
mdpi.com/journal/antioxidants

Special Issue Reprint

Novel Antioxidants for  
Animal Nutrition

Edited by 
Luciana Rossi and Matteo Dell’Anno



Novel Antioxidants for
Animal Nutrition





Novel Antioxidants for
Animal Nutrition

Editors

Luciana Rossi
Matteo Dell’Anno

Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Novi Sad ‚ Cluj ‚ Manchester



Editors

Luciana Rossi

Department of Veterinary

Medicine and Animal

Sciences—DIVAS
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Damian Bień, Monika Michalczuk, Małgorzata Łysek-Gładysińska, Artur Jóźwik, Anna
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Preface

It am enthused to announce that the printed version of our successful Special Issue, which delves

into the realm of innovative antioxidants for animal nutrition, is now available. Our journey into this

fascinating field of novel antioxidants for animal nutrition has been marked by insights, discoveries,

and the collective efforts of important researchers.

As we navigate the intricate pathways of nutrition, it becomes increasingly evident that

antioxidants play a pivotal role in shaping the health and well-being of both humans and animals. In

the design of functional diets, their importance cannot be neglected.

I would like to take this opportunity to extend my sincerest gratitude to Prof. Luciana Rossi for

her unwavering dedication and unparalleled expertise. Prof. Rossi’s invaluable awareness has been

fundamental in shaping the trajectory of this Special Issue, and her guidance has been a beacon of

light throughout my journey. It is with deep appreciation that I acknowledge her contributions and

the immeasurable impact she has had on our work.

Together, we have crafted a collection of papers that I am confident will contribute to the future

of animal nutrition research.

Luciana Rossi and Matteo Dell’Anno
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Novel Antioxidants for Animal Nutrition
Luciana Rossi and Matteo Dell’Anno *

Department of Veterinary Medicine and Animal Sciences—DIVAS, University of Milan, 29600 Lodi, Italy;
luciana.rossi@unimi.it
* Correspondence: matteo.dellanno@unimi.it

In recent years, the importance of nutrition has notably escalated, with antioxidants
emerging as crucial ingredients in the formulation of functional diets pivotal for promoting
animal health and preventing diseases. Antioxidants can be obtained from a variety of
natural sources or can be chemically synthesized in laboratory settings. Oxidative balance
refers to the equilibrium between oxidants and antioxidants, and it is crucial for overall
health. On the contrary, oxidative stress, resulting from a disparity favoring oxidants, can
lead to cellular damage and contribute to the development of pathological states. The role
of dietary antioxidants has also gained renewed interest in cancer research.

Antioxidants offer multifaceted benefits in animal diets, including supporting ani-
mal health, reducing disease incidence, and ultimately contributing to the reduction of
antibiotics use in livestock. By promoting overall health and bolstering the immune system,
antioxidants help to decrease the need for antimicrobials. Additionally, sustainable farming
practices encourage the inclusion of antioxidants, aligning with the efforts to mitigate
antimicrobial resistance, and supporting public health and food safety initiatives.

The bioaccessibility of antioxidant compounds can be influenced by various factors
that are not only related to the differences in the digestive systems of ruminants and mono-
gastrics, but also by the enzymatic portfolio, feed composition, microbiota contributors,
and many other species-specific variables. Over the recent decade, a wide range of natural
extracts and compounds have been placed on the market as functional ingredients or
additives. Nevertheless, their heterogeneity and varying dosages have resulted in contra-
dictory findings in the literature, necessitating further in-depth investigations to thoroughly
characterize each antioxidant for optimal inclusion in animal feed.

Beslo et al. (Contribution 1) reviewed the use of plant polyphenols in animal nutrition,
proposing their use in animal nutrition for a sustainable approach and underlining the
importance of understanding the intracellular mechanisms of polyphenols’ antioxidant
activity to maximize their potential. Cell models offer a valuable tool for evaluating
antioxidants by providing a controlled experimental system to study their protective effects
against oxidative stress and their potential applications in promoting cellular health and
mitigating intestinal disease processes. Cell models also contribute to the reduction of using
animals in research by providing an alternative approach to study biological processes.
In this context, the contribution of Xu et al. (Contribution 2) represents an intriguing
approach focused on the IPEC-J2 cell model to evaluate stevioside, a natural sweetener. It
registered protective effects on intestinal cells under induced oxidative stress, indicating its
potential application in promoting gut health and mitigating inflammation and apoptosis.
Dabrowska et al. (Contribution 3) evaluated the chlorogenic acid derived from green
coffee extract on peripheral blood mononuclear cells from racehorses’ blood, suggesting
its potential as a natural supplement for improving immune function and oxidative stress
management in equine species.

Antioxidant supplementation in animal nutrition could enhance animal welfare, the
quality of products, and reduce stress and the use of antimicrobials, which is in line
with One Health principles. This is particularly relevant in young animals due to their
susceptibility to stressors and immune system immaturity, highlighting the importance
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of proactive measures in promoting their health and welfare. In particular, piglets face
numerous challenges during the weaning period that can compromise their immune system,
increasing the high risk of pathogenic invasions (Contribution 4). Cai et al. (Contribution 5)
investigated the protective role of silybin, derived from Silybum marianum, against a hepatic
oxidative injury induced by paraquat in weaned piglets. Results demonstrated that a
dietary supplementation of 400 mg/kg silybin alleviated liver damage by enhancing
antioxidant capacity, inhibiting inflammation, and improving mitochondrial function.
Pastorelli et al. (Contribution 6) evaluated the partial replacement of synthetic vitamin E by
natural polyphenols in post-weaning piglets, revealing encouraging results in maintaining
growth performance, antioxidant status, and immunity. Their findings suggest that the
replacement of an equivalent of 87.9 mg/kg vitamin E with polyphenols extracted from
different plants could be viable alternatives to conventional vitamin E commonly used in
animal nutrition. Furthermore, the addition of 3% thyme to diets for fattening pigs showed
positive effects on redox status and lipid metabolism, highlighting the potential of this
plant extract as a functional feed additive for adult pigs (Contribution 7).

Furthermore, Laviano et al. (Contribution 8) assessed the effect of hydroxytyrosol sup-
plementation in the colostrum and milk in Iberian sows during late pregnancy. Their study
revealed that hydroxytyrosol supplementation increased polyunsaturated fatty acids in the
colostrum and exhibited a lower desaturase capacity in 20-day milk. These modifications
in milk lipid composition could potentially benefit the oxidative status and gut health of
piglets during the early stages of life.

In broilers, selenium nanoparticles and organic selenium supplementation (0.5 mg/kg)
showed positive effects in the physico-chemical quality of the breast, health status, and the
antioxidant potential in muscle and liver (Contribution 9). Particularly, the nano-sized Se
confirmed the protective activity against mitochondrial damage in hepatocytes without
showing any toxic effects. The use of myricetin, a natural flavonoid, supplemented at
600 mg/kg in broilers showed a significant improvement in growth performance and
antioxidant capacity of meat, and reduced the interleukin relative expression, severity of
Eimeria spp. lesions, and oocyst shedding in challenged broiler chickens (Contribution 10).

In calves, in-milk dietary supplementation of 6 g/day of chestnut and quebracho
tannins reduced the occurrence of neonatal calf diarrhea without affecting the protein
digestibility of milk. Thus, this confirmed the role of natural polyphenols in the reduction
of pathology occurrence and antibiotic treatments (Contribution 11).

In dairy ewes, a mixture of natural antioxidants derived from thyme, anise, and
olive improved milk yield, oxidative stability, and somatic cell count, without influencing
the milk composition. This underscored the potential of plant bioactive compounds to
enhance milk quality and udder health (Contribution 12). Dalaka et al. (Contribution 13)
investigated the antioxidant capacity of sweet whey derived from cheeses obtained from
bovine, ovine, caprine, or a mixture of ovine/caprine milk before and after in vitro digestion.
Particularly, ovine sweet whey exhibited higher antioxidant activity in both non-digested
and digested cheese, suggesting ovine whey as a valuable source of antioxidants for both
human and animal nutrition.

Mavrommatis et al. (Contribution 14) focused on microalgae as renewable and sustain-
able sources of bioactive compounds. The antioxidant activity of microalgae significantly
varies between species and depends on growth conditions. The use of microalgae in animal
nutrition revealed variable findings that were highly dependent on the composition of
species and their percentage of inclusion. The use of carbohydrate-active enzymes can
increase nutrient bioavailability because of recalcitrant microalgae cell wall degradation,
making it a promising strategy for monogastric nutrition and for improving livestock
productivity. The main limitations of microalgae lie in their cost-effectiveness and their
cultivation technology, which should be improved by reducing production costs, thus
increasing profitability.

Collectively, the published studies underlined the importance of harnessing the po-
tential of natural antioxidants in animal nutrition. By exploring a wide array of bioactive
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compounds and their mechanisms of action, researchers are plotting the way for sustainable
approaches in livestock farming. As we strive for a more holistic and ethical approach
in livestock production, the supplementation of natural antioxidants into animal feed
represents a promising frontier for enhancing health, welfare, and productivity in livestock.

Conflicts of Interest: The authors declare no conflicts of interest.
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Article

Fucoidan Supplementation Improves Antioxidant Capacity via
Regulating the Keap1/Nrf2 Signaling Pathway and
Mitochondrial Function in Low-Weaning Weight Piglets
Chenggang Yin 1,†, Qingyue Bi 1,2,†, Wenning Chen 1,†, Chengwei Wang 3,*, Bianca Castiglioni 4, Yanpin Li 1,
Wenjuan Sun 1, Yu Pi 1 , Valentino Bontempo 5 , Xilong Li 1 and Xianren Jiang 1,*

1 Key Laboratory of Feed Biotechnology of Ministry of Agriculture and Rural Affairs, Institute of Feed Research,
Chinese Academy of Agricultural Sciences, Beijing 100081, China; 82101231287@caas.cn (C.Y.);
biqingyue981106@126.com (Q.B.); 82101215363@caas.cn (W.C.); liyanpin@caas.cn (Y.L.);
sunwenjuan@caas.cn (W.S.); lixilong@caas.cn (X.L.)

2 College of Agriculture, Yanbian University, Yanji 133000, China
3 College of Life Science, Jiangxi Science and Technology Normal University, Nanchang 330013, China
4 Institute of Agricultural Biology and Biotechnology (IBBA-CNR), Via Einstein, 26900 Lodi, Italy;

casti@ibba.cnr.it
5 Department of Veterinary Medicine and Animal Science (DIVAS), University of Milan, 26900 Lodi, Italy;

valentino.bontempo@unimi.it
* Correspondence: 1020130201@jxstnu.edu.cn (C.W.); jiangxianren@caas.cn (X.J.);

Tel.: +86-10-8210-8134 (C.W. & X.J.)
† These authors contributed equally to this work.

Abstract: Fucoidan (FC) is known for its antioxidant properties, but it has unclear effects and
mechanisms on weaned piglets. Two experiments were conducted to determine the optimal FC
dosage in piglet diets and its protective effect against lipopolysaccharide (LPS)-induced oxidative
stress. In experiment one, 24 low weight weaned piglets were randomly assigned to four dietary
treatments: a basal diet (FC 0), or a diet supplemented with 150 (FC 150), 300 (FC 300), or 600 mg/kg
FC (FC 600). In experiment two, 72 low-weaning weight piglets were randomly allocated into four
treatments: a basal diet (CON), or 300 mg/kg of fucoidan added to a basal diet challenged with LPS
(100 µg LPS/kg body weight) or not. The results showed that FC treatments increased the G:F ratio,
and dietary FC 300 reduced the diarrhea incidence and increased the plasma IGF-1 concentrations.
In addition, FC 300 and FC 600 supplementation increased the plasma SOD activity and reduced
the plasma MDA concentration. LPS challenge triggered a strong systemic redox imbalance and
mitochondrial dysfunction. However, dietary FC (300 mg/kg) supplementation increased the activity
of antioxidant enzymes, including SOD, decreased the MDA concentration in the plasma and liver,
down-regulated Keap1 gene expression, and up-regulated Nrf2, CAT, MFN2, SDHA, and UQCRB gene
expression in the liver. These results indicated that dietary fucoidan (300 mg/kg) supplementation
improved the growth performance and antioxidant capacity of low-weaning weight piglets, which
might be attributed to the modulation of the Keap1/Nrf2 signaling pathway and the mitochondrial
function in the liver.

Keywords: fucoidan; lipopolysaccharide; liver; oxidative stress; low-weaning weight piglets

1. Introduction

In current intensive farming, the employment of high-yielding sows coupled with
early weaning strategies has become a prevalent practice, helping to enhance sow pro-
ductivity and bolster the economic yield of farms [1,2]. However, a consequence of this
practice is the surge in the number of low-weaning weight piglets. The digestive system
of these low-weaning weight piglets is not fully mature, the growth rate is relatively slow,
the resistance to external stimuli is poor, and the diarrhea incidence and mortality rate
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are often high [3–5]. Early weaning would trigger a series of complex physiological and
psychological reactions in piglets, including changing eating habits and adapting to the new
social environment, which may lead to their physiological and immune function abnormal-
ities, causing serious oxidative stress [6,7]. Oxidative stress is due to the overproduction
of reactive oxygen species (ROS) that exceeds the processing capacity of the antioxidant
system, so maintaining the redox balance within cells is crucial for maintaining intestinal
homeostasis [8,9]. In addition, the early weaning may lead to oxidative stress and mito-
chondrial dysfunction in the liver, which in turn affects its redox status and function [10]. It
has been found that weaning stress can cause oxidative stress and oxidative damage in the
liver of piglets, activate the MAPK pathway, increase the apoptosis of liver cells, and affect
liver function [11,12]. A disturbance in the balance of oxidation reduction can interfere
with the biological processes of mitochondria, leading to mitochondrial dysfunction [13].
Although mitochondria play a crucial role in energy production, they are also one of the
main organelles that produce ROS [14]. Mitochondrial dysfunction can lead to excessive
ROS production and affect liver function [15].

At present, research focusing on enhancing the body’s antioxidant capacity through the
inclusion of functional additives in the diet is gaining increasing attention. Previous studies
in our laboratory have found that functional feed additives can enhance the antioxidant
capacity of piglets [7,8], improve mitochondrial function [9], and promote the growth
of piglets. Recent research in our laboratory has revealed that functional feed additives
can improve the antioxidant capacity of weaned piglets by activating the Nrf2 signaling
pathway and optimize their mitochondrial function, thus effectively reducing the oxidative
damage of paraquat to the liver [16]. The Nrf2 signaling pathway plays a central regulatory
role in the oxidative stress response in vivo, and it controls the expression of a variety
of genes or enzymes related to antioxidants [17]. In the non-stressed state, Keap1 forms
ubiquitin E3 ligase complexes with CULLIN3 (CUL3), resulting in the polyubiquitination
of Nrf2, which is then rapidly degraded by the proteasome system. However, under
electrophilic or ROS stress, the active cysteine residue of Keap1 is directly modified, which
reduces the ubiquitin E3 ligase activity of the Keap1–CUL3 complex, thereby stabilizing
Nrf2 [18,19]. Therefore, the regulation of Nrf2 by Keap1 plays a crucial role in cell resistance
to oxidative stress and maintenance of cell homeostasis.

Fucoidan is a natural polysaccharide compound derived from kelp and brown algae,
first identified in 1913 by the Swedish scientist Professor Kylin, who ultimately christened it
“Fucoidan” [20]. As a substance with significant antioxidant properties, Fucoidan has been
the subject of extensive research in recent years. Previous in vitro and in vivo studies found
that fucoidan could improve cell viability and protect cells from oxidative damage induced
by 2,2′-Azobis (2-methylpropionamidine) dihydrochloride (AAPH) by clearing intracellular
ROS and inhibiting cell apoptosis. Fucoidan improves the survival rate of zebrafish by
eliminating ROS, inhibiting lipid peroxidation, inhibiting cell death, and thus inhibiting ox-
idative stress [21]. A further study demonstrated that the oral intake of fucoidan decreased
the concentrations of reactive oxygen species (ROS) and malondialdehyde (MDA) in mouse
serum, while simultaneously boosting the activity of glutathione peroxidase (GSH-Px)
and superoxide dismutase (SOD), increasing the production of adenosine triphosphate
(ATP), and restoring the concentrations of mitochondrial respiratory chain complexes in
cardiac tissue, thereby reducing oxidative stress and preventing mitochondrial functional
damage [22]. Furthermore, fucoidan demonstrated the ability to decrease lipid peroxide
(LPO) and MDA concentrations in the liver. However, it is noteworthy that higher doses of
fucoidan (2000 mg/kg) may potentially trigger inflammation and metabolic disorders [23].
Drawing from the findings of prior studies, we found that fucoidan has potential as a new
antioxidant, but there is a need to pay attention to the dosage in use.

To our knowledge, the literature offers limited insights into the impact of fucoidan
on weaned piglets, particularly with regard to the effects of the dosage of fucoidan and
antioxidant capacity of weaned piglets. In this study, we focused on piglets with lower
weaning weights, who are more prone to oxidative stress. We designed two experiments
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with the aim of preliminarily determining the optimal dosage of fucoidan and its effect on
the plasma antioxidant status of low-weaning weight piglets. Subsequently, an oxidative
stress model was established by stimulating low-weaning weight piglets with lipopolysac-
charide (LPS). This model was utilized to further investigate the mechanisms by which
fucoidan regulates oxidative damage in low-weaning weight piglets.

2. Materials and Methods
2.1. Animal Ethics Approval

The trial was conducted from July to August 2022 and September to October 2023 at
the Tianpeng Experimental Farm located in Langfang, Hebei province. The animal protocol
in this study was approved by the Animal Care and Use Committee of the Institute of
Feed Research of the Chinese Academy of Agricultural Sciences (IFR-CAAS20221010 for
experiment one and IFR-CAAS20230825 for experiment two).

2.2. Animals and Treatment

Experiment one: In reference to the previous selection scheme [5,24], this study se-
lected 72 healthy weaned piglets (Duroc × Landrace × Yorkshire), with an average body
weight (BW, 6.62 ± 0.13 kg) and age (25 ± 1 days). These weaned piglets were catego-
rized into high, medium, and low weight groups based on their body weight. A total of
24 weaned piglets with low-weaning body weight (BW, 5.81 ± 0.05 kg) were randomly
divided into 4 treatment groups with 6 replicates per group and 1 piglet per replicate. The
dietary treatments were as follows: basal diet without FC (FC 0), FC 0 + 150 mg/kg FC
(FC 150), FC 0 + 300 mg/kg FC (FC 300), or FC 0 + 600 mg/kg FC (FC 600). The experiment
lasted for 21 days and plasma samples were collected (Figure 1A). The Fucoidan used in this
study was purchased from Zhenlu Biotechnology Co., Ltd. (Xi’an, China), purity ≥ 98%
and derived from kelp.
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Figure 1. Schematic diagram of experimental design. (A) experiment one; (B) experiment two.

Experiment two: According to the selection protocols of experiment one, this study se-
lected 72 healthy low weight weaned piglets (BW, 6.01 ± 0.32 kg) from 216 healthy weaned
piglets (Duroc × Landrace × Yorkshire) with an average body weight (BW, 8.14 ± 0.15 kg)
and age (28 ± 1 day). They were randomly allocated into 4 treatments with 6 replicates
per treatment and 3 piglets per pen: a basal diet (CON) or 300 mg/kg of fucoidan added
to a basal diet (FC) challenged with LPS or not. On day 21, one piglet was selected from
each pen. Piglets in the challenged groups were intraperitoneally injected with 1 mL of
LPS (Escherichia coli O55:B5, Sigma Chemical, Burlington, MA, USA) at 100 µg/kg BW, and
the other piglets were intraperitoneally injected with the same amount of sterile saline
(0.9% NaCl). The selection of LPS dosage was based on previous studies on weaned
piglets [25]. All the selected piglets were euthanized 4 h later, and plasma and liver samples
were collected (Figure 1B).

Animals were purchased from a Langfang commercial farm and housed in a nursery
room. During the experiment, the diet for the piglets was formulated meeting the National
Research Council (2012) nutrient requirements (Appendix A: Tables A1 and A2).

The experiment one and experiment two composition and nutrient levels of the basal
diet are shown in Table A1. The basal diet did not contain any antibiotic growth pro-
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moters and the form of diet was mash. Piglets were accommodated in slatted floor pens
(1.7 m × 1.5 m) with unrestricted access to feed and water. The room’s initial temperature
was 28 ◦C and was gradually reduced to 26 ◦C. The room was lit naturally and artificially,
with ventilation provided by speed-controlled fans. Each pen had two drinking foun-
tains and an adjustable trough. Standard farm procedures were followed for disinfection
and vaccination.

2.3. Sample Collection

Experiment one: Body weight (BW) was recorded individually at the beginning and
the end of the trial. Any culling or mortality was recorded daily and feed consumption
was corrected for accordingly. Growth performance was evaluated by calculating the
average daily gain (ADG), average daily feed intake (ADFI), and gain-to-feed ratio (G:F)
for each pen. To determine the incidence of diarrhea, fecal scores were monitored daily by
visually appraising each subject using the following five-point fecal consistency scoring
system: 1 = hard, dry pellet; 2 = firm, formed stool; 3 = soft, moist stool that retains its shape;
4 = soft, unformed stool; and 5 = watery liquid that can be poured. A liquid consistency
(score 4–5) was considered indicative of diarrhea [26]. The incidence of diarrhea (%) was
calculated as a percentage of the number of piglets with diarrhea divided by the total
number of piglets in each treatment. At the end of the experiment (day 21), blood was
taken from each piglet through the jugular vein to the heparin tube, left for 30 min, and
centrifuged at 3000 rpm for 10 min. The plasma was separated and stored at −20 ◦C
for analysis.

Experiment two: At the end of the experiment (day 21), the plasma of the selected
piglets after LPS challenge (4 h) was collected. The specific procedure was the same as
in experiment one. After LPS challenge for 4 h, the piglets were stunned by a portable
electrical stunner (the output voltage is 220 V) and bled quickly to be euthanized. Liver
samples were collected and placed in cryogenic vials (Corning Incorporated, New York,
NY, USA), frozen in liquid nitrogen, and stored at −80 ◦C for analysis.

2.4. Assay of Antioxidant Indices

The antioxidant indicators in both the plasma and liver, including the activities of
SOD, catalase (CAT), and GSH-Px, as well as the concentrations of MDA, and the plasma
growth hormone concentrations of insulin-like growth factor 1 (IGF-1), were determined
using commercial assay kits as instructed (Enzyme-linked Biotechnology Co., Ltd., Shang-
hai, China). The concentrations of SOD, MDA, CAT, and GSH-Px were determined by
micromethod according to the instructions. The absorbance was determined by microplate
spectrophotometer (Bio Tek Instruments, Inc, Shanghai, China) at the appropriate wave-
length, and the sample concentration was calculated. The superoxide anion (O2−) was
generated via the reaction system of xanthine and xanthine oxidase. This anion can interact
with WST-8 to yield a water-soluble dye, formazan, which exhibits absorption at 450 nm.
The activity of SOD, which can eliminate O2−, thereby inhibiting the formation of for-
mazan, can thus be measured. MDA reacts with thiobarbituric acid (TBA) to produce a red
product that has a maximum absorption peak at 532 nm. The content of lipids containing
peroxides can be estimated by colorimetry. Concurrently, the absorbance at 600 nm was
measured, and the difference in absorbance at these two wavelengths was used to calculate
the MDA content. CAT has the ability to decompose H2O2, which has a characteristic
absorption peak at 240 nm. Consequently, the absorbance of the reaction solution at 240 nm
decreased over time. The activity of CAT can be calculated based on the rate of change
in absorbance. GSH-Px catalyzes the oxidation of glutathione (GSH) by H2O2 to produce
glutathione disulfide (GSSG). Glutathione reductase (GR) then catalyzes the reduction
of GSSG by nicotinamide adenine dinucleotide phosphate (NADPH) to regenerate GSH,
oxidizing NADPH to NADP+ in the process. NADPH has a characteristic absorption peak
at 340 nm, while NADP+ does not. Therefore, the activity of GSH-Px can be calculated
by measuring the rate of decrease in absorption at 340 nm. The IGF-1 concentration was
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determined using an ELISA kit, samples were measured using microplates pre-coated with
porcine IGF-1-trapping antibodies, and color was developed using TMB substrates through
incubation and thorough cleaning. TMB turned blue under peroxidase and eventually
yellow under acid. Finally, the absorbance was measured at a wavelength of 450 nm using
an enzyme labeler to calculate the concentration of the sample. The protein concentration
of the liver crude enzyme fluid was determined using the BCA protein quantitative kit, and
the specific steps were carried out according to the instructions (Beijing Huaxing Bochuang
gene Technology Co., Ltd., Beijing, China).

