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Abstract

The aim of this study was to determine the efficacy of different dietary fruit pomaces in reduc-
ing lipid oxidation in the meat of turkeys fed diets with a high content of n-3 polyunsaturated
fatty acids (PUFAs). Over a period of 4 weeks before slaughter, turkeys were fed diets with
the addition of 5% dried apple, blackcurrant, strawberry and seedless strawberry pomaces
(groups AP, BP, SP and SSP, respectively) and 2.5% linseed oil. Pomaces differed in the con-
tent (from 5.5 in AP to 43.1 mg/g in SSP) and composition of polyphenols Proanthocyanidins
were the main polyphenolic fraction in all pomaces, AP contained flavone glycosides and dihy-
drochalcones, BP contained anthocyanins, and SP and SSP—ellagitannins. The n-6/n-3
PUFA ratio in all diets was comparable and lower than 2:1. In comparison with groups C and
AP, the percentage of n-3 PUFAs in the total fatty acid pool of white meat from the breast mus-
cles of turkeys in groups BP, SP and SSP was significantly higher, proportionally to the higher
content of a-linolenic acid in berry pomaces. The fatty acid profile of dark meat from thigh mus-
cles, including the n-6/n-3 PUFA ratio, was similar and lower than 3:1 in all groups. Vitamin A
levels in raw breast muscles were higher in group AP than in groups C and BP (P<0.05). The
addition of fruit pomaces to turkey diets lowered vitamin E concentrations (P=0.001) in raw
breast muscles relative to group C. Diets supplemented with fruit pomaces significantly low-
ered the concentration of thiobarbituric acid reactive substances (TBARS) in raw, frozen and
cooked meat. Our results indicate that the dietary application of dried fruit pomaces increases
the oxidative stability of meat from turkeys fed linseed oil, and strawberry pomace exerted the
most desirable effects due to its highest polyphenol content and antioxidant potential.

Introduction

High consumption of meat and meat products in developed countries is one of the factors
responsible for a high and undesirable ratio of n-6 to n-3 polyunsaturated fatty acids (PUFAs)
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in excess of 10:1 [1]. This applies also to poultry products, which account for more than 40%
of consumed meat [2]. For this reason, an increase in the content of n-3 PUFAs in meat, which
leads to an improvement in the n-6/n-3 PUFA ratio in the human diet, is an important consid-
eration in the process of adding value to poultry products for the health conscious consumer
[3]. This goal can be achieved by supplementing poultry diets with oils rich in n-3 PUFAs,
such as linseed oil [4].

The inhibition of oxidative processes in the dietary lipid fraction and in muscle lipids poses
a key problem in the supplementation of poultry diets with vegetable oils [5]. To address this
issue, poultry diets are commonly enriched with vitamin E and selenium [6], and the search
for new, natural antioxidants, such as polyphenol extracts, continues [7, 8]. Selected polyphe-
nols exhibit powerful antioxidant effects, and they are added to poultry diets to enhance the
beneficial influence of vitamin E and offer greater antioxidant protection for birds and poultry
products [9, 10, 11].

The supplementation of poultry diets with flavonoid extracts increased vitamin E concentra-
tions and decreased the content of malondialdehyde (MDA) in the blood serum of quails and
broiler chickens [9, 10]. The addition of grapeseed extract produced antioxidant effects in
broiler diets and excreta [12]. In another experiment, grapeseed, rosemary and green tea
extracts were not highly effective in inhibiting lipid oxidation in the blood of broilers [13],
which could suggest that the physiological effects of polyphenols are influenced by their source,
method of acquisition and concentrations. The extraction of pure polyphenols requires complex
methods involving alcohol or acetone, which increases the costs of the extraction process.

Pomaces from the production of grape juice are a rich source of polyphenols which
increased antioxidant activity in poultry diets and excreta, inhibited the oxidation of lipids in
body tissues [14] and demonstrated similar antioxidant effects to vitamin E [15]. In poultry
nutrition, similar effects are delivered by other by-products of fruit processing, including
apples whose global annual production reaches 75 million tons [16]. Apple pomace had a posi-
tive influence on blood parameters in pigs [17], but there are no published studies document-
ing the effect of apple pomace on poultry health. The antioxidant effects of strawberry pomace
were also observed in a study of rats [18].

In Poland, annual strawberry production is estimated at 170,000 tons [19], which implies
that strawberry pomace can be widely used in animal nutrition. Strawberry and blackcurrant
pomaces are rich in polyphenols, and they increase the antioxidant capacity of poultry diets,
which could be particularly important in diets with a higher content of vegetable oils.

The objective of this study was to determine whether the inclusion of 5% dried fruit pom-
aces (apple, blackcurrant and strawberry pomaces with various degree of processing) as a
source of polyphenols in turkey diets can increase the antioxidant capacity of diets and limit
oxidative changes in meat with a lowered n-6/n-3 PUFA ratio.

Materials and Methods
Experimental design and diet composition

The experiment was carried out at the Research Laboratory of the Department of Poultry Sci-
ence, University of Warmia and Mazury in Olsztyn (Poland). All experimental procedures
were approved by the Local Animal Care and Use Committee (Olsztyn, Poland), and the study
was carried out in accordance with EU Directive 2010/63/EU for animal experiments. The
study was performed on 525 Big 7 female turkeys aged 1 day to 15 weeks, divided into 5 groups
of 105 birds each. Each group was kept in 7 pens of 15 birds per pen (7 replicates per group).
The experimental diets differed in their content of dried apple pomace (AP), dried black-
currant pomace (BP), dried strawberry pomace (SP) and dried seedless strawberry pomace
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(SSP) as an additional source of dietary polyphenols. The diets fed to control group (C) turkeys
contained cellulose to level out their crude fiber content. The chemical composition of diets and
different pomace drying methods (AP, BP and SP were dried by convection in the SB-1.5 drum
dryer, whereas SSP was vacuum dried at a temperature of 70°C) are presented elsewhere [20].
The composition of diets fed to turkeys aged 11-15 weeks is presented in Table 1. The diets
fed to birds aged 1-10 weeks also contained 5% dried fruit pomaces and only soybean oil
(without linseed oil) to level out their energy value. In the last feeding phase, diets were supple-
mented with linseed oil to increase the content of n-3 PUFAs that are more susceptible to oxi-
dation. All diets contained 0.5% of the commercial Extramix premix which provided equal
amounts of vitamins, including vitamin A (all-trans-retinol acetate) - 13 000 IU, vitamin E
(all-rac-o-tocopheryl acetate) - 40 mg and organic Se- 0.3 mg/kg. The level of vitamin E sup-
plementation was substantially higher than that recommended by the NRC [21] for turkeys

Table 1. Composition and nutritional value of diets fed to turkeys at 11-15 weeks of age.

Experimental diet’

C AP BP SP SSP
Component (%)
Wheat 58.41 55.21 57.48 57.23 57.23
Soybean meal 30.83 31.03 29.40 29.34 29.34
Vitacel® cellulose’ 2.33 - - - -
Fruit pomace' - 5.00 5.00 5.00 5.00
Soybean oil 2.84 3.17 2.52 2.84 2.84
Linseed oil 2.50 2.50 2.50 2.50 2.50
Sodium bicarbonate 0.10 0.10 0.10 0.10 0.10
Fodder salt 0.14 0.14 0.14 0.14 0.14
Limestone 1.23 1.23 1.23 1.23 1.23
Monocalcium phosphate 0.55 0.575 0.57 0.55 0.55
Ronozyme P and WX 0.03 0.03 0.03 0.03 0.03
DL-methionine 99% 0.18 0.18 0.18 0.18 0.18
L-lysine 99% 0.29 0.28 0.28 0.29 0.29
L-threonine 0.07 0.07 0.07 0.07 0.07
Premix? 0.50 0.50 0.50 0.50 0.50
Nutritional value (%)

Total protein 21.5 21.5 21.5 21.5 21.5
Crude fat 6.82 7.21 7.16 7.05 7.05
Crude fiber 3.96 3.96 3.94 4.08 4.06
ME, MJ/kg 12.6 12.6 12.6 12.6 12.6
Lysine 1.25 1.25 1.25 1.25 1.25
Methionine 0.48 0.48 0.48 0.48 0.48
Met + Cys 0.86 0.86 0.86 0.85 0.85
Threonine 0.86 0.80 0.80 0.80 0.80
Ca 0.75 0.75 0.75 0.75 0.75
P 0.30 0.30 0.30 0.30 0.30
Na 0.10 0.10 0.10 0.10 0.10

"Dietary treatments with addition of: C—cellulose, AP—apple pomace, BP—blackcurrant pomace, SP—strawberry pomace, SSP-seedless strawberry
pomace.

20.5% of the Premix provided per kg of diet: all trans-retinol acetate—13000 1U, cholecalciferol—3000 IU, all-rac-a-tocopheryl acetate—40 mg, vitamin K3
-2 mg, vitamin B1-2 mg, vitamin B2-8 mg, vitamin B6—3.5 mg, niacin—65 mg, pantothenic acid—18 mg, folic acid—1.5 mg, biotin—0.2 mg, choline
chloride—400 mg, Mn—100 mg, Zn—80 mg, Fe—50 mg, Cu—8 mg, |—0.8 mg, Se—0.3 mg.

doi:10.1371/journal.pone.0170074.t001
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fed standard commercial diets, but lower than that applied in our earlier experiment [22]
where vitamin E added at 54 mg/kg of diet had no protective effect on the oxidative stability of
meat in turkeys fed diets containing linseed oil.

