction

The health benefits of polyunsaturated fatty acids (PUFAs) over saturated fatty acids
(SFAs) are well recognized [1]. Eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA),
and alpha-linolenic acid (ALA) are the main essential omega-3 fatty acids for humans.
Fish and seafood are preferred food groups with a significant source of omega-3 fatty
acids, such as EPA and DHA, to meet human needs [2]. Fish, a source of omega-3 fatty
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acids, is inaccessible and unaffordable for most communities, and consumption is raising
the issue of long-term sustainability [3,4]. In Ethiopia, the contribution of fish is less
than 1% of PUFA intake [5], and omega-3 intake is below the recommended range for
infants and young children and below the minimum recommended range for pregnant and
lactating women [6]. Alternative land-based sources of omega-3 fatty acids might represent
a solution to meet human needs.

As conventional eggs and meat are poor sources of omega-3 fatty acids [7,8], contain
low ALA, and have limited content of EPA and DHA [9], dietary strategies to enrich meat
and eggs have been tested by the inclusion of fish oil, flaxseed, canola, and rapeseed as
source of n-3 fatty acids in the chicken diet [10–12]. Chicken products have a tremendous
potential to become sustainable omega-3 functional foods [7–9,13]. Chickens can utilize
dietary ALA as a precursor for EPA and DHA synthesis in the liver [14]. Flaxseed (Linum
usitatissimum L.) is the richest source of ALA [15]. However, previous attempts to enrich
eggs and meat using flaxseed as an n-3 fatty acid source reported challenges such as
(1) decreased oxidative stability [16] and (2) poor conversion efficiency of ALA into LC n-3
PUFAs [17]. The inclusion of flaxseed in chicken diet exerted oxidative stress in chickens
and negatively affected the oxidative stability of meat and eggs [18]. Lipid oxidation leads
to the development of toxic compounds with detrimental biological effects associated with
the occurrence of cancer, cardiovascular and neurodegenerative diseases [19,20].

Subsequent bioconversion of alpha-linolenic acid (ALA) in the liver into longer n-
3 fatty acids was not found to be linear with the amount of flaxseed added to chicken
diet [21]. Moreover, the conversion of ALA into EPA and DHA requires the involvement of
various desaturase and elongase enzymes [22]. These enzymes are directly or indirectly
responsive to dietary intervention [23], such as the inclusion of polyphenol antioxidants
in chicken diet [24,25]. In chickens, supplementation of dietary polyphenol antioxidants
showed a modulatory effect on fatty acid metabolism [26]. Following the ban of synthetic
antioxidants in animal feed in several countries [27], attention is given to the potential
effects of supplementing natural antioxidants on the fatty acid composition and oxidative
stability in meat [22,28] and eggs [25,29]. Recently, an increase in the total omega-3 fatty
acids and oxidative stability of breast muscle was reported in turkeys fed 5% dried apple,
blackcurrant, strawberry, and seedless strawberry pomaces as polyphenol antioxidants in
diets containing 2.5% linseed oil [30].

In Ethiopian traditional medicine, Dodonaea angustifolia has been used to treat lym-
phatic swelling and burns [31] and is widely used to treat oxidative stress [32]. Its high
phenolic content and efficient in vitro antioxidant activity [33] suggested the use of D.
angustifolia as a novel antioxidant agent to counteract oxidative stress. However, high
doses of dietary antioxidants were reported to act as pro-oxidants that could affect lipid
metabolism, although the condition and mechanisms are not well understood [34]. Al-
though the potential role of polyphenol extract of D. angustifolia in lipid metabolism in
poultry is not yet elucidated, studies previously showed that hydrolyzable polyphenols
can limit lipid solubility and absorption of fat [35]. Moreover, gut-level uptake of fatty
acids according to their molecular structure and a decrease in a desaturase index were
reported following supplementation of tannin extract in chicken diet [36]. Furthermore, in
flaxseed-enriched diet, including higher alpha-tocopherol contents [37,38] and polyphe-
nolic antioxidants from dried tomato waste [39] was reported to suppress the absorption
of n-3 fatty acids in egg yolk. The explanation provided for this was hypothetical, where
higher-dose polyphenols could interfere with the deposition of certain LC n-3 PUFAs and
might play a role as pro-oxidants.
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Thus, the inclusion of natural antioxidants from plants rich in polyphenols at different
doses in n-3 PUFA-enriched chicken diets needs to be carefully investigated to determine
the optimal dose/inclusion rate that enhances n-3 PUFA content while decreasing lipid
oxidation in breast meat and eggs. Therefore, this study aimed to evaluate the effect of
the D. angustifolia polyphenol extract at doses of 0 mg, 200 mg, 500 mg, and 800 mg as
a polyphenol antioxidant in a flaxseed-enriched diet on fatty acid content and oxidative
stability in breast muscle and eggs of slow-growing Sasso chickens.

2. Materials and Methods
2.1. Chemicals and Materials

Chemicals: The following chemicals were purchased from different suppliers. Wash
solution (CaCl2, 0.02%, Sigma-Aldrich® 82041, GmbH, Deisenhofen, Germany), dry reagent
(20 g K2CO3, + 200 g Na2SO4, AppliChem D-6429, Darmstadt, GmbH, Germany), toluene
(≥99.8%, Carl Roth + Co. KG, GmbH, Karlsruhe, Germany), sodium methylate (NaOCH3
(Cats No. 124-414, Merck KGaA Darmstadt, Germany), boron trifluoride methanol solution
(Carl Roth + Co. KG, GmbH, Germany), n-hexane (≥98%, Carl Roth GmbH Co. KG.
Germany), n-heptane (Carl Roth + Co. KG, GmbH, Germany), fatty acid methyl esters
(FAMEs), Adrenic Acid (C22:4n-6), and QuantiChromTM TBARS Assay Kit (DTBA-100,
BioAssay Systems, Hayward, USA).

