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Introduction: Chokeberry pomace, rich in polyphenolic compounds, holds potential to be a valuable feed additive for enhancing

the antioxidative capacity and overall quality of milk. This study explores the impact of dietary inclusion of chokeberry pomace on
oxidative stress parameters and other milk quality parameters in high-producing dairy goats. Material and Methods: Twenty-seven
goats were allocated into three groups: a control group provided standard feed and two experimental groups provided feed
supplemented with 15 g or 30 g of chokeberry pomace per kilogram. Milk samples were analysed for physicochemical traits, a range
of enzyme activities and antioxidant properties. Results: Supplementation with chokeberry pomace significantly reduced milk fat
content, enhanced antioxidative properties and increased most of the quantified enzyme activities. Total polyphenol content and
reduced glutathione levels were significantly higher in the supplemented groups, correlating with improved antioxidative potential of
the milk. Conclusion: Chokeberry pomace in goat diets enhances milk’s antioxidative properties and upregulates its enzymatic activity
profile, suggesting a potential strategy to improve the nutritional quality and health benefits of goat milk. The study underscores the
utility of chokeberry pomace as a feed additive that might not only benefit animal health but also contribute to enhanced milk quality.
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Introduction

Phenolic compounds constitute the most important
bioactive components of fruits with strong antioxidative
properties (4). The black chokeberry (4ronia melanocarpa)
contains an extraordinary number of polyphenolic compounds
in high levels: dominant are proanthocyanidins and
the second group by size are anthocyanins and phenolic
acids, which have antioxidant properties. The strong
antioxidative action of black chokeberry is known and
was reported in studies in humans and some species of
animals (13).

Poland is a leader in the production of chokeberry
on a global scale. Annually, 1.5 million tonnes of fruit
are processed in the domestic fruit industry, of which
3040 thousand tonnes are chokeberries. The effective
utilisation of chokeberry pomace remaining after the
fruit is juiced by using it as animal feed fits the model of

sustainable agriculture and has a positive impact on
environmental conservation. In the available literature,
data are lacking about the effect of chokeberry pomace
on oxidative stress parameters in goat’s milk and on its
quality. Oxidative stress is central to many diseases,
reproductive disorders and reduced milk yield in
ruminants (23). One of the approaches to minimising it
is including chokeberry as a livestock feed ingredient to
enrich and improve the quality of their milk. Another
reason for implementing fodder modification is to
increase the efficiency of breeding animals and maintain
antioxidative/oxidative homeostasis.

Goat meat and milk are valued in modern society
for their nutritional content and potential health benefits.
Goat’s milk is regarded as a high-quality, valuable,
healthy, tasty, and easily digestible nutritional product,
diverse health benefits are ascribed to it, and it is rich in
diverse macro- and micro-nutrients (16, 29). Moreover,
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it is more abundant in amino acids, vitamins, minerals,
and its proteins and fats are digested more easily and
faster than cow’s milk (29). One of the main characteristics
of goat’s milk that has contributed to its appeal as
an alternative to cow’s milk is its lower allergenicity (7).
This explains why it is also becoming more and more
popular among consumers. Milk from goats kept on
large-herd farms, where the focus is mainly on volume
production, and nutrition is from industrial feed
products, cannot be guaranteed to have any health-
promoting properties and nor will its consumption be
certain to bring the expected results. Ameliorating
industrial animal feed with plants including fruiting
plants exploits an important source of diverse
compounds with health-promoting bio-effects (4).

The aim of this study was to establish the impact of
different amounts of chokeberry pomace addition to a diet
for high-producing dairy goats on a range of parameters
associated with oxidative stress, metabolic health and
the quality of milk.

Material and Methods

Livestock and diet. The experiment was performed
with 27 three- or four-year-old dairy goats of the Polish
white improved breed which were in middle-stage
lactation and in the second or third year of lactation. The
goats were kept on a specialised farm in the Institute of
Genetics and Animal Biotechnology of the Polish
Academy of Sciences and were maintained in a loose
barn and fed with corn and wilted grass silage along with
mineral-vitamin premix according to INRA (Institut
National de la Recherche Agronomique, now Institut
National de Recherche pour I’ Agriculture, 1’ Alimentation
et I’Environnement, Paris, France) guidelines. The
animals also had free access to water. They were under
veterinary care which included screening for infections
or inflammatory changes in the mammary gland such as
mastitis. The animals were divided into three dietary
groups: a control group (C), fed with standard maintenance
feed prepared in accordance with INRA requirements;
and two experimental feeding groups differing in the
amount of chokeberry pomace added to the feed — group
Al on standard maintenance feed with 15 g of
chokeberry pomace added per kilogram and group A2
on standard maintenance feed with 30 g of chokeberry
pomace added per kilogram. Commercial chokeberry
pomace obtained by a drying process and free of
artificial preservative substances was obtained from
JAR-PASZ (Jaworzno, Poland) and was characterised
by a minimum of 90% dry matter, maximally 4% raw
ash content, 13% total protein and maximally 14%
humidity. Each group included nine dairy goats. The
three indicated diets were supplied to the animals for
60 d, whereby all animals were fed individually using
a controlled system for feed supply. All operations were
conducted in accordance with relevant international and
national guidelines concerning animal welfare. Since the
present study was on supplementation with an established

