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Free radical oxygen molecules are formed during aerobic cellular metabolism, containing one or more unpaired electrons.

Free radicals can bind to various molecules and damage membranes, nucleic acids, and proteins. In recent years, the

plants used in feed have served as sources of different bioactive compounds for animals. In addition, nutrient compounds

play a very important role in protecting against the effects of free radicals.
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1. Introduction

An antioxidant dietary supplement can improve an animal’s productive status by altering metabolic processes. ROS

(reactive oxygen species) production is a common physiological process in various organs, including the testes, which

can lead to male infertility, although antioxidants can help . It has been reported that antioxidants might be beneficial

against the detrimental effects of leukocyte-derived ROS on sperm motility  (shown for vitamins C and E,

dimethylsulfoxide, catalase, hypotaurine, N-acetylcysteine, and reduced glutathione) and function  (shown for

ethylcysteine and vitamin E) due to the association of ROS overproduction with male infertility.

The reproductive rate significantly limits the livestock production efficiency. In the last two decades, there has been a

growing interest in the use of herbal supplements in animal husbandry. Namely, the addition of herbs and their derivatives

has improved animal health. This improvement is attributed to secondary plant metabolites or polyphenols. The findings to

date confirm that polyphenols have antioxidant, immunomodulatory, antimutagenic, and anti-inflammatory effects. By

restricting the use of antibiotics in livestock production, the use of plant polyphenols is increasingly being resorted to. The

low intestinal absorption and low concentration in the target cells reduce their antioxidant effect. Researchers will look at

previous research on the bioavailability of polyphenols in reproductive organs .

There is evidence of negative effects of feed with high levels of phytochemicals and polyphenols on animal homeostasis,

especially on sheep reproduction  associated with a high rate of infertility, affecting embryo survival and fetal

development. In 1982–1983, an analogous result, i.e., serious fertility disturbances indicating estrogenic stimulation, was

obtained after feeding cows with red clover plants rich in isoflavones, a subclass of polyphenols . Similar results were

also reported in other studies in which domestic animals were fed with soybean or linseed .

There are few studies that provide detailed measurements of the effects of foods rich in polyphenols that can act as

phytoestrogens on the reproduction of domestic animals. In the study by Mustonen et al. , two groups of sheep of equal

size were monitored in an experiment. In another study , the effects of condensed tannins and saponin in animal fed

supplementation on reproductive performance in Barki ewes were analyzed. The question of the presence, diversity and

optimal concentration of polyphenols in traditional ruminant nutrition is raised. The answer to this question was given in

the study by Fraisse et al. , who analyzed the composition of chemicals in mountain pasture grass. This favorite

nutrition of ruminants is genetically and epigenetically selected or optimized, together with rumen microflora, which helps

and directs the digestion and absorption of nutrients. The presence of phytoestrogens in the milk of cows fed a

polyphenol-rich diet was also studied , and it was found that their concentration was much higher when the animals

were fed by legumes.

Immune dysfunction is caused by various factors, including changes in relevant immune regulators and environmental

stress, and nutrition may play an essential role in immunity by interfering with proinflammatory cytokine synthesis, immune

cell regulation, and gene expression . Polyphenols can promote immunity to foreign pathogens via various pathways.

Namely, different immune cells can express multiple types of receptors that recognize and allow the cellular uptake of

polyphenols, thereby activating signaling pathways and initiating immune responses . Furthermore, the polyphenols

can induce epigenetic changes in cells, and they can be used to regulate intestinal mucosal immune responses, allergic

diseases, and antitumor immunity.
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Indeed, the balance between the harms and benefits of the use of polyphenols could argue for the use of polyphenols in

animals used for meat production, as possible negative effects disappear at the end of the animal’s production cycle .

The reproductive outcome may also be affected by improper polyphenol intake. Incorrect ingestion can affect offspring

(due to changes affecting gene expression or programming) and the future health of offspring. These genetic changes can

result not only from parenteral exposure but also from the use of assisted reproductive techniques (ART) . Genetic

changes can be observed during parental exposure, as well as with the use of ART. Polyphenols are used as antioxidants

and antibacterial compounds in ART, which certainly includes protection in gamete or embryo breeding. The simultaneous

addition of green tea polyphenol, IGF-1, and glucose to cattle in a maturation medium increased the intracellular

glutathione concentration in oocytes after in vitro maturation and improved the embryonic development and blastocyst

quality .