Materials: The following materials were obtained from different suppliers. Atomic
Absorption Spectrometer (Perkin Elmer, Aanalyst 300, Burladingen, Germany), Multi
Reax Mixer (Heldolph, GmbH and Co. KG, Schwabach, Germany), filter paper (110 mm,
Macherey-Angel GmbH and Co. KG, Düren, Germany), centrifuge (Sigma 3K30 Lab-
oratory Centrifuge, GmbH, Nussloch, Germany), vacuum centrifuge (SCANVAC Vac-
uum Speed Concentrator, LaboGene™ Aps industrivej 6-8, DK3540, Lynege, Denmark),
lab mill (Model A 11 Basic, IKA GmbH; Staufen, Germany), homogenizer (Precellys
Evolution, Bertin Instruments Technologies, Montigny-le-Bretonneux, France), Pyrex
tubes (Pyrex, Hayes, UK), CP-Sil 88 CB column (100 m × 0.25 mm, Agilent, Santa
Clara, CA, USA), PerkinElmer gas chromatograph CLARUS 680 (PerkinElmer Instru-
ments, Waltham, MA, USA), and 96-well plate reader (SynergyTM MX, BioTek, Bad
Friedrichshall, Germany).

2.2. Experimental Design, Diets, and Chickens

Before conducting the experiment, all protocols for the handling, sampling, and
management of chicken were approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of the International Livestock Research Institute (ILRI), Addis Ababa,
Ethiopia, with approval number IACUC2019-17-2. Using a complete randomized block
design, a total of 48 Sasso T451A chickens aged 35 weeks were divided among four
nutritional regimens with 3 chickens per pen (12 chickens per treatment, 4 replicates of
3 chickens). The number of replicates was computed using the variance and standard
deviation from previous study findings for an increase in egg yolk n-3 polyunsaturated
in hens fed flaxseed with no added plant extracts [40] while considering the poten-
tial increase in parameters due to the inclusion of D. angustifolia polyphenol extract
under this study. Leaves of D. angustifolia were collected from the southeast of Debre
Birhan town, Woinye area at 09◦39′42.24′′ N, 39◦31′10.5′′ E, from naturally growing
populations in Ethiopia. The flaxseed was purchased from 02 Kebelle local market in
Addis Ababa.
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The Hendrix Genetics Sasso dual-purpose chicken management guide was used to
formulate a feed based on soybeans and maize to satisfy the nutritional needs of Sasso
chickens (FGS, 2018, pp. 7–11) [41]. During formulation, five kg of wheat bran as a
carrier was mixed with D. angustifolia plant polyphenol extract, general premix, lysine,
and methionine before mixing with the rest of the ingredients in a rotating drum mixer for
precise dispersion. No nutrient contribution was considered from D. angustifolia levels in
each dietary group.

Chickens were fed on control, DA0: 0 mg D. angustifolia polyphenol extract + 75 g
flaxseed, DA2: 200 mg D. angustifolia polyphenol extract + 75 g flaxseed, DA5: 500 mg D.
angustifolia polyphenol extract + 75 g flaxseed and DA8: 800 mg D. angustifolia polyphenol
extract + 75 g flaxseed per kg diet for 8 weeks. The hens were fed 165 g of feed per day
and provided water for ad libitum consumption. Chickens received the recommended
vaccines as follows: at 7 d infectious bursal diseases, at 7, 28, and 50 d Newcastle disease,
and at 40 d fowl pox. In addition, booster doses of the Newcastle disease vaccine were
given every other three months and provided with 15 h of light during laying. The average
temperature and relative humidity were 25 ◦C and 69% during the feeding trial period,
respectively. The chemical composition, nutrient levels, and fatty acid composition of the
Sasso chicken diet are presented in Tables 1 and 2 below.

Table 1. Ingredients, chemical composition, and nutrient levels of Sasso chicken diets.

Ingredients (g/kg)
Diets

DA0 DA2 DA5 DA8

Wheat 160 160 160 160
Maize 393 393 393 393
Soybean meal 67 67 67 67
1 Grounded flaxseed 75 75 75 75
Wheat bran 192 192 192 192
Nouge cake 30 30 30 30
Salt 1 1 1 1
Limestone 60 60 60 60
Meat and bone meal 10 10 10 10
Premix general * 10 10 10 10
L-Lysine HCl 1 1 1 1
DL-Methionine 1 1 1 1
† D. angustifolia (mg/kg) 0 200 500 800
Total 1000 1000.2 1000.5 1000.8
Calculated compositions
Dry matter (%) 89.45 89.25 89.53 89.54
Crude protein (%) 15.31 15.21 15.27 15.25
Metabolizable energy (Kcal) 2885.53 2855.79 2859.34 2875.85
Ether extract (%) 5.74 5.50 5.49 5.74
Crude fiber (%) 5.53 5.38 5.35 5.40
Calcium (%) 2.00 2.20 2.08 2.30
Total phosphorus (%) 0.36 0.35 0.35 0.37