feed additive and the animals were maintained and milk
was collected on established commercial premises for
goat’s milk production, according to relevant national
guidelines ethical committee approval was not needed
for the procedures carried out.

Milk sampling. The goats were machine-milked
twice a day according to standard procedures. Prior to
milking, the goat’s teats were washed with clean tap
water and dried with a single-use paper towel. Before
attaching the milking machine to the teats, the first three
to four streams of milk from both teats of each goat were
discarded onto a strip cup and examined for any sign of
mastitis. Morning and evening milk samples were mixed
and sent for analyses. Milk was analysed by the Milk
Laboratory of the Institute of Genetics and Animal
Biotechnology, Jastrzgbiec, Poland. The somatic cell
count (SCC) was determined using the Bactocount
IBCM (Bentley Instruments, Chaska, MN, USA). Each
milk sample was also analysed for fat, protein (Prot),
casein (Cas), lactose (Lac), total solid, (TS), solids-not-
fat (SNF), urea, freezing point (FP), free fatty acid
(FFA), density (D), natural acidity (NA) and citric acid
(Cit acid) content. The composition and parameters of
milk were estimated using the MilkoScan FT2 device
(Foss Electric, Hillerod, Denmark).

Enzyme activities of carbohydrate-metabolizing
enzymes, aminopeptidases, and acid phosphatase.
Substrates for determining the lysosomal enzyme
activities were supplied from Sigma-Aldrich (St. Louis,
MO, USA). The activities of B-glucuronidase (B-GRD;
Enzyme Commission (EC) number 3.2.1.31), a-galactosidase
(0-GAL; EC 3.2.1.22), B-glucosidase (B-GLU; EC 3.2.1.21),
B-galactosidase  (B-GAL; EC 3.2.1.23), pB-N-
acetylhexosaminidase (HEX; EC 3.2.1.52) and
mannosidase (MAN; EC 3.2.1.24) were assayed
according to the procedures described by Barrett and
Heath, using p-nitrophenyl-B-D-glucuronide, p-nitrophenyl -
a-D-glucopyranoside, p-nitrophenyl-p-D-glucopyranoside
and p-nitrophenyl-p-D-galactopyranoside, N-acetyl-B-D-
glucosaminide and p-nitrophenyl--D-mannopyranoside
as the respective substrates upon which incubation was
undertaken at 37°C (3). The activities of acid phosphatase
(AcP; EC 3.1.3.2) were also assessed based on
4-nitrophenyl derivative conversion at 420 nm with
a Cary 50 Bio UV-VIS spectrophotometer (Varian, part of
Agilent Technologies, Mulgrave, VA, Australia) also
applying Barrett and Heath’s method (3). The activities
of the three quantified aminopeptidases, alanyl aminopeptidase
(AlaAP; EC 3.4.11.2), leucyl aminopeptidase (LeuAP;
EC 3.4.11.1) and arginyl aminopeptidase (ArgAP — EC
3.4.11.6), were assessed in the obtained supernatants as
described by McDonald and Barrett (15), as Fast Blue
BB salt (4-benzoyloamino-2, 5-diethoxybenzene-diazinium
chloride) derivatives at 540 nm using the Cary 50 Bio
spectrometer (Varian). The enzyme activities were expressed
in nmol/mg of total protein, per h. To adjust for protein
amounts, the milk’s protein content was determined as
described by Krawczynski and Osinski (12), using
bovine serum albumin as a standard.
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Vitamin C assay. The vitamin C (Vit C) content of
milk was determined according to the procedure described
by Omaye (19) and modified by Jo6zwik et al. (10) with
a Lambda Bio-20 spectrophotometer (PerkinElmer,
Waltham, MA, USA).