The positive characteristics of polyphenol applications in vivo and in vitro should be further investigated before they are

systematically used in practice as supplements to the basic livestock diet.

2. Polyphenols and Their Benefits

“Let food be your medicine, and medicine your food”, said Hippocrates more than 2000 years ago, showing that the

benefits of natural sources of healthy food have been appreciated since ancient times . Plant foods, including fruits and

vegetables containing active substances, play a key role in human and animal health. Plants synthesize polyphenols

under stressful conditions during adaptation to their environment. Polyphenols are an important source of active

substances in pharmaceutical products . The widespread use of polyphenols as secondary metabolites is an essential

part of animal and human nutrition and is of great interest to scientists because of their biological properties. In the last

few decades, scientists have been paying close attention to the health benefits of polyphenols . Although the

beneficial effects of polyphenols in both humans and animals have been confirmed, there are concerns regarding the

potential health hazards of excessive polyphenol consumption . The most vulnerable groups are pregnant animals

and their fetuses . Therefore, it is essential to understand the impacts of plant polyphenol consumption on reproductive

health.

In plants, these compounds are usually synthesized as defenses against physiological and environmental stimuli. More

attention has been paid in recent years to the benefits of polyphenols to human and animal health. This has been

observed based on the chemical and biological activity and the obtained results . Polyphenols have an advantage

over other substances due to their good availability, low toxicity, and specific activity, while their biggest disadvantage is

their fast metabolism and low bioavailability. A complex mixture of polyphenols is found in food, and various factors affect

their diversity, primarily environmental (e.g., rain, pedological soil composition, sun exposure) and biochemical (e.g.,

storage conditions, degree of maturity, and method of preparation) factors . Glycosides and aglycones of polyphenols

are the most important plant secondary metabolites in both human and animal nutrition, having significant health effects

. A review of the literature on polyphenols, which includes more than 20,000 papers, confirmed that a significant

proportion of these molecules have inhibitory activity against enzymes, as well as antitumor, anti-inflammatory,

antibacterial, and antifungal activities , reflecting the extensive benefits of polyphenols for the animal community,

including improvements in memory and cognition in animals and humans . The bioavailability and kinetics of different

polyphenols are very variable, so the knowledge of the fate of these compounds is quite unclear. In addition, based on

their intensive metabolism in the gut and liver  of the parent compound, circulating metabolites very often differ from

the parent compound, which further complicates the study of in vitro biological activity in animal models. From the above,

it can be concluded that understanding the kinetics and bioavailability of polyphenols is crucial to know and understand

the health benefits of these compounds.

3. Division of Polyphenols and Their Sources in the Diet

The term “polyphenol” is used for compounds synthesized exclusively by the shikimin–phenylpropanoid and shikimin–

polyketide pathways, which are constructed of more than one phenolic moiety and do not exhibit fundamental nitrogen

functionality . Polyphenols are plants or synthetic compounds consisting of one or more phenolic units. Most of them

are glycosylated or can bind to other phenols. In addition, they can conjugate with other compounds such as glucuronic

acid, galacturonic acid, or glutathione during metabolism . The diversity and wide distribution of polyphenols in plants

have led to different methods of categorizing these natural compounds . Polyphenols are classified according to

their source of origin, biological function, and chemical structure. In addition, most polyphenols in plants are present in the

form of glycosides with different carbohydrate units and acylated carbohydrates at different positions of the polyphenolic

scaffold. The classification of polyphenols in this entry is based on the chemical structure of the aglycone. Thus,

polyphenols are divided into two main groups, namely flavonoids and non-flavonoids .
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3.1. Flavonoids

The class of flavonoids contains more than 4000 low molecular weight secondary plant metabolites. They are formed from

aromatic amino acids . Flavonoids are classified into flavonols, flavones, flavanols, flavanones, anthocyanins,

isoflavones, and proanthocyanidins (Figure 1) .

Figure 1. Classification and examples of structures of flavonoids.