Diets: DA0: 0 mg D. angustifolia extract + 75 g flaxseed/kg diet, DA2: 200 mg D. angustifolia extract + 75 g
flaxseed/kg diet, DA5: 500 mg D. angustifolia extract + 75 g flaxseed/kg diet and DA8: 800 mg D. angustifolia extract
+ 75 g flaxseed/kg diet; * premix general, mineral–vitamin mixtures provided per kg of feed: retinyl acetate (vit
A), 1.2 mg; cholecalciferol (vit D) 0.00015 mg; all -rac-alpha-tocopherol acetate (E) 10 mg, menadione vitamin K3
0.8 mg; vitamin B1 0.6 mg; vitamin B2 (riboflavin) 2 mg; vitamin B3 (calcium-D-pantothenate) 3.6 mg; vitamin B6
2 mg; vitamin B12 (Cyanocobalamin) 0.01 mg; vitamin PP (nicotinic acid) 12 mg; folic acid 0.4 mg; biotin 0.04 mg;
choline 259.5 mg; iron 18 mg; copper 6 mg; manganese 30 mg; zinc oxide 28 mg; iodine 0.8 mg; selenium 0.16 mg;
calcium 492.6 mg, magnesium 5.07 mg; sodium 0.38 mg, chloride 741.25 mg (Intraco Ltd. Jordaenskaai 24 2000
Antwerpen, Belgium). 1 Flaxseed was included as a source of n-3 PUFAs in each dietary group. † D. angustifolia
polyphenol extract was added together with the total mix, and no nutrient composition from it was counted.
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Table 2. Fatty acid composition of Sasso chicken diets.

Fatty Acid Composition (%)
Diets

DA0 DA2 DA5 DA8 1 Flaxseed

C14:0 0.23 0.24 0.24 0.21 0.06
C16:0 16.47 16.42 18.27 17.05 6.28
C18:0 5.33 4.93 5.22 5.42 4.29
C18:1cis-9 24.39 24.93 25.17 24.84 13.16
C18:2n-6 (LA) 32.88 34.72 33.95 34.26 15.63
C18:3n-3 (ALA) 16.87 15.92 15.93 16.00 59.04
∑SFA 23.58 23.17 23.32 23.24 11.29
∑MUFAs 26.32 26.68 27.15 26.72 13.85
∑PUFAs 50.39 50.64 50.25 50.27 74.86
∑n-3 PUFAs 16.93 16.32 16.05 16.58 59.13
∑n-6 PUFAs 34.05 34.25 34.05 34.43 15.73
n-6/n-3 PUFA 2.01 2.14 2.17 2.08 0.27

Diets: DA0: 0 mg D. angustifolia extract + 75 g flaxseed/kg diet, DA2: 200 mg D. angustifolia extract + 75 g
flaxseed/kg diet, DA5: 500 mg D. angustifolia extract + 75 g flaxseed/kg diet and DA8: 800 mg D. angustifolia
extract + 75 g flaxseed/kg diet; premix general, mineral–vitamin mixtures provided per kg of feed: retinyl acetate
(vit A), 1.2 mg; cholecalciferol (vit D) 0.00015 mg; all -rac-alpha-tocopherol acetate (E) 10 mg, menadione vitamin
K3 0.8 mg; vitamin B1 0.6 mg; vitamin B2 (riboflavin) 2 mg; vitamin B3 (calcium-D-pantothenate) 3.6 mg; vitamin
B6 2 mg; vitamin B12 (Cyanocobalamin) 0.01 mg; vitamin PP (nicotinic acid) 12 mg; folic acid 0.4 mg; biotin 0.04
mg; choline 259.5 mg; iron 18 mg; copper 6 mg; manganese 30 mg; zinc oxide 28 mg; iodine 0.8 mg; selenium
0.16 mg; calcium 492.6 mg, magnesium 5.07 mg; sodium 0.38 mg, chloride 741.25 mg (Intraco Ltd. Jordaenskaai
24 2000 Antwerpen, Belgium). ∑SFA: sum of saturated fatty acids; LA: linoleic acid; ALA: alpha-linolenic acid;
∑PUFAs: sum of polyunsaturated fatty acids; ∑MUFAs: sum of monounsaturated fatty acids; ∑n-3 PUFA: sum
of n-3 fatty acids; ∑n-6 PUFA: sum of n-6 fatty acids. 1 Flaxseed was included as a source of n-3 PUFAs in each
dietary group.

2.3. Composition and Analysis of Experimental Diets

The ash content in the diets was determined according to the procedures outlined [42].
A total of 2 g of diet samples were added into pre-weighed crucibles and kept overnight
in an oven at 105 ◦C for 16 h. Then, the weights of crucibles with samples and weight
differences due to temperature deflection were recorded. Samples were kept in a furnace
at 500 ◦C for 16 h. Then, the furnace was cooled to 200 ◦C, and the samples were taken
out and further kept in the oven at 105 ◦C for 2 h. The ash content was determined by
weight differences.

Dry matter and total nitrogen content were determined according to [43] Method
962.09. In short, diet samples (0.3 g each) were digested in 5 mL of concentrated sulfuric
acid at 350 ◦C for 1 h. Then, the samples were cooled down and diluted with 30 mL of
deionized water. Then, samples were distilled using 25 mL of 4% boric acid in a Kjeltec
distiller, and for titration, 0.1 N HCL was used. The crude fiber was analyzed by subsequent
acidic and alkaline hydrolysis according to the procedure described by Balthrop et al. [44].
The wet ashing method was used to determine the mineral content of the diet using atomic
absorption spectrometry according to the procedure of [45] with slight modifications in
sample digestion temperature. The fatty acid composition of the diets was determined
using gas chromatography and flame ionization detection (GC-MS-FID), as outlined in
Section 2.6.

2.4. Extract Preparation and Determination of Phenolic Content and Antioxidant Capacity

In brief, the methods used in the preparation of extracts and determination of phenolic
content as well as the antioxidant activity using DPPH (2, 2-diphenyl-1-picrylhydrazyl)
radical scavenging assay and ABTS (2, 2-azinobis-3-ethylbenzothiazoline-6-sulfonic acid)
assay of the D. angustifolia polyphenol extract are described, and the results are presented
and discussed in detail in our recent publication [24].
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2.5. Breast Muscle and Egg Sampling

Eggs of uniform size laid in the 8th week of the trial were randomly selected (2 eggs/pen,
8 per treatment) and stored at +4 ◦C until analysis. For breast sampling, two out of three
hens per replicate (eight per treatment) at the end of the 8th week of the feeding trial were
killed by cervical dislocation and bleeding [46]. The skin, feathers, and internal organs were
removed manually. The breast muscle was separated by making an incision by following
the white fat marks that separate from the ribs and individually kept in a food saver Ziplock
bag for 12 h at 4 ◦C. Then, a 20 g sample was taken from different breast locations and
homogenized under liquid nitrogen using a Multi Reax Mixer and kept in labeled Sarstedt
tubes at −20 ◦C until analysis.

