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Simple Summary: In farm animals, high performance and exposure to various stress
factors can lead to oxidative stress and inflammation, both of which negatively affect
their health and productivity. To address these challenges, it is crucial to develop feeding
strategies that can mitigate oxidative stress and inflammation. Winemaking by-products,
such as grape pomace and grape seeds, are rich in polyphenols—compounds known for
their ability to reduce both oxidative stress and inflammatory responses. This review
evaluates the hypothesis, based on a literature analysis, that feeding grape by-products to
farm animals (pigs, chickens, and cattle) can help combat these processes. The findings
indicate that grape by-products are effective in reducing oxidative stress and inflammation
in pigs and chickens. However, the effects in cattle are less consistent and require further
investigation. In conclusion, grape by-products prove to be particularly beneficial as feed
for monogastric farm animals, not only in preventing oxidative stress and inflammation
but also in enhancing their overall well-being.

Abstract: High-yielding farm animals often face severe metabolic stress, compounded by
environmental stressors such as psychosocial stress, heat stress, intensive housing systems,
and poor hygiene management. These factors result in oxidative stress and inflammatory
processes, which adversely affect both animal health and performance. Polyphenols are
known to alleviate both oxidative stress and inflammatory responses. Since grapes are
rich in polyphenols, by-products of winemaking could have beneficial effects on these
processes. This review aims to provide an overview of the potential antioxidative and
anti-inflammatory effects of grape by-products in farm animals. The first section of the
review examines the causes and consequences of oxidative stress and inflammation. The
second section highlights the general effects of polyphenols in addressing these issues.
The third and central part of the review presents an overview of findings from studies
investigating the impact of various grape-derived polyphenols on the antioxidant system
and inflammation in pigs, chicken, and cattle. Overall, these studies demonstrate that
grape by-products can effectively reduce oxidative stress and inflammation in pigs and
chickens, often leading to improved performance. In cattle, however, fewer studies have
been conducted, and the results regarding oxidative stress and inflammation are less
consistent. In conclusion, grape by-products represent valuable feed options for preventing
oxidative stress and inflammation in monogastric farm animals (pigs, chickens).

Animals 2025, 15, 1536 https://doi.org/10.3390/ani15111536

https://doi.org/10.3390/ani15111536
https://doi.org/10.3390/ani15111536
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0003-3246-4136
https://orcid.org/0000-0002-1321-4820
https://orcid.org/0000-0002-7934-1304
https://doi.org/10.3390/ani15111536
https://www.mdpi.com/article/10.3390/ani15111536?type=check_update&version=1


Animals 2025, 15, 1536 2 of 41

Keywords: polyphenols; reactive oxygen species; antioxidant system; farm animals

1. Introduction
High-performing animals often experience metabolic stress due to increased feed in-

take and high productivity demands, which are frequently compounded by environmental
factors such as poor housing, heat stress, and suboptimal hygiene. These stress factors can
also trigger oxidative stress or inflammation [1–4]. As detailed in Sections 2.1 and 2.2 of
this review, both oxidative stress and inflammation negatively affect animal health and
livestock performance.

Since the EU banned feed antibiotics in 2006, there has been an intensive search for
feed additives for farm animals that can maintain or even improve animal health and
performance. Natural compounds produced by plants might be relevant candidates in this
regard. Plants produce a great variety of secondary metabolites, many of which have been
shown to exert a broad range of beneficial effects on health, particularly in humans and
rodent models, but also in various farm animal species [5–9]. Among the vast number of
secondary plant metabolites, the polyphenol group might be the most promising due to its
well-established antioxidant and anti-inflammatory properties [7,10–12].

Grapes are especially rich in polyphenols [13–15]. During grape processing for wine-
making, large amounts of by-products, such as grape pomace, are generated, which can
also be used as components in the feed rations of farm animals [16,17]. Many studies
have investigated the hypothesis that, due to their high polyphenol contents, grape by-
products from winemaking can counteract oxidative stress and inflammatory processes in
various farm animal species. However, the results regarding their effects on the antioxidant
system and inflammation are not entirely consistent. Moreover, an overview presenting
comparative species data on these effects has not yet been published.

Therefore, the aim of this review is to provide a comprehensive overview of current
research on the effects of grape by-products as feed additives in pigs, chickens, and cattle,
with a particular focus on their influence on oxidative stress and inflammation. In the
introductory sections, the generation and role of oxidative stress and inflammation, as well
as their effects on animal health and performance, are described. The main section then
focuses on studies examining the impacts of grape by-products on oxidative stress and
inflammation in pigs, chickens, and cattle.

2. Theoretical Background: Oxidative Stress, Inflammation, and Their
Interlinkage, and Potential Effects of Polyphenols
2.1. Oxidative Stress: Role of Oxidants and Antioxidants

Oxidative stress occurs when there is an imbalance between the production of oxidants
in cells or tissues and the antioxidant system, which is responsible for their elimination [18].
When oxidants overwhelm the antioxidant defense system, those that are not neutralized
and removed can cause cellular damage. In the body, certain target molecules, including
lipids containing polyunsaturated fatty acids (e.g., membrane phospholipids), DNA, pro-
teins, and specific carbohydrates such as hyaluronic acid, are highly susceptible to damage
by excessively produced oxidants. Excessive oxidative modification of these molecules
leads to cell death via apoptosis or necrosis, as well as structural tissue damage, which
can contribute to the development of several diseases in animals, such as pneumonia or
enteritis in pigs, mastitis or pneumonia in ruminants, or airway obstructions in horses [19].
In dairy cows, the production of excessive oxidants also leads to dysfunctional immune



Animals 2025, 15, 1536 3 of 41

responses [20,21]. The oxidation of proteins due to oxidation stress has been suggested to
affect female reproduction, gut health, and mammary gland function in dairy cows [22].

Oxidants include both radical and non-radical compounds containing oxygen, nitro-
gen, or chlorine [23]. The most important radicals are superoxide and hydroxyl radicals.
Superoxide radicals are primarily formed during electron transport when molecular oxy-
gen gains one electron [24,25]. Other key sources of superoxide radicals are activated
neutrophils and macrophages during inflammatory responses, in which these radicals are
enzymatically produced by NADPH oxidase [26,27]. Superoxide radicals can interact with
other molecules to form additional reactive oxygen species (ROS). A notable reaction in
this respect involves superoxide dismutase (SOD), which, within the mitochondrial inner
membrane, catalyzes the conversion of superoxide radicals into hydrogen peroxide, another
significant type of ROS. Transition metals such as iron and copper in their free form can
then react with hydrogen peroxide to produce even more reactive hydroxyl radicals (via the
“Fenton Reaction”) [28–30]. Several dietary factors may also increase oxidant generation
within the body. Dietary polyunsaturated fatty acids incorporated into cellular membranes
are susceptible to oxidation, which can be prevented by vitamin E. Therefore, an increased
intake of polyunsaturated fatty acids leads to an increased requirement for vitamin E. It
has been suggested that an additional 0.5 mg of vitamin E (RRR-α-tocopherol) is required
per gram of linoleic acid in humans, and there is even an additional requirement of 1.25 or
1.5 mg of vitamin E per g of eicosapentaenoic or docosahexaenoic acid [31]. Diets with
high levels of polyunsaturated fatty acids (such as diets with soybean oil, linseed oil, or
fish oil) lead to a reduction in tissue tocopherol concentrations in comparison to diets with
low levels of polyunsaturated fatty acids due to an increased turnover of vitamin E [32–34].
For farm animals, quantitative data on the additional requirement for vitamin E depending
on the intake of polyunsaturated fatty acids are not available. However, it seems plausible
that there is a similar increase in required vitamin E due to the increased uptake of polyun-
saturated fatty acids in animals. Elevated levels of lipid peroxidation products in plasma or
tissues, indicative of oxidative stress, are especially observed when a high intake of polyun-
saturated or oxidized fatty acids is combined with insufficient vitamin E [33,35,36]. Other
dietary factors, such as environmental pollutants (e.g., pesticides and organic solvents)
or mycotoxins (e.g., aflatoxins), stimulate the generation of oxidants. These substances
induce the production of ROS by activating the xenobiotic system in the liver [37,38]. The
xenobiotic system, a metabolic system located within the endoplasmic reticulum (ER), is
responsible for the biotransformation and elimination of foreign compounds (xenobiotics)
in the body. It consists of two phases. In phase I, xenobiotics undergo enzymatic reactions
that introduce reactive or polar groups, mainly by cytochrome P450 oxidases. In phase II,
these modified compounds are conjugated to polar compounds (such as glucuronic acid or
sulfate groups). After phase II, xenobiotics are generally less toxic and can be eliminated
via bile or urine [39]. However, the oxidation of some chemical compounds via cytochrome
P450-catalyzed reactions produces superoxide and other highly reactive compounds that
not only induce oxidative stress but also cause cytotoxicity and genotoxicity [40,41].

In contrast to the historical view that oxidants exert deleterious effects in cells ex-
clusively and contribute to the development of diseases, recent studies have shown that
physiological levels of oxidants act as important physiological regulators of intracellu-
lar pathways. For instance, it has been shown that oxidants are able to modulate the
activity of redox-sensitive target proteins by modifying cysteine residues. Therefore, the
concentrations of oxidants are regulated in cells at a physiological level [42]. When oxi-
dant concentrations increase in the body, adaptive responses are triggered to counteract
cell and tissue damage. This includes activating antioxidant enzymes, chaperones, heme
oxygenases, DNA repair systems, and ferritin (which binds free iron ions) [43,44]. A crucial
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component of this adaptive system is the nuclear factor-erythroid 2-related factor-2 (Nrf2),
a transcription factor regulating the expression of antioxidant and cytoprotective genes. In
its inactive state, Nrf2 is bound to Keap1, a protein that prevents its translocation into the
nucleus. However, ROS can interact with critical cysteine residues in Keap1, leading to its
degradation via the ubiquitin–proteasome system (UPS) and activating Nrf2. Active Nrf2
translocates into the nucleus, where it induces the expression of various genes containing
antioxidant response elements in their promoters. These genes encode proteins involved in
glutathione synthesis and conjugation, antioxidant proteins or enzymes [including SOD,
catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase (GR) as the most
important], xenobiotic-metabolizing enzymes and transporters, metal-binding proteins
(e.g., metallothionein or ferritin), and anti-inflammatory proteins [45–47]. These cytoprotec-
tive proteins not only mitigate oxidative stress but also enhance xenobiotic metabolism,
maintain cellular homeostasis, and support cellular detoxification [43]. Additionally, low-
molecular-weight antioxidants, such as ascorbic acid, tocopherols, tocotrienols, carotenoids,
uric acid, glutathione, and dietary flavonoids and polyphenols, contribute to the defense
against oxidants. These molecules interact with oxidants in a relatively nonspecific manner,
providing a protective buffer against oxidative damage [48–50]. It has been shown that
under specific conditions (e.g., in endurance athletes or in models of caloric restriction), the
moderate stimulation of ROS production in mitochondria can induce health-promoting ef-
fects or even increase lifespan. This phenomenon, known as mitohormesis [51], is based on
the fact that oxidants induce adaptive responses, such as the activation of Nrf2, which aims
to protect cells from damage by oxidative stress [52,53], while high doses of antioxidants
that prevent these oxidant signals interfere with these health-promoting effects [54,55].