Analysis of the content and composition of polyphenols in fruit pomaces
and diets

The total phenolic content of turkey diets was determined using the Folin-Ciocalteu reagent,
as described by Singleton et al. (1999) [23], and was expressed in mg of gallic acid equivalents
(GAE) per gram of diet. The composition of polyphenols in fruit pomaces was determined

by HPLC after extraction with acetone in triplicate. A ground analytical sample of 0.5 g was
placed in a test tube, and 4 ml of 70% acetone solution was added. The mixture was sonified at
22 C for 15 minutes, next the solution was centrifuged (4800 x g) and transferred to a flask.
The above procedure was performed in two replications, and the extracts were combined.
Acetone was distilled in a rotary vacuum evaporator, and dry residues were dissolved in 2 ml
of 70% glycerol. The extract was analyzed in a HPLC system with a DAD detector (Dionex,
Sunnyvale, CA, USA), on a Gemini 5u C18 110A-2509 column, 4.60 mm (Phenomenex, Tor-
rance, CA, USA). Phase A involved 0.05% phosphoric acid solution, and phase B- 0.05% solu-
tion of phosphoric acid in acetonitrile. The applied gradient had a flow rate of 1.25 ml/min:

5 min of stabilization with 4% B, followed by 5 to 12.5 min with 4-15% B, 12.50 to 42.40 min
with 15-40% B, 42.40 to 51.80 min with 40-50% B, 51.80 to 53.40 min with 50% B, and 53.40
to 55 min with 4% B. Column temperature was 25°C. The analyzed compounds were identi-
fied with commercial standards supplied by Extrasynthese, Genay (France) and Sigma-Aldrich
(St. Louis, USA). The proanthocyanidin content of fruit pomaces was determined in a separate
procedure described by Kennedy and Jones [24]. The polyphenol compositional analysis was
described in detail in another study [25].

Analysis of the antioxidant potential of fruit pomaces and experimental
diets

The antioxidant activity of fruit pomaces was measured directly in the 2,2-diphenyl-1-picryl-
hydrazyl (DPPH") assay according to the method of Hatano [26], and the antioxidant activity
of experimental diets was determined in accordance with the method described by Zieliniska
et al. [27]. The antioxidant activity of diets was also measured in the ABTS"" assay in line
with the method proposed by Re et al. [28] and the photochemiluminescence assay against
superoxide anion radical (" O,") according to the method of Popov and Lewin [29]. Measure-
ments were carried out in a temperature-controlled UV-160 1PC spectrophotometer with a
CPS-Controller (Shimadzu, Tokyo, Japan), and the results were expressed in pmol Trolox/g of
sample. The photochemiluminescence assay was used to determine total antioxidant capacity
as the sum of the antioxidant potentials of hydrophilic (ACW) and lipophilic (ACL) fractions.
The ACL fraction was extracted from samples with 80% methanol, followed by a mixture of
methanol and hexane (4:1, v/v). Measurements were performed in a Photochem® apparatus
with ACW and ACL analytical kits supplied by Analytik Jena (Leipzig, Germany).

Collection, storage and preparation of meat samples for analysis

At 15 weeks of age, seven birds representing the average body weight of each group were
selected for blood collection (blood was collected from the wing vein into sterile tubes contain-
ing EDTA), and slaughtered in a processing plant 8 h after feed withdrawal (the Faculty of Ani-
mal Bioengineering’s slaughterhouse, the University of Warmia and Mazury in Olsztyn). The
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equipment of the slaughterhouse and all applied procedures gained approval of the Local Ani-
mal Care and Use Committee (Olsztyn, Poland; permission number 78/2012/N). The birds
were electrically stunned (400 mA, 350 Hz), hung on a shackle line and exsanguinated by a
unilateral neck cut severing the right carotid artery and jugular vein. Turkeys were scalded at
61°C for 60 s, defeathered in a rotary drum picker for 25 s, and manually eviscerated. As
described previously [30], the following indicators of blood plasma antioxidant status were
determined: ascorbic acid concentration, the activities of catalase and superoxide dismutase
(SOD), and the ferric reducing ability of plasma (FRAP).

Carcasses were cooled at a temperature of 12°C for 30 minutes and stored at a temperature
of 4°C. After 24 h, the left breast muscle and the left thigh were sampled for analyses. A portion
of the samples was vacuum packaged, frozen at -20°C and stored for 3 months until analyses of
thiobarbituric acid reactive substances (TBARS). The content of TBARS, retinol and a-tocoph-
erol was determined in raw meat, frozen meat and cooked fresh meat and cooked frozen meat.
Meat samples were cooked in a steam and convection oven (BECK FCV 4 EDS GmbH
Jagsthausen, Germany) for 30 minutes until the temperature inside muscles reached 75°C.

Analysis of the fatty acid profile, antioxidant status, and color parameters
of meat

The fatty acid profile of diets and meat was determined in samples extracted with a mixture of
chloroform and methanol (2:1, v:v), esterified by Peisker’s method (1964) [31], and subjected
to gas chromatography in a 6890 N gas chromatograph (Agilent Technologies Inc., Palo Alto,
CA) equipped with a flame jonization detector (FID). Column (capillary, 0.32 mm x 30), injec-
tor and detector temperatures were set at 180, 225 and 250°C, respectively. Helium was applied
as a carrier gas at a flow rate of 0.7 cm®/min. Fatty acids were identified based on their reten-
tion times and were expressed as the percentage of total identified fatty acids. All analyses were
carried out in duplicate.

Tocopherol and retinol concentrations were measured by HPLC (Shimadzu, Japan),
according to the method described by Rettenmaier and Schiiep (1992) [32], with the use of
rac-o-tocopherol (Sigma, Switzerland) as the reference standard. Changes in the oxidative sta-
tus of lipids were determined based on TBARS levels, measured by the method proposed by
Draper and Hadley (1990) [33]. Absorbance was measured with the SPECORD 40 spectropho-
tometer (Analityk Jena AG, Germany), and TBARS levels were expressed in nmol of malon-
dialdehyde (MDA) per gram of meat.

The pH of meat (breast muscle) was measured 24 h after carcass chilling (Testo 206-pH2
pH-meter, Testo AG, Lenzkirch, Germany). Hunter L* (lightness), a* (redness), and b* (yel-
lowness) values were determined in breast muscle samples using the MiniScan XE Plus color
difference meter (Hunter Associates Laboratory Inc., Reston, VA, USA). The average of three
readings taken from the cross-section of the muscle free from color defects, bruising and hem-
orrhages was recorded.

Statistical analysis

The results were analyzed statistically using the GLM procedure in Statistica 8.0PL software.
Differences were regarded as significant at p < 0.05. All data were expressed as mean values
with standard error of the mean (SEM).

Results

The inclusion of fruit pomaces did not affect the nutritional value of turkey diets, including
metabolizable energy content and the content of crude protein and major amino acids which
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Table 2. Composition of the polyphenolic fraction in fruit pomaces (mg/g) and the antioxidant activity of pomaces (umol TE/g; using the 2,2-diphe-

nylpicrylhydrazyl (DPPH) assay).

Apple (AP) Blackcurrant (BP) Strawberry ' (SP) Seedless strawberry 2 (SSP)
Flavone glycosides® 0.51 0.17 0.99 1.60
Anthocyanins - 4.87 - 0.90
Phenolic acids* - - - 0.94
Dihydrochalcones® 0.49 - - 0.05
Ellagitannins - - 4.24 15.4
Proanthocyanidins 4.50 26.0 5.10 24.2
Total polyphenols 5.50 31.04 10.33 43.09
Antioxidant activity 32.0 102.8 84.7 256.4

Unsorted native pomaces dried in a drum dryer.

2Seedless pomace fraction, vacuum dried.

SMyricetin, quercetin and kaempferol glycosides.

4 Sum of p-coumaric and p-benzoic acids.
5 Sum of phloridzin and phloretin.

doi:10.1371/journal.pone.0170074.t002

were leveled out by minor modifications in the proportions of the main components (soybean
meal and wheat) and the addition of soybean oil (Table 1). The crude fiber content of all diets
approximated 4%.

The analyzed fruit pomaces differed in their content and composition of polyphenols
(Table 2). In all pomaces, proanthocyanidins were the main polyphenolic fraction. The lowest
concentration of polyphenols was noted in apple pomace (AP, 5.5 mg/g in HPLC analysis)
which contained proanthocyanidins (4.5 mg/g) and similar amounts of flavone glycosides
(myricetins, quercetins and kaempferol; 0.5 mg/g) and dihydrochalcones (phloridzin and
phloretin; 0.5 mg/g). The polyphenol content of BP was more than 5-fold higher (31.0 mg/g)
in comparison with AP, and in addition to proanthocyanidins (26.0 mg/g), BP also contained
anthocyanins (4.9 mg/g) and trace amounts of flavone glycosides. The polyphenolic fraction of
strawberry pomace was composed of proanthocyanidins and ellagitannin, and the content of
ellagitannin and total polyphenols in SSP was more than 4 times higher than in SP (43.1 and
10.3 mg/g, respectively). Considerable differences in the polyphenolic fraction of fruit pomaces
were reflected in the analyzed values of the antioxidant activity of pomaces, ranging from the
lowest value in AP (32 umol TE/g) to the highest value in SSP (256 umol TE/g).