2.6. Fatty Acid Analysis
2.6.1. Lipid Extraction and Transesterification of Diets, Breast Muscle, and Egg Yolk
Chicken Diets

Fatty acid analysis of the diets was performed according to the procedure described
by [47]. The feed samples were dried in an oven at 55 ◦C to a dry matter content of >90%.
Then, the feed samples were finely ground to 1 mm, 2 g weighed in 10 mL screw-capped
Pyrex tubes, and 2.0 mL of nonadecanoic acid (4.0 mg) was added as an internal standard.
For fatty acid extraction, 3 mL of 5% methanolic HCl was added and vortexed in tightly
closed Pyrex tubes for 2 h at 60 ◦C in a water bath. After cooling, the sample solution was
treated with 10 mL 6% K2CO3 solution and vortexed. Next, the solutions were centrifuged
at 4 ◦C, 1200× g for 5 min (ScanSpeed 40, LaboGene, Allerød, Denmark), and finally, the
fatty acid methyl esters (FAMEs) were extracted two times with 2 mL of n-hexane each.
After being dried with 1 g Na2SO4 and cleaned with activated charcoal of the organic phase
as required, the extracts were filtrated and evaporated using a vacuum centrifuge at 438× g,
30 ◦C, 30 min (ScanSpeed 40, LaboGene, Allerød, Denmark). Finally, the extracts were
stored at −18 ◦C until GC analysis [48].

Chicken Breast Muscle and Egg Yolk

The sample preparation of chicken breast muscle was described in detail [36]. Briefly,
after adding 3 mL methanol and nonadeconoic acid (19:0) as an internal standard to muscle
samples, the mixtures (in duplicate) were homogenized 3 times at 25 sec intervals at 4 ◦C
and 6500 rpm using the Precellys Evolution homogenizer. The homogenates were vortexed
and transferred to Pyrex tubes containing 8 mL of chloroform. The organic phase (lipid
extracts) was separated, and the solvent was subsequently removed. To transesterify the
lipid extracts, 2 mL of 0.5 M sodium methoxide in methanol was added and agitated in
a 60 ◦C water bath for 10 min. Subsequently, 1 mL of 14% boron trifluoride in methanol
was added to the mixture, which was then shaken for an additional 10 min at 60 ◦C. The
fatty acid methyl esters (FAMEs) were extracted twice with 2 mL of n-hexane and kept at
−18 ◦C until high-resolution gas chromatography (HR-GC) analysis.

In eggs, the yolk was carefully rolled on filter paper to remove any albumen residues,
ensuring complete separation of both egg components. The egg yolks were stored at −20 ◦C
until analyses. After homogenization of frozen egg samples and the addition of C19:0 as an
internal standard, total egg lipids were extracted in duplicate using chloroform/methanol
(2:1, v/v) and an Ultra Turrax T25 (IKA, Staufen, Germany) 3 × 15 s at 15,777× g and
room temperature. The detailed sample preparation procedure has been described by Stehr
et al. [49]. Briefly, the final extraction mixtures were stored at 5 ◦C for 18 h in the dark
and subsequently washed with 0.02% (w/v) CaCl2 solution. After centrifugation (530× g,
5 min), the organic phase was dried with Na2SO4 and K2CO3 (10:1, w/w), and the solvent
was subsequently removed. The lipid extracts were dissolved in 150 µL of toluene for
methyl ester preparation. Next, 1 mL of 0.5 M sodium methoxide in methanol was added to
the samples, which were shaken in a 60 ◦C water bath for 10 min. Subsequently, 0.5 mL of
14% boron trifluoride (BF3) in methanol was added to the mixture, which was then shaken
for an additional 10 min at 60 ◦C. The fatty acid methyl esters (FAMEs) were extracted
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three times in 2 mL of n-hexane. The FAMEs were stored at −18 ◦C until used for gas
chromatography (GC) analysis.

2.6.2. Gas Chromatography Analysis

Separation and quantification of the fatty acid methyl esters in all extracts were
conducted using a fused silica capillary column on a PerkinElmer Clarus 680 gas chromato-
graph equipped with an autosampler and flame ionization detector [48]. The GC oven
temperature program was 150 ◦C for 5 min; heating rate of 2◦/min until 200 ◦C and kept for
10 min; heating rate of 1◦/min until 225 ◦C and kept for 20 min. As carrier gas, hydrogen
was used at a flow rate of 1 mL min−1, the split ratio was 1:20, and the injector and detector
were set at 260 and 280 ◦C, respectively. For the calibration of the reference standard mix-
ture “Sigma FAME”, the methyl ester of C18:1cis-11, C22:5n-3, C18:2cis-9, trans-11, C22:4n-6,
and C18:4n-3 were used. After GC analysis of five samples, the five-point calibration of
single fatty acids ranged from 16 to 415 g/mL. The fatty acid concentration was expressed
as mg/100 g of tissue.