Reduced glutathione determination. Reduced
glutathione (GSH) in the milk samples was assayed with
an OxisResearch Bioxytech® GSH/GSSG-412 test
(Portland, OR, USA). Before analysis, the milk samples
were frozen with 1-methyl-2-vinylpyridium trifluoromethane
sulphonate at —80°C, and thawed afterward in order to
initiate erythrolysis. Then, the released GSH was
measured according to the kit manufacturer’s
instructions. Absorbance values at 2412 and reaction
kinetics data were obtained with a Bio-Tek Synergy4
microplate reader (Winooski, VT, USA). The evaluation
of the obtained results was performed with the Gen5
program (BioTek), and finally the glutathione levels
were expressed as pM values.

Potential to scavenge the free 1,1-diphenyl-2-
picrylhydrazyl radical. The potential of milk samples
to scavenge the free 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical was assessed according to the method
described by Brand-Williams ef al. (5), which uses
a synthetic DPPH radical. First, 1 mL of milk sample
was mixed with 10 mL of cold (4°C) ultra-pure ethanol
and the mixture was homogenised. The obtained
homogenates were then sparged with nitrogen and
sealed, before being extracted for 2 h in an ultrasonic
bath at 40°C. After extraction, the tubes were cooled,
and the samples were further centrifuged at 4°C and
4,000 x g for 15 min. Next, 0.5 mL of supernatant was
mixed with an equal part ethanolic solution of DPPH
(0.5 mM), previously diluted to achieve an absorbance
of around 0.9 at a wavelength of A = 517 nm. The
obtained mixture was then thoroughly blended and
incubated in a dark and cool environment for 30 min in
order to stabilise the colour. Extinction measurements
were finally done with a Cary 50 Bio UV-VIS
spectrophotometer at a wavelength of A = 517 nm with
Cary WinUV software.

Determination of total phenolic content. To
determine total polyphenol (Pol) content, 1 mL of the
milk samples was homogenised in 10 mL of ultra-pure
methanol containing 1% acetic acid chilled to 4° C. After
that, the tubes with samples were sparged with nitrogen
and sealed, which was followed by extraction for 2 h in
an ultrasonic bath at 40°C. The samples were next
cooled and allowed to settle in the dark. The total phenol
content was then determined using the modified
procedure described by Skerget et al. (26), employing
spectrophotometric assessment of the colorimetric
reaction of oxidation and reduction. The Folin-Ciocalteu
reagent was used as an oxidising reagent (1). The
reconstituted extracts (0.5 mL) were then transferred to
6-mL test tubes and mixed with 2.5 mL of Folin-
Ciocalteu reagent which had been diluted 10-fold with
demineralised water (Sigma-Aldrich, Buchs, Switzerland).
The samples were then thoroughly mixed for 8 min and

received the addition of 2 mL of saturated sodium
carbonate solution. After that, incubation at 40°C for
30 min was carried out (until the development of a stable
blue colour). The absorbance was next measured at 765
and 735 nm against a blank sample of 0.5 mL of double-
distilled H,O. The results were evaluated using a calibration
curve prepared based on the absorbance of a gallic acid
standard in the range 0-0.5 mg/mL. The results were
finally expressed as mg of gallic acid equivalents
(GAE)/g milk.

Statistical evaluation. The data were presented as
mean + standard deviation (SD). Prior to the statistical
analysis, the data for SCC were transformed to a logarithmic
value (log). The normality of all data was checked by
a Shapiro—Wilk test in STATISTICA 13 software (Dell,
now TIBCO, Palo Alto, CA, USA). If the data for multiple-
group comparisons had normal distribution, the statistical
significance was calculated by the software using the
two-factor fixed model analysis of variance procedure,
followed by a least significant differences post-hoc test
for significance analysis, and a P-value < 0.05 was determined
to be statistically significant. The relationship between
the technological parameters of milk and enzymes was
analysed by Pearson’s correlation analysis using the data
of all analysed groups.

Results

The results of the quantification of the physicochemical
parameters of milk are presented in Table 1. The log
SCC remained at a constant level in groups supplemented
with chokeberry and changes were not observed, while
in the control group a higher level was seen.

A lower fat level was recorded in the milk samples
of both groups supplemented with chokeberry.
However, it should be noted that the group given more
chokeberry (A2 group) produced milk lower in fat
content (P-value < 0.001) and density (P-value = 0.036).
A significantly (P-value = 0.026) lower FP was found in
the Al group’s milk at the end of the experiment compared
to the control group’s at the beginning of the experiment.
A significant FP difference (P-value = 0.012) was noted
over the course of the experiment between Al group
milk and A2 group milk.

Significant decrease in the NA of milk was
observed; these were in the Al group’s samples,
between the control group’s and the A1 group’s samples
and between the control group’s and the A2 group’s
samples over the course of the experiment, as well as
between the final control group milk samples and the
final A2 group milk samples (P-values < 0.001-0.023).
Moreover, a decrease was also found within the control
group (P-value < 0.001), which might possibly be due to
exogenous (environmental) factors that bore effect
during the experimental period.