The basic part of the structure of flavonoids is the core, which consists of 15 carbon atoms arranged in three rings (C6-

C3-C6) or a diphenylpropane skeleton, designated A, B, and C (Figure 1). Flavonoids are usually found as glycosylated

derivatives in plants and contribute to the attractive colors of the flowers, leaves, and fruits . The flavones apigenin and

luteolin are commonly found in cereals and aromatic herbs (parsley, rosemary, and thyme), while their hydrogenated

analogues hesperetin and naringin are found almost exclusively in citrus fruits. The flavonols quercetin and kaempferol

are abundant in vegetable peels and fruits, with the exception of onions. Isoflavones are the most abundant in legumes,

such as soybeans, black beans, and chickpeas. The flavanols catechin, epicatechin, epigallocatechin, and their gallate

esters are ubiquitous in plants. Anthocyanidins and their glycosides (anthocyanins) are natural pigments and are most

abundant in berries and red grapes. Flavonoids play various roles in the ecology of plants. Because of their attractive

colors, flavones, flavonols, and anthocyanidins can serve as visual signals for pollinating insects. Because of their

bitterness, catechins and other flavonols can provide a defense system against insects that are harmful to plants. They

can also act as stress protectants in plant cells by trapping the ROS produced by the photosynthetic electron transport
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system. In addition, due to their favorable UV absorption, flavonoids protect plants from the sun’s UV radiation and

remove the ROS produced by UV rays .

3.2. Non-Flavonoids

Non-flavonoids can be classified into lower molecular weight compounds such as phenolic acids, lignans, and stilbenes,

and more complex structures such as tannins (Figure 2).

Figure 2. Classification of non-flavonoids and examples of their chemical structures.

The structural characteristics of simpler non-flavonoids are described below.

3.2.1. Phenolic Acids

Phenolic acids are abundant in food and are divided into two classes: benzoic acid derivatives and cinnamic acid

derivatives. Phenolic acids and flavonoids are the most abundant polyphenols in foods—they account for about one-third

and two-thirds of the total sources, respectively .

The content of hydroxybenzoic acid in edible plants is generally low, except in some red fruits, black radish, and onions,

which may have concentrations of several tens of mg/kg fresh mass. Hydroxycinnamic acids are more common than

hydroxybenzoic acids and consist mainly of p-coumaric, caffeic, ferulic, synaptic, chlorogenic, and rosmarinic acids .

3.2.2. Stilbenes

Stilbenes are a small and important class of non-flavonoid polyphenols characterized by a 14-carbon skeleton. They are

built of two benzene rings connected by an ethylene bridge (Figure 1) . In the central part of the structure, two aromatic
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rings are connected to ethene, and ethene hydrogen can be in the cis and trans positions. In nature, stilbenes occur most

frequently in the form of trans stereoisomers. To date, more than 400 different stilbene compounds have been identified,

most of which are derived from trans resveratrol (3,5,4′-trihydroxy-trans stilbene). Due to the complexity of qualitative–

quantitative stilbene analysis, most studies have focused on simple stilbenes, such as resveratrol, piceid, pterostilbene,

and piceatannol.

The knowledge on stilbenes mainly relates to the protection of plants against biotic (phytopathogenic microorganisms and

herbivores) and abiotic (e.g., radiation and tropospheric ozone) stress. In this way, they repel attacks by having a direct

toxic effect on the pathogen, while on the other hand they act as antioxidants and protect the cells from oxidative stress

.

3.2.3. Lignans

Lignans are diphenolic compounds that contain a 2,3-dibenzylbutane structure formed by the dimerization of two cinnamic

acid residues (Figure 1). The richest source is flaxseed, which contains secoisolariciresinol and matairesinol. One of the

most common forms of lignans is secoisolariciresinol (2-(4-hydroxy-3-methoxybenzyl)-3-(3-metoxybenzyl)butene-1-4-diol)

diglycoside. Seicoisolariciresinol and matairesinol ingested with food are converted by the intestinal microflora into

mammalian lignans, enterodiol and enterolactone, which are absorbed via the enterohepatic circulation. Mammalian

lignans have a chemical structure similar to natural estrogen, and are thought to act as selective modulators of estrogen

receptors and to have anticancer activity .
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