2.7. Determination of Lipid Peroxidation in Egg Yolk and Breast Meat

The analysis of oxidative stability in egg yolk samples was performed as recently
described for chicken muscle [24]. Briefly, egg yolk samples were homogenized, and
400 mg of yolk sample was weighed in a tube. Each 7 mL Precellys tube contained 5 pieces
of 2.8 mm bulk beads and 1 piece of 5 mm bulk beads. The QuantiChrom TBARS Assay kit’s
instructions were followed for sample preparation and measuring the oxidative stability of
egg yolk samples. The extracts (in triplicate) were homogenized 2 times at 10 s intervals at
4 ◦C and 6500 rpm using the Precellys Evolution homogenizer. After the addition of 10%
trichloroacetic acid (TCA) solution and incubation for 5 min on ice, the sample extracts
were centrifuged, and 200 µL of thiobarbituric acid (TBA) was added to 200 µL sample
extract and vortexed. Then, the sample extracts were incubated for 60 min at 100 ◦C.

For the analysis of lipid peroxidation of muscle samples, approximately 400 mg of
muscle sample was weighed in a Precellys tube. The details of sample preparation for
oxidative stability measurements in chicken muscle were described by Tadesse et al. [24].
After egg and/or muscle sample preparation, 100 µL of the extracts was transferred into
the 96-well plate of the plate reader. Subsequently, the color intensity (OD) was measured
at 535 nm. After that, malondialdehyde (MDA) standards were prepared in a concentration
range from 0.0 to 1.5 µM MDA, and the color intensity was measured using the same
procedure as for sample solutions. The MDA calibration procedure for egg yolk and breast
muscle was performed according to the QuantiChrom TBARS Assay kit’s instructions using
Gen5 software (version 3.10, 2020, SynergyTM MX, BioTek, Bad Friedrichshall, Germany).
The calibration was newly conducted on each analyzing day; one example is in Supple-
mentary Figure S1. Concentrations of reactive thiobarbituric acid substances (TBARS) were
calculated using the MDA standard calibration. Finally, the TBARS concentrations were
expressed in µg MDA/g of egg yolk or breast muscle.

2.8. Statistical Data Analysis

All data analysis tasks were completed in RStudio version 2021.9.0.351 [50] using the
R project for statistical computing version 4.1.1 [51]. The response variables were charac-
terized by visual inspection using the qqplot and boxplot functions. Data were further
tested for satisfying the assumptions of normal distribution and equality of variances using
the Shapiro test and Levene test functions, respectively. Then, the aov() function model
aov_model<-aov (fatty acid concentration/oxidative stability~polyphenol extract levels,
data=mydata) was used to summarize the analysis of variance for parameters such as fatty
acid content and oxidative stability in egg yolk and breast muscle. Multiple comparisons
of means were tested using the TukeyHSD function to determine the specific dose of D.
angustifolia supplemented, showing significance.
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3. Results
3.1. Fatty Acid Concentrations in Breast Muscle

The effects of D. angustifolia extract levels on feed intake and body and egg weight
performances are provided in Table S1. Table 3 reports the fat content (%) and fatty acid
concentrations (mg/100 g) in breast muscle. The fat content and saturated fatty acids (SFAs),
such as myristic acid (C14:0), palmitic acid (C16:0), and stearic acid (C18:0), concentrations
in breast muscle were not affected (p > 0.05) by levels of D. angustifolia polyphenol extract
in flaxseed-enriched diets. Hens fed doses of D. angustifolia polyphenol extract along with
grounded flaxseed had no significant effect (p > 0.05) on alpha-linolenic acid (ALA, C18:3n-3)
and linoleic acid (LA, C18:2n-6) concentrations in the breast muscle. Moreover, feeding hens
with D. angustifolia polyphenol extract doses in DA2 and DA5 increased (p < 0.05) the breast
muscle n-3 PUFA content compared to the DA0 diet. Moreover, an increase in the dose of D.
angustifolia polyphenol extract in hens’ diet resulted in a slight dose-dependent decreasing
trend on breast muscle n-6 PUFA content, but without significant (p > 0.05) differences.

Table 3. Effects of feeding D. angustifolia polyphenol extract levels in diets containing grounded
flaxseed on fat content and fatty acid concentrations in breast muscle of Sasso chickens.

Fatty Acids
(mg/100 g Muscle)

† Diets
PSE p-Value

DA0 DA2 DA5 DA8

C12:0 0.86 ± 0.15 0.89 ± 0.08 0.88 ± 0.09 0.84 ± 0.11 0.057 0.840
C14:0 6.12 ± 2.16 6.38 ± 1.68 5.66 ± 1.64 4.86 ± 0.52 0.808 0.276
C16:0 280.70 ± 62.43 294.06 ± 70.39 271.99 ± 71.88 234.15 ± 33.67 30.800 0.265
C17:0 3.41 ± 1.23 4.09 ± 0.93 3.53 ± 0.72 3.26 ± 0.49 0.444 0.284
C18:0 107.41 ± 23.34 113.83 ± 19.13 104.35 ± 13.35 97.40 ± 8.26 8.500 0.298
C20:0 1.17 ± 0.32 1.28 ± 0.16 1.26 ± 0.14 1.02 ± 0.12 0.102 0.069

C14:1cis-9 0.54 ± 0.33 0.71 ± 0.25 0.53 ± 0.18 0.46 ± 0.14 0.119 0.223
C16:1cis-9 21.87 ± 13.65 29.90 ± 11.53 23.11 ± 8.23 19.39 ± 6.65 5.190 0.236
C17:1cis-9 8.32 ± 2.08 8.43 ± 2.14 8.10 ± 2.13 8.48 ± 2.71 1.140 0.988
C18:1cis-9 325.58 ± 162.02 380.06 ± 109.08 368.42 ± 123.94 268.59 ± 40.86 58.700 0.242

C18:2n-6 (LA) 215.20 ± 95.33 229.19 ± 51.10 206.08 ± 41.29 182.10 ± 34.78 30.200 0.475
C18:3n-6 1.16 ± 0.62 1.41 ± 0.47 1.32 ± 0.55 1.14 ± 0.33 0.254 0.669