2.2. Inflammation: Regulation and Consequences

An inflammatory process is a physiological response of the innate immune system
to an injury or a pathogen. It is the first line of defense against pathogens, but it also
enables the repair of cell damage and tissue injury [56]. Typical reactions that occur
during inflammation include redness, swelling, warmth, and pain. These reactions result
from increased blood flow and the increased permeability of blood vessels, which allow
leukocytes and large molecules such as antibodies or cytokines to pass from the bloodstream
into the damaged tissue. The aim of the inflammatory process is to eliminate invading
pathogens or toxins and to restore the damaged tissue [57]. An inflammatory process
is triggered by the production of a wide spectrum of cytokines, chemokines, adhesion
molecules, eicosanoids, or complement proteins [58]. These molecules form a complex
network that stimulates blood flow to the damaged tissue, thereby facilitating the entry of
immune cells. Additionally, immune cells are activated, and systemic responses, such as
increases in body temperature and heart rate and a decrease in appetite, are triggered [59].
On a molecular level, the inflammatory process is controlled by nuclear factor kappa B
(NF-κB), the key transcriptional regulator in both innate and adaptive immunity. Among
other factors, NF-κB can be activated by oxidative stress. Therefore, there is a direct link
between oxidative stress and inflammation. Viruses, bacterial toxins, pro-inflammatory
cytokines, and various other stress factors can also activate NF-κB, thereby inducing
inflammation. The activation of NF-κB leads to the expression of its target genes, which
include pro-inflammatory cytokines such as tumor necrosis factor α (TNF-α), various
interleukins (ILs), chemokines, inflammatory enzymes, adhesion molecules, and various
receptors [60]. At a physiological level, inflammation is a biological response that aims
to identify and eliminate a threat. It is important that the intensity of the inflammation is
high enough to fight the infection. However, if inflammation remains uncontrolled, it may
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progress to chronic inflammation, ultimately leading to self-destruction, which forms the
basis of inflammatory diseases [56,61].

A secondary reaction to an inflammatory process is the acute-phase response
(APR), which is initiated by synergistically and additively acting endotoxins such as
lipopolysaccharides and lipoteichoic acid—classified as pathogen-associated molecular
patterns—and various pro-inflammatory cytokines, such as IL-6, IL1β, tumor necrosis fac-
tor (TNF)-α, transforming growth factor (TGF)-β, IL8, and IL-22 [62,63]. During the APR,
over 200 proteins are produced, primarily in the liver [64]. The acute-phase proteins (APPs)
play a crucial role in the systemic response during inflammation, for example, through
pathogen opsonization, the scavenging of toxic substances, and the overall regulation of
different stages of inflammation [65]. Under healthy conditions, the concentrations of APPs
are very low, while their concentrations increase drastically during inflammation [60,64].
Haptoglobin (Hp) and serum amyloid A (SAA) in cattle and Hp, SAA, C-reactive pro-
tein, and pig major acute-phase protein in swine are the major proteins [66,67]. Many
methodological assays are presently available to measure these parameters and are still
being improved to increase their specificity, sensitivity, user-friendliness, and economic
availability. In cattle and swine, Hp and SAA are commonly used as biomarkers of inflam-
mation [68]. In cattle, the main applications are the diagnosis and monitoring of frequent
diseases such as mastitis and metritis in dairy cows and respiratory problems in young
calves. In pigs, APPs are useful in the control of bacterial and viral infections, and they may
be used at the slaughterhouse to monitor subclinical pathologies and improve food safety.
APPs have even been proposed as biomarkers to assess growth performance since there is
an inverse correlation between serum APP concentrations and production parameters. It
has been shown that stimulation of the immune system and increased inflammation are
accompanied by reduced growth performance due to anorexia, as well as the partitioning
of nutrients away from growth to support the immune system [66].

While the concentrations of APPs rise significantly during the early phase of inflam-
mation, the production of other proteins in the liver, such as albumin, apolipoproteins,
transferrin, and retinol-binding protein, is noticeably reduced during inflammation. The
biological significance of the reduced production of these proteins, referred to as negative
APPs, lies in conserving amino acids, which can then be used for the synthesis of APPs or
gluconeogenesis, and in restoring homeostasis after stress [65,69,70].

The production of cytokines as a result of an inflammatory reaction is not only crucial
for initiating an immune response to pathogens or toxins. Cytokines and other inflam-
matory mediators produced at the site of inflammation can also enter the brain through
the bloodstream, where they can trigger the production and release of cytokines in the
mediobasal hypothalamus, inducing a pro-inflammatory state. This, in turn, initiates alter-
ations in neurological activity that influence appetite, body temperature, and metabolic
programs regulating body mass and energy homeostasis [71,72]. The changes in metabolic
programs caused by pro-inflammatory states in the hypothalamus aim to release energy
and amino acids from stores (fat tissue, muscle tissue) and direct them to metabolic path-
ways that support the immune system. In this context, the breakdown of muscle protein
through the activation of the UPS plays a key role. The UPS is stimulated by increased
glucocorticoid release, which is a result of hypothalamic–pituitary axis activation dur-
ing pro-inflammatory conditions [71,73], and by direct activation by pro-inflammatory
cytokines [74]. Pro-inflammatory cytokines also suppress the anabolic effects of insulin,
thereby inhibiting muscle protein synthesis [75]. The purpose of increased protein break-
down and reduced protein synthesis in the muscle is to conserve amino acids, which are
available in the liver for the synthesis of APPs [76,77]. Amino acids released from the
muscle are also used for gluconeogenesis. This process is further stimulated by increased
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cortisol release from the adrenal cortex during inflammation. The glucose resulting from
this process is provided to activated immune cells, such as neutrophils and macrophages,
which rely on glucose for energy production [78]. The increased release of fatty acids from
adipose tissue, which results from the stimulation of lipolysis by elevated catecholamine
secretion from the adrenal medulla—a process regulated by the hypothalamus—serves to
meet the body’s increased energy demands to raise body temperature (fever generation)
and enhance immune system activity [78].

Another important reaction within the framework of inflammation, which is associated
with impaired animal performance, is the induction of anorexia [79]. Systemic inflammation
leads to the increased production of anorexigenic peptides in the arcuate nucleus of the
hypothalamus, while the formation of orexigenic peptides is reduced. Consequently, there
is a reduction in appetite, leading to reduced feed intake [71,80]. The loss of appetite in
sick animals is believed to have evolved as a survival strategy to fight against pathogen
invasion and to facilitate recovery [81,82]. By eating less, animals require less energy and
fewer nutrients for anabolic processes, allowing the body to conserve energy and redirect
it toward immune system activities, such as combating pathogens and repairing tissues.
Many pathogens depend on nutrients from the host’s diet to survive, of which iron is
particularly important [83,84]. The optimal iron concentration for the growth of most
bacteria is much higher than the concentration freely accessible in the host [85]. Pathogens
have thus developed strategies to obtain iron from their host organisms. For instance,
bacteria possess several receptors that are able to bind to and take up heme or iron from
the host [84]. In turn, host defense mechanisms have been developed that target this
dependence to deprive microbes of iron. The reduction in iron availability by reducing
iron intake from diet is one strategy in this respect. Other strategies include mechanisms
that aim to lower iron absorption in the small intestine by upregulating hepcidin (the
master regulator of iron absorption) or the formation of iron-related APPs such as ferritin
or lactoferrin (which sequester free iron), ceruloplasmin (which decreases the availability
of nonheme iron), haptoglobin (which binds to free hemoglobin), or hemopexin (which
binds to free heme). The coordinated action of these proteins can deprive pathogens of
iron [83,84,86]. Another important protein built by the host is lipocalin-2, which binds
to bacterial siderophores (iron-binding molecules), reducing the availability of iron for
bacteria and inhibiting their growth [83].

A study in infected mice demonstrated that survival positively correlated with
anorexia and weight loss, at least in the short term. In contrast, force feeding the in-
fected mice increased their mortality and shortened their survival time [87]. An overview
of the hormonal and metabolic changes induced by inflammation is provided in Figure 1.
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Figure 1. A simplified overview of the hormonal and metabolic changes triggered by inflammation
(in reference to [5]). During an inflammatory response, nutrients are released from stores (muscle,
adipose tissue) to meet the energetic demands of the inflammation process. Cytokines are released in
the affected tissues, which not only act on the local tissue but also stimulate the release of amino acids
from the muscle by activation of the ubiquitin–proteasome system (UPS) and fatty acids from adipose
tissue by activation of lipolysis. Cytokines can also cause hypothalamic inflammation, which induces
anorexia and, through increased release of cortisol or catecholamines, contributes to proteolysis in
the muscle and lipolysis in adipose tissue. Amino acids released from the muscle are used for the
synthesis of acute-phase proteins (APP) and gluconeogenesis in the liver. Glucose produced by
gluconeogenesis is utilized as an energy fuel by activated leukocytes. Fatty acids released are utilized
as fuel for tissues, such as for enhanced thermogenesis, leading to the generation of fever. Created in
BioRender. Eder, K. (2025) https://BioRender.com/xhvasdt, accessed on 25 April 2025.

2.3. Link Between Oxidative Stress, Inflammation, and Stress of the Endoplasmic Reticulum

A number of studies have shown that both oxidative stress and inflammation can
contribute to the development of endoplasmic reticulum stress (ER stress). ER stress refers
to a state in which the folding capacity in the ER is insufficient to adequately fold the
whole protein load within the ER lumen. As a result, unfolded or misfolded dysfunctional

https://BioRender.com/xhvasdt
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proteins accumulate in the ER. In turn, an adaptive response is activated, aiming to re-
store ER homeostasis [88]. This response, known as the unfolded protein response (UPR),
triggers three different cellular reactions: (i) the increased production of ER chaperones,
such as immunoglobulin heavy-chain binding protein (BiP), to enhance protein folding
capacity; (ii) the attenuation of protein translation to reduce the protein load; and (iii) the
activation of ER-associated degradation (ERAD), a cellular mechanism that identifies mis-
folded or defective proteins in the ER and marks them for degradation by the proteasome.
This process is essential for protein quality control and helps maintain cellular homeosta-
sis [89,90]. If ER stress becomes excessive and ER homeostasis cannot be restored, the
UPR can initiate cellular apoptosis. This action serves to preserve tissue functionality by
eliminating dysfunctional cells [91,92]. The UPR is activated when misfolded or unfolded
proteins accumulate in the ER. To restore protein homeostasis, the cell initiates a complex
signaling cascade regulated by three main transducers, namely, inositol-requiring 1 (IRE1),
PKR-like ER kinase, and activating transcription factor 6. Under physiological conditions,
when there is no stress, these transducers are bound to the chaperone BiP in the ER lumen,
keeping them in an inactive state. When unfolded or misfolded proteins accumulate in
the ER lumen, BiP dissociates from the transducers, activating them and triggering the
UPR [93]. The activation of PERK stimulates the phosphorylation of eukaryotic initiation
factor (eIF) 2α, leading to the attenuation of protein synthesis. The activation of IRE1 results
in the activation of the transcription factor X-box binding protein 1 (XBP1), which in turn
enhances the production of chaperones and ERAD components and increases phospholipid
biosynthesis, causing ER expansion through membrane enlargement. The activation of
XBP1 also stimulates the expression of genes involved in ERAD, lipid biosynthesis, ER
expansion, and protein folding. The initiation of the UPR also improves cellular defense by
activating Nrf2 and triggering inflammation through the upregulation of pro-inflammatory
genes. These measures aim to protect the cell from further damage that could exacerbate
ER stress. The UPR also activates the release of fibroblast growth factor 21 (FGF21), a
hormone that plays an important role in the stress response by providing energy through
the stimulation of lipolysis, fatty acid oxidation, gluconeogenesis, or ketogenesis [88,94,95].
To date, most studies on the role of FGF21 have been performed with rodents, while there
have been fewer studies in farm animals in this respect. However, there is evidence that
FGF21 also plays an important role in stress adaptation in farm animals. In both cows and
sows, significantly increased production of FGF21 in the liver has been observed during
lactation [96–101]. It has been suggested that this process is an adaptation to a negative
energy balance, metabolic stress, and ER stress during this phase [102].