The experimental diets differed in their content of phenolic compounds, which was propor-
tional to polyphenol concentrations in fruit pomaces (Table 3). In comparison with the control
diet, the lowest increase in polyphenol levels (by 0.18 mg/g) was noted in AP diets. Polyphenol
concentrations increased by 0.21 mg/g in BP and SP diets, and by 0.31 mg/g in the SSP diet,
which affected the antioxidant activity of experimental diets. In comparison with the control
diet, the lowest DPPH and ABTS radical scavenging effects were noted in the AP diet, and the
highest-in the SSP diet. The results of chemiluminescence assays revealed that the ACW frac-
tion was the major contributor to the antioxidant capacity of diets, whereas the ACL fraction
played a less important role. In comparison with the control diet, the lowest increase in the
antioxidant capacity of the ACW fraction was observed in group AP (from 0.71 to 1.24 umol
TE/g), whereas the highest increase was noted in group SSP (to 1.73 umol TE/g). The total
antioxidant capacity of SP and SSP diets was at least two-fold higher relative to the control
diet.

The compared fruit pomaces differed in their crude fat content and fatty acid profile
(Table 4). In comparison with AP, crude fat content and the percentage of o-linolenic acid in
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Table 3. The polyphenol content and antioxidant capacity of diets containing cellulose or various fruit pomaces.

Polyphenol content FC? of diets, mg/g
Antioxidant activity of diets
DPPH, uymol TE/g
ABTS, pmol TE/g
Antioxidant capacity of diets
lipophilic extract, umol TE/g
hydrophilic extract, umol TE/g
total capacity, pmol TE/g

C
1.27

1.33
7.71

0.29
0.71
1.00

AP
1.45

1.65
7.89

0.36
1.24
1.60

Experimental group'
BP
1.48

1.91
8.18

0.48
1.31
1.79

SP
1.48

1.93
8.23

0.58
1.42
2.00

SSP
1.58

2.16
9.55

0.48
1.73
2.21

"Dietary treatments with the addition of: C—cellulose, AP—apple pomace, BP—blackcurrant pomace, SP—strawberry pomace, SSP—seedless strawberry

pomace.

2Polyphenol content was measured with the use of the Folin-Ciocalteu reagent.

doi:10.1371/journal.pone.0170074.t003

total fatty acids were higher in BP, SP and SSP. The n-6/n-3 PUFA ratio was highly differenti-
ated, ranging from nearly 12:1 in AP to 3:1 in BP and below 2:1 in SP and SSP. In comparison
with the control diet, AP and BP diets were characterized by similar concentrations of linoleic
acid (38.3-39.6%) and o-linolenic acid (19.6-20.5%) as well as a similar n-6/n-3 PUFA ratio at
1.9:1 (Table 5). SP and SSP diets were somewhat more abundant in a-linolenic acid (21.5-
22.8%) and had a somewhat lower n-6/n-3 PUFA ratio (1.8:1).

Table 4. Crude fat content and fatty acid profile of various fruit pomaces (% of total fatty acids).

Crude fat
Fatty acids
C12:.0
Cc12:1
C14:.0
C15:0
C16:0
C16:1
C17:0
C17:1
C18:0
C18:1 Cis9
C18:2n-6
C18:3n-3
C20:0
C20:2n-6
C20:4n-6

n-6/n-3 PUFA ratio

AP
2.63

0.19
0.40
0.42
0.09
10.2
0.13
0.23
0.08
2.68
21.3
47.8
4.91
1.43
9.49
0.71
12:1

Fruit pomace’

BP
13.8

0.04
0.07
0.12
0.05
8.92
0.13
0.11
0.06
2.03
15.6
53.6
17.9
0.46
0.37
0.44
3.0:1

SP
10.4

0.07
0.03
0.18
0.05
7.11
0.22
0.13
0.06
1.81
14.2
47.5
27.3
0.96
0.09
0.34
1.7:1

SSP
9.64

0.03
0.06
0.19
0.06
6.60
0.23
0.03
0.02
1.60
16.7
44.0
29.0
1.34
0.04
0.03
1.5:1

'AP—apple pomace, BP—blackcurrant pomace, SP—strawberry pomace, SSP-seedless strawberry

pomace.

doi:10.1371/journal.pone.0170074.t004
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Table 5. Fatty acid profile of experimental diets, % of total fatty acids.

FA Diet’

c AP BP SP SSP
C12:0 0.03 0.00 0.00 0.00 0.00
C14:0 0.09 0.10 0.09 0.08 0.09
C15:0 0.05 0.05 0.05 0.03 0.05
C16:0 12.6 13.6 13.2 10.7 12.6
C16:1 0.14 0.14 0.13 0.11 0.14
C17:0 0.15 0.20 0.22 0.10 0.17
C17:1 0.06 0.07 0.07 0.06 0.06
C18:0 4.05 4.24 4.21 3.68 4.04
C18:1 Cis9 21.6 22.6 22.4 19.9 213
C18:2n-6 39.6 38.3 38.3 41.6 39.0
C18:3n-3 20.5 19.7 19.9 22.8 215
C20:0 0.30 0.33 0.43 0.28 0.34
C20:1 0.25 0.26 0.26 0.23 0.27
C20:2n-6 0.09 0.04 0.19 0.04 0.05
C20:4 n-6 0.06 0.03 0.09 0.08 0.05
C22:0 0.33 0.36 0.36 0.32 0.35
C22:6 n-3 DHA 0.15 0.06 0.10 0.09 0.04
SFA 17.6 18.9 18.6 15.2 17.7
UFA 82.4 81.1 81.4 84.8 82.3
MUFA 22.0 23.1 22.9 20.3 21.7
PUFA 60.4 58.1 58.6 64.6 60.6
n-3 PUFA 20.7 19.7 20.0 22.9 215
n-6 PUFA 39.8 38.4 38.6 41.7 39.1
n-6/n-3 PUFA ratio 1.9:1 1.9:1 1.9:1 1.8:1 1.8:1

"Dietary treatments with the addition of: C—cellulose, AP—apple pomace, BP—blackcurrant pomace, SP—
strawberry pomace, SSP—seedless strawberry pomace.

doi:10.1371/journal.pone.0170074.t005

No significant differences in the final body weights of birds or the yields of breast and thigh
muscles in the carcass were observed between experimental groups (Table 6). Breast muscle
yield approximated 24%, and thigh muscle yield exceeded 10%. No significant differences
were noted in the pHyyy, or color parameters of fresh breast muscle.

Breast meat differed in the percentage of o-linolenic acid in total fatty acids, and significant
differences were noted between groups C and AP vs. groups BP, SP and SSP (P = 0.05)

(Table 7). No significant differences were observed in the concentrations of total saturated
fatty acids, monounsaturated fatty acids and total n-6 PUFAs. In breast muscles, the highest n-
6/n-3 PUFA ratio was determined in group AP (P<0.05 vs. the remaining groups), and a sig-
nificant difference was found between group C and group SPP (SSP>C, P<0.05). In thigh
muscles, no significant differences were observed in the percentages of major fatty acids,
including linoleic acid, a-linolenic acid and total n-3 and n-6 PUFAs (Table 8). The n-6/n-3
PUFA ratio was also similar and lower than 3:1 in all groups.

The applied dietary treatments with fruit pomaces affected selected parameters of blood
plasma antioxidant status in turkeys (Table 9). The highest vitamin C concentration was noted
in group BP, and it differed significantly from those determined in treatments C and SP.
Plasma SOD activity was similar in all groups, and catalase activity was highest in groups AP
and BP (P<0.05 vs. C and SSP). FRAP levels were highest in groups AP and SSP (P<0.05 vs. C
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Table 6. Final body weights of turkeys, the yields of breast and thigh muscles in the carcass, and breast meat color parameters.

C

Final body weight, kg 10.4
Thigh muscles yield, % 10.3
Breast meat:

Muscle yield, % 23.6

pHoan 5.67

L’ 51.6

a’ 5.21

b" 10.5

Experimental group’ SEM P

AP BP SP SSP

10.6 10.5 10.4 10.6 0.045 0.779
10.0 10.8 10.4 10.6 0.740 0.287
23.6 24.2 241 24.2 1.591 0.880
5.70 5.88 5.72 5.69 0.213 0.313
52.6 52.8 52.4 52.7 2141 0.838
5.72 5.14 5.44 4.84 0.984 0.461
11.0 11.2 10.8 10.6 0.960 0.574

"Dietary treatments with the addition of: C—cellulose, AP—apple pomace, BP—blackcurrant pomace, SP—strawberry pomace, SSP—seedless strawberry
pomace. Values are means of 7 observations per treatment. L*—lightness, a*—redness, b*—yellowness.

SEM-standard error of the mean.

doi:10.1371/journal.pone.0170074.t006

and SP). The highest vitamin A levels in raw breast meat were determined in meat samples col-
lected in group AP (P<0.05 vs. C and BP treatments). In raw thigh meat, differences approach-
ing statistical significance (P = 0.065) were noted between group C (lowest level) vs. groups
AP, BP and SSP (highest level). Based on vitamin E levels in raw breast meat, the groups were
arranged in the following order: C* > APP > BP¢, SP¢, SSP (P < 0.05).