C18:3n-3 (ALA) 18.20 ± 6.82 27.73 ± 9.15 24.01 ± 10.76 23.86 ± 8.35 4.440 0.220
C20:2n-6 2.05 ± 0.62 2.26 ± 0.35 2.19 ± 0.24 2.20 ± 0.47 0.222 0.831
C20:3n-6 6.25 ± 1.16 5.95 ± 1.09 5.43 ± 0.84 6.67 ± 1.24 0.547 0.165
C20:3n-6 6.25 ± 1.16 5.95 ± 1.09 5.43 ± 0.84 6.67 ± 1.24 0.547 0.165
C20:4n-6 95.54 ± 16.19 102.83 ± 15.44 104.31 ± 12.16 94.93 ± 9.22 6.770 0.396
C22:4n-6 7.41 ± 2.95 6.79 ± 2.38 6.38 ± 1.44 7.26 ± 2.69 1.220 0.825
C22:5n-6 3.16 ± 0.86 2.99 ± 0.77 3.14 ± 0.35 2.96 ± 0.68 0.347 0.913

C20:5n-3 (EPA) 1.62 ± 0.28 b 2.04 ± 0.64 ba 1.94 ± 0.60 ba 2.47 ± 0.40 a 0.252 0.019
C22:5n-3 (DPA) 9.64 ± 0.86 9.29 ± 1.01 8.74 ± 0.35 9.83 ± 1.04 1.210 0.817
C22:6n-3 (DHA) 28.13 ± 8.20 b 39.42 ± 9.26 a 38.78 ± 4.08 a 35.88 ± 9.06 ba 3.970 0.031

∑SFA 405.94 ± 85.57 426.70 ± 89.73 393.52 ± 83.37 347.07 ± 40.92 38.700 0.232
∑MUFA 385.33 ± 187.70 452.29 ± 128.62 430.32 ± 137.74 320.04 ± 47.60 67.600 0.238
∑PUFAs 386.67 ± 65.66 432.20 ± 64.76 404.46 ± 57.81 371.68 ± 36.78 28.700 0.203

∑n-3 PUFAs 58.43 ± 12.88 b 79.50 ± 15.78 a 74.40 ± 13.13 a 73.01 ± 7.95 ba 6.380 0.017
∑n-6 PUFAs 349.77 ± 80.09 351.41 ± 56.83 328.85 ± 47.00 297.28 ± 35.86 28.700 0.224
Breast fat (%) 1.15 ± 0.42 1.31 ± 0.28 1.23 ± 0.35 1.04 ± 0.11 0.156 0.374

Data are expressed as mean ± SD (n = 32); mean values within a row with different superscripts differ significantly
at p < 0.05; † diets: DA0: 0 mg D. angustifolia extract + 75 g flaxseed, DA2: 200 mg D. angustifolia extract + 75
g flaxseed, DA5: 500 mg D. angustifolia extract + 75 g flaxseed and DA8: 800 mg D. angustifolia extract + 75
g flaxseed/kg diet; PSE: pooled standard error; ∑SFA: sum of saturated fatty acids; LA: linoleic acid; ALA:
alpha-linolenic acid; EPA: eicosapentaenoic acid; DPA: docosapentaenoic acid; DHA: docosahexaenoic acid;
∑PUFA: sum of polyunsaturated fatty acids; ∑MUFA: sum of monounsaturated fatty acids; ∑n-3 PUFA: sum of
ALA, EPA, and DHA; and ∑n-6 PUFA: sum of n-6 fatty acids.

Interestingly, the docosahexaenoic acid (DHA) content in the breast muscle increased
(p < 0.05) by 40% in DA2 and 37% in DA5 compared to hens fed the DA0 diet. However, the
observed increase in breast muscle DHA content was not consistent when D. angustifolia
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extract was increased in the DA8 diet. Among the n-3 PUFAs, the breast muscle content of
eicosapentaenoic acid increased by 52% in DA8 (p < 0.05), followed by 19% in DA5 and
25% in DA2 (p > 0.05) compared to hens fed the DA0 diet.

3.2. Fatty Acid Concentration in Egg Yolks

The fat content (%) and fatty acid concentrations (mg/g) in the egg yolk are provided
in Table 4. In the current study, feeding doses of D. angustifolia polyphenol extract in
flaxseed-enriched diets had no significant effect on the egg yolk fat percentage. The egg
yolk saturated fatty acids (SFAs) and the palmitic acid (C16:0) contents decreased (p < 0.05)
in DA5 compared to hens fed the DA0 diet.

Table 4. Effects of feeding different doses of D. angustifolia polyphenol extract in diets containing
grounded flaxseed on yolk fat content and fatty acid concentrations in egg yolks.

Fatty Acids (mg/g
Yolk)

† Diets PSE
p-Value

DA0 DA2 DA5 DA8

C14:0 0.67 ± 0.08 0.59 ± 0.04 0.60 ± 0.13 0.66 ± 0.09 0.046 0.232
C15:0 0.19 ± 0.03 0.18 ± 0.02 0.17 ± 0.04 0.16 ± 0.02 0.015 0.156
C16:0 63.94 ± 4.71 a 60.23 ± 2.62 ab 58.65 ± 4.5 b 62.67 ± 3.35 ab 1.950 0.048
C17:0 1.04 ± 0.10 1.08 ± 0.22 1.05 ± 0.12 0.98 ± 0.16 0.085 0.697
C18:0 21.35 ± 2.06 20.44 ± 1.57 20.68 ± 2.09 21.83 ± 1.65 0.929 0.440

C14:1cis-9 0.15 ± 0.04 0.13 ± 0.04 0.12 ± 0.05 0.14 ± 0.04 0.021 0.621
C16:1cis-9 7.47 ± 1.3 6.52 ± 1.04 6.36 ± 2.19 7.08 ±1.58 0.794 0.488