2.5. Real-Time Quantitative PCR Analysis (qPCR)

The hepatic RNA extraction and quantitative polymerase chain reaction (qPCR) pro-
cedure follows the method outlined by Cai et al. [8]. In succinct terms, for liver samples,
the total RNA extraction employed Trizol reagent (Beijing AidLab Biotechnology Co., Ltd.,
Beijing, China) in accordance with the manufacturer’s stipulations. Firstly, we took 50 mg
of liver tissue and added it to 1 mL of lysis buffer for tissue homogenization, then incu-
bated it at room temperature for 5 min. Next, we added 0.2 mL of chloroform, vigorously
shacked it for 15 s, and then incubated it at room temperature for 3 min. Afterwards, the
sample was centrifuged at 12,000 rpm at 4 ◦C for 10 min using a centrifuge (Hitachi Koki
Co., Ltd., Tokyo, Japan). Then, we took the supernatant, added anhydrous ethanol equal
to half its volume, mixed well, and transferred it into an RA adsorption column, then
centrifuged it at 12,000 rpm for 45 s. Subsequently, we added 500 µL of RE deproteinization
solution, centrifuged it at 12,000 rpm for 45 s, and then discarded the waste liquid. Next,
we added 500 µL of RW wash solution, centrifuged it at 12,000 rpm for 45 s, and repeated
this step once. Then, we centrifuged the sample at 13,000 rpm for 2 min, added 60 µL of
Rnase-free water, let it stand at room temperature for 2 min, centrifuged it at 12,000 rpm
for 1 min, and finally obtained the liver RNA. The concentration and quality of RNA were
scrutinized using a Nano Drop™ One/One Cmicro UV-Vis spectrophotometer (Thermo
Fisher Scientific, Inc., Boston, MA, USA). The instrument calibration was performed using
Rnase-free water prior to detection. Following this, complementary deoxyribonucleic
acid (cDNA) was synthesized by a two-step reverse transcriptional procedure using the
appropriate concentration of the reagent according to the quantitative concentration of
liver RNA and the kit instructions (Beijing Takara Biomedical Technology Co., Ltd., Beijing,
China). The cDNA was diluted with Rnase-free water at the appropriate concentration,
packaged, and stored for further detection. The qPCR analysis was executed utilizing a
CFX96 Touch real-time fluorescent qPCR system (Bio-Rad Laboratories Inc., Berkeley, CA,
USA). The relative expression of the target gene was determined by employing the 2−∆∆CT

method, wherein glyceraldehyde-3-phosphate dehydrogenase (GAPDH) functioned as the
designated housekeeping gene. The specific primer sequences utilized in the qPCR assay
can be found in Appendix B: Table A3.

2.6. Statistical Analysis

SPSS 19 (IBM, Armonk, NY, USA) was used for the statistical analysis. The univariate
analysis of variance (ANOVA) and Tukey’s honest significance difference test were used
for the statistical analysis. In addition, the Kruskal–Wallis test for non-normally distributed
data sets was used to determine statistical significance. Orthogonal polynomial comparison
tests with linear and quadratic effects were used to evaluate the effects of different doses
of FC supplementation. Data are expressed as the mean of the standard error (SE). The
difference was considered to be significant when p < 0.05, and the difference was considered
to have a trend when 0.05 ≤ p < 0.10.

3. Results
3.1. Growth Performance and Diarrhea Incidence

The effects of different doses of FC supplementation on the growth performance of
low-weaning weight piglets are presented in Figure 2A–E. Compared with the FC 0 group,
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dietary FC 150, FC 300, and FC 600 significantly increased the G:F ratio of low-weaning
weight piglets (p < 0.05), and dietary FC 300 and FC 600 tended to increase the final BW
(p = 0.059) and ADG (p = 0.057). There were no significant differences in the ADFI among
experimental groups (p > 0.05). In addition, FC supplementation linearly increased the
final BW, ADG, and G:F ratio (p < 0.05), and tended to linearly increase the ADFI (p = 0.097).
In addition, there was a quadratic effect of FC supplementation on the G:F ratio (p < 0.05).

The result of different doses of FC supplementation on the diarrhea incidence of
low-weaning weight piglets in experiment one is shown in Figure 2F. Compared with
the FC 0 group, FC 300 supplementation significantly reduced the diarrhea incidence of
low-weaning weight piglets from day 0 to 21 (p < 0.05). However, there was no significant
difference in diarrhea incidence among FC 0, FC 150, and FC 600 groups (p > 0.05).
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Figure 2. The effects of different doses of fucoidan (FC) supplementation on growth performance and
diarrhea incidence of low-weaning weight piglets are presented at 0 to 21 days. (A,B) Body weight of
piglets on day 0 (A) and 21 (B). (C–E) Average daily gain (C), average daily feed intake (D), and ratio
of average daily gain to average daily feed intake (E) from 0 to 21 days. (F) Diarrhea incidence (DI)
from day 0 to 21. Data were expressed as mean with their standard errors represented by vertical
bars, (n = 6). Orthogonal polynomials were used to evaluate linear and quadratic responses to the
concentrations of FC treatment. FC 0: basal diet, FC 150, FC 300, and FC 600 group, basal diet adding
150, 300, and 600 mg/kg FC, respectively. a,b Means listed in the same row with different superscripts
are significantly different (p < 0.05). x,y Means listed in the same row with different superscripts
showed a tendency to be different (0.05 ≤ p < 0.10).

3.2. Plasma IGF-1 Concentrations

The effects of different doses of FC supplementation on the plasma IGF-1 concentra-
tions of low-weaning weight piglets are shown in Figure 3E. Compared with the FC 0
group, the plasma IGF-1 concentrations in the FC 300 group were significantly increased
(p < 0.05). In addition, the plasma IGF-1 concentrations linearly increased with the in-
crease in FC supplemental concentrations (p < 0.05). There was no quadratic effect of FC
supplementation on the plasma IGF-1 concentrations (p > 0.05).
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and IGF-1 concentrations of low-weaning weight piglets is presented at day 21. (A–D) The plasma
concentrations of indicators related to antioxidants (SOD, MDA, CAT, GSH-Px). (E) The plasma
concentrations of IGF-1. Data were expressed as mean with their standard errors represented by
vertical bars, (n = 6). Orthogonal polynomials were used to evaluate linear and quadratic responses
to the concentrations of FC treatment. FC 0: basal diet, FC 150, FC 300, and FC 600 group, basal diet
adding 150, 300, and 600 mg/kg FC, respectively. a,b Means listed in the same row with different
superscripts are significantly different (p < 0.05).

3.3. Plasma Antioxidant Enzyme Activity

The effects of different doses of FC supplementation on the plasma antioxidant enzyme
activity of low-weaning weight piglets are shown in Figure 3A–D. FC 300 and FC 600
supplementation significantly increased the plasma SOD activity and reduced the plasma
MDA concentration compared to the FC 0 group (p < 0.05). There were no significant effects
on plasma GSH-Px and CAT activities in all treatment groups (p > 0.05). In addition, FC
supplementation linearly and quadratically increased the plasma SOD activity (p < 0.05)
and linearly reduced the plasma MDA concentration (p < 0.05).

In addition, the effects of FC supplementation on plasma antioxidant enzyme activity
of low-weaning weight piglets under LPS challenge are shown in Figure 4A–D. LPS
challenge decreased the plasma SOD activity and increased the MDA concentration of
low-weaning weight piglets (p < 0.05). Compared with the LPS group, the plasma SOD
activity in the LPS + FC group was increased (p < 0.05), and the MDA concentration tended
to be decreased in the LPS + FC group (p = 0.091). In addition, dietary FC significantly
increased the plasma SOD activity and decreased the plasma MDA content compared to
the CON group (p < 0.05).

3.4. Hepatic Antioxidant Enzyme Activity

The effects of FC supplementation on hepatic antioxidant enzyme activity of low-
weaning weight piglets under the LPS challenge are shown in Figure 4E–H. Compared with
the CON group, LPS reduced SOD activity and increased MDA concentration in the liver of
low-weaning weight piglets (p < 0.05). Compared with the LPS group, the activity of CAT
in the liver of LPS + FC piglets was significantly increased (p < 0.05), and the concentration
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of MDA was decreased in the LPS + FC group (p < 0.05), and dietary FC to LPS-challenged
piglets tended to increase the activity of SOD (p = 0.087). In addition, hepatic CAT activity
in the FC group was significantly increased compared with CON group (p < 0.05).
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Figure 4. The effects of FC supplementation on the antioxidant enzyme activity of plasma and liver in
LPS-challenged low-weaning weight piglets. (A–D) The plasma concentrations of indicators related
to antioxidants (SOD, MDA, CAT, GSH-Px). (E–H) The liver concentrations of indicators related to
antioxidants (SOD, MDA, CAT, GSH-Px). Data were expressed as mean with their standard errors
represented by vertical bars, (n = 6). CON: basal diet, FC: basal diet + 300 mg/kg FC. a–c Means listed
in the same row with different superscripts are significantly different (p < 0.05). x,y Means listed in
the same row with different superscripts showed a tendency to be different (0.05 ≤ p < 0.10).

3.5. Hepatic Antioxidant Genes mRNA Expression

The effects of FC supplementation on the hepatic antioxidant gene mRNA expression
in low-weaning weight piglets under LPS challenge are shown in Figure 5A–I. Compared
with the CON group, LPS challenge down-regulated GCLC mRNA expression in the liver
of low-weaning weight piglets (p < 0.05). Compared with the LPS group, administering
dietary FC to LPS-challenged piglets up-regulated CAT mRNA expression (p < 0.05) and
down-regulated Keap1 mRNA expression (p < 0.05) in the liver. The mRNA expression of
Nrf2 (p = 0.072), SOD1 (p = 0.091), and GCLM (p = 0.094) in the LPS + FC group tended to be
up-regulated compared to the LPS group. In addition, FC supplementation up-regulated the
mRNA expressions of Nrf2, SOD1, and GCLM and down-regulated the mRNA expression
of Keap1 compared to the CON group (p < 0.05). In addition, all treatment groups had no
significant effects on liver HO1 and NQO1 gene expression (p > 0.05).
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with different superscripts showed a tendency to be different (0.05 ≤ p < 0.10).

3.6. Hepatic Mitochondrial Genes mRNA Expression

The effects of FC supplementation on hepatic mitochondrial gene mRNA expression
in low-weaning weight piglets under LPS challenge are shown in Figure 6A–J. Compared
with the CON group, LPS challenge down-regulated the expression of the mitochondrial
fusion gene MFN2 and division gene FIS1 mRNA (p < 0.05) and tended to the decrease
the division gene DRP1 (p = 0.051) in the liver of low-weaning weight piglets. Conversely,
supplementation with FC partially improved mitochondrial biogenesis gene expression
in the liver (Figure 6A–E). Compared with the LPS group, administering dietary FC to
LPS-challenged piglets up-regulated the expression of the mitochondrial fusion gene MFN2
mRNA in the liver (p < 0.05). In addition, the analysis of the expression of genes related to
mitochondrial respiratory chain membrane proteins (Figure 6F–J) showed that supplemen-
tation with FC significantly up-regulated the expression of SDHA and UQCRB genes in the
liver of weaned piglets stimulated by LPS (p < 0.05). The Spearman correlation analysis
found significant correlations among Keap1/Nrf2 signaling pathway genes, antioxidant
enzyme-related genes, and mitochondrial respiratory chain membrane protein-related
genes (Figure 6K).
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Figure 6. The effect of FC regulation and LPS challenge on liver mitochondrial biogenesis and
respiratory chain membrane protein-related gene mRNA expression in low-weaning weight piglets.
(A–J) Relative mRNA expression of MFN1, MFN2, OPA1, FIS1, DRP1, ATP5H, SDHA, NDUFV2,
NDUFS2, and UQCRB. (K) The heatmap of Spearman’s correlation between the expression of mi-
tochondrial function-related genes and Keap1/Nrf2 signaling pathway genes. Data were expressed
as mean with their standard errors represented by vertical bars, (n = 6). CON: basal diet, FC: basal
diet + 300 mg/kg FC. a,b Means listed in the same row with different superscripts are significantly
different (p < 0.05). x,y Means listed in the same row with different superscripts showed a tendency to
be different (0.05 ≤ p < 0.10). * p < 0.05, ** p < 0.01. (A) MFN1 = mitofusin 1, (B) MFN2 = mitofusin 2,
(C) OPA1 = optic atrophy 1, (D) FIS1 = mitochondrial fission protein 1, (E) DRP1 = dynamin-
related protein 1, (F) ATP5H = ATP synthase, H+ transporting, mitochondrial F0 complex, subunit,
(G) SDHA = succinate dehydrogenase complex flavoprotein subunit A, (H) NDUFV2 = NADH
ubiquinone oxidoreductase core subunit V2, (I) NDUFS2 = NADH ubiquinone oxidoreductase core
subunit S2, and (J) UQCRB = ubiquinol cytochrome c reductase binding protein. (K) Keap1 = kelch-
like ECH-associated protein l, Nrf2 = nuclear factor-erythroid 2-related factor 2, SOD1 = superoxide
dismutase 1, CAT = catalase, GPX = glutathione peroxidase, GCLC = glutamate-cysteine ligase
catalytic subunit, GCLM = glutamate-cysteine ligase modifier subunit, HO1 = heme oxygenase 1.
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4. Discussion

Weaning usually induces an increase of ROS in piglets, particularly in low-weaning
weight piglets; consequently, weaning can disrupt the balance of oxidation reduction,
reduce antioxidant capacity, cause oxidative stress and oxidative damage in the tissues and
intestine, and potentially lead to diarrhea, inhibited growth, and even death [5,7,27–29]. It
is well understood that piglets with a lower weaning weight are more susceptible to post-
weaning challenges than pigs with a heavier weaning weight [5,30]. Therefore, piglets with
low-weaning weight need antioxidants with nutritional regulation functions to improve the
antioxidant capacity of weaned piglets, reduce diarrhea, and promote growth post weaning.

Our results in experiment one demonstrated that fucoidan (FC) supplementation could
linearly improve the growth performance of low-weaning weight piglets and the optimal
dose of FC was 300 mg/kg. The findings of this study were in accordance with previous
research, which found that supplementations with FC could increase feed conversion and
improve the growth performance of weaned piglets [31]. Moreover, the supplementation
of various forms and doses of FC can enhance the growth rate and health status of young
chicks [32], weaned kids [33], fish [34], and Penaeus monodon [35]. Previous studies
demonstrated that FC could reduce the diarrhea incidence of weaned piglets [36,37]. In
this study, FC supplementation at varying concentrations in low-weaning weight piglets
revealed a significant reduction in the incidence of diarrhea at a concentration of 300 mg/kg.
Walsh et al. [37] reported that adding 240 mg/kg FC to the diet of weaned piglets can
reduce the incidence of diarrhea. On the other hand, Rattigan et al. [38] found that adding
250 mg/kg FC effectively improved the fecal consistency of weaned piglets. Based on these
results, we speculated that the source and processing techniques of FC might determine its
optimal dosage and method of use. These findings provide us with valuable references,
helping us to better understand and utilize FC.

The free radical metabolism and antioxidant systems of piglets may undergo dis-
ruption after weaning, thereby instigating oxidative stress responses, which have the
potential to interfere with the host’s antioxidant system and disrupt the cellular redox equi-
librium [7,8,38,39]. The antioxidant defense system, which primarily comprises antioxidant
enzymes such as SOD, CAT, and GSH-Px, along with other non-enzymatic antioxidants,
can eliminate ROS [40,41]. MDA, the end product of lipid peroxidation, is frequently used
as a marker for oxidative damage [42]. The role of functional nutritional supplements
in improving the antioxidant capacity of piglets is widely recognized [43,44]; however,
the effectiveness would vary due to differences in the type, source, and dosage of sup-
plements. Our previous studies showed that supplementation with yeast hydrolysate
from Kluyveromyces fragilis at 10 g/kg could significantly increase the activity of SOD and
reduce the concentration of MDA in the plasma of weaned piglets, thereby enhancing the
antioxidant capacity [7]. Furthermore, our studies revealed that a supplementation with
400 mg/kg of silybin could efficaciously mitigate the redox imbalance in weaned piglets
and counteract the growth retardation induced by paraquat [8]. Our results in experiment
one showed that supplementation with 300 and 600 mg/kg FC could enhance the activity
of SOD and decrease the concentration of MDA in the plasma of piglets with a low-weaning
weight. Consistent with previous studies, the use of FC or brown algae extracts to improve
the antioxidant capacity of animals and inhibit oxidative stress has been verified in a variety
of animal models [21,22,32,33,35]. Moreover, our study observed that the supplementation
of FC at a dosage of 300 mg/kg notably elevated the concentrations of IGF-1 in the plasma
of piglets with a low-weaning weight; the increase in IGF-1 concentrations exhibited a
positive correlation with the piglets’ growth performance [45], thereby substantiating the
growth-enhancing impact of FC supplementation. This is a finding that further corroborates
the beneficial role of FC in promoting growth.

Although our preliminary investigation suggested that FC has the potential to augment
the antioxidant and growth-enhancing capabilities of low-weaning weight piglets, this is
far from sufficient to fully elucidate the mechanism of action of FC on oxidative stress in
piglets. Therefore, we further designed an experiment and established an oxidative stress
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model using LPS-challenged low-weaning weight piglets to further study the alleviating
effect of FC on oxidative damage. LPS has been substantiated as an effective inducer of
oxidative stress in experimental animals, thereby validating its use in the establishment of
oxidative stress models [25,46]. Our research findings indicate that LPS challenge triggers
a pronounced systemic redox imbalance in low-weaning weight piglets, as evidenced
by a decrease in SOD activity and an increase in MDA concentration in the plasma and
liver. The challenge model in our study was similar to previous results, verifying the
successful establishment of our experimental animal model [25,46,47]. The liver, being the
primary organ for metabolism and detoxification, plays a crucial role in defending against
severe infections and exogenous stimuli, and in tissue repair [48]. Keap1 acts as a negative
regulator of Nrf2, inhibiting its nuclear translocation. The Nrf2 signaling pathway serves as
the central regulator of oxidative stress responses within biological organisms, controlling
the expression of various antioxidant response-related genes or enzymes [17]. When cells
are damaged, Nrf2 is up-regulated and activates phase II enzymes, enhancing the cells’
tolerance to oxidative stress [49]. Therefore, the Keap1 regulation of Nrf2 plays a crucial
role in cellular resistance to oxidative stress and the maintenance of cellular homeostasis.
In experiment two, our observations revealed that the supplementation with FC could
down-regulate the expression of the Keap1 gene, up-regulate the activation of the Nrf2
pathway, and stimulate the expression of CAT antioxidant-related genes. This regulatory
mechanism effectively mitigates oxidative stress, thereby offering substantial protection
against liver damage induced by LPS to low-weaning weight piglets. This dual regulatory
effect further underscores the potential of FC supplementation as a potent modulator of
gene expression in the context of antioxidant defense mechanisms.

The mitochondrion, an essential organelle, is instrumental in controlling redox pro-
cesses and lipid metabolism within liver cells [50]. Fission and fusion are crucial for
maintaining mitochondrial balance by isolating and eliminating impaired components.
When mitochondria malfunction, this may hinder fusion or stimulate fission to stop the
integration of damaged parts into the healthy mitochondrial system [51]. The genes FIS1
and DRP1 play a regulatory role in mitochondrial division, while MFN1, MFN2, and
OPA1 primarily oversee the regulation of mitochondrial fusion [52]. Our research findings
indicate that LPS challenges mitochondrial function by down-regulating the mRNA ex-
pression of MFN2, FIS1, and DRP1. Dietary supplementation with FC can partially reverse
these adverse effects. Specifically, FC can alleviate LPS challenge-induced mitochondrial
damage in the liver of low-weaning weight piglets by regulating the mitochondrial MFN2
gene in the liver. Previous studies demonstrated that FC could prevent mitochondrial
functional damage [22,53]. The mitochondrial oxidative phosphorylation system, which
is crucial to cellular metabolism, consists of five enzyme complexes, including NADH
dehydrogenase (Complex I), succinate dehydrogenase (Complex II), ubiquinol cytochrome
c oxidoreductase (Complex III), cyanide sensitive oxidase (Complex IV), and ATP synthase
(Complex V) [54,55]. Our findings demonstrated that the addition of FC counteracted the
reduction in the expression of SDHA (Complex IV) and UQCRB (Complex II) genes in the
liver of LPS-challenged low-weaning weight piglets. Thus, our results suggest that FC may
enhance the activity of the mitochondrial oxidative phosphorylation system, preventing
mitochondrial function damage.

5. Conclusions

The supplementation with an optimal dose of FC (300 mg/kg) exhibits benefits in
the antioxidant capacity and growth performance of low-weaning weight piglets. The
antioxidant function of FC might be attributed to the inhibited Keap1 expression, controlled
nuclear migration of Nrf2, enhanced CAT activity, various antioxidant enzymes, and
improved mitochondrial function. Further, the antioxidant function may have eventually
played a protective role against liver oxidative stress damage. Thus, the optimal dose of FC
used in this study could provide a theoretical reference for the application of FC as a novel
and natural antioxidant in swine production.
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Appendix A

Table A1. The composition of basal diet and nutrient levels in experiment one (as-fed basis, %).

Items
Experiment Treatments

FC 0 FC 150 FC 300 FC 600

Ingredients
Corn 16.45 16.45 16.45 16.45
Extruded corn 32.00 32.00 32.00 32.00
Soybean meal, 46%CP 14.00 14.00 14.00 14.00
Extruded soybean 11.50 11.50 11.50 11.50
Fish meal 5.60 5.60 5.60 5.60
Whey 15.00 15.00 15.00 15.00
Soybean oil 1.00 1.00 1.00 1.00
Dicalcium phosphate 0.40 0.40 0.40 0.40
Limestone (CaCO3) 0.75 0.75 0.75 0.75
Salt 0.30 0.30 0.30 0.30
Choline chloride (60%) 0.05 0.05 0.05 0.05
L-Lysine HCl 1.20 1.20 1.20 1.20
DL-Methionine 0.09 0.09 0.09 0.09
Threonine 0.27 0.27 0.27 0.27
Tryptophan 0.02 0.02 0.02 0.02
Phytase 0.02 0.02 0.02 0.02
Acidifier 0.35 0.35 0.35 0.35
Zinc oxide 0.20 0.20 0.20 0.20
Vitamin and mineral premix 1 0.80 0.80 0.80 0.80
Total 100.00 100.00 100.00 100.00

Nutrition composition (Analyzed value)
GE, KJ/g 16.84 16.80 16.85 16.84
Crude protein 19.45 19.48 19.45 19.46
Calcium 0.77 0.76 0.78 0.77
Phosphorus 0.65 0.66 0.64 0.65
Ether extract 4.22 4.21 4.21 4.22
Crude Ash 6.21 6.19 6.18 6.21

Nutrition composition (Calculated value)
ME, MJ/kg 14.23 14.23 14.23 14.23
Lysine 1.30 1.30 1.30 1.30
Methionine 0.38 0.38 0.38 0.38
Threonine 0.76 0.76 0.76 0.76
Tryptophan 0.21 0.21 0.21 0.21

1 Premix supplied per kg of diet: niacin, 38.4 mg; calcium pantothenate, 25 mg; folic acid, 1.68 mg; biotin, 0.16 mg;
vitamin A, 35.2 mg; vitamin B1, 4 mg; vitamin B2, 12 mg; vitamin B6, 8.32 mg; vitamin B12, 4.8 mg; vitamin D3,
7.68 mg; vitamin E, 128 mg; vitamin K3, 8.16 mg; zinc (ZnSO4·H2O), 110 mg; copper (CuSO4·5H2O), 125 mg;
selenium (Na2SeO3), 0.19 mg; iron (FeSO4·H2O), 171 mg; cobalt (CoCl2), 0.19 mg; manganese (MnSO4·H2O),
42.31 mg; iodine (Ca(IO3)2), 0.54 mg.
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Table A2. The composition of basal diet and nutrient levels in experiment two (as-fed basis, %).