No statistically significant differences were
observed in the levels of Cas, Lac, TS, SNF, urea, FFA
or Cit acid content.
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Table 1. Physicochemical parameters of milk in the control and experimental groups at the start and finish of chokeberry supplementation to dairy goats

Mean =+ standard deviation Statistical significance (P-value)

Phusi Between
ysico- Within C and Between  Between
chemical Amount of Between Al
arameters additive group Al, Al and Cand Cand and A2
paran Start Finish A2andC  Cand Al A2
of milk A2
Startto g ich Start to finish Finish
finish
Log ;(S)g Eig 2.65%0.57 2.680.17 0.831 0.184
somatic . fmrol 2.63 +0.24 2.61+020 0912 o070 0992 0.619 0.626
cell count © 2.68 £0.39 2.90 £0.20 0.187 :
;Sg Eﬁg 2.94 +0.42 273020 0.251 0757
Fat (%) . fmrol 330 £0.41 2.56 £0.36 <0.001* 051 0403 0.066 0316
© 2.88+£032 2.68+0.50 0.264 :
15¢ (A1)
. 2.85 +0.24 2.8240.14 0.793
?j";em 33;(@)21) 2.76 £ 0.20 2.94+027 0.106 8'??3 0.162 0.013* 0271
° © 2.66+0.27 2.74+0.29 0.093 :
;gg Eﬁg 2.01£022 1.87£0.19 0.189 0.438
Casein (%) gn ol 1.98 +£0.18 2.06+0.26 0.482 037 0604 0.227 0.085
C"(C)O 1.93£0.27 1.96 £0.25 0.784 :
Lactose ;gg Eﬁg 4.80 £0.25 476 +0.20 0.708 0550
o Cfmrol 4.83 +0.14 4.8240.22 0.828 oong 0184 0418 0.573
o © 4.89£0.15 4.82+0.19 0.484 :
Total ;gg Ei;; 10.97 £0.64 10.86 +0.32 0.707 0.946
Jids (%) gt | 11.28 0.60 10.84 +0.62 0.112 ogel 0777 0.835 0.934
solids (% C"(“C§° 10.79 £0.54 10.88 +£0.73 0.732 :
15¢ (A1)
. 8.13 +0.41 7.99 £0.25 0.404
lf‘ilzf,i/s)n"t 30g (tAzl) 8.08£0.29 8.15+0.45 0.671 g'ggg 0.877 0.389 0.309
at{z C"(‘(‘D;O 8.01+0.31 8.06 + 0.34 0.797 :
15¢ (A1)
Urea 308 (A2) 241.56 + 76.05 257.67 +102.27 0.652 0202
(/L) il 234.89 £ 67.15 199.50 % 46.60 0312 0765 1000 0.100 0.100
© 257.67 +92.03 210.25 +52.78 0.202 :
Freezin ;Sg Eﬁg —0.592.89 £11.59  —0.584.11 £20.34 0.187 0,006+
I (0%:) . fmml ~0.589.8499.09  —0.600.80 % 17.55 0.094 ogso  0010% 0893 0.012%
p © —0.601.67+4.12  —0.599.63  13.78 0.764 :
Z;iegsfa“y ;(S)g Eﬁg 0.61£0.11 0.79 +0.43 0.140 o113
(mmol/100 gt " 0.60+0.10 0.63£0.17 0.780 073 0084 0.630 0.191
mmo contro 0.58£0.38 0.59+0.17 0.923 :
g fat) ©)
15 (A1)
. 1023.96 + 1.65 102337+ 1.48 0.416
?jr‘fit)y 33(‘;3“&221) 1023.24 % 0.85 1024.75 £ 1.95 0.036* g'?gé 0.518 0011*  0.054
g © 1022.90 % 1.60 1023.66 £ 1.25 0.308 :
15 (A1)
16.89 + 1.62 14.44+2.01 0.001*
Natal 302 (A% 16.78 +0.67 15.80 + 1.32 0.170 OOt <0001%  0023% 0059
acidity ('T) C"(‘S" 17.44 £1.42 13.75+1.83 <0.001* :
15g (Al)
L 0.10 £0.03 0.09 % 0.01 0.849
g}t;“ acid 33511(@)21) 0.09 £ 0.02 0.09 £ 0.03 0.953 g'g?g 1.0 0.953 0.953
° © 0.09 +0.03 0.09 +0.03 0.863 :

* — statistically significant differences at P-value < 0.05; Al and A2 — dairy goat groups given feed supplemented with chokeberry pomace;
C — control dairy goat group

The results of aminopeptidase activity assessment
are presented in Table 2. Significant differences
(P-value < 0.001) were found in all tested aminopeptidase
activity levels between the beginning and the end of
chokeberry supplementation both within the supplemented
groups and within the control group. A significant
increase (P-value = 0.014) in LeuAP activity between
the control group at the beginning of the experiment and
Al group at the end of supplementation was observed.