C18:1trans-9 0.22 ± 8.66 0.19 ± 8.44 0.22 ± 4.92 0.23 ± 7.30 0.013 0.062
C18:1cis-9 94.79 ± 8.66 94.83 ± 8.44 97.84 ± 4.92 99.21 ± 7.30 3.740 0.567

C18:1cis-11 4.65 ± 0.45 4.68 ± 0.19 4.68 ± 0.55 4.80 ± 0.55 0.231 0.944
C18:2n-6 (LA) 41.84 ± 2.58 a 39.76 ± 4.80 ab 36.38 ± 6.10 ab 35.08 ± 2.27 b 2.120 0.014

C18:3n-6 0.21 ± 0.04 0.19 ± 0.04 0.17 ± 0.02 0.17 ± 0.03 0.018 0.105
C18:3n-3 (ALA) 10.22 ± 1.59 9.08 ± 2.08 8.46 ± 1.17 8.50 ± 1.23 0.780 0.109

C20:3n-6 0.67 ± 0.12 a 0.57 ± 0.08 ab 0.56 ± 0.07 b 0.54 ± 0.02 b 0.042 0.015
C20:4n-6 4.72 ± 0.27 4.29 ± 0.57 4.19 ± 0.35 4.22 ± 0.46 0.214 0.068
C22:4n-6 0.42 ± 0.13 ab 0.48 ± 0.12 ab 0.51 ± 0.06 a 0.39 ± 0.04 b 0.045 0.074
C22:5n-6 0.20 ± 0.06 0.23 ± 0.0.07 0.28 ± 0.06 0.21 ± 0.06 0.033 0.115

C20:5n-3 (EPA) 0.21 ± 0.03 0.22 ± 0.05 0.17 ± 0.03 0.19 ± 0.04 0.021 0.108
C22:5n-3 (DPA) 1.04 ± 0.17 0.99 ± 0.23 1.06 ± 0.16 0.96 ± 0.17 0.092 0.708
C22:6n-3 (DHA) 7.41 ± 0.23 7.84 ± 0.74 7.69 ± 0.80 7.37 ± 0.62 0.319 0.413

∑SFA 87.36 ± 5.64 a 82.66 ± 3.8 ab 81.31 ± 3.85 b 86.44 ± 3.98 ab 2.200 0.028
∑MUFA 107.78 ± 8.92 106.83 ± 7.68 109.75 ± 6.02 111.97 ± 8.13 3.880 0.567
∑PUFAs 67.82 ± 3.94 a 64.41 ± 6.78 ab 60.24 ± 6.55 b 58.42 ± 3.38 b 2.690 0.007

∑n-6 PUFAs 48.45 ± 2.90 a 45.92 ± 5.22 ab 42.46 ± 6.06 b 40.98 ± 2.44 b 2.210 0.009
∑n-3 PUFAs 19.13 ± 1.59 18.34 ± 2.04 17.57 ±1.08 17.23 ±1.63 0.809 0.110
Yolk fat (%) 26.30 ±1.23 25.37 ± 1.19 25.42 ± 1.05 25.84 ±1.01 0.561 0.330

Data are expressed as mean ± SD (n = 32); mean values within a row with different ab superscript letters differ
significantly at p < 0.05; † diets: DA0: 0 mg D. angustifolia extract + 75 g flaxseed, DA2: 200 mg D. angustifolia
extract + 75 g flaxseed, DA5: 500 mg D. angustifolia extract + 75 g flaxseed and DA8: 800 mg D. angustifolia
extract + 75 g flaxseed/kg diet; PSE: pooled standard error; ∑SFA: sum of saturated fatty acids; LA: linoleic acid;
ALA: alpha-linolenic acid; EPA: eicosapentaenoic acid; DPA: docosapentaenoic acid; DHA: docosahexaenoic acid;
∑PUFAs: sum of polyunsaturated fatty acids; ∑MUFA: sum of monounsaturated fatty acids; ∑n-3 PUFAs: sum of
ALA, DPA, EPA, and DHA; and ∑n-6 PUFA: sum of n-6 fatty acids.

In the present study, dietary D. angustifolia polyphenol extract doses had no significant
effect (p > 0.05) on egg yolk alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and
DHA contents. However, feeding doses of D. angustifolia polyphenol extract (DA2, DA5,
and DA8) caused a slight decrease (p > 0.05) in egg yolk docosapentaenoic acid (ALA)
content compared to hens fed the DA0 diet. Moreover, increasing the level of D. angustifolia
polyphenol extract to 800 mg/kg in DA8 slightly decreased EPA, DPA, and DHA contents
in egg yolk compared to hens fed DA0, but without statistical differences.
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3.3. Oxidative Stability in Breast Muscle and Egg Yolks

The results of malondialdehyde (MDA) content in breast muscle and egg yolks as a
measure of lipid peroxidation are presented in Figure 1. In this study, feeding hens with
DA5 reduced the breast MDA value by 54% (p < 0.05) and 11% in DA2 (p > 0.05) compared to
the DA0 diet. However, increasing the dose of D. angustifolia polyphenol extract in DA8 did
not influence the content of MDA breast muscle. No clear dose-dependent antioxidant/pro-
oxidant effect of D. angustifolia polyphenol extract levels was observed, with 500 mg in
DA5 seeming to be the most efficient in decreasing lipid peroxidation in breast muscle. The
current findings showed no effect (p > 0.05) of feeding different D. angustifolia polyphenol
extract doses on egg yolk content of malondialdehyde (MDA) between treatments.
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Figure 1. Effects of feeding D. angustifolia polyphenol extract levels on malondialdehyde (MDA)
content in breast muscle and egg yolks. Values on the bar with different ab superscript letters differ
significantly at p < 0.05.