Items
Experiment Treatments

CON FC LPS FC + LPS

Ingredients
Corn 16.45 16.45 16.45 16.45
Extruded corn 32.00 32.00 32.00 32.00
Soybean meal, 46%CP 14.00 14.00 14.00 14.00
Extruded soybean 11.50 11.50 11.50 11.50
Fish meal 5.60 5.60 5.60 5.60
Whey 15.00 15.00 15.00 15.00
Soybean oil 1.00 1.00 1.00 1.00
Dicalcium phosphate 0.40 0.40 0.40 0.40
Limestone (CaCO3) 0.75 0.75 0.75 0.75
Salt 0.30 0.30 0.30 0.30
Choline chloride (60%) 0.05 0.05 0.05 0.05
L-Lysine HCl 1.20 1.20 1.20 1.20
DL-Methionine 0.09 0.09 0.09 0.09
Threonine 0.27 0.27 0.27 0.27
Tryptophan 0.02 0.02 0.02 0.02
Phytase 0.02 0.02 0.02 0.02
Acidifier 0.35 0.35 0.35 0.35
Zinc oxide 0.20 0.20 0.20 0.20
Vitamin and mineral premix 1 0.80 0.80 0.80 0.80
Total 100.00 100.00 100.00 100.00

Nutrition composition (Analyzed value)
GE, KJ/g 17.00 16.89 17.00 16.89
Crude protein 19.29 19.31 19.29 19.31
Calcium 0.79 0.78 0.79 0.78
Phosphorus 0.67 0.65 0.67 0.65
Ether extract 4.32 4.29 4.32 4.29
Crude Ash 6.23 6.13 6.23 6.13

Nutrition composition (Calculated value)
ME, MJ/kg 14.23 14.23 14.23 14.23
Lysine 1.30 1.30 1.30 1.30
Methionine 0.38 0.38 0.38 0.38
Threonine 0.76 0.76 0.76 0.76
Tryptophan 0.21 0.21 0.21 0.21

1 Premix supplied per kg of diet: niacin, 38.4 mg; calcium pantothenate, 25 mg; folic acid, 1.68 mg; biotin, 0.16 mg;
vitamin A, 35.2 mg; vitamin B1, 4 mg; vitamin B2, 12 mg; vitamin B6, 8.32 mg; vitamin B12, 4.8 mg; vitamin D3,
7.68 mg; vitamin E, 128 mg; vitamin K3, 8.16 mg; zinc (ZnSO4·H2O), 110 mg; copper (CuSO4·5H2O), 125 mg;
selenium (Na2SeO3), 0.19 mg; iron (FeSO4·H2O), 171 mg; cobalt (CoCl2), 0.19 mg; manganese (MnSO4·H2O),
42.31 mg; iodine (Ca(IO3)2), 0.54 mg.

Appendix B

Table A3. Primer sequences used for RT-qPCR.

Gene Primer Sequence (5′→3′) Product Length, bp Accession No.

ATP5H F: CATTGACTGGGTAGCCTTTG 115 XM_021066093.1
R: CTTCTCAGGTAGAGCAGCCA

CAT F: CCTGCAACGTTCTGTAAGGC 72 NM_214301.2
R: GCTTCATCTGGTCACTGGCT

DRP1 F:GTAAACCGAAGCCAGAAGGACA 102 XM_021069575.1
R: CAAGTGGCGATAGGAAGGGTGG

FIS1 F:CCAAAGGGAGCAAAGAGGAGCA 132 XM_021086263.1
R: CCTGGTTGTTCTGTGGCTCTGT

GAPDH F: GCTTGTCATCAATGGAAAGG 86 NM_001206359.1
R: CATACGTAGCACCAGCATCA

GCLC F: GGAGAGGGGAGAAAGTTGTC 103 XM_021098556.1
R: GCCTTCGCTGCTTCATCATC

GCLM F: GCTTCGAGACTGTATCCAAA 132 XM_001926378.4
R: CTTTCATCGGGATTTATTTT

GPX2 F: TCTCCAGTGTGTCGCAATGA 104 NM_214201.1
R: TCGATGGTCAGAAAGCGACG

GPX4 F: GATTCTGGCCTTCCCTTGC 173 NM_214407.1
R: TCCCCTTGGGCTGGACTTT

HO1 F: GAGAAGGCTTTAAGCTGGTG 74 NM_001004027.1
R: GTTGTGCTCAATCTCCTCCT

Keap1 F: AGCTGGGATGCCTCAGTGTT 100 NM_001114671.1
R: AGGCAAGTTCTCCCAGACATTC
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Table A3. Cont.

Gene Primer Sequence (5′→3′) Product Length, bp Accession No.

MFN1 F:CAATAGAAGAGAGGGAAGACC 117 NM_001315732.1
R: TATTTGCCACCTCCTCTGTAA

MFN2 F:AGAGGAGAAGAGGAGCGTCAAGA 95 XM_021095370.1
R: ACATCACACTCACCAGGCTGC

NDUFS2 F: CTAAACGCGCAGAGATGAAGA 108 XM_005663166.3
R: CCTCAATGGCAGTGTATGTGG

NDUFV2 F:CCCAGATACTCCATTTGATTTCA 169 NM_001097475.2
R: AATTTCTGCCACCTTGTTCATG

Nrf2 F: GAGAAGGCTTTAAGCTGGTG 103 XM_005671981.3
R: GTTGTGCTCAATCTCCTCCT

OPA1 F:CAGAGGATGGTGCTTGTTGAC 128 XM_021070065.1
R: AGTATGATGGCGTTGGGATTC

SDHA F:TCTCTGAGGCCGGGTTTAACACA 124 XM_021076930.1
R: CACCTCCAGTTGTCCTCCTCCAT

SOD1 F: GAAGACAGTGTTAGTAACGG 93 NM_001190422.1
R: CAGCCTTGTGTATTATCTCC

UQCRB F:
GGATGACGATGTAAAAGAAGCCA 141 NM_001185172.1
R: TCCTCCTCATATTTTGTCCACTG

ATP5H: ATP synthase, H+ transporting, mitochondrial Fo complex, subunit, CAT: catalase, DRP1: dynamin
related protein 1, FIS1: mitochondrial fission protein 1, GAPDH: glyceraldehyde-3-phosphate dehydrogenase,
GCLC: glutamate-cysteine ligase catalytic subunit, GCLM: glutamate-cysteine ligase modifier subunit, GPX2: glu-
tathione peroxidase 2, GPX4: glutathione peroxidase 4, HO1: heme oxygenase 1, Keap1: kelch-like ech-associated
protein 1, MFN1: mitofusin 1, MFN2: mitofusin 2, NDUFS2: NADH ubiquinone oxidoreductase core subunit S2,
NDUFV2: NADH ubiquinone oxidoreductase core subunit V2, OPA1: optic atrophy 1, SDHA: succinate dehy-
drogenase complex flavoprotein subunit A, Nrf2: nuclear factor erythroid2-related factor 2, SOD1: superoxide
dismutase 1, UQCRB: ubiquinol cytochrome c reductase binding protein.
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Abstract: Silybin (Si) is the main element of silymarin isolated from the seeds of Silybum marianum L.
Gaernt., which has superior antioxidant properties. However, the protective role of Si in maintaining
liver health under oxidative stress remains ambiguous. This study aimed to investigate the underlying
mechanism of the beneficial effect of dietary Si against hepatic oxidative injury induced by paraquat
(PQ) in weaned piglets. A total of 24 piglets were randomly allocated to four treatments with
six replicates per treatment and 1 piglet per replicate: the control group; Si group; PQ group; and
Si + PQ group. Piglets in the control group and PQ group were given a basal diet, while piglets in the
Si and Si + PQ groups were given a Si-supplemented diet. On the 18th day, the pigs in the PQ treatment
group received an intraperitoneal injection of PQ, and the others were intraperitoneally injected with
the same volume of saline. All piglets were sacrificed on day 21 for plasma and liver sample collection.
The results showed that dietary Si supplementation mitigated PQ-induced liver damage, as proven by
the reduction in liver pathological changes and plasma activity of alanine transaminase and aspartate
transaminase. Si also improved superoxide dismutase and glutathione peroxidase activities and total
antioxidant capacity, as well as decreased malondialdehyde and hydrogen peroxide concentration in
the liver, which were closely related to the activation of the nuclear factor-erythroid 2-related factor
2 signaling pathway. Meanwhile, Si reduced tumor necrosis factor-α and interleukin-8 production
and their transcript levels as well as abrogated the overactivation of nuclear factor-κB induced by
PQ. Importantly, Si improved mitochondrial function by maintaining mitochondrial energetics and
mitochondrial dynamics, which was indicated by the elevated activity of mitochondrial complexes I
and V and adenosine triphosphate content, decreased expression of dynamin 1 protein, and increased
expression of mitofusin 2 protein. Moreover, Si inhibited excessive hepatic apoptosis by regulating
the B-cell lymphoma-2 (Bcl-2)/Bcl-2-associated-X-protein signaling pathway. Taken together, these
results indicated that Si potentially mitigated PQ-induced hepatic oxidative insults by improving
antioxidant capacity and mitochondrial function and inhibiting inflammation and cell apoptosis in
weaned piglets.

Keywords: silybin; hepatic damage; inflammation; antioxidation; mitochondrial function; apoptosis;
weaned piglets

1. Introduction

The liver is the principal organ responsible for metabolism and detoxification. It plays
a crucial role in nutrient storage, xenobiotic metabolism, antioxidation, and immunoregula-
tion within the body [1]. However, young animals are susceptible to liver injury induced
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by various stressors, including dietary and environmental stress, due to their physiological
immaturity [2]. Oxidative stress is recognized as a vital pathological mechanism underlying
the initiation and progression of liver injury [3]. Excessive reactive oxygen species (ROS)
induce lipid peroxidation, protein oxidation, and DNA damage [4–6]. More importantly,
free radicals interfere with the process of mitochondrial dynamics and bioenergetics, and
then cause mitochondrial structure and function disorders [7], subsequently aggravating
liver intracellular oxidative stress and triggering endogenous apoptotic pathways, ulti-
mately leading to liver injury and dysfunction [8,9]. Therefore, it is necessary to develop
effective nutrition intervention strategies to protect animals against liver damage injury
from oxidative stress.

In recent years, significant attempts have been made to improve liver health through
dietary antioxidants such as phytonutrients. Silybin, as a kind of flavonoid lignan, is the
main active constituent of silymarin extracted from milk thistle, and plays an essential role
in eliminating ROS and regulating antioxidant capacity [10]. In addition, silybin possesses
a wide range of pharmacological activities, such as hepatoprotective, anti-inflammatory,
and antibacterial activities [11,12], and improves mitochondrial function by regulating
biogenesis and bioenergetics [13,14]. Dietary silymarin/silybin has been reported to im-
prove growth performance and exert a promoting effect on systemic health in pigs and
poultries [15–18]. Consistently, our previous research also found that dietary silybin de-
creased diarrhea incidence and improved growth performance in weaned piglets; moreover,
silybin supplementation effectively alleviated intestinal injury by improving the antioxi-
dant properties, mitochondrial function, and microbial community composition of weaned
piglets [19]. However, the beneficial effects of silybin on liver health in weaned piglets
under oxidative stress, and their underlying mechanisms, are still unknown.

Therefore, the purpose of this present study was to explore the potential of silybin in
attenuating liver oxidative injury challenged with paraquat (PQ). PQ is a well-known redox
imbalance inducer that can produce ROS continuously by interfering with the electron
transmission on the mitochondrial respiratory chain, thereby inducing damage to different
organs, including the liver, gastrointestinal tract, and other organs [20–23]. Thus, it is widely
used to establish an oxidative stress model [24,25]. We measured the effect of dietary silybin
on liver pathological changes, plasma biochemical parameters, hepatic enzyme activity,
and inflammatory cytokine content. Subsequently, the activation of the Nrf2/Keap1 and
NF-κB signaling pathways, mitochondrial function-related gene and protein expression,
and initiation of hepatocytic apoptosis were further analyzed. Our findings can provide a
novel nutritional intervention strategy for improving the liver health of weaned piglets and
lay a theoretical foundation for the incorporation and utilization of silybin in animal feed.

2. Materials and Methods
2.1. Animal Ethics Approval

All animal procedures in this study complied with the ARRIVE guidelines and were
approved by the Animal Care and Use Committee of the Institute of Feed Research of the
Chinese Academy of Agricultural Sciences (IFR-CAAS20220428) [26].

2.2. Animals and Treatment

A total of 24 Duroc× (Landrace× Yorkshire) weanling piglets of similar age (28 ± 1 d)
and initial body weight (7.68 ± 0.37 kg) were randomly allocated to 4 treatments with
6 replicates (pens) per treatment, ensuring an equal distribution of initial body weight
and sex (half male and half female). The treatment included the Ctrl group (basal diet);
Si group (basal diet supplemented with 400 mg/kg silybin); PQ group (basal diet); and
Si + PQ group (basal diet supplemented with 400 mg/kg silybin). On the 18th day, the pigs
in the PQ group and Si + PQ group received an intraperitoneal injection of 4 mg/kg BW
paraquat (PQ) (methyl viologen hydrate, Huaxia Chemical Reagent Co., Ltd., Chengdu,
China), and other groups received an intraperitoneal injection of saline. The dose of
PQ to induce oxidative stress in the liver of the piglets was determined according to a
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previous report [25]. The administered level of silybin (purity > 97%, Panjin Tianyuan
Pharmaceutical Co., Ltd., Panjin, China) in this study was determined based on a previous
study [19]. The experiment was conducted at the Tianpeng experimental farm and lasted
for a total of 21 days. The ingredient and nutrient levels of the basal diet met the nutritional
requirements according to the National Research Council (2012) and have been described
in our previous report [19,27]. Piglets were given ad libitum access to feed and fresh water
in pens with slatted floors.

2.3. Sample Collection

At the end of the trial (day 21), approximately 6 mL blood samples were collected
via the jugular veins of the piglets and centrifuged at 3000× g for 4 ◦C at 10 min to
obtain plasma. Subsequently, all piglets were euthanized after being stunned by a portable
electrical stunner (the output voltage was 220 V). The liver samples from the right medial
lobe were collected and snap-frozen in liquid nitrogen and stored at −80 ◦C for further
analysis. In addition, portions of the liver samples from the right medial lobe were fixed in
fresh 4% paraformaldehyde for hematoxylin and eosin (H&E) staining analysis.

2.4. Plasma Biochemical Analysis

The activities of alanine transaminase (ALT), aspartate transaminase (AST), and alkaline
phosphatase (ALP) in plasma were measured using a corresponding commercial kit (Jiangsu
Meimian Industrial Co., Ltd., Yancheng, China) as described by the manufacturer’s instructions.

2.5. Determination of Inflammatory Cytokine Content

The frozen liver was homogenized in chilled saline using an automatic homogenizer.
Then, the homogenate was centrifuged at 3000× g for 15 min at 4 ◦C to obtain the su-
pernatant, and the total protein concentration in the liver supernatant was subsequently
detected. The content of tumor necrosis factor-α (TNF-α) and interleukin (IL)-6, IL-8,
and IL-10 in the liver homogenate were measured using porcine-specific enzyme-linked
immunoassay kits (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China)
according to the manufacturer’s protocols.

2.6. Determination of Enzyme Activity

Following the instructions of the protocols, the activities of superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GSH-Px); the total antioxidant capac-
ity (T-AOC) level; and the content of malondialdehyde (MDA) and hydrogen peroxide
(H2O2) in the liver supernatant were detected using kits purchased from Nanjing Jiancheng
Biotechnology Co., Ltd. (Nanjing, China). The activities of mitochondrial complex I (COX
I) and complex V (COX V) in the supernatant were measured using commercially available
kits (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). After a similar ho-
mogenate step, the activity of caspase 3 and caspase 9 in the supernatant was determined
using a specific kit purchased from Beyotime Biochem. Co., Ltd. (Shanghai, China). The
assay steps were performed according to the instructions provided by the manufacturer.

2.7. Adenosine Triphosphate Content Assay

The liver homogenate was boiled on an electric hot plate for 10 min, cooled down
on ice, and subsequently centrifuged at 3500× g for 10 min at 4 ◦C to obtain the super-
natant. The content of adenosine triphosphate (ATP) in the supernatant was determined by
phosphomolybdate colorimetry using a commercial kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

2.8. Histopathological Staining

The liver tissues were fixed with fresh 4% paraformaldehyde for more than 24 h, then
embedded in paraffin after dehydration. The slices were stained with hematoxylin and
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eosin (H&E) for histopathological examination with an upright optical microscope (Niko,
Tokyo, Japan). The histological score was assessed as described in a previous report [28].

2.9. Real-Time Quantitative PCR Analysis (RT-qPCR)

RNA extraction, reverse transcription, and qPCR of liver tissues were performed
according to the procedure described in a previous report [29]. Briefly, total RNA was
isolated using Trizol reagent (Thermo Fisher Scientific, Inc., Boston, MA, USA) according
to the manufacturer’s instructions. Then, 1 µg RNA was used to produce cDNA by
reverse transcription using the PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd.,
Dalian, China). The real-time quantitative PCR was conducted using SYBR Green reagent
(Thermo Fisher Scientific, MA, USA) on a CFX96 Touch real-time PCR instrument (Bio-Rad
Laboratories Inc., Berkeley, CA, USA). The mRNA expression of the target gene relative to
the housekeeping gene (GAPDH) was calculated using the 2−∆∆CT method. The primer
sequences used in this study are listed in Table 1.

Table 1. The primers for quantitative real-time PCR.

Gene 1 Accession Number Primer Sequence (5′-3′) Product Size (bp)

GAPDH NM_001206359.1
F: GCTTGTCATCAATGGAAAGG

86R: CATACGTAGCACCAGCATCA

TNF-α NM_214022.1
F: CTCACGTCCTTCTGGTTTAG

96R: CCCTGATTTCTAAGTGTTGC

IL-6 NM_214399.1
F: AATGTCGAGGCTGTGCAGATT

82R: TGGTGGCTTTGTCTGGATTCT

IL-8 NM_213867.1
F: CCGTGTCAACATGACTTCCAA

75R: GCCTCACAGAGAGCTGCAGAA

IL-10 NM_214041.1
F: GACGATGAAGATGAGGAAGA

54R: AGGTTTTTCTTTGGTTTCCC

CAT NM_214301.2
F: CCTGCAACGTTCTGTAAGGC

72R: GCTTCATCTGGTCACTGGCT

SOD1 NM_001190422.1
F: GAAGACAGTGTTAGTAACGG

93R: CAGCCTTGTGTATTATCTCC

GPX1 NM_214201.1
F: TCTCCAGTGTGTCGCAATGA

104R: TCGATGGTCAGAAAGCGACG

GPX4 NM_214407.1
F: GATTCTGGCCTTCCCTTGC

173R: TCCCCTTGGGCTGGACTTT

NDUFS2 XM_005663166.3
F: CTAAACGCGCAGAGATGAAGA

108R: CCTCAATGGCAGTGTATGTGG

NDUFV2 NM_001097475.2
F: CCCAGATACTCCATTTGATTTCA

169R: AATTTCTGCCACCTTGTTCATG

SDHA XM_021076930.1
F: TCTCTGAGGCCGGGTTTAACACA

124
R: CACCTCCAGTTGTCCTCCTCCAT

UQCRB NM_001185172.1
F: GGATGACGATGTAAAAGAAGCCA

141R: TCCTCCTCATATTTTGTCCACTG

ATP5H XM_021066093.1
F: CATTGACTGGGTAGCCTTTG

115R: CTTCTCAGGTAGAGCAGCCA
1 GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TNF-α, tumor necrosis factor-α; IL, interleukin;
CAT, catalase; SOD, superoxide dismutase; GPX, glutathione peroxidase; NDUFS2, NADH ubiquinone oxi-
doreductase core subunit S2; NDUFV2, NADH ubiquinone oxidoreductase core subunit V2; SDHA, succinate
dehydrogenase complex flavoprotein subunit A; UQCRB, ubiquinol-cytochrome c reductase binding protein;
ATP5H, ATP synthase subunit d.
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2.10. Western Blotting Analysis

The protein from liver tissues was extracted using an ice-cold RIPA buffer supplement
with 1% phosphatase and protease inhibitors (Huaxing Biotechnology, Beijing, China). The
total protein concentration of the extracting solution was measured with the BCA assay
kit (Huaxing Biotechnology, Beijing, China). Then, the expression of the target proteins
was detected by immunoblotting assays, and the relative abundance of protein expression
was normalized to GAPDH. The specific antibodies were used as follows: Nrf2 (1:1000,
Abcam, Cambridge, UK), Keap1 (1:1000, Abcam, Cambridge, UK), NF-κB p65 (1:1000,
Cell Signaling Technology, Boston, MA, USA), Phospho-NF-κB p65 (1:500, Cell Signaling
Technology, Boston, MA, USA), Drp1 (1:1000, Affinity Biosciences, Cincinnati, OH, USA),
Mfn2 (1:1000, Affinity Biosciences, Cincinnati, OH, USA), Cleaved caspase 3 (1:1000, Affinity
Biosciences, Cincinnati, OH, USA), Bax (1:1000, Affinity Biosciences, Cincinnati, OH, USA),
Bcl-2 (1:1000, Abcam, Cambridge, UK), GAPDH (1:2000, Cell Signaling Technology, Boston,
MA, USA), HRP-linked anti-rabbit IgG (1:2000, Cell Signaling Technology, Boston, MA,
USA), and HRP-linked anti-mouse IgG (1:2000, Cell Signaling Technology, Boston, MA, USA).

2.11. Statistical Analysis

The data analysis was conducted by two-way ANOVA with SPSS statistical software
version 19 (IBM, Armonk, NY, USA). One-way ANOVA was adopted to analyze the
differences among all groups when the interaction was significant, followed by Tukey’s
honest significant difference test for multiple comparisons. All data are expressed as
mean with standard error (SE). A significance level of p < 0.05 was considered statistically
significant, while a significance level of 0.05 ≤ p < 0.1 indicated a significant trend.

3. Results
3.1. Effects of Dietary Silybin Supplementation on Liver Injury in Piglets Challenged with PQ

As shown in Figure 1A, H&E staining showed that PQ challenge led to swelling and
vacuolar degeneration of liver cells in the piglets, along with hepatic karyopyknosis and
karyolysis. Conversely, dietary silybin supplementation alleviated the abovementioned
pathological changes. Consistently, compared with the PQ group, dietary silybin adminis-
tration significantly decreased the histological score of liver lesions in the PQ-challenged
piglets (p < 0.05) (Figure 1B). Then, we further measured the activities of AST, ALT, and
ALP in plasma and found that PQ challenge significantly increased ALT activity (p < 0.05).
However, dietary silybin supplementation obviously reduced ALT activity (p < 0.05) and
tended to decrease AST activity (p = 0.07) in the PQ-challenged piglets (Figure 1C,D). In
addition, neither diet nor PQ treatment affected ALP activity in the plasma of the piglets
(p > 0.05) (Figure 1E).

3.2. Effects of Dietary Silybin on Hepatic Oxidative Stress in Piglets Challenged with PQ

As shown in Figure 2, compared with the control group, the piglets challenged with
PQ had significantly decreased GSH-Px activity (p < 0.05) and increased H2O2 levels
(p < 0.05), and tended to have a lower T-AOC level (p = 0.10) and higher MDA content
(p = 0.08) (Figure 2C–E). In contrast, dietary silybin significantly increased the T-AOC level
and decreased the concentration of MDA and H2O2 (p < 0.05), and tended to increase the
activities of SOD (p = 0.06) as well as GSH-Px (p = 0.06) (Figure 2B–E). Moreover, there was
no significant difference in CAT activity among all groups (p > 0.05) (Figure 2A).
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Figure 1. Dietary silybin supplementation alleviated liver injury induced by paraquat in piglets. (A) 
Representative H&E staining of liver tissues (captured at 100× or 400× magnification). (B) Histo-
pathology scores of liver tissues. (C–E) Plasma activities of AST, ALT, and ALP. Ctrl, piglets were 
given a basal diet and were challenged with saline; Si, piglets were given a silybin-supplemented 
diet and were challenged with saline; PQ, piglets were given a basal diet and were challenged with 
paraquat; Si + PQ, piglets were given a silybin-supplemented diet and were challenged with para-
quat; AST, aspartate transaminase; ALT, alanine transaminase; ALP, alkaline phosphatase. Data are 
expressed as mean ± standard error (n = 6). * p < 0.05. 
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Figure 1. Dietary silybin supplementation alleviated liver injury induced by paraquat in piglets.
(A) Representative H&E staining of liver tissues (captured at 100× or 400× magnification).
(B) Histopathology scores of liver tissues. (C–E) Plasma activities of AST, ALT, and ALP. Ctrl, piglets
were given a basal diet and were challenged with saline; Si, piglets were given a silybin-supplemented
diet and were challenged with saline; PQ, piglets were given a basal diet and were challenged with
paraquat; Si + PQ, piglets were given a silybin-supplemented diet and were challenged with paraquat;
AST, aspartate transaminase; ALT, alanine transaminase; ALP, alkaline phosphatase. Data are ex-
pressed as mean ± standard error (n = 6). * p < 0.05.
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levels of GPX1 (p = 0.097) and GPX4 (p = 0.099) in the liver of the PQ-challenged piglets 
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Figure 2. Dietary silybin administration ameliorated PQ-induced oxidative stress in the liver of piglets.
The activities of CAT (A), SOD (B), and GSH-Px (C) and the level of T-AOC (D), MDA content (E), and
H2O2 level (F) in the liver. Ctrl, piglets were given a basal diet and were challenged with saline; Si, piglets
were given a silybin-supplemented diet and were challenged with saline; PQ, piglets were given a basal
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diet and were challenged with paraquat; Si + PQ, piglets were given a silybin-supplemented diet
and were challenged with paraquat; CAT, catalase; SOD, superoxide dismutase; GSH-Px, glutathione
peroxidase; T-AOC, the total antioxidant capacity; MDA, malondialdehyde; H2O2, hydrogen peroxide.
Data are expressed as mean ± standard error (n = 6). * p < 0.05, ** p < 0.01.