The dietary treatments influenced TBARS values which are indicative of the advancement
of oxidative processes in raw, frozen and cooked meat (Table 10). The groups were arranged
in the following order based on TBARS levels in raw breast meat: C, AP > BP > SP, SSP
(P =0.001). The groups were arranged in a somewhat different order based on the TBARS
content of raw thigh meat: C > AP > BP, SP > SSP (P = 0.001). In comparison with group C,
significant differences in TBARS levels were not noted in frozen breast and thigh muscles in
group AP, whereas the lowest TBARS concentrations were found in frozen meat from group
SSP (breast muscle, P<0.05 vs. C, AP; thigh muscle, P<0.05 vs. C, AP, SP). TBARS levels in
cooked fresh meat and cooked frozen meat differed from TBARS concentrations in raw and
frozen meat, but the distribution of values was similar: TBARS values were highest in group C,
significantly lower in group AP and lowest in group SSP.

Discussion

The content and composition of polyphenols in fruit pomaces are determined by the type of
fruit and the amount of compounds that are transferred to juice. Apple pomace contained a
wide variety of compounds belonging to different classes of polyphenols, including flavonols,
flavan-3-ols and chalcones [17, 25]. Proanthocyanidins generally account for more than half of
polyphenols in apple pomace [25]. In the present experiment, proanthocyanidins constituted
80% of the polyphenolic fraction in apple pomace. The total polyphenol content (5.50 mg/g) of
apple pomace was somewhat lower than that reported elsewhere [34], and those differences
could be attributed to variations in fruit composition and fruit processing technologies.

In our experiment, dried blackcurrant pomace contained 31.0 mg/g total polyphenols,
including anthocyanins and proanthocyanidins at a 1:5 ratio. In another study [35], the poly-
phenol content of dried blackcurrant pomace was determined at 6 mg/g, with an estimated
85% share of anthocyanins. The above findings could suggest that the polyphenol content of
berries determined by HPLC can be underestimated if the extraction yield of polymerized
proanthocyanidins and the range of the identified fractions are insufficient [36]. In our study,
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Table 7. Fatty acid profile of turkey breast muscles, % of total fatty acids.

FA Experimental group’ SEM P
c AP BP SP SSP

C12:0 0.04 0.04 0.04 0.04 0.04 0.001 0.976
C14:0 0.49 0.47 0.47 0.46 0.46 0.005 0.465
C14:1 0.13 0.13 0.12 0.10 0.12 0.005 0.373
C15:0 0.10 0.11 0.11 0.10 0.10 0.001 0.476
C16:0 21.9 21.8 21.4 21.4 21.4 0.105 0.360
C16:1 4.01 4.09 3.73 3.28 3.77 0.154 0.511
C17:0 0.16 0.17 0.18 0.18 0.17 0.004 0.377
C17:1 0.16 0.15 0.15 0.17 0.14 0.005 0.367
C18:0 8.04 7.78 8.06 8.46 7.95 0.152 0.728
C18:1 Cis9 23.5 23.67 22.4 222 22.8 0.354 0.648
C18:2n-6 26.4 27.2 27.1 27.2 26.9 0.231 0.839
C18:3n-3 9.84° 9.60° 10.72 10.72 10.9% 0.143 0.005
C20:0 0.10 0.11 0.13 0.12 0.10 0.005 0.272
C20:1 0.17 0.17 0.16 0.17 0.16 0.002 0.288
C20:2n-6 0.27 0.26 0.32 0.27 0.24 0.014 0.473
C20:4 n-6 2.69 2.47 2.87 2.94 2.66 0.110 0.712
C20:5n-3 0.48 0.41 0.52 0.53 0.49 0.021 0.392
C22:0 0.09 0.09 0.10 0.10 0.09 0.004 0.753
C22:5n-3 0.96 0.85 1.05 1.07 1.02 0.048 0.621
C22:6n-3 0.52 0.43 0.44 0.55 0.45 0.028 0.626
SFA 30.9 30.5 30.4 30.8 30.3 0.180 0.845
MUFA 27.9 28.2 26.6 26.0 27.0 0.499 0.602
PUFA 41.2 413 43.0 43.25 42.8 0.428 0.390
n-6 PUFA 29.9 30.3 30.8 30.9 30.3 0.309 0.847
n-3 PUFA 11.3° 10.9° 12.22 12.312 12.42 0.154 0.002
n-6/n-3 PUFA ratio 2.6° 2.8° 2.5 2.5 2.4° 0.026 0.001

Dietary treatments with the addition of: C—cellulose, AP—apple pomace, BP—blackcurrant pomace, SP—strawberry pomace, SSP—seedless strawberry
pomace. Values are means of 7 observations per treatment.
a b c_yalues marked with different letters in rows differ significantly (P<0.05). SEM—standard error of the mean.

doi:10.1371/journal.pone.0170074.t007

the results of HPLC indicate that the extraction yield of proanthocyanidins was sufficient. It
should also be stressed that the blackcurrant pomace used in the present study contained sig-
nificant amounts of anthocyanins which are susceptible to degradation and are rarely present
in pomaces due to their considerable loss during juice production [37].

Other authors demonstrated that anthocyanins [19], free and bound ellagic acid [38] and
proanthocyanidins [39] are the major polyphenols in strawberries, whereas flavonols occur in
small amounts [38]. The proanthocyanidin content of strawberry pomace can reach 2.5% on a
dry weight basis because those compounds are bound to cell wall polysaccharides and are less
likely to be transferred to fruit juice [40]. In our study, seedless strawberry pomace contained a
wide range of polyphenols (flavone glycosides, anthocyanins, phenolic acids, dihydrochal-
cones, ellagitannins and proanthocyanidins) whose total content reached 43 mg/g and was
similar to the values noted by other authors [18, 41]. The polyphenol content of SP (containing
seeds) was 3 times lower, and the composition of polyphenols was limited to ellagitannins,
proanthocyanidins and small amounts of flavone glycosides. For this reason, dietary inclusion
of SP increased polyphenol levels from 1.27 mg/g in the control diet to 1.48 mg/g in the SP diet
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Table 8. Fatty acid profile of turkey thigh muscles, % of total fatty acids.

FA

C12:0
C14:.0
C14:1
C15:0
C16:0
C16:1
C17:0
C17:1
C18:0
C18:1 Cis9
C18:2n-6
C18:3n-3
C20:0
C20:1
C20:2n-6
C20:4 n-6
C20:5n-3
C22:0
C22:5n-3
C22:6 n-3
SFA
MUFA
PUFA
n-6 PUFA
n-3 PUFA
n-6/n-3 PUFA ratio

Cc
0.05
0.59
0.13
0.11
22.1
3.95
0.18
0.15
8.23
21.8
28.7
10.3
0.12
0.18
0.21
1.95
0.39
0.08
0.56
0.29
31.4
26.2
42.3
31.2
11.1

2.8

AP
0.05
0.55
0.11
0.11
21.7
3.66
0.19
0.18
8.56
21.8
28.8
9.90
0.12
0.18
0.23
2.30
0.39
0.09
0.68
0.34
31.4
26.0
42.6
31.7
10.9

2.9

Experimental group'

BP
0.05
0.58
0.13
0.12
22.2
3.94
0.20
0.16
8.42
22.0
27.8
10.3
0.12
0.17
0.22
2.21
0.40
0.09
0.65
0.26
31.8
26.4
41.8
30.6
11.2

2.7

SP
0.05
0.56
0.10
0.11
21.7
3.17
0.20
0.15
9.00
20.6
28.9
10.73
0.14
0.17
0.24
2.47
0.45
0.10
0.75
0.37
31.9
24.2
43.9
32.1
11.8

2.7

SSP
0.05
0.56
0.12
0.11
22.0
3.59
0.19
0.14
8.65
21.3
28.7
10.2
0.12
0.17
0.25
2.32
0.41
0.09
0.69
0.32
31.8
25.4
42.9
31.7
11.2
2.8

SEM

0.001
0.006
0.005
0.002
0.133
0.171
0.004
0.006
0.149
0.285
0.243
0.125
0.003
0.002
0.005
0.076
0.016
0.003
0.028
0.016
0.164
0.451
0.417
0.297
0.147
0.026

P

0.619
0.072
0.444
0.238
0.716
0.659
0.629
0.425
0.637
0.597
0.629
0.413
0.106
0.553
0.302
0.312
0.777
0.219
0.381
0.248
0.845
0.304
0.640
0.619
0.421
0.116

Dietary treatments with the addition of: C—cellulose, AP—apple pomace, BP—blackcurrant pomace, SP—strawberry pomace, SSP—seedless strawberry
pomace. Values are means of 7 observations per treatment.

SEM-standard error of the mean.

doi:10.1371/journal.pone.0170074.t008

and 1.58 mg/g in the SSP diet. The lower polyphenol content of SP can probably be attributed
to two factors: the presence of seeds, which are less abundant in polyphenols than fruit flesh,
and higher temperature of convection drying than vacuum drying of seedless pomace (70°C).
In other study [42], polyphenol levels in dried fruit decreased with an increase in drying

temperature.

In this experiment, the differences in the antioxidant activity of fruit pomaces and turkey
diets corresponded to the differences in their polyphenol content. The lowest level of antioxi-
dant activity was noted in apple pomace (32 umol/TE/g), and it was similar to that reported by
other authors [42]. The antioxidant capacity of berry pomaces was many times higher than
that of apple pomace, proportionally to polyphenol concentrations. Other authors reported
high correlations between the polyphenol content of fruit pomaces or extracts and their anti-
oxidant activity [43]. The above observation largely explains the difference in the antioxidant
activity of pomaces from native strawberries and seedless strawberries (84.7 vs. 256.4 umol/
TE/g), which could also be attributed to the lower temperature of vacuum drying of SSP than
the temperature of convection drying of SP. In a study by Wojdylo et al [42], the antioxidant
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Table 9. Blood plasma antioxidant status and vitamin E and A levels in turkey meat.