ER stress is a well-documented phenomenon in obese individuals. Obesity induces
chronic inflammation in adipose tissue, leading to the increased production of ROS and
oxidative stress. Both oxidative stress and inflammation stimulate ER stress and activate
the UPR. Additionally, the enhanced release of fatty acids—especially saturated fatty
acids—from adipose tissue and their uptake by cells in obese individuals promote UPR
initiation [103,104]. Such an effect is also present in dairy cows that are over-conditioned
during the dry phase. Cows with a high body condition score have a lower feed intake
and a more pronounced negative energy balance associated with a greater increase in
non-esterified fatty acid mobilization from adipose tissue during early lactation compared
to cows with a lower body condition score [105–107]. These alterations favor the occurrence
of oxidative stress and inflammation, which could also cause ER stress [108,109]. Recent
studies suggest that the effect of the enhanced release of fatty acids on the development of
ER stress may primarily be caused by alterations in ER membrane composition, associated
with reduced membrane fluidity [110]. Numerous studies have demonstrated that ER stress
plays a crucial role in the development of pathological conditions or diseases, including
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non-alcoholic fatty liver disease, insulin resistance, type 2 diabetes, heart disease, cancer, or
neurodegeneration in humans [111,112].

In farm livestock, the occurrence of ER stress has been described only to a limited
extent. However, there are already some indications that ER stress in the liver may play
a role in the occurrence of fatty liver and possibly associated diseases, such as ketosis or
insulin resistance in dairy cows [113,114].

2.4. Effects of Polyphenols on Oxidative Stress and Inflammation

A large number of studies, conducted either in vitro with cell cultures or in vivo in
animal models, show that polyphenols from grapes or grape extracts exhibit antioxidant
and anti-inflammatory effects [56,115,116].

The antioxidant properties of polyphenols are based on their chemical structure.
Polyphenols contain aromatic rings with hydroxyl groups (-OH), which can donate elec-
trons without becoming unstable themselves. This helps to prevent or reduce oxidative
damage by neutralizing oxidants, such as superoxide radicals [117]. Furthermore, polyphe-
nols can activate antioxidative and cytoprotective signaling pathways. The most important
of these is the activation of Nrf2. This activation occurs because cells recognize polyphenols
as xenobiotic compounds that could potentially be toxic to the cell. According to the
so-called hormesis concept, defense systems are thereby activated, with the aim of breaking
down and detoxifying polyphenols. Consequently, alongside antioxidative genes, genes in
the xenobiotic system (Phase I and Phase II enzymes) are also activated, which not only
break down polyphenols but also eliminate ROS and other potentially toxic substances.
The activation of defense systems by polyphenols thus leads to an overall enhanced resis-
tance to oxidants and other harmful substances [118–120]. A further indirect antioxidant
effect of polyphenols is related to their capacity to chelate redox-active metals such as iron
and copper, which, in their free (unbound) form, are able to induce the formation of hy-
droxyl radicals from hydrogen peroxide via the Fenton reaction. Under healthy conditions,
redox-active metals such as iron and copper are strictly sequestered and occur at very low
concentrations in their free form. However, under pathological conditions, such as acute or
chronic inflammation, their free concentration may increase and induce the generation of
hydroxyl radicals [121].

The activation of Nrf2 also induces the process of autophagy, a conserved lysosomal
“self-digestion” pathway for degrading damaged proteins or organelles [121,122]. In this
context, the breakdown of damaged mitochondria is particularly significant, as these can
otherwise lead to increased ROS formation or even induce apoptosis in cells [123]. The
activation of autophagy by polyphenols, such as epigallocatechin gallate, can therefore help
counteract oxidative stress and the inflammation caused by it [124]. During autophagy,
amino acids, fatty acids, and nucleotides are also released in lysosomes, which can then be
used for protein synthesis and ATP production during stressful conditions [122].

The positive effects of polyphenols on inflammation are primarily mediated by the
direct inhibition of NF-κB, the master regulator of inflammation [125]. This inhibition leads
to the reduced production of pro-inflammatory cytokines (such as TNF-α or IL-6) and APPs
(such as C-reactive protein) [125–127]. Under normal conditions, NF-κB is restricted to
the cytoplasm, forming a complex with its inhibitor (IκBα). However, various stimuli can
initiate its dissociation through inhibitors of kappa kinase β (IKKβ) and α (IKKα), which
phosphorylate IκBα, leading to polyubiquitination and subsequent degradation. Once
NF-κB is released, it becomes activated and translocates to the nucleus, where it binds
to specific DNA regions known as NF-κB sites [128]. This binding is responsible for the
expression of cytokines, adhesion molecules, and inflammatory enzymes [129]. Among the
key stimuli triggering the NF-κB cascade are Toll-like receptors (TLRs), transmembrane
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proteins predominantly present in immune cells, which react to cytokines, ROS, and notably
LPS [118]. Polyphenols interfere with various processes involved in NF-κB activation. On
the one hand, they can inhibit the expression of NF-κB, and on the other, they also suppress
its transactivation. The inhibition of transactivation is linked to the reduced expression of
IKKβ, the kinase responsible for NF-κB release prior to its transport to the nucleus, as well
as the suppression of TLR-4 signaling [118].

Anti-inflammatory effects of polyphenols are also indirectly triggered by Nrf2. The
activation of Nrf2 not only activates antioxidant and cytoprotective pathways, as outlined
above, but also induces strong anti-inflammatory effects [47,130]. Several target genes
induced by Nrf2 are involved in both the suppression of pro-inflammatory pathways
and the potentiation of anti-inflammatory pathways. Important inflammatory mediators
and enzymes negatively regulated by Nrf2 are cytokines (such as IL-1, IL-6, and TNF-
α), chemokines (such as CXC and CC), cell adhesion molecules (such as ICAM-1 and
VCAM-1), matrix metalloproteinases, cyclooxygenase (COX)-2, and inducible nitric oxide
synthase. Heme oxygenase-1 (HO-1) is a potent anti-inflammatory target, whose expression
is upregulated by Nrf2 [45,131,132].

Since inflammation is also directly triggered by oxidative stress, the prevention of
oxidative stress by polyphenols further protects against the onset of inflammation [95].
Additionally, polyphenols can activate transcription factors such as peroxisome proliferator-
activated receptor γ, which inhibits inflammation by blocking the activation of NF-κB [133].
The role of polyphenols in the inhibition of oxidative stress and inflammation is shown in
Figure 2.

Figure 2. A simplified illustration of the effects of polyphenols in preventing oxidative stress
and inflammation. Reactive oxygen species (ROS), such as superoxide radicals, are produced in
mitochondria and by activated neutrophils, among other sources. These ROS can cause tissue damage
and promote inflammation by activating NF-KB. However, polyphenols can directly neutralize ROS
and activate Nrf2. Nrf2 not only induces antioxidant and cytoprotective pathways but also acts as
an antagonist to NF-KB, enhancing anti-inflammatory effects. Created in BioRender. Eder, K. (2025)
https://BioRender.com/wsmhdqf, accessed on 25 April 2025.

3. Polyphenols in Grapes and Grape By-Products
Grapes are among the most widely cultivated fruits in the world. In 2023, global

grape production amounted to 72.5 million tons, of which about 75% was used for wine
production [134]. Grapes are one of the fruits with the highest content of natural polyphe-
nols. Polyphenols are complex molecules representing a large group of over 8000 different
components, all of which have a phenolic ring as a structural characteristic. According

https://BioRender.com/wsmhdqf
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to the number of phenol rings and the structural elements binding these rings together,
polyphenols can be classified as flavonoid-type and non-flavonoid-type polyphenols [135].
Flavonoids, which predominate in grapes, constitute the largest group of polyphenols, with
over 4000 representatives. Flavonoids are plant pigments, but within the plant, they also
exert antioxidant, antimicrobial, and light-screening functions. Their common property
is two benzene rings connected by three carbon atoms, forming an oxygenated hetero-
cycle. Depending on the chemical structure, oxidation degree, or unsaturation of the
heterocyclic ring C, flavonoids can be classified into six subclasses: flavan-3-ols, flavonols,
anthocyanes, flavones, isoflavons, and flavanones. These molecules are generally water-
soluble, and they occur in glycosylated or aglycon form. Their basic structure is the flavone
ring [56]. Examples of flavonoids, whose physiological effects have also been frequently
studied, include flavonols such as quercetin and myricetin; flavones such as orientin, vi-
texin, and homoorientin; flavanols such as catechin, epicatechin, and epigallocatechin;
the flavanone naringenin; the anthocyanin cyanidin; and the isoflavones genistein and
daidzein [121,136,137]. Within the group of non-flavonoids, stilbenes and phenolic acids are
the most important representatives [138]. Stilbenes are known as phytoalexins, protective
compounds secreted by the plant following contact with a pathogen or abiotic stress [56].
Notable examples of stilbenes are resveratrol, trans-piceid, and trans-viniferins. Examples
of phenolic acids, which also contribute to the defense of plants against pathogens such as
bacteria, fungi, or viruses, are hydroxycinnamic and hydroxybenzoic acids [138].

Grape pomace, also known as grape marc or wine pomace, is an important by-product
of the winemaking process, representing about 20–25% of the total grape weight used in
wine production. This by-product consists of a mixture of grape skins (43% of total grape
pomace), seeds (23%), stems (25%), and pulp remnants [9]. Globally, around 8.5 million
tons of grape pomace are produced [139]. Grape pomace is rich in various nutrients, but
the levels of individual nutrients can vary significantly depending on the maturity level,
environmental factors, grape variety, and technology used in the winemaking process [16].
The main component of grape pomace is crude fiber, with a content of around 40% of dry
matter on average. The contents of crude protein and crude fat are, on average, 12% and 8%
of dry matter. Grape pomace is also rich in several minerals, such as potassium (20 g/kg
dry matter), phosphorus (14 g/kg dry matter), and calcium (4 g/kg dry matter) [16]. The
metabolizable energy (ME) content of grape pomace strongly depends on the fiber content,
which leads to a decrease in the digestibility of organic matter. Since the fiber content varies
over a wide range (14–75% of dry matter), the metabolizable energy content also fluctuates
across a broad range. For pigs and poultry, an average ME content of 6.7 MJ per kg dry
matter was reported (range: 5.1 to 8.7 MJ per kg dry matter) [16]. In a study in sheep,
the metabolizable energy content of pomaces from red and white grapes was 5.5 and
6.1 MJ ME/kg dry matter, respectively [140]. Thus, overall, the ME content of grape
pomace is low in both monogastric animals and ruminants.