3.3. Effects of Dietary Silybin on Hepatic Activation of Nrf2 Signaling Pathway in Piglets
Challenged with PQ

As shown in Figure 3, we found that PQ challenge significantly decreased the expres-
sion level of the GPX4 gene (p < 0.05), but not the expression levels of the SOD1 and GPX1
genes (p > 0.05) (Figure 3B–D). However, dietary silybin supplementation significantly
elevated the mRNA expression of SOD1 (p < 0.05) and tended to enhance the expression
levels of GPX1 (p = 0.097) and GPX4 (p = 0.099) in the liver of the PQ-challenged piglets
(Figure 3B–D). Neither silybin supplementation nor PQ treatment affected CAT mRNA ex-
pression in the liver (p > 0.05) (Figure 3A). Interestingly, the Western blotting results showed
that silybin supplementation increased the nuclear factor-erythroid 2-related factor 2 (Nrf2)
protein expression in the presence or absence of PQ challenge (p < 0.05) (Figure 3E–G).
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increase in the levels of TNF-α and IL-8 (p = 0.05 and p < 0.05, respectively) (Figure 4A,C). 
In contrast to the PQ group, silybin dramatically reversed these trends and increased IL-
10 content in the liver (p = 0.08) (Figure 4A,C,D). Consistently, the relative mRNA abun-
dance of TNF-α and IL-8 was upregulated by PQ treatment (p = 0.07 and p = 0.06, respec-
tively) (Figure 4E,G), compared with the control group. However, it was dramatically 
downregulated by dietary silybin supplementation (p = 0.06 and p < 0.05, respectively). In 
addition, dietary silybin significantly reduced the increase in protein abundance of nu-
clear factor-kB (NF-κB) and phosphorylated NF-κB induced by PQ treatment (p < 0.05) 
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Figure 3. Silybin enhanced hepatic antioxidant capacity by activating the Nrf2 signaling path-
way. The expression of Nrf2 signaling pathway genes including CAT (A), SOD1 (B), GPX1 (C),
and GPX4 (D). (E–G) The relative protein expression level of Nrf2 and Keap1. Ctrl, piglets were
given a basal diet and were challenged with saline; Si, piglets were given a silybin-supplemented
diet and were challenged with saline; PQ, piglets were given a basal diet and were challenged
with paraquat; Si + PQ, piglets were given a silybin-supplemented diet and were challenged with
paraquat; CAT, catalase; SOD, superoxide dismutase; GPx, glutathione peroxidase; Nrf2, nuclear
factor-erythroid 2-related factor 2; Keap1, kelch-like ECH-associated protein l. Data are expressed as
mean ± standard error (n = 6). * p < 0.05, ** p < 0.01.

3.4. Effects of Dietary Silybin on Inflammatory Response in Piglets Challenged with PQ

As shown in Figure 4, compared with the control group, PQ challenge caused an
increase in the levels of TNF-α and IL-8 (p = 0.05 and p < 0.05, respectively) (Figure 4A,C).
In contrast to the PQ group, silybin dramatically reversed these trends and increased
IL-10 content in the liver (p = 0.08) (Figure 4A,C,D). Consistently, the relative mRNA
abundance of TNF-α and IL-8 was upregulated by PQ treatment (p = 0.07 and p = 0.06,
respectively) (Figure 4E,G), compared with the control group. However, it was dramatically
downregulated by dietary silybin supplementation (p = 0.06 and p < 0.05, respectively).
In addition, dietary silybin significantly reduced the increase in protein abundance of
nuclear factor-kB (NF-κB) and phosphorylated NF-κB induced by PQ treatment (p < 0.05)
(Figure 4I,J).
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basal diet and were challenged with paraquat; Si + PQ, piglets were given a silybin-supplemented 
diet and were challenged with paraquat; TNF-α, tumor necrosis factor-α; IL, interleukin; NF-κB, 
nuclear factor-kB; P-NF-κB, phosphorylated NF-κB. Data are expressed as mean ± standard error (n 
= 6). * p < 0.05, ** p < 0.01. 
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< 0.05) and tended to decrease ATP synthase subunit d (ATP5H) (p = 0.05) compared to the 
control group (Figure 5D), while silybin supplementation elevated the abovementioned 
gene expression in the liver of the PQ-challenged piglets (p = 0.07 and p = 0.06, respec-
tively). In addition, dietary silybin also upregulated the mRNA expression of NADH ubiq-
uinone oxidoreductase core subunit S2 (NDUFS2) in response to PQ challenge (p = 0.06) 
(Figure 5D). Moreover, PQ challenge increased the protein abundance of dynamin 1 
(Drp1) and decreased the protein abundance of mitofusin 2 (Mfn2), while silybin supple-
mentation significantly reversed the abovementioned trend (p < 0.05) (Figure 5E–G). 

Figure 4. Dietary silybin supplementation alleviated hepatic inflammation induced by paraquat in
piglets. The concentration of TNF-α (A), IL-6 (B), IL-8 (C), and IL-10 (D). The mRNA expression level
of TNF-α (E), IL-6 (F), IL-8 (G), and IL-10 (H). (I–K) The relative protein expression level of P-NF-κB
and NF-κB. Ctrl, piglets were given a basal diet and were challenged with saline; Si, piglets were
given a silybin-supplemented diet and were challenged with saline; PQ, piglets were given a basal
diet and were challenged with paraquat; Si + PQ, piglets were given a silybin-supplemented diet
and were challenged with paraquat; TNF-α, tumor necrosis factor-α; IL, interleukin; NF-κB, nuclear
factor-kB; P-NF-κB, phosphorylated NF-κB. Data are expressed as mean ± standard error (n = 6).
* p < 0.05, ** p < 0.01.

3.5. Effects of Dietary Silybin on Mitochondrial Function in Piglets Challenged with PQ

As shown in Figure 5, PQ challenge decreased the activities of mitochondrial complexes
I and V and subsequently reduced the ATP content in the liver (p < 0.05) (Figure 5A–C).
However, dietary silybin supplementation alleviated the PQ-induced decrease in mito-
chondrial complex I and V activity compared to the PQ group, thereby enhancing the
production of ATP (p < 0.05). Consistently, we found that PQ treatment downregulated
the expression level of NADH ubiquinone oxidoreductase core subunit V2 (NDUFV2)
(p < 0.05) and tended to decrease ATP synthase subunit d (ATP5H) (p = 0.05) compared
to the control group (Figure 5D), while silybin supplementation elevated the abovemen-
tioned gene expression in the liver of the PQ-challenged piglets (p = 0.07 and p = 0.06,
respectively). In addition, dietary silybin also upregulated the mRNA expression of NADH
ubiquinone oxidoreductase core subunit S2 (NDUFS2) in response to PQ challenge (p = 0.06)
(Figure 5D). Moreover, PQ challenge increased the protein abundance of dynamin 1 (Drp1)
and decreased the protein abundance of mitofusin 2 (Mfn2), while silybin supplementation
significantly reversed the abovementioned trend (p < 0.05) (Figure 5E–G).
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were given a basal diet and were challenged with saline; Si, piglets were given a silybin-supple-
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analysis showed that PQ challenge significantly enhanced the protein expression of the 
Cleaved caspase 3 in the liver compared with the control group (p < 0.01) (Figure 5D). 
Conversely, silybin supplementation markedly downregulated Cleaved caspase 3 protein 
expression, upregulated B-cell lymphoma-2 (Bcl-2) protein expression, and increased the 
ratio of Bcl-2 to Bcl-2-associated-X-protein (Bax) in piglets upon PQ challenge (p < 0.05) 
(Figure 5D,E,G). Furthermore, silybin also increased Bcl-2 protein expression in the non-
challenged piglets (p < 0.01) (Figure 5E). There was no significant difference in the Bax 
protein expression among all groups (p > 0.05) (Figure 5F). 

Figure 5. Dietary silybin supplementation protected against PQ-induced mitochondrial dysfunction.
(A,B) The activities of COX I and COX V in the liver. (C) The level of ATP. (D) The expression
of mitochondrial respiratory chain protein complex genes including NDUFS2, NDUFV2, SDHA,
UQCRB, and ATP5H. (E–G) The relative protein expression level of Drp1 and Mfn2. Ctrl, piglets were
given a basal diet and were challenged with saline; Si, piglets were given a silybin-supplemented
diet and were challenged with saline; PQ, piglets were given a basal diet and were challenged
with paraquat; Si + PQ, piglets were given a silybin-supplemented diet and were challenged with
paraquat; COX, mitochondrial complex; ATP, adenosine triphosphate. NDUFS2, NADH ubiquinone
oxidoreductase core subunit S2; NDUFV2, NADH ubiquinone oxidoreductase core subunit V2; SDHA,
succinate dehydrogenase complex flavoprotein subunit A; UQCRB, ubiquinol-cytochrome c reductase
binding protein; ATP5H, ATP synthase subunit d; Drp1, dynamin 1; Mfn2, mitofusin 2. Data are
expressed as mean ± standard error (n = 6). * p < 0.05, ** p < 0.01.

3.6. Effects of Dietary Silybin Supplementation on Hepatocyte Apoptosis in Piglets Challenged
with PQ

As shown in Figure 6, PQ challenge significantly increased the activities of caspase
3 and caspase 9 in the liver, which was reversed by silybin supplementation (p < 0.05)
(Figure 5A,B). Interestingly, dietary silybin tended to decrease the activity of caspase 3
and caspase 9 in the non-challenged piglets (p = 0.07 and p = 0.09, respectively). Western
blot analysis showed that PQ challenge significantly enhanced the protein expression of
the Cleaved caspase 3 in the liver compared with the control group (p < 0.01) (Figure 5D).
Conversely, silybin supplementation markedly downregulated Cleaved caspase 3 protein
expression, upregulated B-cell lymphoma-2 (Bcl-2) protein expression, and increased the
ratio of Bcl-2 to Bcl-2-associated-X-protein (Bax) in piglets upon PQ challenge (p < 0.05)
(Figure 5D,E,G). Furthermore, silybin also increased Bcl-2 protein expression in the non-
challenged piglets (p < 0.01) (Figure 5E). There was no significant difference in the Bax
protein expression among all groups (p > 0.05) (Figure 5F).
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Figure 6. Dietary silybin addition suppressed hepatocyte apoptosis. (A,B) The activities of caspase 
3 and caspase 9 in the liver tissues. (C) Representative image of Western blot. The protein expression 
levels of Cleaved caspase 3 (D), Bcl-2 (E), Bax (F), and the ratio of Bcl-2 to Bax (G). Ctrl, piglets were 
given a basal diet and were challenged with saline; Si, piglets were given a silybin-supplemented 
diet and were challenged with saline; PQ, piglets were given a basal diet and were challenged with 
paraquat; Si + PQ, piglets were given a silybin-supplemented diet and were challenged with para-
quat; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated-X-protein; Bcl-2/Bax, the ratio of Bcl-2 to Bax. 
Data are expressed as mean ± standard error (n = 6). * p < 0.05, ** p < 0.01. 
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role in maintaining systemic health but is extremely susceptible to oxidative stress caused 
by various factors. Herein, we investigated the protective effect of silybin on liver injury 
induced by PQ challenge in weaned piglets and its potential molecular mechanism. Con-
sistent with previous reports [30–32], histopathological staining analyses showed that PQ 
challenge caused noticeable pathological changes in the liver, evidenced by hepatic kary-
opyknosis, karyolysis, and vacuolation of hepatocytes. However, silybin supplementation 
alleviated hepatic morphological injury induced by PQ in piglets, which was proved by a 
reduced pathological score. A previous study also suggested that silymarin administra-
tion mitigated fibrosis, granulomatosis, and cytolytic necrosis in the liver of CCl4-chal-
lenged broiler chickens [33]. Plasma biochemical indices such as AST, ALT, and ALP are 
the most sensitive markers of the degree of liver damage, and the increased activity of 
these enzymes in plasma indicates increased liver damage [34]. In the present study, die-
tary silybin supplementation lowered plasma ALT and AST activity in the PQ-challenged 
piglets, suggesting that silybin may have protective effects against liver injury induced by 
PQ treatment. These results were in agreement with those observed by Zhang et al. (2021) 
[35], which verified that micelle silymarin supplementation significantly decreased serum 
AST activity in sows on day 21 postpartum. In addition, silybin addition decreased the 
serum activities of ALT and γ-glutamyl transpeptidase in Peking ducks [18]. Taken to-
gether, these results indicate that dietary silybin administration has a protective function 
against the hepatic injury induced by PQ in piglets. 

It is known that maintaining a proper redox balance is an effective strategy for alle-
viating liver injury [36]. The antioxidant enzymes secreted by hepatocytes are the primary 
line of defense against oxidative stress. In particular, SOD is an essential component of 
the antioxidant enzyme system, catalyzing the disproportionation of superoxide anion 
radicals into oxygen and hydrogen peroxide; the latter is further decomposed into water 
and oxygen by CAT [37]. In addition, GSH-Px also has a strong ability to scavenge free 

Figure 6. Dietary silybin addition suppressed hepatocyte apoptosis. (A,B) The activities of caspase 3
and caspase 9 in the liver tissues. (C) Representative image of Western blot. The protein expression
levels of Cleaved caspase 3 (D), Bcl-2 (E), Bax (F), and the ratio of Bcl-2 to Bax (G). Ctrl, piglets were
given a basal diet and were challenged with saline; Si, piglets were given a silybin-supplemented
diet and were challenged with saline; PQ, piglets were given a basal diet and were challenged with
paraquat; Si + PQ, piglets were given a silybin-supplemented diet and were challenged with paraquat;
Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated-X-protein; Bcl-2/Bax, the ratio of Bcl-2 to Bax. Data
are expressed as mean ± standard error (n = 6). * p < 0.05, ** p < 0.01.

4. Discussion

The liver is a highly metabolically active organ in mammals that plays an important
role in maintaining systemic health but is extremely susceptible to oxidative stress caused
by various factors. Herein, we investigated the protective effect of silybin on liver injury
induced by PQ challenge in weaned piglets and its potential molecular mechanism. Con-
sistent with previous reports [30–32], histopathological staining analyses showed that PQ
challenge caused noticeable pathological changes in the liver, evidenced by hepatic kary-
opyknosis, karyolysis, and vacuolation of hepatocytes. However, silybin supplementation
alleviated hepatic morphological injury induced by PQ in piglets, which was proved by a
reduced pathological score. A previous study also suggested that silymarin administration
mitigated fibrosis, granulomatosis, and cytolytic necrosis in the liver of CCl4-challenged
broiler chickens [33]. Plasma biochemical indices such as AST, ALT, and ALP are the most
sensitive markers of the degree of liver damage, and the increased activity of these enzymes
in plasma indicates increased liver damage [34]. In the present study, dietary silybin supple-
mentation lowered plasma ALT and AST activity in the PQ-challenged piglets, suggesting
that silybin may have protective effects against liver injury induced by PQ treatment. These
results were in agreement with those observed by Zhang et al. (2021) [35], which verified
that micelle silymarin supplementation significantly decreased serum AST activity in sows
on day 21 postpartum. In addition, silybin addition decreased the serum activities of ALT
and γ-glutamyl transpeptidase in Peking ducks [18]. Taken together, these results indicate
that dietary silybin administration has a protective function against the hepatic injury
induced by PQ in piglets.

It is known that maintaining a proper redox balance is an effective strategy for allevi-
ating liver injury [36]. The antioxidant enzymes secreted by hepatocytes are the primary
line of defense against oxidative stress. In particular, SOD is an essential component of the
antioxidant enzyme system, catalyzing the disproportionation of superoxide anion radicals
into oxygen and hydrogen peroxide; the latter is further decomposed into water and oxygen
by CAT [37]. In addition, GSH-Px also has a strong ability to scavenge free radicals, and
T-AOC can reflect the overall antioxidant capacity of the body [38,39]. A previous study
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suggested that PQ challenge triggered severe oxidative stress in piglets [25]. Consistent
with this result, our data also showed that PQ treatment decreased GSH-Px activity and
T-AOC levels and augmented MDA and H2O2 levels in the liver. More importantly, dietary
silybin supplementation has been shown to enhance SOD and GSH-Px activity and T-AOC
levels, and subsequently lower H2O2 content and the level of lipid peroxidation. Another
study also corroborated that silymarin addition protected against oxidative stress in gilts
by reducing protein carbonyl contents in hepatic tissue [40]. Jiang et al. (2020) [15] reported
that silymarin supplementation alleviated oxidative stress caused by pregnancy through
enhancing serum activities of CAT and GSH-Px in sows. These results indicated that
dietary silybin supplementation relieved oxidative stress by regulating the function of the
antioxidant defense system.

As mentioned above, the hepatoprotective effects of silybin may be intimately related
to its regulation of antioxidant capacity. Thus, the effect of silybin on the activation of
the Nrf2 signaling pathway in the liver was further investigated. Nrf2/Keap1 signaling
plays a vital role in resisting oxidative injury. Impaired oxidative redox status induces the
dissociation of Nrf2 from Keap1 and translocation into the nucleus, which then binds to the
antioxidant response element to regulate the expression of downstream antioxidant genes,
such as CAT, SOD, and GPx, thus coping with cells from oxidative-stress-induced cellular
injury [41,42]. In the present study, we found that Nrf2 protein expression significantly
increased in response to silybin supplementation, and the mRNA expression of SOD1,
GPX1, and GPX4 was also in parallel with the alteration trend of Nrf2 protein expres-
sion, suggesting that dietary silybin enhanced antioxidant capacity in the PQ-challenged
piglets. Coherently, our previous research found that dietary silybin improved intestinal
antioxidant capacity in weaned piglets through regulating the Nrf2 signaling pathway [19].
Another study indicated that silymarin administration alleviated thioacetamide-induced
acute liver injury by activating the Nrf2/Keap1 pathway [43]. An in vitro study also
confirmed that silybin addition attenuated H2O2-induced oxidative stress by modulating
Nrf2 signaling [44]. Taken together, these results demonstrated that dietary silybin sup-
plementation mitigated liver damage through regulating the Nrf2 signaling pathway and
subsequently enhancing antioxidant capacity in piglets.

Oxidative stress can trigger an inflammatory response, which in turn can directly
exacerbate redox imbalance [45]. The increased content of proinflammatory cytokines
is tightly related to the activated inflammatory response [46]. In the present study, PQ
challenge elevated the secretion of TNF-α and IL-8 and their gene expression in the liver
compared with the control group. However, dietary silybin dramatically reversed these
trends and increased IL-10 concentration in the PQ-challenged piglets, which indicated
that silybin attenuated the PQ-induced excessive inflammatory response by diminishing
the generation of proinflammatory cytokines. Consistent with our results, dietary sily-
bin dose-dependently ameliorated triptolide-induced liver injury in rats by suppressing
proinflammatory cytokine TNF-α, IL-6, and IL-1β production [47]. Similarly, silymarin
supplementation decreased serum TNF-α and IL-1β concentration in lactating sows [15,48].
It is well known that the NF-κB signaling pathway plays an important role in inflammatory
responses, which can promote the expression of downstream target genes and the secretion
of inflammatory mediators when activated by external stimuli [49,50]. A previous study
has observed that PQ challenge triggers an inflammatory response by elevating the phos-
phorylation of NF-κB in the liver of weaned piglets [25]. In the current study, increased
protein abundance of P-NF-κB and NF-κB was also found after PQ treatment, but dietary
silybin significantly suppressed the protein expression of P-NF-κB and NF-κB compared
with PQ-challenged piglets. The passivation of the NF-κB signaling further reduced the
expression of proinflammatory cytokines, which was consistent with the alteration trend
of cytokine levels in the liver. In line with our results, some studies have also reported
that silybin inhibited the NF-κB signaling cascade to alleviate hepatic inflammation and
steatohepatitis [51,52]. Taken together, these results indicated that dietary silybin supple-
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mentation mitigated hepatic inflammation signaling by abrogating the activation of the
NF-κB pathway to reduce the expression of inflammatory cytokines.

The liver contains a large number of mitochondria, which play an essential role in
cellular bioenergetics, regulating redox balance and apoptosis [53]. The mitochondrial
respiratory chain consists of five enzymatic complexes, which are mainly responsible for
the generation of ATP through oxidative phosphorylation [54]. Oxidative stress can cause
mitochondrial dysfunction by disturbing cellular bioenergetics [55]. Herein, we found that
PQ-induced oxidative stress reduced the activities of mitochondrial complexes I and V
and lowered the mRNA expression level of NDUFV2 (complex I) and ATP5H (complex V)
in the liver. However, silybin supplementation alleviated the deleterious effects of PQ
and normalized abnormal expression of the respiratory chain genes and subsequently
recovered mitochondrial complex activity in the liver of the piglets, thereby enhancing
the production of ATP. This is consistent with our previous research, which suggested
that dietary silybin improved mitochondria function by increasing mitochondrial complex
activity and ATP content in the intestine of weaned piglets [19]. In addition, another
study also showed that silybin improved liver injury induced by NAFLD in mice by
restoring hepatic mitochondrial respiratory chain activity (for all five complexes) [13]. The
maintenance of mitochondrial function requires a proper balance between fission and fusion
processes [56]. In this study, we found that PQ challenge increased the expression level of
the mitochondrial fission-associated protein Drp1 and decreased the expression level of the
mitochondrial fusion-associated protein Mfn2, implying that PQ treatment disrupted the
balance of mitochondrial fission and fusion. Conversely, silybin supplementation markedly
normalizes mitochondrial dynamic imbalance under PQ challenge. An in vitro study
also suggested that silybin treatment protects human neuroblastoma SH-SY5Y cells from
H2O2-induced mitochondrial damage by regulating OPA1 and Drp1 protein expression [57].
Collectively, silybin supplementation protected against PQ-induced liver injury in piglets
by improving mitochondrial functions.

Previous research has demonstrated that mitochondrial dysfunction can exacerbate
oxidative stress and trigger cell apoptosis, ultimately leading to liver injury and dysfunc-
tion [58]. Caspase 3 is an essential executioner in the process of apoptosis that can be
heterologous activated by caspase 9 [59]. Herein, we found that dietary silybin inhibited
PQ-triggered apoptosis by antagonizing an increase in caspase 3 and caspase 9 activity,
which is in keeping with previous studies showing that pretreatment with silybin decreased
the percentage of caspase-3-positive cells induced by H2O2 and silybin supplementation
inhibited the increase in intestinal caspase 3 and caspase 9 activity induced by PQ chal-
lenge [19,60]. Interestingly, dietary silybin also decreased caspase 3 and 9 activity in the liver
of non-challenged piglets. These results indicated that silybin has promising anti-apoptotic
capacity. Among members of the Bcl-2 family, Bcl-2 and Bax proteins play an essential
role in regulating cell apoptosis, and the former has anti-apoptotic effects, while the latter
has the opposite [61]. In this study, silybin supplementation prevented PQ-induced cell
apoptosis by enhancing the expression of anti-apoptotic proteins such as Bcl-2 and the ratio
of Bcl-2 to Bax and inhibiting the expression of the proapoptotic protein Cleaved caspase 3,
which may further clarify the underlying mechanism by which dietary silybin alleviated
liver injury induced by PQ. Similar results were also found in both in vivo and in vitro
models [62,63]. Overall, the results suggested that silybin supplementation suppressed
PQ-induced hepatocyte apoptosis in piglets by regulating the Bcl-2/Bax signaling pathway.

5. Conclusions

Our study demonstrated that dietary silybin supplementation mitigated hepatic injury
from oxidative stress induced by PQ in weaned piglets, which is closely associated with en-
hancing antioxidant capacity, mitigating inflammation, improving mitochondrial function,
and inhibiting apoptosis. These findings provide a theoretical basis for applying silybin as
an antioxidant in animal feed and improving liver health through dietary interventions.
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Abstract: Neonatal calf diarrhoea (NCD) poses a significant health challenge in cattle herds, resulting
in considerable economic losses and antimicrobial use. In response to the escalating threat of antimi-
crobial resistance, viable alternatives are imperative, aligning with European policies. This study
evaluated the in-milk supplementation of the chestnut and quebracho tannin extract in preweaning
calves on performance, diarrhoea occurrence, Cryptosporidium spp. shedding, protein digestibility,
and intestinal health. Twenty newborn calves were divided, after colostrum administration, into two
experimental groups for 30 days as follows: the control (CTRL) was fed with whole milk and solid
feed, and tannins (TAN) were fed whole milk supplemented with 6/g day of tannin extract and solid
feed. Faecal samples were collected on days 0, 3, 7, 14, and 30 for the evaluation of Cryptosporidium
oocyst shedding and protein digestibility. Faecal consistency was evaluated during the sampling
using the faecal score scale (0–3 scale, considering diarrhoea > 1). The results showed a significant
reduction in diarrhoea frequency in the TAN compared to the CTRL group (p < 0.05) over 30 days of
the trial. The prevalence of Cryptosporidium spp. was generally low (12%), considering all analysed
samples. Protein digestibility revealed comparable values for the TAN and CTRL groups, suggesting
that tannins did not negatively affect milk protein availability. In conclusion, the in-milk supple-
mentation of 6/g day of the chestnut and quebracho tannin extract could be considered a valuable
functional feed additive to decrease NCD occurrence, thus supporting animal health and decreasing
antibiotic use in livestock.