Experimental group’ SEM P
c AP BP SP SSP
Blood plasma:
Vitamin C, pg/L 113 14530 2022 146° 142%° 9.001 0.049
SOD, U/mL 25.3 25.2 25.2 25.2 25.2 0.027 0.263
Catalase, U/mL 5.39° 7.142 7.022 6.15%° 5.75P 0.182 0.002
FRAP, pmol/L 20.4° 50.22 43.4% 31.3% 56.0% 2.821 0.001
Breast muscle
Vitamin E, ug/g 2.56% 2.14° 1.77° 1.64° 1.67° 0.070 0.000
Vitamin A, ug/g 0.19° 0.23% 0.19° 0.20%° 0.20% 0.004 0.008
Thigh muscle
Vitamin E, ug/g 1.84 1.78 1.812 1.27 1.79 0.096 0.100
Vitamin A, ug/g 0.16 0.19 0.19 0.17 0.19 0.005 0.065

Dietary treatments with the addition of: C—cellulose, AP—apple pomace, BP—blackcurrant pomace, SP—strawberry pomace, SSP—seedless strawberry
pomace. Values are means of 7 observations per treatment. FRAP—ferric reducing ability of plasma; SOD—superoxide dismutase activity.

a b c_yalues marked with different letters in a row differ significantly (P<0.05). SEM-standard error of the mean.

doi:10.1371/journal.pone.0170074.t009

activity of fruit pomace was negatively correlated with drying temperature. The high antioxi-
dant activity of strawberry pomaces and the considerable difference between both types of
pomace could also be explained by the presence of ellagitannins which are reportedly highly
effective radical scavengers and which effectively inhibit the oxidation of human LDL [44].
The results of previous experiments indicate that crude fiber content is more than 4 times
higher in berry pomaces than in apple pomace [35] and that a-linolenic acid has a higher
share of the total fatty acid pool [45]. Similar observations were made in this experiment,
where a higher content of o-linolenic acid lowered the n-6/n-3 PUFA ratio of blackcurrant
and strawberry pomaces (below 3:1) relative to apple pomace (around 10:1). Our results sug-
gest that berry pomaces can be an additional source of PUFAs, in particular linolenic acid, but
the amount of oil introduced to turkey diets with 5% fruit pomace was relatively low (around

Table 10. Thiobarbituric acid reactive substances (TBARS) levels in turkey thigh and breast meat (hnmol MDA/g).

Experimental group' SEM P
c AP BP SP sSSP
TBARS in thigh meat
fresh raw meat 1372 113° 98.1° 81.0° 60.5¢ 4.842 0.001
frozen raw meat 1782 1732 132P° 147° 117° 4.550 0.000
cooked fresh meat 1542 136° 95.1° 78.9% 73.6° 5.681 0.000
cooked frozen meat 1352 110° 72.5° 58.7% 43.9° 5.733 0.000
TBARS in breast meat
fresh raw meat 1152 1182 102° 50.0° 45.9° 5.631 0.001
frozen raw meat 1372 126%° 97.6°° 96.3°° 70.2° 6.381 0.004
cooked fresh meat 1982 167° 134° 1159 105¢ 6.031 0.001
cooked frozen meat 1602 128° 100° 99.7° 87.7¢ 4.453 0.000

'Dietary treatments with the addition of: C—cellulose, AP—apple pomace, BP—blackcurrant pomace, SP—strawberry pomace, SSP—seedless strawberry
pomace. Values are means of 7 observations per treatment.
a b e.d e_ya|yes marked with different letters in rows differ significantly (P<0.05). SEM—standard error of the mean.

doi:10.1371/journal.pone.0170074.1010
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0.5-0.6%). For this reason, significant differences were not observed in the fatty acid profile of
experimental diets.

A higher content of polyphenols in diets enriched with fruit pomace did not affect the final
body weights of turkeys or the yields of breast and thigh muscles in the carcass. The above
resulted from balanced feed intake and feed conversion as well as similar carcass quality
parameters in all groups, which was discussed in a separate study [35]. Other authors demon-
strated that a moderate increase in the polyphenol content of diets has no adverse effect on
feed intake or the growth rate of birds [14, 46], and performance parameters deteriorated only
when the dietary inclusion levels of polyphenols exceeded 2.5 g/kg [46].

In all experimental groups, the n-6/n-3 PUFA ratio in breast and thigh muscles was below
3:1, and remained within the range recommended for the prevention of circulatory system dis-
eases [47]. The above confirms that the addition of linseed oil to bird diets contributes to the
health benefits of poultry meat. A similar fatty acid profile was noted in thigh meat, whereas
the addition of apple pomace to turkey diets increased the n-6/n-3 PUFA ratio of breast meat
relative to berry pomaces and the control group. All diets, including the control treatment,
were characterized by a similar n-6/n-3 ratio, but its value was considerably higher in apple
pomace than in other pomaces. This could suggest that fatty acids from pomaces are more
readily transferred into breast muscles than other dietary fatty acids. Other authors [48] found
that linoleic acid is more likely to be accumulated in dark meat, whereas n-3 long-chain fatty
acids tend to be deposited in the white meat of chickens. The fat content of white meat from
turkey breast is only 1%, and it is significantly lower than in dark meat from thighs, which
accumulates most dietary PUFAs [49].

The antioxidant effects of polyphenol-containing byproducts have been rarely studied in
poultry, and the reported results are ambiguous. In some experiments, diets with higher levels
of polyphenols stimulated the activity of superoxide dismutase and glutathione peroxidase in
the blood [13] or increased vitamin E concentrations in the blood of quails [9]. In the present
study, the dietary inclusion of different fruit pomaces was accompanied by health-promoting
changes in blood plasma vitamin C (in BP treatment), catalase (groups AP and BP) and FRAP
(groups AP and SSP) values, pointing to the involvement of different mechanisms. Those effects
could be attributed, at least partially, to polyphenolic metabolites that can reach internal tissues,
as demonstrated in previous studies conducted on laboratory rodents [50, 51]. The results of
experiments with rodents, summarized by Manach et al [52], revealed that polyphenols and
their metabolites may be detected in a wide range of tissues, including the brain, heart, bones
and skin. The tissue distribution of selected polyplenols was investigated in experiments per-
formed on pigs [53, 54, 55] and broilers [56, 57]. Recent studies conducted by members of our
research team [50, 51] demonstrated that measurable amounts of strawberry polyphenol metab-
olites could be found in the blood and urine of rats fed diets containing strawberry pomace,
extracts and pure polyphenols (e.g. ellagic acid). In those studies, different groups of metabolites
were detected, including urolithin A, nasutin A, urolithin A-glucuronide, nasutin A-glucuro-
nide, iso-nasutin A-glucuronide and ellagic acid dimethyl ether glucuronide (DMEAG). Other
authors [58] have recently provided new data about the potent antioxidant activity of urolithin
A (UA) derived via microbiota-mediated conversion of strawberry ellagic acid.

In the present study, the vitamin E content of thigh meat was similar in all groups, and vita-
min E levels in breast meat were even lower than in the control group. The above could be
attributed to the fact that fruit pomaces were more likely to increase the antioxidant activity of
the hydrophilic fraction than the lipophilic fraction of turkey diets. According to some authors,
there is evidence to suggest that dietary supplements rich in polyphenols can act similarly to
dietary vitamin E in the prevention of breast and thigh meat oxidation in chicken, but without
any deterioration in tissue reserves of that vitamin [14]. Dietary grape pomace did not
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influence vitamin E reserves in thigh meat of growing chickens [59]. Other authors [60] dem-
onstrated that the antioxidant activity of polyphenols is determined by o-tocopherol levels in
the diet, and that polyphenols can partially replace vitamin E or exert antioxidant effects inde-
pendently. Recent study showed that dietary polyphenol-rich pomegranate by-product consid-
erably reduced lipid oxidation of broilers meat [61]. Our findings suggest that polyphenols
and their metabolites exert antioxidant effects on muscles (refer to lower TBARS values in the
meat of turkeys fed SP), therefore vitamin E does not have to be accumulated at high concen-
trations in the body. In a previous study conducted by members of our research team [62],
blackcurrant extract inhibited lipid peroxidation induced by high dietary fat as evidenced by
lower concentrations of TBARS in the kidneys and serum of rabbits treated with the extract.
The suppression of lipid peroxidation observed in the kidneys of rabbits fed diets enriched
with the blackcurrant extract could result from the effects of polyphenolic compounds and
their metabolites, which could increase filtration in the kidneys and inactivate free radicals. As
demonstrated by Jurgonski ef al. [62], the compounds present in blackcurrant extract were
expected to act beneficially at water-lipid interfaces.

In our study, diets containing fruit pomaces and, consequently, higher levels of polyphenols
generally did not increase vitamin A concentrations in turkey meat. Higher levels of vitamin A
in breast meat were found only in the group where turkey diets were supplemented with apple
pomace. Studies conducted by other authors have shown that the concentrations and metabo-
lism of vitamin A seem to be doubly linked to the antioxidant status of tissues: retinol is
involved in antioxidant cell protection [63] and retinol metabolism depends on cellular redox
status [64].