Grape pomace can be divided into two fractions: seedless pomace (residual pulp,
stems, and skin), accounting for 48–62% of total mass, and seeds, accounting for 38–52%.
Grape seeds contain very high amounts of crude fiber (47% of the dry matter), most of which
is indigestible, but they also contain fat (13% of the dry matter) with a high proportion of
unsaturated fatty acids (especially linoleic acid) and protein (11% of the dry matter) [16].
The metabolizable energy content is even lower than that of grape pomace due to the low
digestibility of the organic matter (4.7 to 6.9 MJ per kg dry matter in pigs and chickens) [16].
Grape seed extract and grape seed oil are two by-products derived from grape seeds. Grape
seed extract is obtained when grape seeds from grape juice or wine processing are extracted,
dried, and purified to produce a residue enriched in polyphenols [16].
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During grape processing, existing polyphenols mainly remain in the grape pomace
due to incomplete extraction. Therefore, grape pomace contains high levels of polyphenolic
components. The total amount of polyphenols and the polyphenolic composition of
different grape pomace types can vary greatly depending on the grape cultivar, soil type,
weather, geographical location, and winemaking process [141,142]. Analyses of various
red and white grape pomaces indicated that the total polyphenol content in grape pomace
ranged between 15 and 80 mg per gram of dry matter [143–146]. The main representatives of
polyphenolic compounds in this by-product are anthocyanins (only in red grape pomaces),
catechins, flavonol glycosides, and phenolic acids [147]. The concentrations of individual
polyphenolic compounds in different grape pomace samples can vary over a wide range, by
a factor of 10 or even more [148]. Within the individual components of grape pomace, the
highest levels of polyphenolic components are found in grape skins and seeds. Analyses
of polyphenols in Italian red cultivars showed total flavonoid contents in seeds of around
100 to 160 mg per gram of dry matter, with proanthocyanidins being the main component.
In skins, total flavonoid levels ranged from 30 to 50 mg per gram, with proanthocyanidins
also being the main component [149]. In an analysis of 30 Chinese and Californian grape
varieties, total polyphenol levels in skins ranged from 2 to 16 mg gallic acid equivalents per
gram, while in seeds, the levels ranged from 30 to 57 mg gallic acid equivalents per gram.
In this study, the antioxidant activities of grape skins and seeds of various varieties in vitro
were strongly correlated with their contents of total polyphenols [150].

4. The Effects of Grape By-Products on Oxidative Stress and
Inflammation in Farm Animals

In the following chapter, studies are presented that examine the effects of grape by-
products on the antioxidant system and inflammation in pigs, chickens, and cattle. The
studies mentioned are the result of a literature search in the databases PubMed and Google
Scholar, using the search terms “grape” in combination with “pig”, “chicken”, and “cattle”.
Among the multitude of results, studies were selected in which at least one parameter
related to the antioxidant system or inflammation was considered.

4.1. Pigs

In recent years, a number of studies have been conducted with the aim of investigating
the effects of grape by-products on the antioxidant defense system and their ability to
reduce oxidative stress in pigs. Some of these studies also addressed the inflammation
process. Different grape by-products were used in these investigations, including grape
pomace, grape seeds, and grape seed extracts. In some studies, many parameters of the
antioxidant system were examined, sometimes across multiple tissues, while in others, only
individual parameters were investigated, and in some cases, in only a few tissues or in
plasma alone. In some studies on fattening pigs, the antioxidant status of pork was also
examined. An overview of studies investigating the effects of grape by-products on the
antioxidant system and inflammation in pigs is given in Table 1.

4.1.1. Studies in Weaned Pigs

Oxidative stress and inflammation in the intestine are particularly significant for
piglets during the weaning phase. This phase is critical and stressful for piglets, often
leading to enteric infections and gut disorders associated with inflammation and diar-
rhea [151,152]. Several studies have shown that grape by-products can mitigate oxidative
stress and inflammatory processes in weaned piglets, particularly in the intestine, but also
in other tissues.
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In a study by Gessner et al. [153], administering grape seed and grape marc meal
extract (1% in the diet) resulted in reduced NF-KB activity and a significant decrease in the
expression of several pro-inflammatory genes in the duodenal mucosa. Interestingly, the
authors also observed a reduction in Nrf2 activity and the expression of several Nrf2 target
genes, attributed to lower inflammatory stress. Feed efficiency in pigs fed grape seed and
grape marc meal extract was improved in this study. Similar results were found in a follow-
up study by these authors, where the use of grape seed and grape marc meal extract (1% in
the diet) led to the decreased expression of several pro-inflammatory genes (TNF, IL8, IL1B,
ICAM1) in the mucosa in various intestinal sections (duodenum, ileum, colon) [154]. Feed
efficiency showed a tendency for improvement when feed was supplemented with grape
seed and grape marc meal extract (p < 0.10). Wei et al. [155] investigated 21-day-old weaned
pigs fed diets supplemented with 50, 100, or 150 mg of grape seed procyanidins per kg, find-
ing dose-dependent increases in SOD expression and activity in the jejunal mucosa, while
the concentration of malondialdehyde (MDA), a marker of lipid peroxidation, decreased
dose-dependently in this tissue. Although other antioxidant enzyme activities remained
unchanged, the study suggested that grape seed procyanidins could reduce oxidative
stress in the intestines of early-weaned piglets. Additionally, this study revealed a notable
increase in microbiota diversity across various intestinal segments. No weight development
data for the animals were reported in this study. In a parallel study by the same group with
an identical experimental design, supplementation with grape seed procyanidins reduced
diarrhea incidence, comparable to the effect of an antibiotic compound [156]. Further-
more, grape seed procyanidins improved antioxidant enzyme activities (SOD, GPx), total
antioxidant capacity, and plasma concentrations of MDA, immunoglobulin (Ig) G, IgM,
complement C4, and IL-2, which were interpreted by the authors as indicators of enhanced
cellular and humoral immune responses. Despite these positive findings, performance
data remained unchanged compared to control animals. Han et al. [157] demonstrated that
supplementation with 250 mg of proanthocyanidins per kg diet in piglets, weaned after
28 days, increased glutathione (GSH) concentrations, increased SOD and GPx activities,
and reduced MDA concentrations in the intestinal mucosa and serum. Proanthocyanidine
feeding also increased intestinal microbiota diversity, strengthened gut barrier function,
and improved performance (body weight gain increased, and the feed–gain ratio was
reduced). Chedea et al. [158] reported that feeding a diet with 5% grape pomace to piglets
weighing 10 kg enhanced CAT, SOD, and GPx activities, increased total antioxidant capac-
ity, and reduced concentrations of thiobarbituric acid-reactive substances (TBARS), another
indicator of lipid peroxidation, in the duodenum and colon. No differences were observed
in performance data between the groups in this study. Rajkovic et al. [159] conducted an
extensive study on the effects of grape extract (150 mg/kg diet) in weaned piglets. Positive
effects on the villus surface in the ileum and jejunum were observed, but no effects were
noted on gene expression, the activities of GPx and SOD, or TBARS concentrations in the
liver, jejunum, and ileum at various time points (days 27/28, 55/56). Similarly, the expres-
sion of various tissue repair and immune response genes (HSP70, HSP90AA1, CYP8B1,
MMP13, TNFRSF14, CCL4) in the liver, as well as antioxidant measures (SOD, MDA) and
acute-phase proteins (haptoglobin, pigMAP) in plasma, remained unchanged by grape
extract in the feed.

In addition to studies primarily investigating the effects of grape by-products on
antioxidant and anti-inflammatory properties in the intestine, several investigations have
also examined their effects in the serum or other organs of weaned pigs.

Kafantaris et al. [160] conducted an experiment with early-weaned piglets (4.8 kg body
weight) fed diets supplemented with ensiled grape pomace. After feeding for 15 or 30 days,
the treatment group showed a significant increase in GSH concentrations and a reduction
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in TBARS and protein carbonyl concentrations in various tissues (liver, heart, quadriceps,
brain, spleen, kidneys, lungs, stomach, pancreas). However, antioxidant parameters in
blood samples (activity of CAT; concentrations of GSH, TBARS, and protein carbonyls; total
antioxidant capacity) remained largely unchanged. The feed conversion ratio improved
in the first 15 days of feeding with grape pomace, but no longer improved after 30 days.
Pistol et al. [161] investigated the effects of grape seed meal on the antioxidant status of
21-day-old pigs whose immune systems were challenged with dextran sulfate. In this
study, grape seed meal increased the gene expression and activities of antioxidant enzymes
(CAT, SOD, GPx) in the colon and lymph nodes while reducing DNA oxidative damage
and protein carbonylation in these tissues. The authors attributed this antioxidant effect to
Nrf2 activation in these tissues. Gessner et al. [162] studied the effects of grape seed and
grape marc meal (1% in the diet) on a broad set of genes involved in inflammation, cytopro-
tection, and ER stress in the liver of piglets (10 kg body weight). Supplementation showed
no effects on these metabolic pathways in the liver. The levels of NF-KB-p50, an active
component of NF-KB, were unchanged, indicating no influence of grape seed and grape
marc meal on inflammation in the liver. Antioxidant parameters in the liver and plasma
(antioxidant capacity, α-tocopherol, and TBARS concentrations) also remained unaffected.
In a study by Taranu et al. [163], a diet with 5% grape pomace was examined for its effects
on liver parameters related to antioxidant status and inflammation in pigs (initial weight
not specified). Grape pomace supplementation led to the reduced gene expression of IL-8,
IL-6, IFN-γ, eNOS, and COX2, as well as lower protein concentrations of IL-8, TNF-α, and
interferon (IFN)-γ. However, the activities of antioxidant enzymes (SOD, CAT, GPx) and to-
tal antioxidant capacity remained unchanged, while TBARS concentrations decreased. This
study suggests that grape pomace exerts anti-inflammatory effects but has only moderate
effects on the antioxidant system in the liver. Pistol et al. [164] studied piglets with an initial
weight of 9 kg fed diets with 8% grape seed meal. This study revealed a marked reduction
in the expression of several pro-inflammatory genes in the spleen. Antioxidant enzyme
activities and total antioxidant capacity were also elevated, indicating both antioxidant
and anti-inflammatory effects of grape seed meal in the spleen. In Park et al.’s study [165],
peripheral blood mononuclear cells (PBMCs) from piglets on diets supplemented with
grape seed-derived procyanidins released fewer pro-inflammatory cytokines (IL-1ß, IL-6,
TNF-α) after an LPS challenge compared to PBMCs from control piglets. The authors
interpreted these findings as an anti-inflammatory effect of procyanidins.

Taken together, the results of all the available studies suggest that grape by-products
have a positive impact on the antioxidant system in weaned pigs and can reduce oxidative
stress and inflammation, particularly in the intestine. Particularly strong effects of grape
by-products on the antioxidant system and inflammation were observed in weaned piglets,
in which weaning-associated inflammation processes in the intestine were enhanced. It is
assumed that the strong effects, especially the reduction in inflammatory processes through
grape by-products, are not only due to the antioxidant and anti-inflammatory effects of
polyphenols but also due to an influence on the intestinal microbiome. Several studies have
shown that grape by-products positively influence the composition of the microbiome in
piglets, thereby suppressing pathogenic microorganisms [157,160,166,167].