There was also significant difference (P-value = 0.011)
between the Al and the A2 group at the end of the
experiment for LeuAP activity, while for AlaAP and
ArgAP there were no significant differences between the
experimental groups after supplementation.

The results of lysosomal enzyme activity assessment
are presented in Table 3. Chokeberry supplementation
resulted in a significant increase in AcP activity in the
Al and A2 groups. The activity of this enzyme at the end
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of the experiment in the A2 group was significantly
higher (P-value <0.001) than in the control group. Acid
phosphatase activity in the Al group at the end of
supplementation was significantly lower (P-value = 0.001)
than its activity in the A2 group.

There was a significant (P-value < 0.001) increase
in the activity of all tested glycoside enzymes in both
supplemented groups between the beginning and the end
of the experiment. Beta glucuronidase activity in the Al
and the A2 group increased significantly (P-value < 0.001)
between the beginning and the end of supplementation.
It should be noted that the increase in activity was much
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higher in the A2 group at the beginning of the experiment,
and that it then increased further. Beta glucuronidase
activity was also significantly higher in the A1 and A2
groups (P-value < 0.001) at the end of the experiment
than it was in the control group before the start of
supplementation. The differences in f-GRD activity in
the final phase of the experiment between the A1 and the
A2 group were also significant (P-value = 0.050).

A significant potentiation of B-GAL activity
(P-value < 0.001) was evident in both groups supplemented
with chokeberry. This was seen between the beginning
and the end of supplementation.

Table 2. The activity of aminopeptidases in milk in the control and experimental groups at the start and finish of chokeberry supplementation

to dairy goats

Mean =+ standard deviation

Statistical significance (P-value)

Amount of Within group Between C Between Between Between
Enzymes additive . Al A2andc  MATAC o dAl Canaaz A
Start Finish > and A2 A2
Start to finish Finish Start to finish Finish
. . 15g (A1) 2.96 +0 .37 3.65+0.40 <0.001*
gﬁr;yl};j:;?zzi;f)ase 30g (A2) 2914013 3.80+040  <0.001% gé:i <0.001*  <0.001* 0302
control (C) 2.85+0.24 3.83+£0.23 <0.001*
Leucyl-aminopeptidase 15g (A1) 298035 3.53+0.25 <o0.001* 0.014*
(nmol/mg protein/h) 30g (A2) 290+0.12 3.87+0.36 <0.001* 0.965 <0.001* <0.001* 0.011*
control (C) 2.87+0.23 3.88+0.31 <0.001*
Arginyl- 15g (A1) 3.01+037 3.59+042 0.001* 0676
aminopeptidase 30g (A2) 294+0.15 3.66+041 <0.001* 0.982 <0.001* <0.001* 0.642
(nmol/mg protein/h) control (C) 2.88+0.24 3.66+0.29 <0.001*

* — statistically significant differences at P-value < 0.05; A1 and A2 — dairy goat groups given feed supplemented with chokeberry pomace;

C — control dairy goat group

Table 3. The activity of lysosomal enzymes in milk in the control and experimental groups at the start and finish of chokeberry supplementation

to dairy goats

Mean =+ standard deviation

Statistical significance (P-value)