In our experiment, a significant (P = 0.001) decrease in TBARS levels was noted in raw, fro-
zen and cooked meat of turkeys whose diets were enriched with fruit pomaces. The decrease
was most pronounced in the meat of birds fed seedless strawberry pomace, which is character-
ized by the highest polyphenol concentrations and the highest antioxidant activity in vitro.
This result is consistent with previous research, which revealed that dietary antioxidants could
be absorbed in the gastrointestinal tract, thus affecting the antioxidant status of poultry [65].
Similar findings, confirmed by a decrease in TBARS concentrations in breast meat, were
reported in chickens whose diets were supplemented with grapeseed extract rich in polyphe-
nols [66]. Lower TBARS values in meat were also observed when chickens diets were enriched
with tea catechins [67] and a mixture of herbal extracts [56]. Jang et al. [56] noted that dietary
supplementation with herbal extracts increased the content of polyphenols and their metabo-
lites in chicken meat, which indicates that the analyzed compounds could also influence
peripheral tissues and organs. Many studies have shown that dietary polyphenols and products
of their metabolism may exert direct antioxidant effects, including radical scavenging activity
[68], and affect the gene expression of antioxidant enzymes [69]. Their indirect effects include
the activation of the Keap1/Nrf2/ARE pathway, resulting in transcriptional induction of a bat-
tery of cytoprotective proteins involved in the synthesis and/or regeneration of direct antioxi-
dants [70, 71]. Such an influence is due to the fact that polyphenols can interact with both lipid
and protein components of biological membranes [72] and many of them may “penetrate”
both hydrophobic areas (such as the lipid bilayers of cells) and hydrophilic areas (e.g. blood
serum). Manach et al. [52] stressed the fact that the hydrophobicity of polyphenols is between
that of vitamin C (highly hydrophilic) and that of vitamin E (highly hydrophobic). The hydro-
phobic properties of individual polyphenolic compounds vary, for instance kaempferol is
almost twice more hydrophobic than quercetin [72]. This fact could be responsible for the dif-
ferences in the antioxidant properties of polyphenols present in fruit pomaces.

In our experiment, a decrease in TBARS concentrations in turkey meat was accompanied
by a decrease in vitamin E content. This paradox could partially explain the fact that pomace
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polyphenols contributed mainly to the antioxidant potential of the hydrophilic fraction of tur-
key diets, and exerted a less profound effect on the lipophilic fraction which is a source of vita-
mins E and A. Another important consideration is that dietary polyphenols, in particular low-
molecular-weight compounds absorbed in the upper digestive tract, are typical xenobiotics
that are rapidly removed in metabolic processes [73]. Vitamin E acts as a lignan in the metabo-
lism of xenobiotics, and all forms of vitamin E are able to activate gene expression via the preg-
nane X receptor (PXR), a nuclear receptor regulating a variety of drug metabolizing enzyme
[74]. It has also been found that vitamin E is involved in xenobiotic clearance pathways, and
that xenobiotics affect vitamin E concentrations [75]. Polyphenolic compounds can also
reduce the synthesis of certain proteins involved in the regulation of vitamin E homeostasis
[76]. Therefore, it cannot be excluded that the decrease in vitamin E levels in turkey breast
meat, observed in our experiment, could be due to the involvement of this vitamin in the bio-
transformation (glucuronidation, methylation and sulfation) of polyphenols. Such a phenome-
non was not observed in dark thigh meat in any of the dietary treatments. The content of
vitamin E was maintained, probably because thigh muscles, compared with breast muscles, are
more metabolically active and have more than two-fold higher content of fat rich in PUFAs.

Turkeys selected for a fast growth rate have a higher risk for pale, soft and exudative (PSE)
meat. Some authors have suggested the use of color score measurements, particularly lightness
(L*) values, in the assessment of risk factors for meat becoming PSE, because L* is well corre-
lated with meat pH and water-holding capacity [77]. It has been reported that an undesired,
rapid drop in meat pH results from enhanced post-mortem glycolysis, which may lead to
increased protein denaturation and subsequently to a lighter meat color. Based on the values
obtained in our study, the analyzed breast muscles from turkeys fed diets containing different
fruit pomaces could be considered normal-quality turkey meat.

In conclusion, dried apple, blackcurrant, strawberry and seedless strawberry pomaces differ
in the content and composition of polyphenols and antioxidant activity in vitro. The highest
polyphenol levels and antioxidant activity in vitro were determined in seedless strawberry
pomace, and the above parameters were lowest in apple pomace. Relatively low inclusion levels
(5% of the diet) of fruit pomaces in turkey diets containing linseed oil increased the antioxi-
dant status of blood plasma and decreased TBARS concentrations in raw, frozen and cooked
meat in a polyphenol dose-dependent manner. In view of the improved antioxidant stability of
turkey meat, fruit pomaces should be considered a valuable delivery vehicle for ingredients
which may protect the body against the damaging effects of free radicals.

Author Contributions

Conceptualization: ZZ PZ J. Jankowski.

Formal analysis: ZZ J. Jankowski J. Juskiewicz DM MK.
Funding acquisition: ]. Jankowski.

Investigation: J. Jankowski DM PZ ZA HZ.
Methodology: ZZ PZ J. Jankowski MK.

Project administration: J. Jankowski ZZ.

Resources: PZ ZA HZ.

Supervision: ]. Jankowski ZZ.

Writing - original draft: J. Juskiewicz PZ.

PLOS ONE | DOI:10.1371/journal.pone.0170074 January 11,2017 15/19



@° PLOS | ONE

Dried Fruit Pomaces in Turkey Feeding

Writing - review & editing: J. Juskiewicz ZZ.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hibbeln JR, Nieminen LR, Blasbalg TL, Riggs JA, Lands WE. Healthy intakes of n-3 and n-6 fatty acids:
Estimations considering worldwide diversity". Am J Clin Nutr. 2006; 83: 1483-1493.

Howe P, Meyer B, Record S, Baghurst K. Dietary intake of long-chain n-3 polyunsaturated fatty acids:
contribution of meat source. Nutrition. 2006; 22: 47-53. doi: 10.1016/j.nut.2005.05.009 PMID:
16289978

Zdunczyk Z, Jankowski J. Poultry meat as functional food: modification of the fatty ac id profile—a
review. Ann Anim Sci. 2013; 13: 463—480.

Jia W, Rogiewicz A, Bruce HL, Slominski BA. Feeding flaxseed enhances deposition of omega-3 fatty
acid in broiler meat portions in different manner. Can J Anim Sci. 2010; 90: 203-206.

Estévez M. Oxidative damage to poultry: from farm to fork. Poult Sci. 2015; 94: 1368—1378. doi: 10.
3382/ps/pev094 PMID: 25825786

Barroeta AC. Nutritive value of poultry meat: relationsip between vitamin E and PUFA. World Poultry
Sci J. 2007; 63: 277-284.

Jung MY, Jung DM, Wu JW, Choi DS. Effects of catechins and green tea extract on the photosensitized
singlet oxygen oxidation of linoleic acid in a model system as compared with alpha-tocopherol. Food Sci
Biotechnol. 2011; 20: 725-733.

Tufarelli V, Laudadio V, Casalino E. An extra-virgin olive oil rich in polyphenolic compounds has antioxi-
dant effects in meat-type broiler chickens. Environ Sci Pollut R. 2016; 23: 6197-6204.

Sahin K, Orhan C, Tuzcu M, Ali S, Sahin N, Hayirli A. Epigallocatechin-3-gallate prevents lipid peroxida-
tion and enhances antioxidant defense system via modulating hepatic nuclear transcription factors in
heat-stressed quails. Poultry Sci. 2010; 89: 2251-2258.

Kamboh AA, Zhu WY .. Effect of increasing levels of bioflavomnoids in broiler feed on plasma anti-oxida-
tive potential, lipid metabolites, and fatty acid composition of meat. Poultry Sci. 2013; 92: 454-461.

Laudadio V, Ceci E, Lastella NM, Tufarelli V. Dietary high-polyphenols extra-virgin olive oil is effective in
reducing cholesterol content in eggs. Lipids Health Dis. 2015; 14: 5. doi: 10.1186/s12944-015-0001-x
PMID: 25739907

Brenes A, Viveros A, Goni |, Centeno C, Saura-Calixto F, Arija |. Effect of grape seed extract on growth
performance, protein and polyphenol digestibilities, and antioxidant activity in chickens. Span J Agric
Res. 2010; 8: 326-333.

Vossen E, Ntawubizi M, Raes K, Smet K, Huyghebaert G, Arnouts S, et al. Effect of dietary antioxidant
supplementation on the oxidative status of plasma in broilers. J Anim Physiol Anim N. 2011; 95: 198—
205.

Goni |, Brenes A, Centeno C, Viveros A, Saura-Calixto F, Rebole A, et al. Effect of dietary grape pom-
ace and vitamin E on growth performance, nutrient digestibility, and susceptibility to meat lipid oxidation
in chickens. Poultry Sci. 2007; 86: 508-516.

Igbal Z, Kamran Z, Sultan JI, Ali A, Ahmad S, Shahzad MI, et al. Replacement effect of vitamin E with
grape polyphenols on antioxidant status, immune, and organs histopathological responses in broilers
from 1-to 35-d age. J Appl Poult Res. 2015; 24: 127—-134.

FAO-Food and Agriculture Organization. Available online: http://www.fao.org/faostat/en/#data
(accessed on 19 December 2016).