Although the data are less consistent, grape by-products also showed beneficial effects
on the antioxidant system in tissues other than the intestine. At least some of the studies
also indicate that grape by-products can improve performance, particularly feed efficiency,
in weaned pigs.
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4.1.2. Studies in Pigs with Body Weight Gains Greater than 30 kg and Growing-Finishing Pigs

In addition to studies performed on weaned pigs, there are also several studies dealing
with the effects of grape by-products on the antioxidant system and inflammatory markers
in pigs with weights greater than 30 kg and finishing pigs.

In a study by Zheng et al. [168], grape seed anthocyanidins at concentrations of 15,
30, 60, or 120 mg/kg diet were used in pigs with a body weight of 30 kg. The supplemen-
tation resulted in a linear increase in SOD and GPx activities in plasma and a reduction
in MDA concentration. The feed-to-gain ratio was also improved, possibly due to the
increased digestibility of energy and nutrients in the diet. Taranu et al. [169] provided
pigs (76 kg body weight) with a diet containing 5% grape seed cake. This study showed
that while SOD and GPx activities and total antioxidant capacity in the liver remained
unchanged, pigs fed grape seed cake had reduced expression and protein concentrations of
NF-KB and various cytokines (IL-1ß, IL-8, IL-6, TNF-α, IFN-γ) in the liver compared to the
control group. The concentration of the phosphorylated, active NF-KB was also reduced,
indicating anti-inflammatory effects in the liver due to grape seed cake supplementation.
Horodincu et al. [170] investigated the effects of grape pomace (1, 5, 10, or 15 g/kg diet) on
intestinal antioxidant and inflammatory status in growing–finishing pigs (around 85 kg
body weight). This study showed dose-dependent reductions in NF-KB p65 expression and
pro-inflammatory gene expression (TNFa, IL-1ß, MHC-II), along with the upregulation of
Nrf2 in various intestinal segments (duodenum, jejunum, ileum, cecum). These findings
suggest that grape by-products have beneficial effects on intestinal inflammatory status not
only in weaned piglets but also in growing-finishing pigs.

Some studies have also explored the effects of grape by-products on pork quality,
particularly regarding antioxidant status and susceptibility to lipid peroxidation. Yan and
Kim [171] fed pigs (20 kg body weight) diets supplemented with fermented grape pomace
products (30 g/kg) for 15 weeks, reaching a final weight of 106 kg. The supplementation
significantly improved daily weight gain during the grower phase and tended to improve
feed efficiency compared to controls. Pork (M. longissimus dorsi) showed no differences in
marbling and firmness, but TBARS concentrations were significantly lower in pigs whose
diets were supplemented with grape by-products. Trombetta et al. [172] investigated the
effects of supplementation of ensiled grape pomace (3.5 or 7%) in pigs, whose diets were
enriched with 3% linseed oil as a prooxidative challenge. The nutrient contents (lipids,
protein, cholesterol, ash), texture, and color of pork were unaffected by supplementation.
The concentration of TBARS in pork was unexpectedly elevated following grape pomace
supplementation, possibly as a result of increased levels of polyunsaturated fatty acids.
Tian et al. [173] fed pigs (55 kg body weight) diets supplemented with 6% dried grape
pomace for 75 days, reaching a final weight of 115 kg. Dried grape pomace feeding increased
total antioxidant capacity and SOD activity and reduced MDA and ROS concentrations in
pork (M. longissimus thoracis) compared to the control group.

Although there are significantly fewer studies on heavier pigs compared to weaned
pigs, overall, these studies suggest that grape by-products may have beneficial effects
on the antioxidant system and inflammation. Additionally, the available studies indicate
that the use of grape by-products in growing-finishing pigs can slow down the formation
of lipid peroxidation products in pork during storage. Although the concentrations of
polyphenols in pork were not measured in the cited studies, it seems plausible that the
lower susceptibility to oxidation is due to an accumulation of polyphenols in the muscle.
Polyphenols can then scavenge ROS that arise during oxidation in pork during storage and
slow down the heme-mediated lipid oxidation process [12,174,175].
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Table 1. Overview of studies dealing with the effects of grape by-products on the antioxidant system and inflammation in pigs.

Species Grape By-Product Dose and Treatment
Duration Main Effects Reference

Weaned pigs Grape pomace 5% in diet for 36 days
Duodenum: ↑ SOD activity

Colon: ↑ CAT and GPx activities
↑ Total antioxidant status, ↓ TBARS

[158]

Weaned pigs Ensiled grape pomace Unspecified dose for 15 or
30 days

d1-d15: ↑ ADG, FCR
d1-d30: ↑ GSH, TBARS, and protein carbonyls in different tissues [160]

Weaned pigs Grape seed meal 8% for 30 days Colon and lymph nodes: ↑ CAT, SOD, GPx gene expression and/or activity
↓ DNA oxidative damage and protein carbonylation [161]

Weaned pigs Grape seed and marc
meal extract 1% in diet for 28 days

Intestinal mucosa: ↓ NF-κB and Nrf2 transactivation,
↓ NF-κB and Nrf2 target gene expression,

↑ FCR
[157]

Weaned pigs Grape seed and marc
meal extract 1% in diet for 28 days ↓ Pro-inflammatory gene expression (TNF, IL8, IL1B, ICAM1) in the

intestinal mucosa [154]

Weaned pigs Grape seed and marc
meal extract 1% in diet for 28 days

Liver and plasma:
No effect on TEAC, α-tocopherol, TBARS

Liver: No effect on expression of genes involved in inflammation,
cytoprotection, and ER stress, and NF-KB-p50 protein level

[162]

Weaned pigs Grape extract 150 mg/kg diet for 27/28 or
55/56 days

No effects on GPx and SOD activity and
TBARS in liver, jejunum, and ileum

No effects on tissue repair or immune
response-related gene expression in liver (HSP70, HSP90AA1, CYP8B1,

MMP13, TNFRSF14, CCL4)
No effect on SOD and MDA level and

acute-phase proteins in plasma

[159]

Weaned pigs Grape seed procyanidins 50, 100, or 150 mg/kg diet for
28 days

↓ MDA; ↑ GPx; ↑ SOD
↑ Microbiota diversity
↓ Diarrhea incidence

↑ Serum total antioxidant capacity

[155,156]

Weaned pigs Grape seed-derived
procyanidins

100, 200, or 400 mg/kg diet
for 56 days

↓ IL-1β, IL-6, TNF-α levels in PBMCs
after LPS challenge [165]
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Table 1. Cont.

Species Grape By-Product Dose and Treatment
Duration Main Effects Reference

Weaned pigs Proanthocyanidins 250 mg/kg for 28 days
↑ GSH, SOD, GPx, and ↓ MDA
in intestinal mucosa and serum

↑ ADG, FCR
[157]

Growing pigs Grape seed anthocyanidins 15, 30, 60, 120 mg/kg for
33 days

↑ Plasma SOD, GPx, ↓ MDA
↑ ADG

↑ FCR (30–120 mg/kg groups)
[168]

Finishing pigs Grape pomace 1, 5, 10, or 15 g/kg diet for 90
days

↓ Intestinal NF-κB p65 and
pro-inflammatory target gene expression

↑ Intestinal Nrf2 expression
↑ ADG, ADFI

[170]

Finishing pigs Grape seed cake 5% in diet for 24 days

Liver:
↓ Expression of cytokines (IL-1ß, IL-8, IL-6, TNF-α, IFN-γ) and NF-κB and

target genes
↓ CAT expression and activity

No effect on SOD and GPx activities and
total antioxidant capacity

[169]

Finishing pigs Grape pomace 5% in diet for 24 days

Liver: ↓ Expression of cytokines and NF-κB target genes; (IL-8, IL-6, IFN-γ,
eNOS, and COX2)

↓ Protein concentrations of IL-8, TNF-α, and
interferon (IFN)-γ;

No effect on SOD, CAT, GPx, and total antioxidant capacity; ↓ TBARS

[163]

Finishing pigs Dried grape pomace
powder 6% in diet for 75 days ↑ Total antioxidant capacity, SOD

↓ MDA and ROS in pork [173]

Finishing pigs Fermented grape pomace 30 g/kg for 105 days ↓ TBARS in pork
↑ ADG during grower phase [171]

Sows Grape seed polyphenols 200 or 300 mg/kg for 56 days ↑ SOD, GPx in plasma; ↑ IgG and IgM in colostrum;
↑ Farrowing and pre-weaning piglet survivability [176]

ADFI: average daily feed intake; ADG: average daily gain; CCL4: C-C motif chemokine ligand 4; CYP8B1: cytochrome P450 family 8 subfamily B member 1; eNOS: nitric oxide
synthase 3; FCR: feed conversion ratio; HSP: heat shock protein; IFN-γ: interferon gamma; MMP13: matrix metallopeptidase 13; TNFRSF14: TNF receptor superfamily member 14;
↑ increase; ↓ decrease.
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4.1.3. Studies in Sows

Our literature search identified only one study that investigated the effects of grape by-
products in sows with respect to the antioxidant system or inflammation. Wang et al. [176]
provided sows with diets supplemented with 200 or 300 mg of grape seed polyphenols
per kg during the period from day 80 of gestation to piglet weaning (day 21 of lacta-
tion). Supplementation led to increased SOD and GPx activities in plasma on day 110
of gestation; however, total antioxidant capacity and MDA concentrations remained un-
changed. No inflammatory parameters were measured in this study. However, grape
seed polyphenols increased IgM and IgG concentrations in the colostrum and pre-weaning
piglet survivability.

4.2. Chickens

There are a number of studies on the effects of grape by-products on oxidative stress
and inflammation in chickens (broilers and laying hens). Compared to the studies on pigs,
most of the investigations, however, focused mainly on the antioxidant defense system,
while few studies examined the impact of grape by-products on inflammation. An overview
of these studies is presented in Table 2.

4.2.1. Studies in Broilers

The literature contains several studies that deal with the effects of grape by-products
on the antioxidant status in broilers. However, in the majority of these studies, only a few
antioxidant parameters were considered, often limited to a few tissues, such as serum.
Most of these studies used either grape seeds or polyphenols from grape seeds, such as
procyanidins. These studies are described first, followed by other studies that used different
forms of grape by-products.