Within Between C Between C  Between C Between
W W
Enzymes Amount of group Al, and Al and and Al and A2 Al and
additive Start Finish A2andC  Cand A2 A2
Séir;s:’ Finish Start to finish Finish
. 15g(Al)  17.78+2.87 2029+183  0.005*
Acid phosphatase 30g(A2)  17.28+0.82 23.28+201  <0.001* 0.069 0.001*  <0.001*  0.001*
(nmol/mg protein/h) <0.001*
control (C) 1733 +£1.36 18.64+1.23 0.146
. 15g(Al)  099+0.14 1264010 <0.001% .
p-glucuronidase 30g(A2)  097£005 135012 <00o1x 00! <0.001*  <0.001*  0.051
(nmol/mg protein/h) <0.001*
control (C)  0.96+0.08  1.00£0.06 0413
. 15g(Al)  410£029 508+032  <0.001* .
p-galactosidase 30g(A2) 4014024  550£056 <0001+ 0001 <0.001*  <0.001*  0.014*
(nmol/mg protein/h) <0.001*
control (C)  3.95+041  3.66+0.10  0.092
. 15g(Al)  399+1.15 5104036  <0.001% .
B-glucosidase 30g(A2)  418=0.17  567+051  <0.001* 0.038 0.003* <0.001*  0.050*
(nmol/mg protein/h) <0.001*
control (C) 4.17+0.55 4.45+0.50 0.349
. 15g (Al) 4274026  514+033  <0.001% .
?r;izlc/:ldajzte'n ) 30g (A2)  441£022  537+052  <0.001* zg'ggi* <0.001%  <0.001* 0230
g proter control (C) 4284046  439+£050  0.566 :
- 15g(Al)  9.00=1.12 10.18+0.81  0.004* .
N-acetylhexosaminidase 30 \0) 9070063 11644095 <0.001* 0.021 0.001* <0.001*  <0.001*
(nmol/mg protein/h) <0.001%*
control (C)  8.77+0.68  922+0.60  0.266
. 15g (Al) 2234031 2534023  0.008*
](\r/xlfrilcz?r:dasfotein/h) 30g(A2) 2194007  2.67+021  <0.001* é’ 332;* 0.020% <0.001*  0.186
£p control (C)  227+024  244+022  0.133 :

* — statistically significant differences at P-value < 0.05; A1 and A2 — dairy goat groups given feed supplemented with chokeberry pomace;

C — control dairy goat group
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Table 4. The activity of antioxidant non-enzymatic compounds in milk in control and experimental groups at the start and finish of chokeberry

supplementation to dairy goats

Mean =+ standard deviation

Statistical significance (P-value)

Within Between C and Bet C Bet Between
. etween etween
Non-enzymatic .. group Al, Al and C and Al and
Amount of addit ’

compounds fount ot additive Start Finish A2 and C A2 and Al Cand A2 A2
Start t
ﬁiishc’ Finish Start to finish Finish

2,2-diphenyl-1-

(i; nllpdig N 15g (A1) 80.03+3.60 85774268  <0.001% 0001+

ety ycrazy 30g (A2) 80.95+1.54 8747+132  <0.001* ' <0.001*  <0.001*  0.097

(% of remaining trol (C) 80.80+1.49 8037+1.52  0.684 <0.001*

nir . . . . .
DPPH) como
15g (Al 188+022 210+034  0.059%
Vitamin C g(AD 0.978
e/ 100mL) 30g (A2) 191+024  211£027  0.107 0880 0.414 0337 0901
control (C) 1994025 209028  0.444 ‘
. 15g (A1) 24.46+4.09 5556+10.60 <0.001*

R Jutat <0.001*

( eﬁ;ced ghutation 30g (A2) 22844298 66.50+£20.59 <0.001% <g g oLs <0.001*  <0.001%  0.029%

H control (C) 2176 +£233 29.64+777  0.132 :

15g (Al 78032  697+1.14  <0.001*
Polyphenols 58 (Al) 378 3 697 0 <0.001*
(e/GALD) 30g (A2) 3514038 811£101 <0001 o <0.001*  <0.001%*  0.001%
control (C) 3684044  381+051 0712 '

* — statistically significant differences at P-value < 0.05; Al and A2 — dairy goat groups given feed supplemented with chokeberry pomace;

C — dairy goat group; DPPH — 1,1-diphenyl-2-picrylhydrazyl; GAE — gallic acid equivalent

There was a significant augmentation of B-GLU
activity (P-value < 0.001) in both groups supplemented
with chokeberry at the end of the experiment. The
greatest significant difference between the initial
activity level and the final activity level was in the group
given 30 g chokeberry. Significantly higher B-GLU
activity was demonstrated after supplementation and
compared to the control group. A significant difference
(P-value =0.050) between the Al and the A2 groups was
noted at the end of supplementation.

After supplementation with chokeberry, both the
Al and A2 groups showed significant differences in
HEX (P-value < 0.001), but the highest enzyme activity
was observed in the A2 group. Significant difference
between the three levels of chokeberry supplementation
(P-value < 0.001) were also found.

As it did for the other glycoside enzymes,
chokeberry supplementation resulted in a significant
increase in a-GLU activity (P-value < 0.001). The
highest increase in enzyme activity occurred in the A2
group after the end of supplementation.

Mannosidase activity increased significantly in
both experimental groups after the addition of
chokeberry to their feed. Interestingly, there were no
significant differences in MAN activity in milk between
the 15-g- and 30-g-supplemented groups.

Table 4 shows the results for non-enzymatic
parameters. An increase in DPPH depending on the
amount of chokeberry added in the feed, the highest
level of DPPH (P-value <0.001) was observed in the A2
group. However, no significant differences were found
between the supplemented groups.