4. Discussion

Most studies reported the association between saturated fatty acid intake and increased
risks of cardiovascular diseases [52]. In the current study, the concentrations of myristic
acid (C14:0), palmitic acid (C16:0), and stearic acid (C18:0) in breast muscle from hens
fed D. angustifolia extract levels in flaxseed-enriched diets were lower compared to the
report by [22] in chickens fed 100 g of flaxseed with 10 g of turmeric rhizome powder. We
observed no significant effect of D. angustifolia levels on alpha-linolenic acid (ALA) and
linoleic acid (LA) content; however, Kumar et al. [22] found a significant increase in ALA
and a decrease in LA in breast muscle of broiler chickens fed doses of turmeric powder
and flaxseed.

In line with the present results, other studies reported a significant increase in breast
muscle content of n-3 PUFAs (eicosapentaenoic acid and docosahexaenoic acid) in chickens
fed with 10 g turmeric powder in diets containing flaxseed [22] and 6% extruded flaxseed
along with 30, 40, or 50 g hemp seed meal/kg diet [53] as antioxidants in a flaxseed-
enriched diet. Moreover, n-3 PUFA content in breast muscle agreed with the report by
Tadesse et al. [24] in a similar dietary pattern with the inclusion of 7.5% flaxseed with
800 mg Curcuma domestica and Thymus schimperi extracts. Similar to the current findings,
previous studies reported a decrease in meat n-6 PUFA content in chickens fed 10 g turmeric
rhizome powder, as in Kumar et al. [22] and 2–4% grape pomace in Vlaicu et al. [25] in
flaxseed-enriched diets.

The lower saturated fatty acids (SFAs) in eggs make them healthier, as the high content
of myristic acid (C14:0) and 16:0 are recognized as health risk factors [54]. Consistent with
the present finding, feeding hens with 6% flaxseed and 3% grape seed meal reduced the
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egg yolk SFA and C16:0 contents [28]. In the current study, the observed no effect among
levels of D. angustifolia extract on egg yolk content of omega-3 fatty acids is in contrast
to the expected. Related to this, in our previous study, feeding plant polyphenol extracts
with similar phenolic content with D. angustifolia, such as T. schimperi and C. domestica,
did not also affect the omega-3 fatty acid in egg yolks [24]. This may suggest the need
for further study on different levels of polyphenols used in poultry diets enriched with
n-3 PUFAs. Moreover, few studies previously reported possible suppressive effects on n-3
PUFA synthesis and deposition in hens fed with higher doses of alpha-tocopherol [37,38]
and dried tomato waste as polyphenolic compounds [39]. However, the specific dose of
polyphenols and the degree of their suppressive effects have not been well discussed in
the literature.

Eggs from hens fed on conventional diets have a high content of n-6 PUFA [55].
According to the current findings, increasing the dose of D. angustifolia polyphenol extract
in the hen diet caused a dose-dependent reduction in the yolk LA (C18:2n-6) and n-6
PUFA contents, with a significant reduction (p < 0.05) in hens fed DA8 compared to the
DA0 diet. In agreement with the present study, the simultaneous inclusion of natural
antioxidants such as different carotenoids and grape seed meal and sea buckthorn [25] in
flaxseed-enriched diets was found to decrease the contents of LA and total n-6 PUFA in
egg yolks.

Relatively higher malondialdehyde (MDA) levels were found in breast meat com-
pared to egg yolks. This might be associated with the hen’s capacity to deposit dietary
antioxidants preferentially in eggs, not in the body [56]. In addition, the chicken tissue,
particularly breast meat, is deficient in vitamin E compared to egg yolk [53] and hence
is prone to lipid peroxidative damage. Thus, oxidative stability problems could limit the
reported benefits of n-3 PUFA-enriched diets if an adequate antioxidant is not included [34].

Higher doses of dietary polyphenols could act as pro-oxidants [34]. In line with the
present results, there was a decrease in breast muscle MDA value in chickens fed doses of
turmeric rhizome powder [22] and dried fruit pomaces [30]. However, the observed egg
yolk MDA values in the current study (0.09–1.00 mg/kg yolk) are lower compared to the
previous report (1.08–1.89 mg MDA/kg yolk) in hens fed 5% flaxseed and 5% dried tomato
waste diets [57]. Studies found that feeding flaxseed increases the oxidative susceptibility
of yolk lipids [58], while the inclusion of natural antioxidants in chicken diet showed
protective effects against egg yolk lipid peroxidation [59]. In line with the present study,
our recent study found no significant effect on egg yolk MDA content in hens fed on 800 mg
of D. angustifolia polyphenol extract [24].

5. Conclusions

Feeding hens with different doses of Dodonaea angustifolia (D. angustifolia) polyphenol
extract in flaxseed-enriched diets significantly increased the content of eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), decreased lipid oxidation in breast muscle,
and reduced the SFA and n-6 polyunsaturated fatty acids (n-6 PUFAs) in egg yolk. The
inclusion of 500 mg of D. angustifolia polyphenol extract into flaxseed-enriched diets seems
to be the optimal level to enhance the long-chain PUFA content and improve the oxidative
stability in breast muscle. However, there are insufficient supporting data to suggest the
most efficient dose of D. angustifolia polyphenol extract in regard to enhancing the n-3
PUFA content and decreasing lipid oxidation in eggs. Thus, inclusion of D. angustifolia
polyphenol extract beyond the 800 mg/kg diet is needed to further explore its potential to
improve the omega-3 fatty acid content and oxidative stability in meat and eggs.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agriculture14070993/s1, Table S1. Effect of feeding D. angustifolia
polyphenol and flaxseed on body weight and egg weight performance of Sasso chickens. Figure S1.
Calibration curve example for analysis of lipid peroxidation in egg yolk and breast muscle.

https://www.mdpi.com/article/10.3390/agriculture14070993/s1
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