Wang et al. [177] conducted a study in which broilers were fed diets supplemented
with 100 mg of grape seed extract per kg. To induce oxidative stress, 3% oxidized rice
bran oil was also added to the diets. The addition of grape seed extract resulted in an
increase in GPx activity and total antioxidant capacity, as well as a reduction in MDA
concentration in serum and the liver. However, the activities of CAT and SOD remained
unchanged. Furthermore, in the group with added grape seed extract, the gene expression
levels of Nrf2 and its target genes (HO-1, CAT) in the liver were elevated. The effects of
grape seed extract were weaker than those of vitamin E (25 mg/kg), which was added
to the diet in a positive control group. The addition of grape seed extract improved
performance parameters (body weight gain, average daily feed intake, feed-to-gain ratio)
to a degree comparable to the positive control. Noor et al. [178] tested diets with 1, 2,
or 3% grape seed powder in their study on broilers. They observed an increase in GPx
activity and a decrease in MDA concentration in plasma, along with a rise in the average
daily body weight gain of broilers. Gungor et al. [179] examined the effects of raw or
fermented grape seed (5 g/kg diet) on antioxidant parameters in broilers. Raw grape
seed led to an increase in GPx and CAT activities (but not SOD), while fermented grape
seed did not. Both raw and fermented grape seeds improved the average daily body
weight gain in comparison to the control group. Cao et al. [180] used two concentrations
of a grape seed proanthocyanidin extract (GSPE, 200 and 400 mg/kg diet) in broilers.
GSPE supplementation (at both concentrations) increased the activities of SOD and GPx,
as well as the total antioxidant capacity in serum, while reducing MDA concentration.
Supplementation with GSPE also reduced IL-1β concentrations in the serum, ileum, and
jejunum. Additionally, it improved the average daily body weight gain, daily feed intake,
and feed-to-gain ratio. Rajput et al. [181] studied the effects of GSPE (250 mg/kg diet) on the
antioxidant system of broilers treated with aflatoxin B1 (1 mg/kg diet). Supplementation
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with GSPE increased the activities of SOD, GPx, CAT, GR, and glutathione S-transferase
(GST), as well as GSH levels, while reducing MDA concentrations in the liver and serum.
The same group investigated the effects of GSPE on inflammation in the same experimental
model [182]. They observed that GSPE supplementation led to a significant reduction in
pro-inflammatory cytokine expression (TNF-α, IFN-γ, IL-1ß, IL-6) in the spleen, an effect
mediated by NF-KB inhibition. In the liver, an increase in the expression and concentrations
of Nrf2 and some of its target genes (HO-1, GPx1, NQO1, GCLC) was observed, indicating
that GSPE activated the antioxidant and cytoprotective systems through Nrf2 activation
during an aflatoxin B1 challenge. In the animals challenged with aflatoxin B1, GSPE also
significantly improved the average daily body weight gain, daily feed intake, and feed
conversion ratio. In a control group not treated with aflatoxin B1, GSPE showed no effects
on the antioxidant system or inflammation; however, the average daily gain was increased.
Abu Hafsa and Ibrahim [183] tested polyphenol-rich grape seeds (10, 20, 40 g/kg diet)
on the antioxidant system in broilers. They observed a dose-dependent increase in the
activities of SOD, CAT, GPx, and GST, as well as an increase in GSH levels and a reduction
in TBARS concentration in serum. Performance data (body weight gain, feed conversion
ratio) were improved at concentrations of 10 and 20 g of polyphenol-rich grape seeds per kg
compared to the control group, but were reduced at 40 g/kg. Farahat et al. [184] conducted
a study on broilers using diets with grape seed extract concentrations ranging from 125 to
2000 mg/kg. Even the lowest supplementation level led to an increase in reduced GSH
levels in the liver and a reduction in MDA concentration in meat. Higher doses did not
provide additional benefits compared to 125 mg/kg. Wang et al. [185] studied the effect
of a grape seed proanthocyanidin extract at a dose of 12 mg/kg diet on the antioxidant
system of broilers infected with Eimeria tenella. They found that SOD activity in plasma was
increased by the treatment, but MDA concentration remained unchanged. The daily weight
gains of infected animals were significantly improved by the grape seed proanthocyanidin
extract supplementation compared to the control. In a study by Yang et al. [186], the
effects of grape proanthocyanidins (5.5 to 30 mg/kg diet) on the antioxidant system were
investigated. In this study, only SOD activity and MDA concentration were measured. SOD
activity in plasma was increased, even at the lowest dose. MDA concentration in plasma
was reduced at 7.5 mg/kg while remaining unchanged at 15 and 30 mg/kg compared to
the control.

In addition to studies where grape seeds or grape seed extracts were used as polyphe-
nol sources, there are further investigations that utilized other grape by-products, such as
grape pomace or grape extracts.

In a study by Mavrommatis et al. [187], ground grape pomace (25 g/kg diet), dried
wine lees extract (2 g/kg diet), and extract from grape stems (1 g/kg diet) were included in
the rations of broilers. The expression of antioxidant enzymes (CAT, GPx, SOD, GST) in
the liver and their activities in plasma were not significantly influenced by the addition
of these three different grape by-products. However, the concentration of MDA in breast
muscle was reduced by the inclusion of dried wine lees extract or extract from grape
stems. In a follow-up study by the same authors, the expression of genes related to
inflammation (NFKB, MAPK, TNF, TLR4, INFA, INFG, IL1B, IL2, IL8, IL18) in the liver,
bursa of Fabricius, and spleen was measured using the same experimental model [188].
Overall, all three grape by-products had little effect on the expression of these genes in
the three tissues. Duangnumsawang et al. [189,190] used a grape extract as an additive in
broiler diets. The content of the product was adjusted so that the diet contained 165 mg
of procyanidins and 585 mg of total polyphenols per kg. This addition had no impact on
the expression of various pro-inflammatory genes in the cecum and ileum. In a study by
Brenes et al. [191], broilers were fed diets supplemented with different amounts of pomace
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grape extract (15, 30, 60 g/kg). The addition of pomace grape extract increased antioxidant
capacity in the ileum but not in the serum, and it did not affect animal performance.
Makri et al. [192] investigated the effect of grape pomace (used as a component of corn
silage) on the antioxidant system in broilers. After 50 days of feeding grape pomace, an
increase in GSH concentration was observed in the erythrocytes, heart, liver, lung, kidney,
and spleen, along with an increase in total antioxidant capacity in the liver and kidney
and a reduction in TBARS concentrations in the plasma, heart, quadriceps, intestine, and
spleen compared to the control group. Gungor et al. [193] studied the effects of raw and
fermented grape pomace (each 15 g/kg diet) in broilers. They observed an increase in
GPx and SOD activities in serum after feeding raw grape pomace and an increase in CAT
activity after feeding fermented grape pomace. Fermented grape pomace also led to an
increase in the final weight of the animals, although the feed conversion ratio remained
unchanged compared to the control group. In the work by de-Cara et al. [194], broilers
were fed a supplement comprising olive tree leaves and grape by-products (2 g/kg diet).
This preparation had only weak effects on the antioxidant system. The activity of SOD in
plasma was increased, but the activities of CAT and GPx as well as the concentration of
MDA remained unchanged, with no effects observed on performance parameters.

Several studies also investigated the impact of different grape by-products (grape
pomace, grape seeds, grape skins) on the concentrations of lipid peroxidation products
(TBARS, MDA) in broiler meat (thigh muscle, breast muscle). In most studies in which
meat was frozen immediately after slaughter and thawed directly for analysis, broilers on
diets supplemented with grape by-products showed no difference in lipid peroxidation
product concentrations in meat [191,195–197]. Only in Turcu et al.’s study [198] was a
lower concentration of TBARS observed in freshly thawed meat from broilers on diets
supplemented with grape pomace compared to control animals. In meat stored in a
refrigerator for 3 to 10 days, a significant reduction in MDA or TBARS concentration was
observed due to grape product supplementation in several studies [191,195–197,199,200].
Feeding a preparation consisting of olive leaves and a grape-based product also reduced
MDA concentrations in broiler meat after 6 days of storage at 4 ◦C [194]. These findings
suggest that the deposition of polyphenols in meat following the feeding of grape by-
products leads to the reduced oxidative sensitivity of lipids in the meat.

In sum, many studies have explored the effects of grape by-products on the antioxidant
system and inflammation in broilers. Although the studies used different products with
widely varying concentrations in the feed, the overall picture indicates that grape by-
products also have beneficial effects on the antioxidant system in broilers and can reduce
inflammation. Similar to pigs, broilers given grape by-products also showed positive
effects on performance (body weight gain, feed efficiency) and favorable effects on the
susceptibility of lipids to oxidation in meat in some studies.

4.2.2. Studies in Laying Hens

Beyond the multitude of experiments conducted on broilers, there are some studies on
the effects of grape by-products in laying hens. Most studies investigated whether grape
by-products could influence egg-laying performance and egg quality. In some studies,
reference was also made to the antioxidant system, though only a few relevant parameters
were typically measured.

In Tufarelli et al.’s study [201], the effects of grape pomace (5% in the diet) on an-
tioxidant parameters in laying hens were studied. The activities of GPx and SOD, total
antioxidant capacity, and MDA concentration were unchanged between the treated and
control groups. This study showed a slight but significant reduction in feed intake and
egg mass due to grape pomace supplementation. Selim et al. [202] also studied the use of



Animals 2025, 15, 1536 21 of 41

grape pomace (3, 6, and 9% in the diet) in laying hens. They observed a linear increase
in GPx activity and a linear reduction in MDA concentration in both serum and egg yolk
with increasing grape pomace content in the diet. This study also reported a linear increase
in egg production, egg weight, egg mass, and feed intake, along with a linear decrease
in feed conversion. Reis et al. [203] used grape pomace flour (1, 2, 3% in the diet) as a
supplement in laying hens under heat stress conditions. Supplementation reduced TBARS
concentrations in egg yolks and increased total antioxidant capacity dose-dependently. The
activities of GPx and SOD in serum increased with supplementation, while the TBARS
concentration decreased. In this study, egg-laying performance improved with 1% grape
pomace flour supplementation but was unchanged with 2 or 3% compared to the control
group. Herranz et al. [204] studied the effects of grape pomace (50 g/kg diet) in laying
hens and observed no influence on α- and γ-tocopherol concentrations or polyphenol
concentration (measured as gallic acid concentration) in egg yolk.

Some studies considered only the MDA or TBARS concentration in serum or egg
yolk. In the studies by Hafeez et al. [205,206], grape seed extract supplementation (250, 500,
750 mg/kg diet) led to reduced MDA concentration in plasma. Kaya et al. [207] observed
a reduction in MDA concentration in eggs stored for 14 days with the addition of grape
seed (0.5, 1.0, 1.5% in the diet) and grape seed extract (675, 1350, 2025 mg/kg diet) in
laying hens. Shorter (0 d, 7 d) or longer (28 d) storage periods showed no such effect. In
a study by Kara et al. [208], supplementing the diets of hens with 4 or 6% grape pomace
lowered the MDA concentration in the yolks of eggs stored for 15 d, but not in fresh eggs.
Romero et al. [209] observed a reduction in TBARS concentration in four-month-stored
eggs of laying hens fed diets supplemented with 60 g/kg of grape pomace but not in those
of hens fed diets supplemented with 0.5 or 1.0 g/kg of grape extract. Grigorova et al. [210]
observed no influence on MDA content in fresh eggs or eggs stored for 30 days in the
refrigerator, but they found reduced MDA content in eggs stored at room temperature
when hens were fed diets supplemented with grape marc flour (1 or 3% in the diet).

The number of studies regarding the effects of grape by-products on the antioxidant
system in laying hens is significantly lower compared to broilers. The data on the effects
on the antioxidant system and performance are also less consistent. However, there are
several indications that the feeding of grape by-products inhibits the formation of lipid
peroxidation products in egg yolk during storage.

4.3. Cattle

Compared to pigs and chickens, there are relatively few studies on the use of grape
by-products in cattle feeding. The majority of these studies have focused on the effects of
grape by-products on methane production [211–213] or on the quality of milk or its derived
dairy products [214–218] in dairy cows. An overview of studies performed in cattle dealing
with the antioxidant system and inflammation is shown in Table 3.
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Table 2. Overview of studies dealing with the effects of grape by-products on the antioxidant system and inflammation in chickens.