Keywords: natural extracts; polyphenols; phytochemicals; antioxidants; antimicrobial; alternative to
antibiotics; Cryptosporidium parvum; Castanea sativa; Schinopsis spp.

1. Introduction

Neonatal calf diarrhoea has an important impact on economic losses in dairy farms. It
is estimated that diarrhoea is one of the primary causes of mortality in calves (53–57%) [1].
Moreover, the high morbidity, mortality, and antibiotic treatments associated with NCD
occurrence significantly affect animal health and future dairy performance during the
first lactation [2]. This disease is defined as multifactorial, where the interaction among
microorganisms, the host, and the environment plays a pivotal role in its determinism. The
main pathogens involved in NCD are Rotavirus, Coronavirus, Escherichia coli K99, Salmonella
spp., Clostridium perfrigens and Cryptosporidium parvum [3,4]. In particular, C. parvum is
a protozoan etiological agent of enteric infections and diarrhoea in various mammalian
species, with studies estimating its prevalence ranging from 50 to 100% in dairy cattle
worldwide [5,6], indicating a significant and widespread occurrence.
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C. parvum is characterized by high resistance to different environmental conditions
and high contagiousness [7]. The oocysts of C. parvum, after ingestion, release sporozoites,
which colonises intestinal villi, establishing the clinical symptoms [8]. The infection often
occurs after 3 days of life, reaching a peak of incidence 4–18 days after birth, depending
on the nutritional and immune status of the calf [9]. The parasite causes diarrhoea with
possible complications due to metabolic acidosis and an electrolyte unbalance, which can
lead to severe dehydration and death in some cases [10]. Even if not always lethal, the C.
parvum infection alters the gut barrier integrity and the absorption ability causing diarrhoea
and facilitating invasion by other pathogens [11]. In the context of NCD, which significantly
impacts economic losses in dairy farms, C. parvum is a noteworthy contributor.

Animals affected by NCD require treatment with antimicrobial drugs. Nevertheless,
the growing issue of antimicrobial resistance in the livestock sector underlines the need
for substitutes and to reduce the use of veterinary drugs in food-producing animals. Re-
cently, this phenomenon prompted the European Union to introduce more limitations on
veterinary drug use [12]. Nutrition plays a pivotal role in the health and welfare of humans
and animals, and it is no longer intended only to satisfy nutritional requirements [13]. The
supplementation of functional feed additives such as probiotics, prebiotics, phytochemi-
cals, organic acids, and essential oils can sustain the health status and reduce the risk of
pathologies in livestock [14]. Tannins are a polyphenolic class of secondary metabolites
with well-known antioxidant, anti-inflammatory, and antimicrobial activities [15]. They can
be classified as hydrolysable (pyrogallol) or condensed tannins (proanthocyanidins) [16].
Hydrolysable tannins can be hydrolysed in monomers by chemical or enzymatic treat-
ments. These are composed of phenolic acids and polyols (commonly glucose) grouped
into gallotannins and ellagitannins [17]. Condensed tannins (1–30 kDa) are more abundant
in plants compared to hydrolysable ones (500–3000 Da) [18].

The efficacy of tannins as antioxidants stems from the presence of phenolic hydroxyl
groups, which facilitate electron donation to quench reactive oxygen species and mitigate
oxidative damage [19]. Extensive research has established the ability of tannins to scavenge
free radicals, providing cellular protection against oxidative stress [20–22]. Moreover, their
anti-inflammatory and anti-cancer properties make them subjects of interest in therapeutic
applications [23]. The diverse dietary sources of tannins, such as tea, fruits, and nuts,
emphasize their potential as natural antioxidants for human and animal health [24,25].
Tannins can inhibit the growth of several microorganisms, showing both a bactericidal
and bacteriostatic effect depending on their concentration, class of tannins, and structural
properties. An important antimicrobial property of tannins is their capacity to inhibit cell
wall synthesis by directly binding to peptidoglycan, destroying the integrity of the bacterial
wall and increasing the susceptibility to osmotic lysis [26]. In addition, tannins can affect the
membrane potential, increasing the permeability of bacterial cell membranes and leading
to cell death. Some classes of tannins can interact with the lipopolysaccharides contained
in the membrane of Gram-negative bacteria. Proanthocyanidins have been shown to bind
with lipopolysaccharides, impairing membrane integrity [27].

The use of moderate concentrations of tannins in ruminant nutrition (0.2–0.6% of dry
matter in steers and 10 g/day for calves) was shown to improve animal performance and
decrease gastrointestinal parasitism and nitrogen pollution [28–30]. However, the effect
of tannin supplementation in the liquid feeds (whole milk and milk replacer) of calves
was investigated by a limited number of studies with controversial findings. Krueger
et al. [31] showed no effect of tannin supplementation on the growth performance and
feed efficiency in calves. Demarco et al. [32] reported that the combination of tannins
and probiotics increased the feed conversion without affecting growth performance and
reduced the haptoglobin concentration after transportation in beef calves. The inclusion of
4 g/day of hydrolysable tannins in milk significantly raised the growth and antioxidant
capacity of plasma and lowered diarrhoea occurrence and faecal shedding of pathogens in
preweaning calves [33]. Soleiman et al. [34] highlighted that the supplementation of 4, 6, or
12 mg/L of tannic acid decreases the faecal score in Holstein calves.

38



Antioxidants 2024, 13, 237

However, tannins are reported to have the ability to bind dietary proteins, forming
insoluble complexes, thus reducing their bioavailability for gut absorption and decreasing
animal performance [35]. Therefore, it is clear that the negative impact of tannins on
ruminants is not specific to the type of tannin but may depend on their inclusion rate [36].
Recent studies showed that chestnut and quebracho tannins could affect feed palatability,
digestibility, and the utilization of dietary protein in swine [16,37]. The aim of the following
study was to evaluate the effect of dietary supplementation of 6 g/day of the chestnut and
quebracho tannin extract in milk on diarrhoea occurrence, C. parvum shedding, and protein
digestibility in preweaning calves.

2. Materials and Methods
2.1. Animal Housing and Experimental Design

The experimental trial was approved by the Animal Welfare Organization of the
University of Milan (OPBA_03_2021) and performed on a commercial dairy farm involved
in the consortium of Parmigiano Reggiano (Emilia Romagna, Italy) in line with European
regulations [38,39].

Within three hours of birth, twenty Holstein calves (7 males and 13 females;
44.25 ± 3.97 kg) were fed with 4 L of high-quality colostrum (checked with a refractometer
≥22 ◦Brix, ≥50 g/L of IgG) by bottle feeding with two portions. The day after, animals
were allotted into two groups, balanced per weight: the control group (CTRL, n = 10)
fed whole milk, and the tannins group (TAN, n = 10) fed whole milk supplemented with
6 g/day per calves of chestnut (Castanea sativa) and the quebracho (Schinopsis spp.) tannin
extract (Silvafeed ByPro, Silvateam S.p.A., Cuneo, Italy; with a total phenol concentration
of 0.70 g/g of tannic acid equivalent [40]; the feed additive was approved by the Reg. EC
1831/2003, identification number following Reg. EC 767/2009: IT000431CN) solubilized
in a premixture of 50 mL of polypropylene glycol for 30 days. Dietary treatments were
provided after colostrum administration, animals were fed whole milk twice per day,
and ad libitum access to solid feed and water was guaranteed. In particular, calves were
fed 10% of their body weight in milk for the entire trial [41]. Animals were housed in
individual straw-bedded pens (0.90× 1.80 m) with free access to water under homogeneous
environmental conditions for 30 days.

2.2. Zootechnical Performance, Diarrhoea Frequency and Sample Collection

Body weight (BW) was individually recorded on days 0 (d0), 14 (d14), and 30 (d30).
The average daily gain (ADG) was calculated by dividing the weight gain for the considered
time period. Faecal consistency was scored on a daily basis for each animal using a four-
point scale (0 = dry, 1 = normal, 2 = runny, 3 = watery), considering > 1 as diarrhoea [42,43].
The frequency of diarrhoea was evaluated as the percentage of observations of animals with
clinical signs of diarrhoea divided by the total observation performed for the considered
period (diarrhoea frequency = n◦ of faeces with score 2 and 3/total number of observations;
moderate diarrhoea frequency = n◦ of faeces with score 2/total number of observations;
severe diarrhoea frequency = n◦ of faeces with score 3/total number of observations).

Faecal samples were collected from the rectal ampulla on days 0 (d0), 3 (d3), 7 (d7),
14 (d14), and 30 (d30) for the evaluation of protein digestibility and Cryptosporidium spp.
oocyst count via optical microscopy after floatation in 10 randomly selected observation
fields at 400×magnification.

At d0 and d30, blood samples were collected from the jugular vein using vacuum
tubes without anticoagulants for immunoenzymatic analyses.

2.3. Tannin Solubilization and Evaluation of Antioxidant Activity of Tannins Premixture

Every 7 days, a tannin-soluble premixture was prepared in order to facilitate the
in-milk dispersion of the tannin extract during the individual milk-feeding procedure.
Chestnut and quebracho tannin extract was diluted in a 20% propylene glycol solution in
order to obtain a final concentration of 120 mg/mL, and 50 mL aliquots of premixture were
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prepared for daily administration in milk. Aliquot samples from the tannin premixture
were collected at 0, 1, 2, 3, 5, 7, and 10 days from preparation for the evaluation of the
antioxidant capacity stability over time.

The antioxidant capacity was assessed using the Trolox Equivalent Antioxidant Capac-
ity assay according to Frazzini et al. [44]. Briefly, the reaction mixture with 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was generated by combining 5 mL of
7 mM ABTS with 88 µ of 140 mM of potassium persulfate (K2S2O8). After 16 h of incu-
bation of the reaction mixture in the dark at room temperature, the working solution of
ABTS•+ radical cation was obtained diluting ABTS•+ with deionized water until reach-
ing 0.700 ± 0.02 of absorbance at 734 nm, room temperature, using a spectrophotometer
(Jasco V-630 UV-Vis, Jasco Deutschland GmbH, Pfungstadt, Germany). Trolox (6-hydroxy-
2,5,7,8-tetramethychroman-2-carboxylic acid) was used as a standard for the generation of
a calibration curve from 2000 µM to 125 µM via serial dilution. The test was performed in
triplicate by adding 10 µL of the diluted sample to 1 mL of the ABTS•+ working solution.
Absorbances were measured after 6 min of incubation at room temperature, and the total
antioxidant capacity was expressed as µmol Trolox Equivalent/g of tannin extract powder
(µM TroloxEq/g).

2.4. Nutrient Composition of the Whole Milk

The milk used in this study for animal feeding was analysed in terms of the principal
nutrients according to the Official Methods of Analysis [45]. In particular, the dry matter
(DM), crude protein (CP), ether extract (EE), and ash content were determined. DM was
obtained by drying whole milk in a forced air oven until reaching weight stability after
two subsequent attempts at weighing (AOAC method 930.15). CP was determined by
measuring the total nitrogen concentration in milk samples multiplied by 6.25 as the
conversion factor according to the Kjeldahl method (AOAC method 2001.11). EE was
determined using a butyrometer according to the Gerber method (AOAC method 2000.18).
Ash content was obtained by incinerating dried milk samples in a muffle furnace at 550 ◦C
(AOAC method 942.05). Each determination was performed in triplicate.

2.5. Faecal Parameters and Apparent Total Tract Digestibility of Dietary Protein

DM and nitrogen concentrations in faeces were measured according to the Official
Methods of Analysis as previously described [45]. The apparent total tract digestibility
of the dietary (ATTD) protein was evaluated using acid-insoluble ash (AIA) as a marker
on milk and faecal samples. Pre-dried samples of milk and faeces were incinerated in a
muffle furnace at 550 ◦C for 3 h (AOAC method 942.05). Ashes were subsequently diluted
in HCl (3N) and boiled for 15 min. Residual ashes were filtered on paper filters (Whatman
41, Cytiva, Pall Corporation, New York, NY, USA) and washed with hot deionized water
until a neutral pH was obtained using a litmus test. Filters were incinerated according to
the previously described methodology for obtaining the weight of acid-insoluble ashes.
The apparent total protein digestibility was calculated according to the following equation:

Apparent protein digestibility (%) = 100×
(

1− acid insoluble ashes in f eed
acid insouble ashes in f aeces

× nitrogen content in f aeces
nitrogen content in f eed

)

2.6. Enzyme-Linked Immunosorbent Assay of Glucagon-like Peptide 2 and Diamine Oxidase in
Serum Samples

Blood samples collected on days 0 and 30 were centrifuged (3000 rpm, 15 min, RT) to
obtain the serum. Glucagon-Like Peptide 2 (GLP2) and Diamine Oxidase (DAO) levels were
quantified in duplicate using enzyme-linked immunosorbent assay (ELISA) kits specific for
bovine species, following the manufacturer’s instructions (Bioassay Technology Laboratory,
Shanghai, China). After the addition of 50 µL of the stop solution, absorbances were
measured with a microplate reader (Bio-Rad 680 microplate reader, Bio-Rad Laboratories,
Inc., Hercules, CA, USA) at 450 nm, and concentrations were calculated according to the
respective standard curves using CurveExpert 1.4 software.
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2.7. Statistical Analysis

Obtained data were statistically analysed through JMP Pro 15® (SAS Inst. Inc., Cary,
NC, USA) software. The antioxidant activity of the tannin premixture was evaluated with
an analysis of variances (one-way ANOVA). The results of growth performance, faecal
parameters, protein digestibility, and serum levels of GLP2 and DAO were analysed using
a linear model, including the fixed effect of treatment (Trt), time (Time), and the interaction
between treatment and time (Trt × Time), while each animal was included as a random
factor. Pairwise comparisons were evaluated using Tukey’s Honestly Significant Difference
test (Tukey’s HSD). Total ADG (0–30 days) was analysed using Student’s unpaired t-
test. The frequencies of the faecal score were converted into a dichotomous variable
(normal/pathological) considering diarrhoea for a registered faecal score > 1, moderate
diarrhoea frequency for each faecal score = 2, and severe for a faecal score = 3. The observed
frequencies were assessed using the chi-squared test, allowing us to evaluate whether
differences between observed and expected frequencies were caused by treatments or only
by casualty. The results are presented as means ± standard error. Means or frequencies
were considered statistically different when p ≤ 0.05.

3. Results
3.1. Antioxidant Activity of Tannin Extract Premixture and Whole Milk Composition

The tannin premixture showed a stable antioxidant activity for 7 days. After 10 days
from solubilization, the total antioxidant activity was significantly lowered to about 15.5%
compared to 7 days after the preparation of the tannins premixture (Figure 1) (p < 0.01).
The milk used for calf feeding showed a DM content of 12.98 ± 0.30%, CP 3.61 ± 0.04%, EE
4.28 ± 0.15% and 0.43 ± 0.14% of ashes.
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Figure 1. Antioxidant activity of tannins premixture (120 mg/mL in 20% propylene glycol solution)
measured over 10 days of storage at room temperature. Data are presented as means± standard error.
a,b Different lowercase letters indicate statistically significant differences between days (p < 0.01).

3.2. Zootechnical Performance and Diarrhoea Occurrence

The calves’ growth showed comparable values for both groups over 30 days of the
trial without registering significant differences in terms of growth performance (Table 1).

Diarrhoea occurrence showed a significant reduction in the TAN group compared to
the CTRL during the 30 days of the trial (p < 0.05) (Table 2). A significantly lower frequency
of moderate diarrhoea (faecal score = 2) was observed in the TAN compared to the CTRL
group from 0 to 30 days (p < 0.05). The observed decrease was registered after 3 days of
age, underlining −25% of moderate diarrhoea in the TAN-supplemented group (p < 0.05).
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Table 1. Growth performance of calves in control (CTRL) and tannin-supplemented group (TAN)
during 30 days of trial.

Group p-Values

CTRL TAN Treatment Time Time × Treatment

BW (kg) 0.0417 <0.0001 0.9115
d0 45.30 ± 1.39 43.20 ± 1.39

d14 45.80 ± 1.39 42.20 ± 1.39
d30 60.80 ± 1.39 58.00 ± 1.39

ADG (g/day) 0.7979 <0.0001 0.9423
d0–14 35.72 ± 79.90 35.71 ± 79.90
d15–30 937.50 ± 79.90 893.75 ± 79.90
d0–30 516.67 ± 63.25 493.33 ± 63.25 0.7971

BW: body weight; ADG: average daily gain; CTRL: control group fed with whole milk; TAN: treatment group fed
with whole milk supplemented with 6 g/day of tannin extract. Data are presented as means ± standard error.

Table 2. Diarrhoea frequency divided as presence (faecal score > 1), moderate (faecal score = 2), and
severe (faecal score = 3) in calves of the control (CTRL) and tannin (TAN) groups registered during
the 30 days of trial.

CTRL TAN p-Value
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(%

) d0 10.00 0.00 0.1360
d3 30.00 a 5.00 b 0.0191
d7 36.00 25.00 0.3613
d14 40.00 30.00 0.3291
d30 20.00 15.00 0.6392

d0–30 27.00 a 15.00 b 0.0150

M
od

er
at

e
di

ar
rh

oe
a

(%
) d0 5.00 0.00 0.3049

d3 30.00 a 5.00 b 0.0191
d7 25.00 30.00 0.3613
d14 35.00 25.00 0.3613
d30 15.00 10.00 0.6056

d0–30 22.00 a 11.00 b 0.0193

Se
ve

re
di

ar
rh

oe
a

(%
) d0 5.00 0.00 0.3049

d3 0.00 0.00 -
d7 10.00 10.00 1.0000
d14 5.00 5.00 1.0000
d30 5.00 5.00 1.0000

d0–30 5.00 4.00 0.7268
Frequencies are presented as the percentage of observations of animals with clinical signs of diarrhoea for the
considered period. a,b Different lowercase letters indicate statistically significant differences between groups
(p < 0.05).

Cryptosporidium spp. showed that 50% of animals were positive for the presence
of oocysts (4 from the CTRL and 6 from the TAN group); however, the prevalence of
Cryptosporidium spp. was low (median value for both groups: 0) during the entire trial.
The total number of measured oocysts was 828 for the CTRL and 302 for the TAN group,
respectively. The presence of oocysts characterized the period from 3 to 14 days without
registering any positivity on day 30 for both groups. The highest shedding was observed in
the CTRL group after 7 days which registered 765 oocysts, while the TAN group registered
a delayed peak at 14 days with 277 oocysts in faecal samples (Figure 2).
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Figure 2. Spider plot of number of total faecal Cryptosporidium spp. oocysts measured in control
(CTRL) and tannin (TAN) groups during the entire experimental trial of 30 days. Data are presented
as the sum of total oocysts for each sampling timepoint (0, 3, 7, 14, and 30 days).

3.3. Faecal Parameters and Apparent Total Tract Digestibility of Dietary Protein

Concentrations of dry matter and total nitrogen showed a comparable trend between
the two groups during the experimental trial without underlining significant differences
(Figure 3A,B). The ATTD of nitrogen displayed a high individual variability after one week
of age without observing significant differences over the entire period (Figure 3C).
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Figure 3. Faecal parameters and apparent total tract digestibility (ATTD) of nitrogen divided into
control (CTRL) and tannin (TAN) groups at different timepoints of the experimental trial. (A) Dry
matter of faecal samples at 0, 7, 14 and 30 days of trial; (B) Total nitrogen concentration of faecal
samples at 0, 7, 14 and 30 days of trial on fresh matter basis; (C) Apparent total tract digestibility of
nitrogen at 7, 14 and 30 days of trial. Data are presented as the means ± standard error.
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3.4. Serum Concentration of GLP2 and DAO

Blood levels of GLP2 and DAO showed comparable values between the CTRL and
TAN groups on days 0 and 30 of the experimental trial (Figure 4).
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Figure 4. Serum concentration of blood metabolites titrated with enzyme-linked immunoassays in
control (CTRL) and tannin (TAN) groups on days 0 and 30 of experimental trial. (A) Glucagon-like
peptide 2 (GLP2) levels. (B) Diamine Oxidase (DAO) levels. Data are presented as means ± stan-
dard error.

4. Discussion

Due to global concerns regarding antimicrobial resistance, there is a current demand
for alternative treatments. Tannins extracted from different plants have been suggested for
their potential to modulate rumen fermentation and reduce methane emissions in rumi-
nants [46–48]. However, limited information is available on the impact of tannins on NCD
and protein digestibility. The present study evaluated the effect of tannin extract supple-
mentation in whole milk on calves’ performance, diarrhoea frequency, and Cryptosporidium
spp. shedding, protein digestibility, and intestinal barrier status through indirect markers
in serum. The tannin premixture showed high stability for 7 days after the preparation and
registered a drop after 10 days. The registered antioxidant capacity was in line with the
scavenging activity evaluated in our previous study on the tannin extract from chestnut and
quebracho trees [49]. The liquid premixture optimized the procedure for the administration
of 6 g/day of tannin extract within the individual milk-feeding procedure of the farm. This
protocol ensured the preservation of antioxidant capacity for a week of storage, indicating
this method is a practical and efficient approach for tannins supplementation in the diet
of animals.

The nutritional content of the milk used in the present study exhibited nutrient levels
similar to the Italian average for Holstein cow milk quality, especially in the context of
Parmigiano Reggiano production [50–52]. The inclusion of tannins in milk in preweaning
calves did not affect the growth curve over 30 days of the trial. A slight numerical difference
was observed in the body weight of the TAN compared to the CTRL group after 30 days,
even if not statistically significant. The lower average BW could be due to the presence
of seven male calves in the CTRL group, which typically achieve more rapid growth
compared to females. In line with our results, different studies have shown that tannin
supplementation does not influence growth performance during the first month of life
in calves [34,53,54]. Serri et al. [33] observed that the supplementation of 4/g day of the
hydrolysable tannin extract in milk significantly improved ADG and final body weight after
76 days compared to the 2 g/day, 6 g/day, and control groups. Oliveira et al. [54] revealed
that the tannin-rich pomegranate extract supplemented in feed significantly increased
calves’ performance and feed intake from 30 to 70 days of age. These data suggest that
regular tannin supplementation may have a positive impact on performance during the
second month of life. Although it is challenging to directly compare natural extracts due to
the significant variability in doses, batches, and the wide difference of commercial products
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on the market, the positive effects of tannins on calves’ performance could become more
evident from the second month of life.

The average age at which diarrhoea onset occurred was consistent with data reported
in the existing literature [55,56]. The frequency of diarrhoea was significantly decreased in
the TAN group compared to the CTRL during 30 days of the trial. In particular, moderate
diarrhoea occurrence was reduced by 25% after 3 days from birth in the TAN compared
to the CTRL group. Faecal Cryptosporidium spp. oocysts registered a low positivity (12%
of total analysed samples) [57,58], suggesting that their presence was not the main cause
driving diarrhoeic episodes. Only three animals (2 CTRL and 1 TAN) showed high parasitic
shedding (>30 oocysts) according to the scale proposed by Delafosse et al. [59] on days 7
and 14 of the trial. Neonatal calves typically face an elevated susceptibility to gastrointesti-
nal disorders, notably diarrhoea. Dietary strategies that reduce the probability of NCD
are preferred, obviating the necessity for antimicrobial treatments in line with One Health
principles. The intimate connection between oxidative stress and the immune system
underscores the significance of maintaining a delicate equilibrium between oxidants and
antioxidants within immune cells. This balance is crucial, as immune cells require the
production of reactive oxygen species to complete their functions [60]. Plant extracts rich in
polyphenols are extensively employed as feed additives, primarily due to their claimed
beneficial effects associated with antioxidant and antimicrobial properties. Additionally,
plant polyphenols have been reported for their ability to deactivate bacterial enterotoxin
in vitro [61]. In this context, tannins are strong antioxidants that have been proposed
as a valid substitute for substituting artificial antioxidants for different applications [62].
Numerous studies have suggested that oxidative stress characterizes pathological condi-
tions such as NCD [63–65]; thus, dietary antioxidants could provide important support to
restore oxidative balance. Consequently, raising the antioxidant capacity in newborn calves
has the potential to promote immune system development, enhance health status, and
consequently decrease calf mortality. The supplementation of tannins in animal nutrition
is proposed as particularly advantageous for animal welfare and health and is primarily
attributed to the enhancement of antioxidant status [33].