The addition of chokeberry did not significantly
affect the level of Vit C in milk. Meanwhile, it had
a positive effect on the oxidation-reduction potential of

milk, which was manifested by an increase of GSH in
the experimental groups. It was also shown that the level
of GSH depends on the lactation period, which was
manifested by an increased trend in GSH activity also in
the control group.

It was shown that a higher level of chokeberry
addition in the feed resulted in a significant increase in
the total level of polyphenols in milk compared to the
control group (P < 0.001). A significant relationship
with the chokeberry dose was also found (P < 0.001).

Figure 1 correlates the milk physicochemical
parameters with the activity of lysosomal enzymes and
other tested non-enzymatic antioxidant parameters.
There was a significant negative correlation between the
fat level and the activity of other parameters except
DDPH (r = —0.223). The acidity parameter correlated
negatively with the activity of some lysosomal enzymes:
B-GRD, MAN and GSH (Fig. 1). Natural acidity was
also strong negatively correlated with AlaAP, LeuAP
and ArgAP. A low positive correlation was also found
between the level of FFA and DPPH activity, and
between milk density and B-GLU and HEX activity.

The total level of Pol in all experimental groups and
also in the control group was slightly positively
correlated with D (r = 0.283) and slightly negatively
correlated with the level of fat in milk (r =—-0.394). The
remaining physicochemical parameters of milk did not
show any correlation with the level of Pol.

The activity of all lysosomal enzymes was
significantly and positively correlated with the total
level of Pol in milk (Fig. 1.). The strongest correlation
occurred for B-GRD activity (r = 0.838) and B-GAL
(r=0.831). A high correlation (r = 0.817) was also noted
for GSH activity. For the remaining enzymes, the
correlation ranged from 0.524 to 0.779.
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Fig. 1. Milk parameter correlation coefficients with the activity of lysosomal enzymes and other measured non-enzymatic antioxidant parameters

AlaAP — aminopeptidase; LeuAP — leucyl aminopeptidase; ArgAP — arginyl aminopeptidase; AcP — acid phosphatase; B-GRD — B-glucuronidase;
B-GAL — B-galactosidase; B-GLU — B-glucosidase; HEX — PB-N-acetylhexosaminidase; a-GLU — o- galactosidase; MAN — mannosidase;
DPPH - 1,1-diphenyl-2-picrylhydrazyl; Vit C — vitamin C; GSH — glutathione; Pol —polyphenol; Log SCC — logarithmic somatic cell count;
Prot — protein; Cas — casein; Lac — lactose; TS — total solids; SNF — solids-non-fat; Cit acid — citric acid; FP — freezing-point; FFA — free fatty acid;

D — density (of milk); NA — natural acidity
Discussion

The healthy food market is developing very
dynamically. Consumers increasingly frequently look
for food with high health benefits. Milk plays an important
role in the human diet, and goat’s milk is an alternative
for people allergic to cow’s milk protein. Using fruit
pomace in animal feed conforms to the modern trend in
sustainable agriculture and simultaneously may produce
milk with beneficial properties desired by consumers.

The supplementation of the diet of high-production
dairy goats with chokeberry pomace exhibits promising
effects on oxidative stress parameters and the overall
quality of milk, as demonstrated by our findings. This
study contributes to the growing body of research
evidence that underscores the potential health benefits of
dietary polyphenol supplementation in livestock
nutrition, particularly in the context of improving milk
quality and animal welfare.

While chokeberry and chokeberry-derived by-
products (such as pomace) are broadly studied as health-
promoting nutraceuticals (11), the putative effects of
chokeberry supplementation on the milk quality of livestock
animals remained unexplored up to now. Chokeberry is
known to be rich in polyphenolic compounds (11), and
the supplementation with chokeberry pomace significantly
enhanced the antioxidative capacity parameters (DPPH,
GSH and total Pol level) of goat’s milk (Table 4). The
better antioxidative capacity of milk resulted in the
stabilisation of log SCC, which remained materially
unchanged through the chokeberry supplementation,
while rising in the control group as is typical in the
course of lactation (28). Therefore chokeberry pomace
also improved the cytological quality of goat milk.
These results align with the growing body of findings
from previous studies which have highlighted the role of
dietary polyphenols in boosting antioxidant defence
mechanisms in dairy animals (9, 24).