Species Grape By-Product Dose and Treatment Duration Main Effects Reference

Broiler chickens Grape pomace 15, 30, or 60 g/kg for 21 days ↑ Antioxidant capacity of ileal content
No effect on ADG, ADFI, and FCR [191]

Broiler chickens Grape seed powder 1, 2, or 3% in diet for 42 days 2% and 3% in diet:
↑ Plasma GPx; ↓ Plasma MDA; ↑ ADG [178]

Broiler chickens Grape seed extract 100 mg/kg for 42 days
Serum and liver: ↑ GPx and total antioxidant capacity, ↓ MDA;

Liver: ↑ Nrf2 target genes
↑ ADG, ADFI, FCR

[177]

Broiler chickens Grape seed extract after E. tenella
challenge 12 mg/kg for 21 days Plasma: ↑ SOD activity, No effect on MDA conc.

↑ ADG [185]

Broiler chickens Grape seed proanthocyanidins 200 or 400 mg/kg for 21 days
Serum: ↑ SOD and GPx, ↓ MDA

Serum, Ileum und Jejunum mucosa: ↓ IL-1β
↑ ADG, ADFI, FCR

[180]

Broiler chickens Grape seed proanthocyanidins
after aflatoxin B1 challenge 250 mg/kg for 28 days

Liver and serum: ↑ SOD, GPx, CAT, GR, GST, and GSH level
↓ MDA

Spleen:↓ Inflammatory cytokines
[181]

Broiler chickens Grape seed proanthocyanidins
after aflatoxin B1 challenge

250 mg/kg or 500 mg/kg for
28 days

Spleen: ↓ Cytokine expression (TNF-α, IFN-γ, IL-1β, IL-6)
Liver: ↑ Expression of Nrf2 and some target genes (HO-1, GPx1, NQO1,

GCLC); ↑ ADG, ADFI, FCR
[182]

Laying hens Grape pomace 3, 6, and 9% in diet for 8 weeks
↑ Feed efficiency; ↑ Egg mass; ↑ Egg weight

6% and 9% in diet: ↑ Feed intake
↑ Egg production; ↑ GPx and ↓ MDA in serum and egg yolk

[202]

Laying hens Grape pomace 5% in diet for 4 weeks No significant changes in egg tocopherol or polyphenol content [204]

Laying hens Grape pomace 5% in diet for 12 weeks
↓ Feed intake
↓ Egg mass

No effect on serum GPx, SOD, MDA, and total antioxidant capacity
[201]

Laying hens Grape pomace 4% or 6% in diet for 12 weeks ↓ MDA in plasma and yolk of eggs stored for 15 days [208]

Laying hens Grape pomace/Grape extract 30 or 60 g/kg/0.5 or 1 g/kg for
4 weeks

60 g/kg grape pomace:
↓ TBARS in eggs stored 4 months [209]
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Table 2. Cont.

Species Grape By-Product Dose and Treatment Duration Main Effects Reference

Laying hens Grape pomace flour under
heat stress 1%, 2%, or 3% for 35 days

↓ TBARS in egg yolk (all inclusion level) and serum (2% and 3%);
↑ Total antioxidant capacity in egg yolk (all inclusion level) and serum

(2% and 3%)
↑ Serum levels of GPx (all inclusion level) and SOD (2%)

↑ Egg-laying performance (1% inclusion level)
↑ Feed intake

[203]

Laying hens Grape marc flour 1% or 3% in diet for 34 days ↓ MDA in eggs stored 30 days at room temperature
No effect on MDA conc. in eggs stored 30 days under refrigeration [210]

Laying hens Grape seed extract 250, 500, or 750 mg/kg for
5 weeks ↓ MDA in plasma [206]

Laying hens Grape seed (GS) Grape seed
extract (GSE)

0.5%, 1%, or 1.5%/675, 1350, or
2025 mg/kg for 12 weeks

GS 1%, GSE 1350 mg and 2025 mg/kg:
↓ MDA in eggs stored 14 days;

GS 1.5%, GSE 2025 mg/kg:
↑ MDA in eggs stored 7 days

[203]

Abbreviations: see Table 1; ↑ increase; ↓ decrease.
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4.3.1. Studies in Dairy Cows

For high-yielding dairy cows, the transition period (from pregnancy to lactation) poses
a significant metabolic challenge. Feed intake decreases even before calving, and especially
at the onset of lactation, cows experience a severe negative energy balance, accompanied
by sharply increased plasma concentrations of free fatty acids and ketone bodies, as well as
elevated levels of triglycerides in the liver [219–221]. In addition to this metabolic stress,
the liver of early lactating cows is exposed to various inflammatory challenges, such as mi-
crobial components, pro-inflammatory cytokines, and ROS. These inflammatory challenges
arise from infectious diseases such as mastitis and endometritis, as well as conditions such
as subacute rumen acidosis and abomasal displacement, which frequently occur during
parturition, the onset of lactation, or both [59,222–224]. Consequently, transition dairy
cows develop inflammation-like conditions in the liver, characterized by the induction
of an acute-phase response [57,59,223,225,226]. These pro-inflammatory conditions also
lead to oxidative stress and ER stress in the liver [21,114,227,228]. Pro-inflammatory condi-
tions, in combination with oxidative and ER stress, affect not only the health but also the
performance of high-yielding dairy cows [59].

Several studies have investigated the impact of grape by-products on oxidative stress
and inflammatory processes in dairy cows. In Gessner et al.’s study [229], the use of grape
seed and grape marc meal extract (1% in the total mixed ration) was extensively analyzed
for its effects on the antioxidant and inflammatory status and additionally on the occurrence
of ER stress in the liver of dairy cows 1 and 3 weeks postpartum. Numerical reductions
in the expression of the UPR (as an indicator of ER stress) and inflammatory genes were
observed in the liver of cows fed the supplement, but they were not significant. The plasma
concentrations of various antioxidants and TBARS and the total antioxidant capacity were
also not significantly affected by grape seed and grape marc meal extract supplementation.
However, the expression of FGF21, a stress hormone [102,230], was reduced at weeks 1
and 3 postpartum, indicating that metabolic stress was mitigated by grape seed and grape
marc meal extract supplementation. In another study by the same group, a transcriptional
analysis of liver samples was conducted one week postpartum in cows on a diet supple-
mented with grape seed and grape marc meal extract (1% in the total mixed ration) [231].
Among the most downregulated genes were those associated with the UPR and inflam-
mation in the liver of cows given grape seed and grape marc meal extract. The plasma
concentrations of serum amyloid A and haptoglobin, two acute-phase proteins, were also
reduced. The authors concluded that the grape product could counteract the development
of inflammation and ER stress in the liver during early lactation. Gorbert et al. [232] pro-
vided cows with diets containing linseed oil and vitamin E, along with a plant extract rich in
polyphenols. This extract included grape components, among other ingredients (rosemary,
citrus, marigold). Supplementation lowered the susceptibility of plasma lipids to oxidation
(lag phase) and reduced MDA levels in plasma. However, it is unclear to what extent these
effects were due to the grape extract, as the preparation also contained other polyphenol
sources. Signor et al. [233] supplemented Jersey heifers daily with 25 mL of grape seed oil
(compared to soybean oil in the control group). Grape seed oil supplementation resulted
in lower TBARS concentrations and higher antioxidant capacity in plasma postpartum,
with no impact on feed intake or milk production. Chedea et al. [214] investigated the
effects of grape pomace (15% in the diet) on general health status and milk quality. They
observed increased plasma polyphenol levels in cows on a diet supplemented with grape
pomace. Other parameters of the antioxidant system or inflammation-related parameters
were not measured. In Huang et al.’s study [234], cows were fed diets supplemented
with GSPE (20, 40, 60, 80 mg/kg body weight per day). Feed intake was unaffected by
supplementation with GSPE, as were the activities of antioxidant enzymes (GPx, SOD),
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total antioxidant capacity, and plasma MDA concentration. However, the milk yield was
increased by supplementation with 20 mg GSPE/kg body weight per day.

It should be noted that the number of studies on the effects of grape by-products in
dairy cows is, overall, quite limited. There are some indications that grape by-products can
strengthen the antioxidant system in cows and counteract ER stress in the liver. However,
the available data are insufficient to make a clear statement on this.

4.3.2. Studies in Calves and Beef Cattle

In addition to studies in dairy cows, there are a few investigations dealing with the
effects of grape by-products on the antioxidant system in calves or beef cattle. Urkmez
and Biricik [235] supplemented 3-day-old heat-stressed female calves with grape seed
extract (25, 50, 100 mg/kg body weight/day). They observed a dose-dependent reduction
in plasma MDA and TNF-α concentrations and an increase in plasma SOD activity. Other
inflammatory and antioxidant plasma parameters showed no response to grape seed extract
supplementation. The authors concluded that supplementation with grape seed extract
improves the antioxidant and inflammatory status in calves. Ma et al. [236] provided beef
calves (68 days old) with 4 g of grape seed extract daily. Grape seed extract supplementation
had no impact on feed intake or weight gain but significantly affected average daily gain,
microbial protein production in the rumen, and dry matter digestibility. After 60 days of
feeding, the activities of antioxidant enzymes (CAT, SOD) and total antioxidant capacity in
plasma were increased, while MDA concentrations were reduced. IgG and IgA levels were
elevated, and cytokine concentrations (TNFα and IL-6 significantly; IL-1β and IL-10 in
trends) were reduced. The authors concluded that grape seed extract enhances antioxidant
capacity and immunity in beef cattle. Iannaccone et al. [237] provided 4-month-old Friesian
cattle with a diet supplemented with 10% grape pomace flour. A whole-transcriptome
analysis of blood samples revealed the significant upregulation of IL-1 and NF-kB signaling,
indicating immune system activation. However, pro-inflammatory cytokine concentrations
were not measured, so this indication remains speculative. Additionally, MDA concen-
trations in meat, particularly after 7 days of storage at 4 ◦C, were significantly reduced,
suggesting inhibited lipid peroxidation of meat lipids during storage. Molosse et al. [238]
fed 9-month-old steers diets containing 10% grape pomace bran (GPB) or grape pomace
silage (GPS) and examined antioxidant parameters in the serum, intestine, and liver. The
results were inconsistent: some parameters (TBARS in serum and liver, GST and ROS
in liver) improved with GPS, while others (GST in serum, intestine, and liver) improved
with GPB. Performance (weight gain, feed conversion ratio) was worsened by GPB but
unaffected by GPS. Li et al. [239] fed 16-month-old Angus bulls (with a weight of around
580 kg) a diet supplemented with 100 or 200 g of dried grape pomace per kg of total
mixed ration for a period of 141 d. In general, they observed no beneficial effects of the
supplementation on the antioxidant system or the concentration of ROS or MDA in serum.
Moreover, supplementation with 200 g of dried pomace per kg of total mixed ration actually
lowered daily body weight gains and increased the food-to-gain ratio.

Similar to studies in dairy cows, the number of studies in calves and beef cattle on the
effects of polyphenols on the antioxidant system and inflammation is low overall, and the
effects are also inconsistent.
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Table 3. Overview of studies dealing with the effects of grape by-products on the antioxidant system and inflammation in cattle.