Tannins are also effective for their ability to inhibit bacterial growth and protease
activity by damaging the cell wall and cytoplasm, causing rapid structural destruction.
Previous studies have suggested that the antimicrobial effect of tannins may be related to
their ability to impair microbial adhesions and inhibit hydrolytic enzymes such as proteases,
carbohydrolases, and cell envelope transport proteins [62,66–68]. Consistent with our
findings, several studies have reported enhanced faecal consistency following tannins
supplementation, contributing to the reduction in the duration of diarrhoea, delaying
its onset, and serving as a preventive measure in calves [29,33,53,69]. On the contrary,
some studies did not register a preventive effect on diarrhoea [54,70]; however, a notable
improvement in faecal consistency was recorded [54]. This difference could be linked to the
broad range of tested doses of tannins and the different nature and composition of tannin
extracts used in the literature. The extensive variation in dosages and diverse tannin extract
profiles may influence the effectiveness of diarrhoea prevention, underscoring the need for
a correct consideration of both the dosage and extract composition in feed applications.

The antiprotozoal ability of polyphenols against coccidia has been reported in previous
studies [71–73], suggesting that tannins possess the ability to directly reduce the viability of
the larval stage and disrupt egg hatching. Bhatta et al. [74] observed a reduction in protozoa
when applying hydrolysable tannins from different plant sources. Benchaar et al. [75]
reported that condensed tannins from quebracho can decrease protozoa abundance. In
contrast, Vasta et al. [76] found that quebracho tannins were capable of increasing protozoa
in rumen liquor. Discrepancies in the tannin concentrations, plant sources, protozoal
species, and environmental factors considered in these studies may elucidate the conflicting
results obtained, as these parameters significantly influence the antiprotozoal activity of
polyphenols. Even if the recorded Cryptosporidium shedding did not reveal significant
differences, a lower peak of oocysts in faecal samples was observed in the TAN compared
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to the CTRL group delaying its onset. The average number of days of C. parvum oocysts
shedding was registered from 6 to 9 days of age in calves after experimental infection [57].
Zambriski et al. [58] observed a comparable faecal shedding pattern in calves regardless
of the administered dose of C. parvum in experimentally challenged calves. Animals
subjected to a lower oral dose delayed the shedding with a lower number of oocysts.
We hypothesize that the antiparasitic properties of tannins could potentially limit the
shedding of oocysts in calves, also causing a delay in faecal elimination. However, to
comprehensively understand the impact of the combination of chestnut and quebracho
tannins on calves affected by Cryptosporidium spp., further studies, including experimental
challenges, will be necessary to provide a detailed examination of the interplay between
these tannins and the parasitic infection.

Faecal DM, N concentrations, and the ATTD of dietary protein showed compara-
ble levels in CTRL and TAN groups during the entire trial. Tannins are recognized for
their pronounced affinity with proteins, giving rise to their astringent effect. By form-
ing non-specific bonds with dietary proteins, tannins can create complexes resistant to
gastrointestinal proteases. Unlike ruminants, tannins have traditionally been considered
antinutritional factors in animal nutrition, leading to adverse effects on feed intake, nutri-
ent digestibility, and growth performance [77]. Consequently, the feed industry aimed to
minimize the inclusion of tannin-rich feed ingredients in the diets of pigs and poultry or
to adopt measures for reducing their concentrations in the diet. However, recent studies
have indicated that low concentrations of various tannin sources enhance the health status
and performance of monogastric animals [16,78]. In the literature, only a few studies have
assessed the effect of tannins on protein digestibility in calves. Soleiman and Kheiri [34]
found that the supplementation of 4, 6, and 12 mg/L of tannic acid in milk did not influence
the digestibility of protein and dietary lipids. The observed results align with registered
growth performance, assuming similar milk digestibility. These findings present promising
outcomes for supplementing the tannin extract into calf milk without compromising either
milk palatability or the digestibility of the protein component.

No differences were observed for GLP2 and DAO serum concentrations after 30 days of
tannin supplementation. GLP-2 is a 33-amino acid peptide primarily produced by intestinal
L cells after food ingestion, derived from proglucagon (a hormonal peptide precursor).
This hormone plays a critical role in the trophism of intestinal crypts, stimulating their
proliferation and inhibiting apoptosis processes [79]. The GLP-2 increase in serum has been
associated with improved morphology and intestinal functionality, positively impacting
nutrient metabolism [80]. The observed values of GLP2 suggest that the supplementation
of tannins did not negatively influence the production of this peptide by intestinal L
cells; consequently, its role related to the trophism of intestinal crypts as a stimulator of
proliferation and inhibitor of apoptosis remained unaffected after 30 days of the trial.

DAO is an antihistaminic enzyme produced by the intestinal epithelium of mammals.
This enzyme is minimally present in serum under normal conditions. High serum levels of
DAO may occur following damage to the intestinal mucosa; hence, the DAO concentration
can be used as an indirect marker of intestinal integrity [81]. A previous study suggested
that serum DAO levels may be modulated by feed additive supplementation in preweaning
calves [82]. Serum DAO titres suggest that the animal welfare levels and health status were
generally correct, in line with the absence of diarrhoea occurrence at the end of the trial.

The limitation of this study is that it relies on the short duration of the trial, which
did not allow the evaluation of the long-term effects of tannins on growth and production
performance. Furthermore, previous studies indicated the possible inhibitory activity of
tannins on Cryptosporidium spp., but the low prevalence of this pathogen in our study did
not allow us to emphasize this activity. However, our data provide interesting findings
for practical applications. The use of 6 g/day of the investigated tannin extract could
be considered a straightforward strategy to reduce the occurrence of diarrhoea, thereby
enhancing both farm profitability and animal welfare. It is also important to underline the
variability in feed additives available on the market, including differences in dosages and
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natural extract profiles. This variability makes it challenging to compare previous studies
and establish a globally applicable protocol for alleviating NCD based on phytochemicals.

Considering the widespread issue of fake news in livestock farming, the need to
share scientific findings through contemporary channels such as social media becomes
fundamental. Recent studies conducted on Instagram as a tool for study engagement and
information on the livestock system found that the viewing of the posts had a favourable
impact on consumers’ opinions, even showing little change in participants’ attitudes [83,84].
These findings emphasize the importance of utilizing social media platforms for effective
communication and outreach in animal science and veterinary education [85]. Further-
more, our study offers valuable suggestions and insights for creating social media content,
contributing to the broader field of innovative communication strategies in animal and
veterinary sciences.

5. Conclusions

The supplementation of 6 g/day of chestnut and quebracho tannin extract in milk
did not influence the growth performance of calves over the course of 30 days. Tannins
showed a positive impact on animal health by reducing diarrhoea frequency and improving
faecal consistency. Throughout the trial, both the control and tannin groups did not show
differences in the presence of faecal Cryptosporidium spp. oocysts. The tannin extract did
not impair protein digestibility and milk palatability over the 30-day supplementation
period. Further studies will be useful to comprehensively understand the specific effects of
the chestnut and quebracho tannin extract on cryptosporidiosis. In conclusion, this study
provides valuable insights, supporting the potential use of the combination of chestnut and
quebracho tannins as functional feed additive to enhance health, reduce neonatal diarrhoea,
and minimize antibiotic treatments in preweaning calves.
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Abstract: Green coffee extract is currently of great interest to researchers due to its high concentration
of chlorogenic acid (CGA) and its potential health benefits. CGA constitutes 6 to 10% of the dry
weight of the extract and, due to its anti-inflammatory properties, is a promising natural supplement
and agent with therapeutic applications. The purpose of our study was to discover the effects of CGA
on peripheral blood mononuclear cell proliferation, and the production of pro- and anti-inflammatory
cytokines as well as reactive oxidative species (ROS) in horses during exercise. According to the
findings, CGA can affect the proliferation of T helper cells. In addition, at a dose of 50 g/mL,
CGA increased the activation of CD4+FoxP3+ and CD8+FoxP3+ regulatory cells. Physical activity
decreases ROS production in CD5+ monocytes, but this effect depends on the concentration of CGA,
and the effect of exercise on oxidative stress was lower in CD14+ than in CD5+ cells. Regardless
of CGA content, CGA significantly increased the release of the anti-inflammatory cytokine IL-10.
Moreover, the production of IL-17 was greater in cells treated with 50 g/mL of CGA from beginners
compared to the control and advanced groups of horses. Our findings suggest that CGA may have
immune-enhancing properties. This opens new avenues of research into the mechanisms of action of
CGA and possible applications in prevention and health promotion in sport animals.

Keywords: green coffee extract; chlorogenic acid; lymphocytes; anti-inflammatory cytokines; racing;
natural supplements; exercise; monocytes; sport; oxidative stress

1. Introduction

There has been a recent increase in the social awareness and understanding of the
health-promoting properties of food. Eating less processed and/or more additive-free
natural foods seems to be particularly common. Among unprocessed beverages, apart
from water, coffee is the most popular drink in the world, with consumption increasing
by as much as 3.3% and global sales of 170.3 million 60 kg bags in 2021/2022 compared
to 2020/2021 [1]. The most common commercially available coffee is Coffea arabica L.,
C. canephora Pierre ex A. Froehner (also known as Robusta coffee), and C. liberica Bull. ex
Hiern [2]. The chemical composition of roasted coffee varies depending on the kind.
Coffee acids have a considerable impact on taste and aroma as well as serving as flavor
precursors [3,4]. Caffeic acids are classified as organic acids (OA), chlorogenic acids (CGA),
and inorganic acids like phosphoric acid [5], with CGA receiving the most interest in
recent years. CGA is not only a natural diet supplement [6,7], studies indicate that it is
also clinically safe regarding side effects, and its long-term administration has not caused
changes in serum biochemical variables, including no significant changes in serum iron,
magnesium, copper, zinc or vitamin B1 [8].

Chlorogenic acid (CGA) belongs to the group of hydroxycinnamates, esters of cin-
namic acid derivatives with quinic acid, which are widely distributed in plant materials
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such as apples [9], pineapple [10], blueberries [11] and coffee seeds, in which the con-
centration of CGA is as much as 6–10% of dry matter, leading such plants to contain its
highest concentration [12]. 5-O-caffeoylquinic acid (5-CQA) is the most prevalent type
and accounts for 76–84% of all CGAs [13], but monoesters from caffeic acids (caffeolic
acids, CQA), p-coumaric acid (p-coumaroylquinic acids, p-CoQA), and ferulic acid (feru-
loylquinic acids, FQA) are also prevalent [14]. CGA is proven to possess antioxidant [9,15],
anti-inflammatory [16–20], antibacterial [21–25] and anticancer [26–30] effects both in hu-
mans and animals. It was proven that CGA at various doses (0, 2, 5, and 20 lM) reduces the
production of pro-inflammatory cytokines like IL-1, TNF-α, and IL-6 in a dose-dependent
manner in mouse macrophage cell line RAW 264.7 and BV2 microglial cells stimulated
by lipopolysaccharide (LPS) [19]. Another study conducted on human peripheral blood
mononuclear cells (PBMSs) proved that CGA can reduce the production of IL-1b, IL-6,
TNFa, and IFNg at 86%, 90%, 84%, and 95%, respectively, at 200 mg/mL dose while levels
of MCP-1, MIP-1a, and MIP-1b were decreased by 99%, 77%, and 91%, respectively [16].
Worth mentioning is that CGA is not only safe for the liver and plasma [6] but systematic
consumption also leads to lower fasting plasma glucose by reducing its absorption of
glycosylated hemoglobin and insulin levels by up to 6.9% [31–35].

The promotion of the anti-inflammatory process shows promise as an effective thera-
peutic target for treating traumatic muscle injuries [36]. Studies reveal that during physical
activity in both race and endurance horses, muscle cramps accompanying muscle fiber
damage initiate an exercise-induced inflammatory response [37–39]. It has been found
that physical activity such as an ultramarathon stimulates the release of IL-6, IL-10, and
IL-1ra [40]. It is crucial since they can suppress the production of IL-1-type cytokines and
regulate the early inflammatory response to exercise in both people and horses. IL-6 release
regulates metabolism and is vital in boosting satellite cell renewal and proliferation. Satel-
lite cells, in turn, can influence muscle regeneration by secreting platelet-derived growth
factor (PDGF) and IL-6, both of which encourage cell proliferation and differentiation in the
healing area. The following findings suggest that extensive endurance training in horses
leads to the development of a reduced inflammatory capacity, as seen by a drop in type 1
pro-inflammatory cytokine concentrations over time, and maybe the development of an
anti-inflammatory condition [37]. The horse’s adaptability to training, particularly the first
three months of regular development, appears to be crucial to the adaptation process, with
the main anti-inflammatory changes occurring in the second and third months, and the
cumulative effect of the training process may be a consideration. A similar finding was
confirmed in racehorses. It has been demonstrated that IL-6, IL-13, IL-10, or IL-1ra can
mediate the protective long-term anti-inflammatory benefits of exercise by increasing the
anti-inflammatory response [38].

Racehorses, due to their intensive training regimen are constantly exposed to physical
stress stimuli. Intensive physical exercise is an acute mechanical and metabolic load
that induces a wide systematic response to preserve homeostasis. It has been widely
described that one of the consequences of physical exercise is changes in immunological
parameters [41–43]. The inflammatory signaling cascade triggered by working muscle
involves changes in peripheral blood cell numbers, granulocyte activity, NK cell cytotoxic
activity, lymphocyte proliferation, and cytokine levels in plasma among others [44–47].
The inflammatory process is crucial for musculoskeletal system remodeling; however,
an unbalanced inflammatory response may lead to tissue destruction [48]. The hunt
for alternative remedies that can balance this inflammatory response may be critical to
improving horse health and sports performance. Supplements that may have a positive
impact on horse athletes’ performance are becoming more and more popular nowadays,
especially those of natural origin. Plant-origin immunomodulators such as CGA are used
in animal nutrition. However, there is a lack of studies concerning the CGA influence on
horses. In addition, it is possible to use decaffeinated green coffee seeds containing CGA
which is very important especially for athletes to avoid doping accusations. Thus, the goal
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of this study is to evaluate how natural and safe components such as CGA impact the
inflammatory reaction and oxidative stress triggered by physical exertion in horses.

2. Materials and Methods
2.1. Animals and Blood Sampling

The investigation encompassed the impact of CGA on immune cells in racehorses at
different fitness levels. A total of 29 healthy racehorses, aged 2–7 years, were included
in the study, with 15 males and 14 females. The horses were divided into two groups:
the experienced group (advanced group), consisting of 7 Thoroughbreds (average age:
3 ± 0.37 years) and 7 Arabians (average age: 6 ± 1.29) with a history of good performance
in the previous training seasons, and the inexperienced group (beginners), comprising
9 Thoroughbreds (average age: 2 ± 0) and 6 Arabians (average age: 4 ± 0.82) at the
beginning of their race training career. The good performance was determined based on
the history of the previous training season. The inexperienced group consisted of horses
during their first training season.

Both groups were subjected to the same environmental conditions and training regi-
men, considering their respective fitness levels. All horses were stabled and trained by a
single trainer. Prior to the study, a veterinary practitioner conducted clinical examinations,
including assessment of heart rate, mucous membrane color and moisture, capillary refill
time, and dehydration (measured by the time it takes for a pinched skin to fold over the
point of the shoulder and flatten). Additionally, basic blood hematological and biochemical
tests were performed. No clinical symptoms of diseases were observed in any of the horses.

The exercise session took place on an 800 m track, with all horses running at a speed
of approximately 800 m/min. Blood samples were collected before, immediately after,
and thirty minutes after the exercise session according to the routine protocol for fitness
monitoring from all horses through jugular venipuncture, using K2EDTA tubes within
a BD vacutainer system (BD Vacutainer®, Franklin Lakes, NJ, USA), for the isolation of
peripheral blood mononuclear cells (PBMCs). For the purposes of this study, only the
samples taken before and immediately after the exercise were analyzed. Only excess pe-
ripheral blood collected for routine diagnostic tests was used for this study. It is important
to note that all sampling procedures adhered to the standard veterinary diagnostic pro-
tocol and were performed in compliance with Polish legal regulations and the European
directive EU/2010/63. Ethical approval from the Local Commission for Ethics in Animal
Experiments was not required for this study.

2.2. Chlorogenic Acid

Chlorogenic acid (CGA) obtained from Sigma-Aldrich (Sigma-Aldrich, Saint Louis,
MO, USA) was solubilized in phosphate-buffered saline (Life Technologies, Bleiswijk, The
Netherlands). Cells were cultured with 15 µg/mL and 50 µg/mL CGA which was used
based on previous human, laboratory animal, and cell culture publications [8–32]. For the
control treatments, the same procedures were followed, but without the addition of CGA.
Samples from corresponding horses were used for the control treatments.

2.3. Cell Isolation and Culture

PBMCs were obtained from the K2EDTA tube blood of all horses using density gradi-
ent centrifugation (SepMate™-Lymphoprep™ System, Cologne, Germany). The cells were
centrifuged at 1200× g for 10 min following the manufacturer’s instructions. The cells were
washed twice in 2% BSA and frozen in 10% DMSO in heat-inactivated horse serum (IHS) at
−80 ◦C for further analysis.

Subsequently, the cells were refrozen, washed twice in 2% BSA and cell cultures
were established using RPMI 1640 Medium with GlutaMAX™ (Gibco, Life Technologies,
Bleiswijk, The Netherlands), supplemented with 10% IHS, penicillin (100 IU/mL), strep-
tomycin (100 µg/mL), nonessential amino acids (1%), MEM vitamins (100 µM), sodium
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pyruvate (1 mM), and amphotericin B (1 µg/mL) (Gibco™, Life Technologies, Bleiswijk,
The Netherlands).

PBMCs were placed in a 96-well flat-bottom plate (353072, Falcon, BD, Franklin Lakes,
NJ, USA) at a concentration of 2 × 105 cells in 200 µL of the culture medium per well.
PBMCs were cultured in the absence or presence of phytohemagglutinin (PHA) (Sigma-
Aldrich, St. Louis, MO, USA; 5 µg/mL). After 24 h, the cells were washed, and recombinant
equine IL-2 (R&D Systems, Abingdon, UK; 100 U/mL) was added. The cells were then
incubated for an additional 3 days at 37 ◦C with 5% CO2.

2.4. Cell Staining

Samples stained with CellTrace™ Violet Cell Proliferation Kit (Life Technologies,
Bleiswijk, The Netherlands) prior to culturing were used in a cell proliferation assay. The
procedure was conducted using the manufacturer’s instructions.

After 4 days of culture, the production of reactive oxygen species (ROS) by isolated
PBMCs was assessed using the CellRox (CR) Deep Red Assay Kit (Life Technologies, Paisley,
Scotland), following the manufacturer’s protocol.

To analyze lymphocytes, non-adherent cells were specifically collected (these were
also used for cell proliferation assessment). Equine-specific antibodies or antibodies with
documented cross-reactivity (as indicated in Table 1) were utilized to evaluate the surface
marker expression on PBMCs. To minimize nonspecific antibody binding, 10% BSA was
used for blocking (15 min at 4 ◦C) prior to staining with antibodies. The cells were incu-
bated with antibodies in eBioscience™ Flow Cytometry Staining Buffer (Life Technologies,
Bleiswijk, The Netherlands) in the dark for 20 min at 4 ◦C. Subsequently, the cells were
washed twice with 2% BSA, resuspended in 200 µL of flow cytometry staining buffer, and
immediately analyzed using a cytometer.

Table 1. Monoclonal antibodies employed to tag peripheral blood mononuclear cells (PBMCs) for
flow cytometry labeling.

Antibody Clone; Dilution Source Target Cell

CD4:PE CVS4; 1:10 BioRad, Berkeley, CA, USA Lymphocytes
CD8:FITC CVS21; 1:10 BioRad, Berkeley, CA, USA Lymphocytes

CD5:PE CVS5; 1:10 BioRad, Berkeley, CA, USA Lymphocytes
CD14:AF405 433423; 1:10 R&D Systems, Minneapolis, MI, USA Monocytes
MHCII:FITC CVS20; 1:20 BioRad, Berkeley, CA, USA Monocytes
FoxP3:APC FJK-16s; 1:10 Life Technologies, Bleiswijk, The Netherland Lymphocytes

For FoxP3 staining, the eBioscience™ FoxP3/Transcription Factor Staining Buffer Set
(Life Technologies, Bleiswijk, The Netherlands) was utilized following the manufacturer’s
protocol.

2.5. Flow Cytometry Analysis

A similar gating strategy utilized in this study was previously described in a previous
publication [47]. To ensure the analysis of single cells, doublets were excluded by setting
a gate based on the FSC-area (FSC-A) vs. FSC-high (FSC-H) dot plot. Cell proliferation
calculations were performed exclusively on singlet cells. The gate specifically included
lymphocytes, and further analyses were conducted on CD4+, CD8+, and FoxP3+ cell
populations. In the case of the second sample, the gate encompassed CD5+, CD14+,
MHCII+ cells, and the median fluorescence intensity (MFI) of reactive oxygen species (ROS)
was determined within that specific cell population.

Flow cytometric analysis was carried out using a FACSCanto II flow cytometer and
FlowJo™ version 10.9 software (Becton, Dickinson, NJ, USA). A total of 10.000 cells from
each sample were acquired for analysis.

55



Antioxidants 2023, 12, 1924

2.6. ELISA

Cytokine concentrations (IL-1β, IL-4, IL-8, IL-10, IL-17, INF-γ, and TNF-α) were as-
sessed in post-exercise samples treated by CGA in different doses using immunoenzymatic
commercial assays specifically designed for equine species (ELK Biotechnology, Wuhan,
China). Absorbance readings were obtained with a Multiscan Reader (Labsystem, Helsinki,
Finland) and analyzed using Genesis V 3.00 software.

2.7. Statistical Analysis

Statistical analysis was conducted using the OriginPro 2022 statistics package (Origin-
Lab Corporation, Northampton, MA, USA). A one-way repeated measures ANOVA was
utilized to assess the impact of CGA on horses’ PBMCs across three different concentrations.
To compare individual groups, a post-hoc pairwise comparison was performed with the
Bonferroni test. Significance was determined at a p-value of 0.05.

In cases where the data violated the normality assumption, a non-parametric Friedman
ANOVA test was employed. A post-hoc analysis for the aforementioned test involved the
Wilcoxon–Nemenyi–McDonald–Thompson test. Significance was evaluated at a 0.05 level.

Prior to the analysis, outlier detection was conducted using Grubbs’ test or based on
linear regression to ensure data integrity.

3. Results
3.1. Chlorogenic Acid Effect on Lymphocyte Phenotype and Proliferation

The lack of statistical significance indicated CGA had no effect on percentage of CD4+
cells (Figure 1A). Although CGA left the CD4+ percentage unaffected, the compound
significantly influenced the proliferation of helper T cells. The highest concentration used
(50 µg/mL) enhanced the activity of CD4+ cells in comparison to the control treatment
(p = 6.6 × 10−6) (Figure 1B). Moreover, there was a significant difference when comparing
it to the 15 µg/mL CGA treatment (p = 5.6 × 10−7). Regardless of CGA treatment, the
CD4+ % remained unchanged in response to exercise. Furthermore, considering the horses’
level of advancement, the percentage of CD4+ cells showed no variation following exercise.
(Figure S1).
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Figure 1. Presentation of CD4+ % (A) and its proliferation index (B) variations in the absence and
presence of CGA at 15 µg/mL and 50 µg/mL concentrations. Each dot represents one horse sample
in a particular treatment condition, and means ± SEM (standard error of the mean) are presented.
Significance levels are: *** p < 0.001.

Statistically significant findings were only observed between two of the CGA concen-
trations used (p = 0.017). Specifically, CGA showed no significant effect on the % of CD8+
cells compared to the control treatment (Figure 2A). Similar results were also confirmed for
the measured proliferation (Figure 2B).
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ment (p = 0.00015) (Figure 4). However, treatment with CGA at a dose of 15 µg/mL did 
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Figure 2. CD8+ % (A) and proliferation index (B) variations in the absence and presence of CGA
at 15 µg/mL and 50 µg/mL concentrations. Each dot represents one horse sample in a particular
treatment condition, and means ± SEM (standard error of the mean) are presented. Significance
levels are: * p < 0.05.

Similar to the results in the case of CD4+ lymphocytes, exercise established no effect
on CD8+ lymphocyte count regardless of CGA treatment (Figure S2).

3.2. Chlorogenic Acid Effect on T Regulatory Cells

The analysis of CD4+FoxP3+ cell % variation between the absence of CGA treatment
and 50 µg/mL CGA treatment revealed a statistically significant increase in regulatory lym-
phocytes after CGA treatment (p = 0.02558) (Figure 3). The observed difference could imply
that CGA at 50 µg/mL plays a role in modulating the number of regulatory CD4+FoxP3+
T cells.
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Figure 3. Presentation of CD4+FoxP3+ count variations in the absence and presence of CGA at
15 µg/mL and 50 µg/mL concentrations (A), and its fold change in response to exercise (B). Each dot
represents one horse sample in a particular treatment condition, and means ± SEM (standard error
of the mean) are presented. Significance levels are: * p < 0.05.