Sehm J, Treutter D, Lindermayer H, Meyer HHD, Pfaffl MW. The influence of apple pomace- or red-
grape pomace on blood parameters, bacterial colonization, and marker gene expression piglet white
blood cells. Food Nutr Sci. 2011; 2: 366-376.

Jaroslawska J, Juskiewicz J, Wroblewska M, Jurgonski A, Krol B, Zdunczyk Z. Polyphenol-rich straw-
berry pomace reduces serum and liver lipids and alters gastrointestinal metabolite formation in fruc-
tose-fed rats. J Nutr. 2011; 141: 1777—-1783. doi: 10.3945/jn.111.143677 PMID: 21865566

Sojka M, Klimczak E, Macierzynski J, Kolodziejczyk K. Nutrient and polyphenolic composition of indus-
trial strawberry press cake. Eur Food Res Technol. 2013; 237: 995-1007.

Juskiewicz J, Jankowski J, Kosmala M, Zdunczyk Z, Slominski BA, Zdunczyk P. The effect of dietary
dried fruit pomace on growth performance and gastrointestinal biochemistry of turkey poults. J Anim
Physiol Anim N. 2016; 100: 967-976.

NRC, National Research Council. Nutrient requirements of poultry. In: Subcommittee on Poultry Nutri-
tion (ed.); Academic Press, Washington, DC, USA 2014; pp. 35-39.

PLOS ONE | DOI:10.1371/journal.pone.0170074 January 11,2017 16/19


http://dx.doi.org/10.1016/j.nut.2005.05.009
http://www.ncbi.nlm.nih.gov/pubmed/16289978
http://dx.doi.org/10.3382/ps/pev094
http://dx.doi.org/10.3382/ps/pev094
http://www.ncbi.nlm.nih.gov/pubmed/25825786
http://dx.doi.org/10.1186/s12944-015-0001-x
http://www.ncbi.nlm.nih.gov/pubmed/25739907
http://www.fao.org/faostat/en/#data
http://dx.doi.org/10.3945/jn.111.143677
http://www.ncbi.nlm.nih.gov/pubmed/21865566

@° PLOS | ONE

Dried Fruit Pomaces in Turkey Feeding

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Jankowski J, Zdunczyk Z, Mikulski D, Juskiewicz J, Naczmanski J, Pomianowski JF, et al. Fatty acid
profile, oxidative stability, and sensory properties of breast meat from turkeys fed diets with different n-
6/n-3 PUFA ratio. Eur J Lipid Sci Technol. 2012; 114: 1025-1035.

Singleton VL, Orthofer R, Lamuela-Raventos RM. Analysis of total phenols and other oxidation sub-
strates and antioxidants by means of Folin-Ciocalteu Reagent. Method Enzymol. 1999; 299: 152—-178.

Kennedy JA, Jones GP. Analysis of proanthocyanidin cleavage products following acid-catalysis in the
presence of excess phloroglucinol. J Agric Food Chem. 2001; 49: 1740—1746. PMID: 11308320

Kosmala M, Kolodziejczyk K, Zdunczyk Z, Juskiewicz J, Boros D. Chemical composition of natural and
polyphenol-free apple pomace and the effect of this dietary ingredient on intestinal fermentation and
serum lipid parameters in rats. J Agric Food Chem. 2011; 59: 9177-9185. doi: 10.1021/jf201950y
PMID: 21805963

Gow-Chin Y, Hui-Yin C. Antioxidant activity of various tea extracts in relation to their antimutagenicity. J
Agric Food Chem. 1995; 43: 27-32.

Zielinska D, Szawara-Nowak D, Zielinski H. Comparison of spectrophotometric and electrochemical
methods for the evaluation of antioxidant capacity of buckwheat products after hydrothermal treatment.
J Agr Food Chem. 2007; 55: 6124-6131.

Re R, Pellegrini N, Proteggente A, Pannala A, Yang M, Rice-Evans CA. Antioxidant activity applying an
improved ABTS Radical cation decolorization assay. Free Radic Biol Med. 1999; 26: 1291-1237.

Popov I, Lewin G. Antioxidative homeostasis: Characterisation by means of chemiluminescent tech-
nique in methods in enzymology. In: Packer L. (ed.), Oxidants and Antioxidants. Academic Press.
1999; 300B: pp. 96—100.

Zdunczyk Z, Drazbo A, Jankowski J, Juskiewicz J, Czech A, Antoszkiewicz Z. The effect of different die-
tary levels of vitamin E and selenium on antioxidant status and immunological markers in serum of lay-
ing hens. Pol J Vet Sci. 2013; 16: 333—-339. PMID: 23971202

Peisker K. A rapid semi-micro method for preparation of methyl esters from triglycerides using chloro-
form, methanol, sulphuric acid. J Am Oil Chem Soc. 1964;11: 87—90.

Rettenmaier R, Schilep W. Determination of vitamins A and E in liver tissue. Int J Vitam Nutr Res. 1992;
62: 312-317. PMID: 1291534

Draper HH, Hadley M. Malondialdehyde determination as index of lipid peroxidation. Method Enzymol.
1990; 86: 421—431.

Suarez B, Alvarez AL, Garcia YD, del Barrio G, Lobo AP, Parra F. Phenolic profiles, antioxidant activity
in vitro antiviral properties of apple pomace. Food Chem. 2010; 120: 339-342.

Juskiewicz J, Jankowski J, Zdunczyk Z, Kolodziejczyk K, Mikulski D, Zdunczyk P. The chemical compo-
sition of dried apple, blackcurrant and strawberry pomaces and their effects on the growth performance
of young turkeys. J Anim Feed Sci. 2015; 24: 53-60.

Pérez-Jiménez J, Neveu V, Vos F, Scalber A. Identification of the 100 richest dietary sources of poly-
phenols: an application of the Phenol-Explorer database. Eur J Clin Nutr. 2010; 64: 112-120.

Patras A, Brunton NP, O’'Donnell C, Tiwari BK. Effect of thermal processing on anthocyanin stability in
foods; mechanism and kinetics of degradation. Trends Food Sci Tech. 2010; 21: 3—11.

Da Silva Pinto M, Lajolo MF, Genovese MI Bioactive compounds and quantification of total ellagic acid
in strawberries (Fragaria x ananassa Duch.). Food Chem. 2008; 107: 1629—1635.

Buendia B, Gil MI, Tudela JA, Gady AL, Medina JJ, Soria C, et al. HPLC-MS analysis of proanthocyani-
din oligomers and other phenolics in 15 strawberry cultivars. J Agric Food Chem. 2010; 58: 3916—-3926.
doi: 10.1021/jf9030597 PMID: 20038100

Le Bourvellec C, Guyot S, Renard CMGC. Interactions between apple (Malus x domestica Borkh.) poly-
phenol and cell walls modulate the extractability of polysaccharides. Carbohyd Polym. 2009; 75: 251—
261.

Juskiewicz J, Krol B, Kosmala M, Milala J, Zdunczyk Z, Zary-Sikorska E. Physiological properties of die-
tary ellagitannin-rich preparations obtained from strawberry pomace using different extraction methods.
Pol J Food Nutr Sci. 2015; 65: 199-209.

Wojdyto A, Figiel A, Oszmianski J. Influence of temperature and time of apple drying on phenolic com-
pounds content and their antioxidant activity. Pol J Food Nutr Sci. 2007; 57: 601-605.

Giomaro G, Karioti A, Bilia AR, Bucchini A, Giamperi L, Rici D, et al. Polyphenol profile and antioxidant
activity of skin and pulp of a rare apple from Marche region (ltaly). Chem Cent J. 2014; 8: 45. doi: 10.
1186/1752-153X-8-45 PMID: 25067944

Kéhkoénen M, Kylli P, Ollilainen V, Salminen JP, Heinonen M. Antioxidant activity of isolated ellagitan-
nins from red raspberries and cloudberries. J Agric Food Chem. 2012; 60: 1167—-1174. doi: 10.1021/
{f203431g PMID: 22229937

PLOS ONE | DOI:10.1371/journal.pone.0170074 January 11,2017 17/19


http://www.ncbi.nlm.nih.gov/pubmed/11308320
http://dx.doi.org/10.1021/jf201950y
http://www.ncbi.nlm.nih.gov/pubmed/21805963
http://www.ncbi.nlm.nih.gov/pubmed/23971202
http://www.ncbi.nlm.nih.gov/pubmed/1291534
http://dx.doi.org/10.1021/jf9030597
http://www.ncbi.nlm.nih.gov/pubmed/20038100
http://dx.doi.org/10.1186/1752-153X-8-45
http://dx.doi.org/10.1186/1752-153X-8-45
http://www.ncbi.nlm.nih.gov/pubmed/25067944
http://dx.doi.org/10.1021/jf203431g
http://dx.doi.org/10.1021/jf203431g
http://www.ncbi.nlm.nih.gov/pubmed/22229937

@° PLOS | ONE

Dried Fruit Pomaces in Turkey Feeding

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Helbig D, Bohm V, Wagner A, Schubert R, Jahreis G. Berry seed press residues and their valuable
ingredients with special regard to black currant seed press residues. Food Chem. 2008; 111: 1043—
1049.