Species Grape By-Product Dose and Treatment Duration Main Effects Reference

Dairy cows Grape pomace 15% for 12 weeks ↑ Plasma polyphenol conc.
No effect on milk polyphenol conc. [214]

Dairy cows Grape seed and marc
meal extract

1% in total mixed ration for
12 weeks

Plasma: No effects on concentrations of various antioxidants, TBARS,
and total antioxidant capacity

Liver: ↓ FGF21 expression
[229]

Dairy cows Grape seed and marc
meal extract

1% in total mixed ration for
4 weeks

↓ Plasma acute-phase proteins (SAA, HP)
↓ Expression of hepatic genes related to inflammation and ER stress [231]

Dairy cows Grape seed extract (dissolved in
drinking water, 500 mL per os)

20, 40, 60, or 80 mg/kg BW/day
for 50 days

No effects on GPx, SOD, total antioxidant capacity in serum, and MDA
in plasma; no effects on ADFI;

↑ Milk yield (20 mg/kg/BW/day group)
[234]

Calves Grape seed extract 25, 50, and 100 mg/kg BW/day
for 60 days ↓ Plasma MDA and TNF-α; ↑ Plasma SOD [235]

Calves Grape seed extract 4 g/day for 60 days ↑ Plasma SOD, CAT, total antioxidant capacity, IgG and IgA; ↓ Plasma
MDA, TNF-α, IL-6; ↑ ADG [236]

Beef cattle Grape pomace flour 10% in diet for 75 days ↓ MDA in meat after 7 d storage;
↑ IL-1 and NF-κB signaling [237]

Beef cattle Grape pomace bran (GPB) or
grape pomace silage (GPS) 10% in diet for 21 days GPB: ↓ TBARS in serum, TBARS in liver, GST and ROS in liver; ↓ ADG;

↑ FCR; GPS: ↓ GST in serum, intestine, liver [238]

Beef cattle Dried grape pomace 100 or 200 g per kg TMR for
129 days 200 g group: ↓ ADG; ↑ FCR [239]

See abbreviation Table 1; HP: haptoglobin; SAA: serum Amyloid A; ↑ increase; ↓ decrease.
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5. Conclusions and Future Perspectives
It is well known that oxidative stress and inflammation, resulting from high-

performance, intensive animal husbandry, and additional stress factors, can significantly
affect not only the productivity but also the health of farm animals [240–242]. Numerous
studies presented in this review show that grape-derived products, which are primarily
by-products of winemaking, have the potential to counteract oxidative stress and inflam-
mation in farm animals. Although grape-derived products have a complex nutritional
composition, it is assumed that their beneficial effects on oxidative stress and inflammation
are primarily due to their high polyphenol content. As described in the section “Effects of
polyphenols on oxidative stress and inflammation,” the antioxidant and anti-inflammatory
effects of polyphenols and their biochemical basis are well documented.

Most polyphenols generally exhibit low absorption rates in the small intestine. Each
class of polyphenols has its own unique chemical structure that results in specific sol-
ubility and lipophilicity, which in turn affects its bioavailability. However, it has been
estimated that less than 5% to 10% of plant polyphenols are absorbed in the small in-
testine [243,244]. Additionally, polyphenols that have been absorbed are recognized as
xenobiotic compounds. A proportion of the absorbed polyphenols are directly subjected
to biotransformation in enterocytes. Upon passing through the portal vein, the remainder
is largely subjected to glucuronidation, methylation, or sulfation in the liver as part of
the natural detoxification process for xenobiotics [245,246]. These conjugated polyphenol
metabolites are then transported back to the gastrointestinal tract through the bile duct to
be further metabolized and/or excreted as feces [246]. Several other tissues (including lung,
kidney, and brain) are also capable of polyphenol biotransformation [245]. Therefore, the
concentrations of polyphenols in plasma and tissues are relatively low. Because polyphenol
concentrations are higher in intestinal cells, the positive effects of grape-derived products
are expected primarily in the intestine. Some studies indeed confirm that grape-derived
products have favorable effects on oxidative stress and inflammation, which is particularly
beneficial for weaned piglets (see the section “Studies in weaned pigs”).

Although polyphenol concentrations in plasma and tissues are low, beneficial effects of
grape-derived products in pigs and chickens have also been observed in plasma and tissues.
As expected, these effects were less consistent across different studies. This variability
may be due to the different forms (grape pomace, grape seeds, grape extracts, grape seed
procyanidine extracts) and concentrations used in various studies. Thus, not only do
polyphenol contents vary among preparations, but their bioavailability is also likely to
be different. For example, it has been shown that hydrolyzable polyphenols have greater
digestibility than condensed tannins in chicken [191].

From the comparison of studies on the effects of grape by-products in pigs and chick-
ens on the one hand and cattle on the other, it becomes clear that the effects in cattle are
less consistent and weaker overall. One possible cause for this could be differences in the
bioavailability of polyphenols in the intestine. While polyphenols from grape-derived prod-
ucts directly reach the small intestine in monogastric animals, they undergo hydrolysis and
biotransformation by the ruminal microbiota in ruminants [247]. The resulting aglycones
and metabolites may then be partially absorbed in the small intestine [10]. Due to these
transformations, the potential effects of polyphenols from grape-derived products are even
more difficult to assess in ruminants compared to monogastric livestock.

As outlined in the sections above, several studies in pigs, broilers, and laying hens
have shown that feeding grape-derived products improves feed efficiency. This effect is
positive from both an economic perspective (feed costs) and an environmental perspective
(resource efficiency, excretion of environmentally relevant substances). This beneficial effect
is partly attributed to the inhibition of oxidative stress and inflammation. Many studies
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also indicate that polyphenols, particularly in monogastric livestock, have positive effects
on the gut microbiota [248–252]. In recent years, the importance of the gut microbiota for
animal health and performance has been increasingly recognized [152,253,254]. Therefore,
the positive effects of grape-derived products on feed efficiency and animal performance
may be at least partly due to their beneficial influence on the intestinal microbiota.

Studies conducted on growing-finishing pigs, broilers, and laying hens show that
polyphenols can also protect lipids in products (meat, eggs) from peroxidation during stor-
age. This effect is likely due to the incorporation of polyphenols into these products. Meat,
in particular, is highly susceptible to oxidation due to the presence of myoglobin, which
can induce lipid oxidation [255]. The polyphenols in these products can counteract the
myoglobin-induced auto-oxidation of lipids through their radical-scavenging properties.

As outlined above, numerous studies suggest that grape-derived products possess
antioxidant and anti-inflammatory properties. However, upon reviewing these studies,
it becomes evident that many of them assessed only a limited number of antioxidant
parameters (sometimes just the activity of one or a few antioxidant enzymes in plasma
or serum) and anti-inflammatory markers (e.g., the expression of only a few cytokines in
tissues). Oxidation products were mostly measured using TBARS in plasma or tissues.
However, it should be noted that TBARS represent a relatively nonspecific parameter of
lipid peroxidation, as thiobarbituric acid reacts with various aldehydes and breakdown
products of proteins and carbohydrates [256]. The measurement of MDA, which is often
assessed as an oxidation product in plasma, also relies on the TBARS assay. Therefore, fur-
ther studies investigating the effects of grape-derived products with a more comprehensive
assessment of antioxidant and anti-inflammatory parameters, as well as more specific lipid
peroxidation markers, such as cholesterol oxidation products [257,258], would be desirable.

Studies in humans and rodent models have shown that oxidative stress and inflam-
mation can also trigger ER stress, which is implicated in many diseases in humans, such
as liver diseases, type 2 diabetes, and inflammatory diseases [259–264]. To date, ER stress
has been less studied in farm animals. However, there is evidence that ER stress not only
occurs in the liver and mammary glands of high-performing cows during the transition
phase [114,228,265–268] but also in early-weaned piglets [269], lactating sows [270,271],
and broilers suffering from heat stress [272]. It is known that polyphenols can mitigate ER
stress in humans and rodent models [273–276]. However, the potential beneficial effects of
grape-derived products on ER stress have been scarcely studied. It would be desirable to
further explore the significance of ER stress in livestock in general and to investigate the
potential benefits of grape-derived products in this context.

Overall, research suggests that grape-derived products primarily have beneficial
effects on monogastric livestock (pigs, chickens) in terms of animal health (oxidative
stress, inflammation) and, in many cases, performance (feed conversion ratio, weight gain).
Moreover, utilizing grape-derived products, as by-products of winemaking, helps to reduce
the environmental impact related to storage, transformation, and disposal. Based on the
numerous studies reviewed, in which very different products were used in widely varying
concentrations, it is difficult to provide clear recommendations for their practical usage in
animal diets.

Despite their beneficial effects, grape-derived products also present certain limita-
tions that restrict their use in animal feed. Polyphenols can bind to digestive enzymes in
the intestine, leading to their inactivation. This may reduce the digestibility of nutrients,
thereby negatively affecting feed efficiency [276]. However, studies on pigs have shown
that concentrations of up to 9% grape pomace or 8% grape seeds in the diet do not ad-
versely affect feed efficiency [158,160,166,277]. Similarly, broilers tolerated grape pomace at
concentrations of up to 10% without impairing their feed conversion ratio [195,278–280].
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Regarding grape seeds, inclusion levels up to 2% in the diet showed no negative effects on
feed efficiency and even exhibited partial positive effects [179,281]. By contrast, broilers
demonstrated lower tolerance to grape seed extract. A study found that administering
0.5% grape seed extract led to reduced protein digestibility and a deterioration in the feed
conversion ratio [276]. Laying hens tolerated up to 6% grape pomace in their diet without
performance losses or feed conversion ratio impairment [203,208,209]. However, supple-
mentation with 1.5% grape seed reduced egg weight, even though the feed conversion ratio
remained unaffected [207].

Overall, the findings indicate that monogastric farm animals can tolerate grape pomace
at levels up to at least 6% without adverse performance effects. Similarly, most studies
suggest good tolerance to grape seeds, which can also be included at levels of at least 2%.
In contrast, grape seed extracts may negatively impact feed efficiency even at relatively low
concentrations (below 1% in the diet).

Another aspect to consider when incorporating grape by-products into monogastric
animals’ diets is that tannins—a subgroup of polyphenols present in grapes—can complex
with cationic trace elements (e.g., iron, zinc, copper, and manganese) in the intestine, thereby
reducing their bioavailability [282,283]. Feeding broilers a diet with 0.5% grape seed extract
significantly reduced plasma concentrations of iron and zinc [276]. Similarly, a study on
piglets found that a diet containing 1% grape seed and grape marc meal extract resulted
in a significant reduction in hepatic zinc and copper levels [284]. Consequently, ensuring
adequate trace element supplementation is essential when using grape by-products in pig
and poultry diets.

In contrast, the data on cattle with respect to the antioxidant system and inflam-
mation remain less clear. There are few indications that grape-derived products may
exert positive effects on oxidative balance and inflammation in cattle. The use of grape
by-products in cattle nutrition might be more interesting regarding their potential to mod-
ulate microbial fermentation in the rumen, which could lead to a reduction in methane
emissions [211–213,285].

Overall, it can be concluded that grape by-products are valuable feedstuffs that can
not only improve the health and performance of monogastric livestock but also contribute
to environmental relief.
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