A statistically significant increase in CD8+FoxP3+ cell production was observed in
response to CGA treatment at a concentration of 50 µg/mL compared to the control
treatment (p = 0.00015) (Figure 4). However, treatment with CGA at a dose of 15 µg/mL
did not significantly stimulate regulatory lymphocytes compared to the control treatment.
Notably, a significant difference was observed when comparing the highest concentration
(50 µg/mL) to the 15 µg/mL treatment, confirming a strong stimulation of CD8+FoxP3+
(p = 0.047). These findings suggest that CGA may stimulate the polarization of CD8+FoxP3+
regulatory lymphocytes specifically at the concentration of 50 µg/mL.
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Figure 4. Presentation of CD4+FoxP3+ count variations (A), and its fold change in response to
exercise (B) in the absence and presence of CGA at 15 µg/mL and 50 µg/mL concentrations. Each
dot represents one horse sample in a particular treatment condition, and means ± SEM (standard
error of the mean) are presented. Significance levels are: * p < 0.05 and *** p < 0.001.

The administration of CGA treatment led to an increase in the T reg population in
response to exercise. While the control treatment (FC = 1.19) showed the most significant
change. However, there were no significant differences observed in the magnitude of this
change between different treatment conditions in response to exercise.

3.3. Chlorogenic Acid Effect on Monocyte Phenotype

According to the established criteria [47], changes in the proportion of CD14−MHCII+
non-classical, CD14+MHCII+ intermediate, and CD14+MHCII− classical monocyte cells
observed in both inexperienced and experienced equine subjects following treatment with
varying concentrations of CGA, as well as the FC of pre- to post-exercise did not show
statistically significant findings (Figures S4–S7).

However, it can be noted that overall, the proportion of CD14+MHCII− classical
monocytes prevails in the investigated horse PBMCs, while CD14−MHCII+ non-classical
monocytes are the least abundant (Figure S3).

3.4. Chlorogenic Acid Effect on ROS Production in Monocytes and Lymphocytes

CGA exhibited a notable reduction in percentage of the CD5+ T lymphocytes and
CD14+ monocytes that produced ROS, as assessed by the CellRox assay. This effect was
most pronounced at the highest concentration of CGA tested, compared to the control
treatment (CD5+: p = 3.1 × 10−5, CD14+: p = 1.34 × 10−6). However, the observed effect at
50 µg/mL did not significantly differ from the cells treated with 15 µg/mL (Figure 5A,B).
Furthermore, CGA treatment significantly reduced the overall ROS accumulation (MFI)
in the CD5+ and CD14+ cell subtypes in comparison to the control treatment. The extent
of this effect depended on the concentration of the compound, and it is the highest for
50 µg/mL (CD5+: p = 7.88 × 10−5; CD14+: p = 1.34 × 10−6) (Figure 5C,D).
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Figure 5. The CD5+ (A) and CD14+ (B) percentage gated from total lymphocytes/monocytes positive
for CellRox fluorescence and the mean fluorescence intensity (MFI) of CellRox (ROS accumulation
quantity) in each subtype (C,D) in response to the absence and presence of CGA at 15 µg/mL and
50 µg/mL concentrations. Each dot represents one individual horse’s sample in a particular treatment
condition, and means ± SEM (standard error of the mean) are presented. Significance levels are
* p < 0.05, ** p < 0.01 and *** p < 0.001.

Notably, exercise diminished the CD5+ lymphocyte proportion identified as ROS
source (FC = −0.4). This effect was clearly observed under CGA treatment conditions.
However, at 15 µg/mL CGA, CD5+ lymphocyte proportion that produced ROS seemed to
be reduced to a significantly lower extent in comparison to the control (p = 4.8 × 10−6) and
50 µg/mL treatment (p = 6.1 × 10−7).

The tendency of these changes was observed in both horses’ advancement level groups.
The average fold change (FC) of ROS production in the absence of CGA was comparable
between the inexperienced (FC = −0.42) and experienced (FC = 0.41) groups (Figure 6A).
However, following CGA treatment, the oxidative stress response was different. Inexperi-
enced horses’ samples demonstrated a greater reduction in oxidative stress after training
when treated with 50 µg/mL of CGA, compared to the experienced group (p = 0.003)
(Figure 6B).
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After exercise, a noticeable decrease in ROS accumulation was observed in both CD5+ 
lymphocytes and CD14+ monocytes, regardless of CGA treatment (Figure 8A,B). How-
ever, among the various CGA-treated cell groups, those exposed to a concentration of 15 
µg/mL displayed the least pronounced changes. 

The extent of ROS accumulation changed in CD5+ lymphocytes, expressed as fold 
change (FC) in response to exercise, exhibited a lesser reduction in cells derived from the 

Figure 6. The fold change (FC) of CR (CellRox) intensity of CD5+ percentage gated from total lympho-
cytes/monocytes in response to exercise (A) in the absence and presence of CGA at 15 µg/mL and
50 µg/mL concentrations and at different horses’ advancement level (inexperienced, experienced) (B).
Each dot represents one individual horse sample in a particular treatment condition, and means ±
SEM (standard error of the mean) are presented. Significance levels are: ** p < 0.01, and *** p < 0.001.

The impact of training had a lesser effect on oxidative stress in CD14+ mono-
cytes compared to CD5+ lymphocytes (FC = −0.02). Moreover, treatment with CGA at
15 µg/mL did not appear to elicit changes in ROS production in CD14+ cells. However,
this significantly differed from the control treatment and the 50 µg/mL CGA treatment
(control: p = 7.2 × 10−6, 50 µg/mL: p = 3.5 × 10−5) (Figure 7). These trends have also
been observed in both groups of horses with varying levels of advancement. It is worth
noting, that 15 µg/mL CGA treatment led to a slight increase in ROS production after
training (FC = 0.01).
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Figure 7. The fold change (FC) in CR (CellRox) intensity of CD14+ percentage gated from total
lymphocytes/monocytes in response to exercise (A) in the absence and presence of CGA at
15 µg/mL and 50 µg/mL concentrations and at different horses’ advancement level (inexperienced,
experienced) (B). Each dot represents one horse sample in a particular treatment condition, and
means ± SEM (standard error of the mean) are presented. Significance levels are: * p < 0.05,
** p < 0.01, and *** p < 0.001.

After exercise, a noticeable decrease in ROS accumulation was observed in both CD5+
lymphocytes and CD14+ monocytes, regardless of CGA treatment (Figure 8A,B). However,
among the various CGA-treated cell groups, those exposed to a concentration of 15 µg/mL
displayed the least pronounced changes.
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The production of pro-inflammatory cytokines, including IL-1β, IL-8, INF-γ, TNF-α, 

and IL-17 as well as anti-inflammatory cytokine IL-10, was investigated in PBMCs col-
lected after the training session (Figure 9). The supernatant was analyzed for cytokine 
levels. No significant changes were observed in the production of pro-inflammatory cy-
tokines following CGA treatment. However, CGA treatment had a significant impact on 
the production of anti-inflammatory cytokines. Our study revealed an increase in IL-10 
secretion compared to the control treatment, regardless of the concentration of CGA used. 

Figure 8. The ROS accumulation quantity expressed as CellRox mean fluorescence intensity (MFI) of
CD5+ (A) and CD14+ (B) cell subtypes and the fold change (FC) in mean fluorescence intensity (MFI)
of CD5+ (C) and CD14+ (D) in the two horses’ advancement groups, inexperienced and experienced,
in response to the absence and presence of CGA at 15 µg/mL and 50 µg/mL concentrations. Each
dot represents one individual horse’s sample in a particular treatment condition, and means ± SEM
(standard error of the mean) are presented. Significance levels are * p < 0.05, ** p < 0.01, and
*** p < 0.001.

The extent of ROS accumulation changed in CD5+ lymphocytes, expressed as fold
change (FC) in response to exercise, exhibited a lesser reduction in cells derived from
the more experienced group of horses compared to the inexperienced group (Figure 8C).
Notably, this difference reached statistical significance in cells treated with 15 µg/mL CGA
(p = 0.049) (Figure 8C).

In the group of inexperienced horses’ cells, CGA treatment did not influence the post-
exercise alterations in ROS accumulation for both CD5+ and CD14+ cell subtypes. However,
within the experienced group, cells treated with 15 µg/mL CGA showed a subtle reduction
in ROS accumulation after exercise (mean FC: CD5+ = −0.015 and CD14+ = −0.0056) in
contrast to a more pronounced reduction in the control group (mean FC: CD5+ = −0.16
and CD14+ = −0.16) (CD5+: p = 0.0036; CD14+: p = 0.0088) (Figure 8D).

3.5. Chlorogenic Acid Effect on PBMCs Cytokine Production after Training

The production of pro-inflammatory cytokines, including IL-1β, IL-8, INF-γ, TNF-
α, and IL-17 as well as anti-inflammatory cytokine IL-10, was investigated in PBMCs
collected after the training session (Figure 9). The supernatant was analyzed for cytokine
levels. No significant changes were observed in the production of pro-inflammatory
cytokines following CGA treatment. However, CGA treatment had a significant impact on
the production of anti-inflammatory cytokines. Our study revealed an increase in IL-10
secretion compared to the control treatment, regardless of the concentration of CGA used.
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Additionally, IL-17 secretion was significantly higher in cells treated with 50 µg/mL CGA
compared to the control treatment.
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Figure 9. The change in IL-10 (A) and IL-17 (B) secretion in the absence and presence of CGA at
15 µg/mL and 50 µg/mL concentrations and its comparison between groups of experienced and
inexperienced horses during exercise (C,D). Each dot represents one horse sample in a particular
treatment condition, and means ± SEM (standard error of the mean) are presented. Significance
levels are: * p < 0.05, ** p < 0.01.

IL-10 is upregulated significantly after CGA stimulation in PBMCs of experienced
horses, while IL-17 is upregulated in inexperienced horses.

4. Discussion

Our findings provide the first confirmation of the immunomodulatory function of
CGA on PBMCs in racehorses. Previous studies conducted on humans have established
the anti-inflammatory and anti-oxidative effects of CGA supplementation, positioning it as
a therapeutic agent with diverse applications [7,49,50]. Given the significant physiological
similarity between horses and humans in the field of exercise immunology [37–39,47], the
addition of CGA to the equine diet holds the potential to offer various benefits to equine
athletes.

4.1. Lymphocyte Phenotype and Proliferation

T lymphocytes play a critical role in the cellular immune system. The CD4+/CD8+
ratio is defined as the ratio of helper T cells (surface marker CD4) to cytotoxic T cells (surface
marker CD8), where CD8+ cells are pro-inflammatory and CD4+ cells are anti-inflammatory.
Recent studies have found that CGA may affect both the population of T cells and their
proliferation. In human studies, it was confirmed that CGA at a concentration of 400 mg/kg
improves cellular immunity by enhancing CD4+/CD8+ proliferation by decreasing the
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number of CD8+ T cells while at the same time increasing CD4+ T cell proliferation in a dose-
dependent manner [51]. Similar findings regarding CD4+ lymphocytes were confirmed in
our study.

In addition, several studies confirmed that CGA treatment reveals a significant role in
regulating the CD4+/CD8+ ratio through the activation of CD4+ T cells and in stimulating
T helper cells, which may directly contribute to the regulation of inflammation [52,53].
Reaching out to another publication, it was shown that CGA exhibits its anti-cancer benefits
in breast cancer treatment by increasing the percentage of CD4+ and CD8+ T cells in the
spleens of experimental mice [54]. It has been clarified that CGA can activate CD4 T cells by
suppressing Toll-like receptor (TLR) 4 signaling molecules, including TLR4, p-IRAK1, p-IκB,
and p-p38 [55]. Our results show that the presence of CGA does not affect the percentage
of CD4+ and CD8+ cells, although it influences CD4+ proliferation in a dose-dependent
manner. However, the lack of significant differences in the percent of T lymphocytes after
CGA and exercise may be related to the fact that intense physical activity may inhibit
the proliferation of CD4+ and CD8+ cells in humans as well as equine athletes [47,55].
It was concluded that those T cells tend to show a reduced response to mitogens and
antigen-specific stimulation during intense exercise.

An additional objective of our research was to show how CGA affected CD4+FoxP3+
and CD8+FoxP3+ T-cell populations. FOXP3, which encodes a transcriptional repressor
protein, is primarily expressed by CD4+ or CD8+ innate regulatory cells, ensuring immuno-
logical homeostasis and self-tolerance [55,56]. CGA administration at a dose of 50 µg/mL
generates a significant increase in the percent of CD4 + FOXP3 + and CD8 + FOXP3 + T cells,
according to our findings. It is worth noting that a significant difference was seen when
comparing the maximum concentration (50 µg/mL) with the 15 µg/mL treatment, indicat-
ing substantial activation of CD8+FoxP3+ (p = 0.047). As CD4+FoxP3+ and CD8+FoxP3+
have strong immunoregulating activity [57,58], we confirmed that CGA may regulate the
immune system response during exercise. Also, in response to exercise, the administration
of CGA therapy increases the T reg population. The available data obtained on humans are
consistent with our results [51,53].

4.2. ROS Production by T Lymphocytes and Monocytes

ROS develop naturally as byproducts of normal oxygen metabolism and are crucial
intracellular signaling molecules [59]. Mitochondrial ROS tends to activate and regulate the
development of Th17 and Th1 lymphocytes, and their low levels trigger the immunoregula-
tory enzyme indoleamine-2,3-dioxygenase and increase the activity of T reg lymphocytes. It
has been proven that ROS plays a pivotal role as a T cell receptor (TCR) signaling molecule
in various aspects of T lymphocyte-mediated immunity encompassing T cell proliferation,
effector function, and apoptosis [60]. Moreover, ROS production by monocytes serves as a
key machinery in innate immunity and inflammation [61]. Despite its critical immunos-
timulatory role, excess ROS can react with and damage biomolecules such as proteins,
lipids, and DNA, which can disrupt redox equilibrium. Increased exposure to ROS leads to
reduced phosphorylation and activation of NF-B, resulting in hyporeactivity of T lympho-
cytes. It is well-studied that excessive ROS production is triggered within the contracting
muscle during physical exercise [62]. Therefore, it is essential to consider the importance of
maintaining a balance between ROS and antioxidant proteins within the cell, especially
during an intensive training regimen.

This balance plays a critical role in preserving the integrity of cell-mediated immunity.
Several studies have shown that CGA has the biological ability to reduce ROS levels in a
variety of concentrations, including 250 M CGA [63], 125 and 250 g/mL [64], 64 g/mL [65],
50 mg/mL [66], and 10 M [67]. This aligns with the results of our work. We confirmed that
CGA significantly reduces the percentage of ROS-positive T lymphocytes CD5+ and CD14+
monocytes in racehorses. This effect is most pronounced at the highest CGA concentration
tested compared to the control treatment (CD5+: p = 3.1 × 10−5, CD14+: p = 1.34 × 10−6).
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In addition, in this study, it has been noticed that the important balance in ROS
production, in response to exercise, can be preserved by the CGA treatment. Studies report
that physical exercise induces upregulation of antioxidant enzyme pathways and thus
reduces the oxidative state in skeletal muscles, liver, and heart [68,69]. We have observed a
lowered percentage of CD5+ and CD14+ cells positive for ROS production after exercise. A
uniform decrease in ROS generation is observed in both horse performance level groups,
which is in contrast to our previous study [47]. However, in a previous study, tert-butyl
hydroperoxide solution (TBHP) was used as an inducer of reactive oxygen species (ROS)
production in all samples. In this study, we studied ROS production without additional
stimulation besides exercise.

ROS generation plays an important role in muscle remodeling, and hypertrophy, through
stimulating molecular pathways via proteins, including peroxisome proliferator-activated
receptor-c coactivator (PGC1-α) and mitogen-activated protein kinases (MAPK) [70]. How-
ever, when cells were treated with 15 µg/mL of CGA, ROS production appeared to remain
unchanged in post-exercise cells compared to pre-exercise levels. Notably, this observation is
limited to the experienced group of horses, suggesting that CGA may enhance the positive
adaptation specifically in the experienced individuals. ROS contributes to the maintenance
of cartilage homeostasis and regulates apoptosis, extracellular matrix synthesis and break-
down [71–73], and cytokine production in chondrocytes [63], which is stronger in horses
starting their training. Comparing CGA effects over PBMCs, we show that training has less
effect on oxidative stress in CD14+ monocytes compared to CD5+ T lymphocytes. In our
previous study, exercise had only an effect on ROS accumulation in CD14+ cells [47]. The
ability of CGA to modulate ROS production is particularly important since low levels of ROS
play an important role in controlling cellular functions by maintaining cellular antioxidant
systems against oxidative stress as well as cytokine production. In summary, under physi-
ological conditions, the equilibrium between ROS and antioxidant systems guarantees the
proper functioning of T cells and the mounting of a controlled immune response.

4.3. Cytokines

CGA is known to promote an anti-inflammatory state by decreasing the level of
the pro-inflammatory cytokine, as has been described in in vitro and in vivo animal and
human studies [20,74–76]. The IL-8 diminished production has been observed in Caco-2
cells treated with 0.5–2 mM CGA [20]. Other studies confirmed that CGA, in a dose-
dependent manner (2 to 20 µM), decreases the production of pro-inflammatory cytokines,
mainly TNF-α, IL-8, IL-6, and IL-1β in vivo [20,74–76]. CGA’s ability to modulate cytokine
secretion is believed to be associated with its capacity to reduce oxidative stress as it was
mentioned earlier. This relationship has also been observed in our study, where CGA was
found to decrease ROS production in immune cells. It has been suggested that by reducing
oxidative stress, CGA can inhibit the activation of the NF-κB signaling pathway, leading to
a decrease in the production of pro-inflammatory cytokines and other cellular mediators.

Indirect confirmation for that mechanism, despite the evident effect of reduced ROS
production, is the increased production of IL-10 after CGA stimulation by PBMCs collected
post-exercise. IL-10 exhibits diverse biological effects across different cell types [77], and
it is the strongest anti-inflammatory cytokine. Its action promotes the downregulation of
pro-inflammatory cytokines and Th1 lymphocyte functioning [78]. The observed elevation
in CGA-induced IL-10 secretion after exercise could explain the subdued inflammatory
response noted in our assessment of lymphocyte and monocyte activity changes from pre-
to post-exercise cells. Remarkably, our study demonstrates that the anti-inflammatory
effects of CGA are particularly pronounced in PBMCs from the well-trained group of
horses, which is consistent with our previous findings. It is worth noting that the elevated
IL-10 level is characteristic of progressing adaptation to exercise [47]. CGA stimulation
might have been responsible for the further promotion of positive adaptation to training.

IL-17 is the only investigated pro-inflammatory cytokine that responds to CGA treat-
ment. In fact, it has been confirmed that IL-17 is one of the highly enriched molecular
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pathways by CGA [79]. The CGA stimulation increases IL-17 secretion but only in post-
exercise PBMCs of inexperienced horses. IL-17 is recognized for its ability to induce the
production of various other pro-inflammatory factors. Through its action on endothelial
cells, this cytokine facilitates the migration of neutrophils into inflamed tissues. The acute
bout of exercise, as untrained horses experienced, might provoke the muscle damage
inflammatory response, and it is possible that CGA treatment further promotes the IL-17
secretion by stimulating the CD4+ activity as was also confirmed in our study [80]. This
thesis may be forced by the stimulation of IL-17 synthesis by PBMCs after exercise in
untrained racehorses, which was confirmed in our previous study [47]. As was mentioned
in our previous study, the inflammatory process and tendon remodeling are stimulated by
IL-17 production not only by local tissues but also by PBMCs and it is balanced mainly by
IL-10 upregulation [81]. IL-17 production is needed; however, its upregulation may not
always be beneficial, especially in inexperienced horses. Thus, it confirms that CGA has a
strong immunomodulatory effect and can be beneficial to horses at different fitness levels.

5. Limitations

The limitations of this study are the relatively low sample size (n = 29) and diversity
of the horses as only two breeds were evaluated. On the other hand, Thoroughbreds
and Arabians are the most popular racing breeds. In addition, the study was not per-
formed in vivo; however, this was decided based on good ethical practices in performing
experiments in animal models. The long-term effects and safety of CGA supplementation
remain ambiguous, and its interactions with other common supplements or medications
given to racehorses are unexplored. It should be noted that the effects of varying exercise
intensities, durations, and other environmental factors influencing immune responses and
ROS production could also impact the results.

6. Conclusions

The research presented here holds significant value for harnessing CGA’s potential
as a nutritional supplementation to enhance the training performance of racehorses. The
demonstrated immunomodulatory and oxidative stress reduction properties of this phe-
nolic acid on PBMCs may greatly benefit athletes’ performance and recovery. The CGA
anti-inflammatory effect is based on the stimulation of CD4+ proliferation and the im-
munophenotype of CD4+FoxP3+ and CD8+FoxP3+ regulatory T cells as well as IL-10
production. By understanding these effects, CGA could prove to be an asset in optimizing
athletic performance and aiding in post-injury recovery. Thus, our findings have great
meaning for future research or may have some practical applications for producing sup-
plements for equine athletes. To fortify the study, it might be beneficial to delve into a
long-term analysis of CGA’s effects, understand its interactions with other supplements,
and assess its performance under diverse exercise regimens. Investigating the molecular
mechanisms through which CGA operates, its impact on other equine cells beyond PBMCs,
and linking the cellular benefits to behavioral or performance outcomes in horses could
provide a more holistic view of CGA’s potential benefits in equine health.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antiox12111924/s1, Figure S1: CD4+ count fold change (FC) in response to
exercise (A) at different advancement levels (B) in the absence and presence of CGA at 15 µg/mL and
50 µg/mL concentrations. Each dot represents one horse sample in a particular treatment condition, and
means ± SEM (standard error of the mean) are presented. Significance levels are: * p < 0.05, ** p < 0.01, and
*** p < 0.001; Figure S2: Presentation of CD8+ count fold change (FC) in response to exercise in general (A)
and at different advancement levels (B) in the absence and presence of CGA at 15 µg/mL and 50 µg/mL
concentrations. Each dot represents one horse sample in a particular treatment condition, and means
± SEM (standard error of the mean) are presented. Significance levels are: * p < 0.05, ** p < 0.01, and
*** p < 0.001; Figure S3: Percentages of positive cells: CD14+MHCII−, CD14−MHCII+, CD14−MHCII−,
and CD14+MHCII+ gated from total monocytes (A), and its FC in response to exercise (B) in the absence
and presence of CGA at 15 µg/mL and 50 µg/mL concentrations. Each dot represents one horse sample in
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a particular treatment condition, and means± SEM (standard error of the mean) are presented. Significance
levels are: * p < 0.05, ** p < 0.01, and *** p < 0.001; Figure S4: Presentation of CD14+MHCII+ count fold
change (FC) in response to exercise in general (A) and at different advancement levels (B) in the absence and
presence of CGA at 15 µg/mL and 50 µg/mL concentrations. Each dot represents one horse sample in a
particular treatment condition, and means ± SEM (standard error of the mean) are presented. Significance
levels are: * p < 0.05, ** p < 0.01, and *** p < 0.001; Figure S5: Presentation of CD14+MHCII− count
fold change (FC) in response to exercise in general (A) and at different advancement levels (B) in the
absence and presence of CGA at 15 µg/mL and 50 µg/mL concentrations. Each dot represents one horse
sample in a particular treatment condition, and means ± SEM (standard error of the mean) are presented.
Significance levels are: * p < 0.05, ** p < 0.01, and *** p < 0.001; Figure S6: Presentation of CD14−MHCII+
count fold change (FC) in response to exercise in general (A) and at different advancement levels (B) in the
absence and presence of CGA at 15 µg/mL and 50 µg/mL concentrations. Each dot represents one horse
sample in a particular treatment condition, and means ± SEM (standard error of the mean) are presented.
Significance levels are: * p < 0.05, ** p < 0.01, and *** p < 0.001; Figure S7: Presentation of CD14−MHCII−
count fold change (FC) in response to exercise in general (A) and at different advancement levels (B) in the
absence and presence of CGA at 15 µg/mL and 50 µg/mL concentrations. Each dot represents one horse
sample in a particular treatment condition, and means ± SEM (standard error of the mean) are presented.
Significance levels are: * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Abstract: Microalgae are a renewable and sustainable source of bioactive compounds, such as
essential amino acids, polyunsaturated fatty acids, and antioxidant compounds, that have been
documented to have beneficial effects on nutrition and health. Among these natural products, the
demand for natural antioxidants, as an alternative to synthetic antioxidants, has increased. The
antioxidant activity of microalgae significantly varies between species and depends on growth
conditions. In the last decade, microalgae have been explored in livestock animals as feed additives
with the aim of improving both animals’ health and performance as well as product quality and
the environmental impact of livestock. These findings are highly dependent on the composition of
microalgae strain and their amount in the diet. The use of carbohydrate-active enzymes can increase
nutrient bioavailability as a consequence of recalcitrant microalgae cell wall degradation, making
it a promising strategy for monogastric nutrition for improving livestock productivity. The use of
microalgae as an alternative to conventional feedstuffs is becoming increasingly important due to
food–feed competition, land degradation, water deprivation, and climate change. However, the
cost-effective production and use of microalgae is a major challenge in the near future, and their
cultivation technology should be improved by reducing production costs, thus increasing profitability.