Chamorro S, Viveros A, Centeno C, Romero C, Arija |, Brenes A. Effects of dietary grape seed extract
on growth performance, amino acid digestibility and plasma lipids and mineral content in broiler chicks.
Animal. 2013; 7: 555-561. doi: 10.1017/S1751731112001851 PMID: 23031407

Lands WEM. Dietary fat and health: The evidence and the politics of prevention: Careful use of dietary
fats can improve life and prevent disease. Ann N Y Acad Sci. 2005; 1055: 179-192. doi: 10.1196/
annals.1323.028 PMID: 16387724

Gonzales-Esquerra R, Leeson S. Effect of menhaden oil and flaxseed in broiler diets on sensory quality
and lipids composition of poultry meat. Brit Poult Sci. 2000; 41: 481-488.

Laudadio V, Tufarelli V, Dario M, D’Emilio M, Vicenti A. Growth performance and carcass characteris-
tics of female turkeys as affected by feeding programs. Poultry Sci. 2009; 88: 805-810.

Jurgonski A, Juskiewicz J, Fotschki B, Kolodziejczyk K, Milala J, Kosmala M, et al. Metabolism of straw-
berry mono- and dimeric ellagitannins in rats fed a diet containing fructooligosaccharides. Eur J Nutr.
2015;

Fotschki B, Juskiewicz J, Jurgonski A, Kolodziejczyk K, Milala J, Kosmala M, et al. Anthocyanins in
strawberry polyphenolic extract enhance the beneficial effects of diets with fructooligosaccharides in
the rat cecal environment. PLoS ONE. 2016; 11: e0149081. doi: 10.1371/journal.pone.0149081 PMID:
26882456

Manach C, Scalbert A, Morand C, Rémésy C, Jiménez L. Polyphenols: food sources and bioavailability.
Am J Clin Nutr. 2004; 79: 727-747. PMID: 15113710

De Boer VCJ, Dihal AA, vad der Woude H, Arst ICW, Wolffram S, Alink GM, et al. Tissue distribution of
quercetin in rats and pigs. J Nutr. 2005; 135: 1617-1618.

Bieger J, Ceremek R, Blank R, de Boer VCJ, Hollman PCH, Kampheus J, et al. Tissue distribution of
quercetin in pigs after long-term dietary supplementation J Nutr. 2008; 138: 1417—-1420. PMID:
18641184

Jang A, Liu XD, Shin MH, Lee BD, Lee SK, Lee JH, et al. Antioxidative potential of raw breast meat from
broiler chicks fed a dietary medicinal herb extract mix. Poultry Sci. 2008; 87: 2382—-2389.

Igbal Z, Kamran Z, Sultan JI, Ali A, Ahmad S, Shahzad MI, et al. Replacement effect of vitamin E with
grape polyphenols on antioxidant status, immune, and organs histopathological responses in broilers
from 1- to 35-d age. J Appl Poult Res. 2015; 24: 127—-134.

Gonzalez E, Tejeda JF. Effect of dietary incorporation of different antioxidant extracts and free-range
rearing on fatty acid composition and lipid oxidation of Iberian pig meat. Animal. 2007; 1: 1060-1070.
doi: 10.1017/S1751731107000195 PMID: 22444809

Saha P, Yeoh BS, Singh R, Chandrasekar B, Vemula PK, Haribabu B, et al. Gut microbiota conversion
of dietary ellagic acid into bioactive phytochemical urolithin A inhibits heme peroxidases. PLoS ONE.
2016; 11: e0156811. doi: 10.1371/journal.pone.0156811 PMID: 27254317

Chamorro S, Viveros A, Rebole A, Rica BD, Arija |, Brenes A. Influence of dietary enzyme addition on
polyphenol utilization and meat lipid oxidation of chicks fed grape pomace. Food Res Inter. 2015; 73:
197-208.

Luehring M, Blank R, Wolfram S. Vitamin E-sparing and vitamin E-independent antioxidative effect of
the flavonol quercetin in growing pigs. Anim Feed Sci Tech. 2011; 169: 199-207.

Ahmed ST, Islam MM, Bostami ABMR, Mun HS, Kim YJ, Yang CJ. Meat composition, fatty acid profile
and oxidative stability of meat from broilers supplemented with pomegranate (Punica granatumL.) by-
products. Food Chem. 2015; 481-488.

Jurgonski A, Juskiewicz J, Zdunczyk Z, Matusevicius P, Kolodziejczyk K. Polyphenol-rich extract from
blackcurrant pomace attenuates the intestinal tract and serum lipid changes induced by a high-fat diet
in rabbits. Eur J Nutr. 2014; 53: 1603—-1613. doi: 10.1007/s00394-014-0665-4 PMID: 24500372

Palacios A, Piergiacomi V, Catala A. Antioxidant effect of conjugated linoleic acid and vitamin A during
non enzymatic lipid peroxidation of rat liver microsomes and mitochondria. Mol Cell Biochem. 2003;
250: 107-113.

Duester G, Mic FA, Molotkov A. Cytosolic retinoid dehydrogenases govern ubiquitous metabolism of
retinol to retinaldehyde followed by tissue-specific metabolism to retinoic acid. Chem-Biol Interact.
2003; 143—144: 201-210.

Fellenberg MA, Speisky H. Antioxidants: their effects on broiler oxidative stress and its meat oxidative
stability. World Poultry Sci J. 2006; 62: 53—70.

PLOS ONE | DOI:10.1371/journal.pone.0170074 January 11,2017 18/19


http://dx.doi.org/10.1017/S1751731112001851
http://www.ncbi.nlm.nih.gov/pubmed/23031407
http://dx.doi.org/10.1196/annals.1323.028
http://dx.doi.org/10.1196/annals.1323.028
http://www.ncbi.nlm.nih.gov/pubmed/16387724
http://dx.doi.org/10.1371/journal.pone.0149081
http://www.ncbi.nlm.nih.gov/pubmed/26882456
http://www.ncbi.nlm.nih.gov/pubmed/15113710
http://www.ncbi.nlm.nih.gov/pubmed/18641184
http://dx.doi.org/10.1017/S1751731107000195
http://www.ncbi.nlm.nih.gov/pubmed/22444809
http://dx.doi.org/10.1371/journal.pone.0156811
http://www.ncbi.nlm.nih.gov/pubmed/27254317
http://dx.doi.org/10.1007/s00394-014-0665-4
http://www.ncbi.nlm.nih.gov/pubmed/24500372

@° PLOS | ONE

Dried Fruit Pomaces in Turkey Feeding

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Brenes A, Viveros A, Goni |, Centeno C, Sayago-Ayerdy SG, Arija |, et al. Effect of grape pomade con-
centrate and vitamin E on digestibility of polyphenols and antioxidant activity in chicken. Poultry Sci.
2008; 87: 307-316.

Tang S, Kerry JP, Sheehan D, Buckley DJ, Morrissey PA. Antioxidative effect of added tea catechins
on susceptibility of cooked red meat, poultry and fish patties to lipid oxidation. Food Res Inter. 2001; 34:
651-657.

Miller NJ, Ruiz-Larrea MB. Flavonoids and other plant phenols in the diet: Their significance as antioxi-
dants. J Nutr Environ Med. 2002; 12: 39-51.

Puiggros F, Liopiz N, Ardevol A, Blade C, Arola L, Salvado MJ. Grape seed procyanidins prevent oxida-
tive injury by modulating the expression of antioxidative enzyme systems. J Agric Food Chem. 2005;
53: 6080-6086. doi: 10.1021/jf050343m PMID: 16028999

Dinkova-Kostova AT, Talalay P. Direct and indirect antioxidant properties of inducers of cytoprotective
proteins. Mol Nutr Food Res. 2008; Suppl 1: S128—138.

Jung K-A, Kwak M-K. The Nrf2 System as a potential target for the development of indirect antioxidants.
Molecules. 2010; 15: 7266—7291. doi: 10.3390/molecules15107266 PMID: 20966874

Rothwell JA, Day AJ, Morgan MRA. Experimental determination of octanol-water partition coefficients
of quercetin and related flavonoids. J Agric Food Chem. 2005; 53: 4355—4360. doi: 10.1021/jf0483669
PMID: 15913295

Halliwell B. Dietary polyphenols: Good, bad or indifferent for your health? Cardiovasc Res. 2007; 73:
314-347.

Landes N, Pfuger P, Kluth D, Birringer M, Ruhl R, Bél G-F, et al. Vitamin E activates gene expression
via the pregnane X receptor. Biochem Pharmacol. 2003; 65: 269-273. PMID: 12504802

Traber MG. Vitamin E, nuclear receptors and xenobiotic metabolism. Arch Biochem Biophys. 2004;
423: 6—11. PMID: 14989258

Wiegand H, Boesch-Saadatmandi C, Wein S, Wolffram S, Frank J, Rimbach G. Dietary flavonoids do
not affect vitamin E status in growing rats. J Anim Physiol Anim N. 2010: 94; 307-318.

Jankowski J, Juskiewicz J, Lichtorowicz K, Zdunczyk Z. Effects of the dietary level and source of sodium
on growth performance, gastrointestinal digestion and meat characteristics in turkeys. Anim Feed Sci
Tech. 2012; 178: 74-83.

PLOS ONE | DOI:10.1371/journal.pone.0170074 January 11,2017 19/19


http://dx.doi.org/10.1021/jf050343m
http://www.ncbi.nlm.nih.gov/pubmed/16028999
http://dx.doi.org/10.3390/molecules15107266
http://www.ncbi.nlm.nih.gov/pubmed/20966874
http://dx.doi.org/10.1021/jf0483669
http://www.ncbi.nlm.nih.gov/pubmed/15913295
http://www.ncbi.nlm.nih.gov/pubmed/12504802
http://www.ncbi.nlm.nih.gov/pubmed/14989258