Relatedly, our study noted significant improvements in
the levels of non-enzymatic antioxidants such as GSH
and Pol. The elevation in GSH level is particularly
noteworthy, since GSH is a key antioxidant that plays
a major role in neutralising free radicals and protecting
mammalian cells from oxidative stress (2, 20). This
finding is consistent with previous works that reported
that dietary antioxidant supplementation could modulate
reduced GSH levels in ruminants, leading to better stress
resilience and health- and productivity-related outcomes
(6, 18, 22). Moreover, our work also aligns particularly
well with previous research involving dietary chokeberry
pomace supplementation, which demonstrated an increase
in reduced GSH blood levels in Polish Merino and
Wrzoséwka lambs (13).

In this investigation the synthesis of basic ingredients
such as protein and lactose was at a constant level, while
fat anabolism was less efficient. The fat content in milk
decreased in chokeberry-supplemented goats and the
larger chokeberry mass supplement had a significant
impact on reducing the fat content. Interestingly, this
research showed a negative correlation between the
activity of the tested enzymes and the percentage of fat
content in goat’s milk. It can be assumed that the
reduction of fat content brought about by chokeberry
supplementation may be caused by the increased activity
of lysosomal enzymes originating from mammary gland
cells and bacteria present in the milk. In respect to milk
fat content, the observed reduction associated with
chokeberry supplementation (Table 1) raises important
considerations regarding the nutritional and sensory
qualities of milk. A reduced fat content can influence
these qualities and the caloric value of milk, which are
critical factors for consumer acceptance. However, from
a health perspective, lower-fat milk may be preferable in
diets aiming at an overall health improvement, weight
loss and reduced fat intake (17, 30).

Interestingly, despite the increased activity of
aminopeptidases, the experimental animals maintained
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their metabolic balance, and the protein level in their
milk was not raised by the chokeberry pomace
supplementation. Higher aminopeptidase activity is
typical during lactation, and the similar increased in
activity of aminopeptidases in the control group may
have been due to the increase in log SCC. On the other
hand, the significant correlation between the content of
polyphenols and the activity of aminopeptidases may
indicate that chokeberry accelerates protein degradation
processes, but may also be the cause of increased protein
synthesis, as no changes in milk protein content were
seen. A further interesting observation in the present work
is the increased activities of aminopeptidases, AcP and
carbohydrate-metabolising enzymes (Tables 2 and 3) in
the milk samples of chokeberry-supplemented goats.
Importantly, some of the boosted enzymes, particularly
B-GRD, are crucial not just for metabolic processes but
also for cellular detoxification (27). Of particular importance
could also be the chokeberry pomace-induced increase
in the enzymatic activity of B-GAL and a-GAL, which
are involved in the degradation of the lactose that is
frequently not tolerated by milk and dairy-product
consumers (14, 25). On the other hand, reduction of
lactose content did not occur. Therefore, potentiated
activity of glycoside enzymes not only improves the
physicochemical parameters of milk, but also its quality
and nutritional value.

In respect of the conducted correlation study
(Fig. 1), it was notable that overall, increased enzyme
activities in the milk correlated positively with
polyphenol content and negatively with fat content,
which established potential causal links between these
parameters, but also suggested a coordinated anabolism—
catabolism programme shift in the studied population.

From a clinical perspective, the enhanced antioxidative
properties of milk could be indicative of the improved
health status of the dairy goats, with potential
implications for the reduction of the incidence of
diseases linked to oxidative stress, such as mastitis (8).
A dietary supplementation approach using chokeberry
pomace could possibly lower a farm’s veterinary costs
and reduce its use of antibiotics, aligning well with the
goals of sustainable and ethical animal farming
practices.

With respect to farming sustainability and environmental
protection, the use of chokeberry pomace, a by-product
of chokeberry juice production, as a feed additive is also
contributory because it utilises agricultural waste. Such
a dietary supplementation practice thus might not only
provide health benefits to livestock animals but also
build out the circular economy in agriculture, reducing
waste and the environmental footprint of goat farming.

While the current study provides valuable insights
into the benefits of chokeberry pomace in dairy goat
nutrition, future research should explore the longer-term
effects of such dietary modifications on animal health
and milk production. It would also be beneficial to assess
consumer acceptance of milk with altered fat content and
antioxidative properties such as chokeberry-supplemented

goats produce, as these factors play key roles in the
commercial success of dairy products.

Conclusion

The supplementation of high-producing dairy goat
diets with chokeberry pomace enhances the antioxidative
properties of milk and improves various quality parameters
(including reduction of fat content and enhancement of
metabolic enzyme activities). These changes reflect the
potential of chokeberry pomace as a natural antioxidant
in improving animal health and milk quality, offering
a promising strategy for sustainable dairy goat farming.
The findings also suggest that chokeberry pomace could
be a valuable feed additive in the context of precision
livestock farming, where diet formulations induce
specific metabolic patterns that could be optimised for
health and productivity outcomes.
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