Keywords: animal nutrition; antioxidants; livestock; microalgae; monogastric diet; sustainability

1. Introduction

Over the past ten years, the feed, food, cosmetic, and nutraceutical industries have all
become interested in the natural compounds from microalgae, due to the rising demand
for natural antioxidants as an alternative to synthetic antioxidants [1,2]. Microalgae are
an underutilized resource with the potential to produce antioxidants and novel bioactive
molecules. They are attractive for developing biotechnological applications due to their
high growth rate, simplicity in cultivation, production scalability, potential for genetic
modification, low maintenance costs, and metabolic plasticity that can be directed and
manipulated to produce target compounds by altering culture conditions [3,4]. Due to
all these factors, the demand for algal biomass is expected to increase significantly in the
coming years. It has been estimated that the global algae market will reach a value of USD
6.3 billion by 2028, up from USD 4.5 billion in 2021 [5].
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From Ancient Greece to Icelandic sagas and all over the world, ample evidence sug-
gests that both wild and domesticated animals approached coastal areas to feed on seaweed.
After the intensification of livestock production systems and the consideration of current
emerging issues such as food–feed competition and the hard-to-find arable lands for feed-
stuff production, the usage of algae was redefined. Corn and soybean, the two main
conventional feedstuffs for animal feeding, are unsustainable, and therefore alternatives to
these ingredients are required to maintain livestock performance, especially considering the
latest exponential demands for animal protein [6,7]. Land degradation, water deprivation,
and drastic changes in climate are also significant challenges for the future of the livestock
sector signifying the need to explore highly sustainable alternatives to conventional feed-
stuffs, which are not affected by environmental conditions. The cultivation of microalgae
does not require rainfall, which would decrease competition with areas more suited for
agricultural production or biodiversity conservation [8]. Although until recently, the use
of algae as an alternative to conventional feedstuffs was advocated as a panacea for the
aforementioned challenges, when applied in animal diets, their assessment unveiled two
significant drawbacks. The high production cost of algae limits their inclusion levels in
animal diets since this cost cannot be remunerated by the price of animal products [7]. Ad-
ditionally, their cell walls inhibit nutrient release in the duodenum of monogastric animals
and decrease their digestibility. Considering these issues, in the last decade, seaweeds
and microalgae have been explored in animal nutrition as feed additives (in low inclusion
levels) rich in bioactive compounds for livestock animals and aquaculture with the aim of
improving both animals’ health and performance as well as product quality and livestock
environmental impact.

This review article aims to cover recent research progress on the antioxidant molecules
in microalgae and their role as feed additives for improving both animals’ health and
performance as well as product quality and livestock environmental impact.

2. Microalgal Diversity in Industrial Setting

Microalgae are a large group of organisms that are extremely diverse and heteroge-
neous from evolutionary and ecological viewpoints. Microalgal biomass is an excellent
source of diverse bioactive compounds such as lipids, polysaccharides, carotenoids, vita-
mins, phenolics, and phycobiliproteins [1,2]. The bioactive properties of different industri-
ally produced microalgae vary as a consequence of their physiology and biochemistry. The
diversity of microalgal species gives rise to various antioxidant molecules, which makes
microalgae the richest natural resource for nutritional and bioactive components [9–11].
The list of industrially produced microalgae includes genera spanning different classes,
namely Chlorodendrophyceae (Tetraselmis chui, Tetraselmis striata CTP4); Chlorophyceae
(Haematococcus lacustris, formerly Haematococcus pluvialis); Coccolithophyceae (Tisochrysis
lutea); Bacillariophyceae (Phaeodactylum tricornutum, Skeletonema sp.); Eustigmatophyceae
(Nannochloropsis sp.); Porphyridiophyceae (Porphyridium sp.); and Cyanophyceae (Spirulina).
Among them, there are only a few microalgae that have “Generally Recognized as Safe”
(GRAS) status as recognized by the FDA. These microalgae include Arthrospira platensis (Spir-
ulina, Cyanophyceae), Chlamydomonas reinhardtii, Auxenochlorella protothecoides (Trebouxio-
phyceae), Chlorella vulgaris, Dunaliella salina (formerly Dunaliella bardawil) (Chlorophyceae),
and Euglena gracilis (Euglenophyceae).

3. Antioxidant Compounds in Microalgae

Microalgae live in habitats under high solar irradiation and as a consequence have a
wide range of antioxidant compounds, which protect them from radiation and oxidation
damage. High-value antioxidant compounds produced by microalgae include polyunsat-
urated fatty acids (PUFAs); carotenoids, including astaxanthin and lutein; chlorophylls;
phycobiliproteins; and phenolic compounds [1,2,9–13] (Figure 1a). These compounds have
immunomodulation, anti-inflammatory, neuroprotective, antimicrobial, antiviral, and an-
thelmintic properties, beneficial to animal health [14] (Figure 1b). Antioxidants help to
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prevent oxidative damage, which mostly occurs from oxygen’s reduced states. There are
many types of reactive oxygen species [15]. The antioxidant function can be derived from
two sources: the activity of antioxidant enzymes [12,13] or the production of molecules
that serve as sacrificial scavengers of reactive oxygen species [2]. Additionally, antioxidant
activity can be divided into two major mechanisms of action: limiting reactive oxygen
species in the digestive tract to lessen oxidative stress on the gut microbiome and epithelial
cells or transporting antioxidants into the circulation for distribution throughout the body.
There are still knowledge gaps about the effectiveness of the antioxidant qualities of mi-
croalgal meals at all levels, from species differentiation to effects on the gut microbiota and
movement through the gut lumen to their effects on animal physiology. This will be useful
for further research in the next decade.
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3.1. Polyunsaturated Fatty Acids (PUFAs)

Polyunsaturated fatty acids (PUFAs) include docosahexaenoic acid (DHA), eicos-
apentaenoic acid (EPA), arachidonic acid (AA), and γ-linolenic acid (GLA), and are well
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known for being advantageous to both animal and human health [16–18]. Several mi-
croalgal species have been recorded as sources of PUFAs, such as Phaeodactylum tricornu-
tum; Monodopsis subterranea (formerly Monodus subterranea) (Xanthophyceae); Porphyridium
purpureum (formerly Porphyridium cruentum) (Porphyridiophyceae); Chaetoceros calcitrans
(Mediophyceae); Nannochloropsis sp. (Eustigmatophyceae); Crypthecodinium cohnii (Dino-
phyceae); Isochrysis galbana (Coccolithophyceae); and Rebecca salina (formerly Pavlova salina)
(Pavlovophyceae) [17–20]. Among the physiologically important fatty acids, docosahex-
aenoic acid is the most sensitive to oxidation, whereas palmitic acid is the least oxidizable.
The oxidation stability of fatty acids is directly connected with the degree of unsaturation.

3.2. Carotenoids

Carotenoids are abundant in microalgae [21,22]. These colorful compounds are well
known for their antioxidant properties [14,23–25]. They are used as natural colorants [26–28]
and as food and feed additives or health supplements. They are divided into two groups:
carotenes and xanthophylls. The former group of compounds are oxygen-free hydro-
carbons, such as α-carotene and β-carotene, while the latter compounds are oxygenated
derivatives of carotenes (including lutein, violaxanthin, zeaxanthin, fucoxanthin, and
astaxanthin) [25,29]. The main sources of carotenoids are microalgae belonging to the
Chlorophyceae. Many microalgae accumulate carotenoids but the dominant species exten-
sively studied are Dunaliella salina; Haematococcus lacustris (Chlorophyceae); Chromochlo-
ris zofingiensis (formerly Chlorella zofingiensis) (Trebouxiophyceae); and Chlorella vulgaris
(Chlrophyceae), especially due to the capability of commercial production in large-scale
cultures [30,31]. These microalgae may generate a variety of pigments, including carotenes
(β-carotene and lycopene) and xanthophylls (astaxanthin, violaxanthin, antheraxanthin,
zeaxanthin, neoxanthin, and lutein). Other microalgae phyla generate other compounds
such as fucoxanthin, diatoxanthin, and diadinoxanthin [23]. Currently, the two pigments
with the highest global market are β-carotene and astaxanthin from the genera Dunaliella
and Haematococcus, respectively [23,32,33]. More specifically, β-carotene is commonly
produced by Tetradesmus almeriensis (formerly Scenedesmus almeriensis), Dunaliella salina
(formerly Dunaliella bardawil), and Dunaliella tertiolecta (Chlorophyceae) [14,19,20,23,34–36];
however, the best source for its production is Dunaliella salina [33,37].

Astaxanthin, a red xanthophyll pigment, is the second most widely used carotenoid [38].
It displays an efficacious antioxidant activity [39–41] and shows about ten times higher
antioxidant activity than other carotenoids [19,23,34,35]. It is produced by several mi-
croalgae such as Chlorella zofingiensis, Chlorococcum sp., and Scenedesmus sp., as well as the
yeast Xanthophyllomyces dendrorhous [14,20,24]. Interestingly, the microalga Haematococcus
lacustris [35,42], under certain cultivation conditions, can accumulate up to 7% astaxanthin
on a dry weight basis [37]. Therefore, Haematococcus lacustris is seen as the most favor-
able species for industrial scale production of natural astaxanthin [33,43]. Astaxanthin is
widely used in aquaculture feed as a dye agent for fish and shellfish flesh due to its red
color [14,35,42]. It is also exploited as an antioxidant supplement to improve the health and
production performance of broiler chicken [44].

Lutein is another important carotenoid [45]. It is used for the pigmentation of animal
tissues and products [46]. It also shows bioactive beneficial properties in chronic diseases,
such as cataracts, atherosclerosis, blindness, or decreased vision [47–49]. Lutein is pro-
duced by several microalgae such as Chlorella sp. [50,51], Muriellopsis sp. [52], Scenedesmus
sp. [53], and Chlamydomonas sp. [54]. It is widely used for the natural coloration of foods,
drugs, and cosmetics [55]. Lutein-producing strains include Muriellopsis sp., Auxenochlorella
protothecoides (formerly Chlorella protothecoides) (Trebouxiophyceae), Chromochloris zofingien-
sis (formerly Chlorella zofingiensis), Pleurastrum insigne (formerly Chlorococcum citriforme),
Neospongiococcum gelatinosum, and Tetradesmus almeriensis (Chlorophyceae) [14,20,56].

Other important carotenoid pigments with high commercial value include lycopene, vi-
olaxanthin, and zeaxanthin [57]. Lycopene is extensively used in cosmetic formulations as a
sunscreen and antiaging compound [20,34]. It also displays anticarcinogenic and antiathero-
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genic properties [20]. Violaxanthin, an orange carotenoid pigment, is well known for its
anti-inflammatory and anticancer properties. It is produced by Chloroidium ellipsoideum (for-
merly Chlorella ellipsoidea) (Trebouxiophyceae) and Dunaliella tertiolecta [19,23] strains. Zeax-
anthin is a yellow carotenoid that has found successful applications in the pharmaceutical,
cosmetic, and food industries. The industrial production of zeaxanthin is mainly achieved
by Tetradesmus almeriensis and Nannochloropsis oculata [20,35]. Other noteworthy carotenoids
include canthaxanthin, β-cryptoxanthin, and fucoxanthin, which have shown significant
tanning, anti-inflammatory, and anticancer properties, respectively [21,22,34,58,59], and
therefore they have been used in the pharmaceutical or cosmetic industries.

3.3. Chlorophylls

Chlorophylls are found in all photosynthetic microalgae [60,61]. Due to their green
pigmentation, they are becoming increasingly important as colorants in the food industry
as well as in the pharmaceutical and cosmetic industries [14,21,24,57]. Chlorophyll a and
chlorophyll b also occur in the form of sodium and copper derivatives. The latter types of
derivatives are mainly used as food additives or in drinks [14]. Microalgae that belong to
the genus Chlorella contain chlorophyll to about 7% of their biomass, five times more than
that of Arthrospira [36,61].

3.4. Phycobiliproteins

Phycobiliproteins are only found in cyanobacteria and some red algae [62–64]. Phyco-
biliprotein, a high-potential molecule, has been utilized commercially as a natural dye and
has a variety of applications in the pharmaceutical industry [63–65]. Due to their powerful
and highly sensitive fluorescent properties, they are used as markers for certain immunolog-
ical methods, such as flow cytometry, microscopy, and DNA tests [14,24,32,35,57,63,64,66].
On an industrial scale, these pigments are produced from the species Porphyridium sp.,
Arthrospira sp., and Aphanizomenon flosaquae (Cyanophyceae) [14,19,20,24,34,35].

The predominant pigment in the phycobiliprotein family is phycocyanin [63,64]. Phy-
cocyanin is a blue protein in cyanobacteria, rhodophytes, and cryptophytes that possesses
the blue tetrapyrrole chromophore, phycocyanobilin, with fluorescent and bioactive proper-
ties (Figure 2). Phycocyanin is a water-soluble, non-toxic, and blue-colored photosynthetic
pigment that have been used in food, cosmetic, and pharmaceutical industries. Over the
years, the biological function of phycocyanin has been extensively studied. For example,
numerous studies have investigated its antioxidative, anti-inflammatory, anticancer, and
antimicrobial activity, as well as its effects on neurodegeneration, diabetes, wound healing,
and hyperpigmentation [67–69]. Extensive studies during the last two decades concerning
purification, biochemical, and structural properties has resulted in a detailed description of
phycocyanin’s architecture, structure, and bioactivity [67,70]. The primary biotechnolog-
ical potential of phycocyanin seems to be its application as a natural pigment, replacing
toxic synthetic dyes. However, a growing number of evidences have demonstrated that
phycocyanin also exhibits bioactive properties related to health benefits such as antiaging,
antioxidant, anticancer, neuroprotective, and anti-inflammatory activities [70].

3.5. Polysaccharides

Polysaccharides are polymers consisting of saccharide units linked with glycosidic
bonds attached to the cell wall or released into the medium (exopolysaccharides) [71].
Polysaccharides isolated from a range of microalgal species (e.g., Arthrospira platensis,
Porphyridium purpureum, Dunaliella salina, Dixoniella grisea [formerly Rhodella reticulata)
(Rhodellophyceae), and Schizochytrium sp.] exhibit in vitro antioxidant properties and
ability to effectively scavenge superoxide radicals, hydroxyl radicals, and hydroxyl per-
oxides [2,43,71,72]. The diverse biological activities of polysaccharides in microalgae are
due to their complex structural features, including molecular weight, composition of sugar
residues, types of glycosidic linkages, nature of monosaccharides, and the presence of
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some sugar-free units (sulfate, methyl, organic acids, amino acids, or amines) in the main
skeleton of polysaccharides [2,71,72].
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Figure 2. (a) The structure of C-phycocyanin from Arthrospira platensis (formerly Spirulina platensis) at
2.2 Å resolution (PDB accession number 1GH0); (b) the structure of phycocyanobilin (PCB), a linear
tetrapyrrole chromophore covalently attached to protein subunits of C-phycocyanin.

3.6. Polyphenols

Polyphenols are a large group of secondary metabolites comprising phenolic acids,
flavonoids, isoflavonoids, stilbenes, lignans, and phenolic polymers [71–74]. Phenolic com-
pounds, especially flavonoids and phenolic acids, exhibit high antioxidant function. The
extraction and purification of polyphenols from microalgae is challenging, and improve-
ments in analytical methodology are needed to facilitate more detailed characterization of
their structure and function. Recently, a study was carried out on polyphenols extracted
from two different microalgal species: Nannochloropsis sp. and Arthrospira/Spirulina sp. [75].

4. Antioxidants and Gut Microbiota

Several studies have investigated the relationship between antioxidants and the gut
microbiota in animals [76–81]. Some studies have suggested that the antioxidants present
in microalgae can influence the composition of the gut microbiota [82]. For example, di-
etary antioxidants like polyphenols and flavonoids found in fruits and vegetables have
been shown to promote the growth of beneficial bacteria like Bifidobacterium and Lacto-
bacillus while reducing the abundance of potentially harmful bacteria [79,82–85]. Some
antioxidants, especially dietary fibers and polyphenols, can serve as substrates for bacterial
fermentation in the gut. This fermentation process produces short-chain fatty acids (SCFAs),
which have beneficial effects on gut health. SCFAs serve as an energy source for gut cells,
regulate inflammation, and support the growth of beneficial bacteria [84,85]. Furthermore,
antioxidants possess anti-inflammatory properties. Inflammation in the gut is associated
with various gastrointestinal disorders. Therefore, by reducing inflammation, microal-
gae may help maintain a healthy gut environment and support the growth of beneficial
gut bacteria [86–88].

Antioxidants may also contribute to the integrity and function of the gut barrier, which
acts as a protective barrier between the gut microbiota and the rest of the body [89]. A
healthy gut barrier prevents the translocation of harmful bacteria or their by-products into
the bloodstream.
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5. The Effect of Microalgae on Animal Performance

As mentioned before, the high production cost of microalgae due to current cultivation
technology, together with their low digestibility in monogastric species, are the limiting
factors for their inclusion in animals’ diets substituting conventional feedstuffs. For this
reason, research has focused on lower dietary supplementation levels with the aim of
improving animal performance by enhancing nutritional physiology pathways. Moreover,
the chemical composition of microalgae (rich in protein or fat content) affects animal per-
formance differently. It has been reported that the dietary inclusion of high-protein species
improved the body condition and average daily gain (ADG) of dairy cows and lambs,
respectively [90,91], while diets containing high-fat microalgae namely Schizochytrium spp.
negatively affected lambs’ performance through a reduction in their dry matter intake
(DMI) [92,93]. Mavrommatis and Tsiplakou (2020) [94] also observed a 30% reduction in
DMI when Schizochytrium spp. included at 3% in goats’ diet. This reduction in DMI is usu-
ally attributed to the fish-like odor of microalgae or to the high-fat content of Schizochytrium
spp., which might impair the hypophagic effect on the brain’s satiety center.

In broilers, the dietary inclusion of Arthrospira sp. in different levels (ranging from
0.5% to 21%) had no effects on performance parameters [95–97]. On the other hand, the
low dietary inclusion of Chlorella sp. (0.00003% to 1%) consistently increased ADG and
overall growth performance in broilers, possibly through beneficial cellular remodeling
owing to microalgal secondary metabolites and bioactive compounds [98,99]. Thus, both
nutrients’ complementarity and the digestibility of microalgae, especially in the higher
inclusion levels, might explain these results. Moreover, the dietary inclusion of fat-rich
microalgae Schizochytrium spp. (3.7–7.4%) increased broilers’ DMI and consequently their
productive performance from 21 to 35 days old [100,101]. These findings indicate that not
only the dietary inclusion level but also the chemical composition of microalgae needs to
be taken into consideration in diet formulation.

In pigs, negligible improvement in growth performance was observed when fed with
diets containing Arthrospira platensis (0.2–2%) [102]. In fattening pigs, the inclusion of
0.2% Arthrospira platensis (Spirulina) significantly increased ADG without affecting back
fat thickness [103]. However, the combined dietary inclusion of Spirulina with Chlorella
vulgaris at 1% on weaned piglets for only 14 days did not affect ADG even though a potential
effect on intestinal development through the regulation of a mild digestive disorder was
reported [104]. Thus, it could be hypothesized that the trial interval of the previous study
was limited in order for substantial changes in animal performances to be unveiled. No
effect on ADG, final body weight, and carcass traits of female pigs was observed either
when 0.1% Chlorella spp. was included in their diet [105]. The low supplementation level of
microalgae might be the reason for the absence of any significant effect. Indeed, variable
dietary inclusion levels of Schizochytrium spp. (1.10% to 5.51% from day 79 to 106 and
0.39% to 1.94% from day 107 to 120) increased ADG and FCR without affecting DMI [106],
while lower inclusion levels of the same microalgae (0.25–0.50%) did not change the growth
performance of finishing pigs [107]. The former experimental trials in pigs signify once
again the importance of supplementation levels and the duration of administration.

6. The Effect of Microalgae on Animal Health

The biochemical profiles of microalgal species (Spirulina, Chlorella sp., Nannochloropsis
granulat, Schizochytrium, and Tetraselmis chui) commonly used for formulating animal feed
include essential amino acids and polyunsaturated fatty acids (PUFAs) such as eicosapen-
taenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA) that
are not synthesized in animals’ organism, as well as antioxidant compounds (such as
carotenoids and flavonoids, trace elements, minerals, and vitamins). Extensive scientific
evidence has been documented highlighting the impact of these molecules on animal health.
However, microalgae also represent a source of unexploited bioactive compounds, which
may have exceptional properties and significant applications, including, but not limited to,
lipoproteins, sterols, and alkaloids [108].
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Amongst the biomolecules present in microalgae, PUFAs have gained significant inter-
est since these vital nutrients have been correlated with human health benefits [109]. The
advantage of microalgae regarding PUFA formation and accumulation lies in an efficient
elongase–desaturase network that is common in many algal species [110,111]. Indeed, long-
chain polyunsaturated fatty acids (LCPUFAs) could regulate animals’ pro-inflammatory
response induced by farming conditions, especially in high-yielding individuals, through
the production of eicosanoids with much less pro-inflammatory power or by inhibiting pro-
inflammatory cytokines, resulting in the suppression of low-grade inflammation and stress.
In this light, in a recent study by Mavrommatis et al. (2021) [112], the dietary supplementa-
tion with 20, 40, and 60 g Schizochytrium spp. downregulated the transcriptional profile of
the TLR4 pathway in goats’ blood monocytes. The former induced a cascade of downregula-
tions in pro-inflammatory cytokines (IFNG, IL1B, IL2, IL8, and TNF) and chemokines (CCL5
and CXCL16) in both blood monocytes and neutrophils. The mechanism that underlies
this pro-inflammatory suppression may be attributed to the immunomodulatory effects of
both DHA andω6-DPA fatty acids contained in Schizochytrium biomass on immune cells’
intramembrane receptors such as Toll-like receptors (TLRs) and G protein-coupled receptor
120 (GPR120) [112]. Another possible mode of action may be related to the metabolism of
LCPUFAs in immune cells and their utilization to synthesize immunomodulatory media-
tors (eicosanoids). To further investigate these speculations, Kyriakaki et al. (2023) [113]
assessed the expression of genes involved in eicosanoid production in monocytes and
neutrophils of goats fed with Schizochytrium spp. and found a significant decrease in the
expression of genes that regulate both cyclooxygenase (COX2) and lipoxygenase (5-LOX)
pathways, indicating an overall suppression of pro-inflammatory response. These lines
of evidence may have significant implications for dairy ruminants’ resilience toward com-
mercial farming since a low-grade pro-inflammatory response that activates the immune
system can lead to severe competition for nutrient availability [114]. More specifically,
animals’ energy and nutrient requirements for maintenance and production can often be
overlooked with regard to their role in immune function demands. It has been estimated
that the activation of the immune system requires as much as 10–30% of metabolizable
energy [114]. These energetic demands are supported by studies that have reported the
utilization of 1 kg of glucose (within a 12 h period) for the immune system’s activation
in both cattle and swine [114]. Considering the topic of inflammation, Caroprese et al.
(2012) [115] reported that a mixture of phytosterols from Dunaliella tertiolecta reduced the
cytokine production in a sheep model of inflammation. Moreover, Chlorella sorokiniana
suppressed the peripheral blood mononuclear cell proliferation and pro-inflammatory
cytokine levels in sheep in vitro [116].

The bioactive compounds of microalgae possess several health benefits such as boost-
ing the immune system, which will eventually reduce antibiotic dependence in livestock
farming [108]. Indeed, Amaro et al. (2011) [117] summarized the potential antibacte-
rial properties of microalgae, reporting that specific fatty acids, organic acids, and extra-
metabolites could effectively counteract MRSA, E. coli, Vibrio, Salmonella, Pseudomonas, etc.
Fries-Craft et al. (2021) [118] assessed the inclusion of 0.175% of a mixture consisting of
Spirulina and Chlorella in the broilers’ diet. Microalgae maintained intestinal integrity
during the coccidiosis challenge and protected jejunal villus height. During the Eimeria
challenge, splenic T cells in microalgae-fed broilers did not provide evidence of recruitment
to peripheral tissues. These outcomes suggest that the ingredients in microalgae modified
the immune response in a manner that reduced recruitment from secondary lymphoid
organs in addition to protecting intestinal physiology. Dietary supplementation with 1%
Spirulina or Chlorella microalgae as an alternative to antibiotic use was studied by Furbeyre
et al. (2017) [104]. Diarrhea incidence was reduced in Chlorella-fed pigs compared with
the control, Spirulina, and antibiotic (colistin) groups. Villus height at the jejunum was
greater in microalgae-fed pigs compared with the control and antibiotic-fed pigs. This
study reported a potential effect of both Spirulina and Chlorella supplementation on in-
testinal development and further advantages of Chlorella supplementation to manage mild
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digestive disorders. Similarly, the inclusion of 0.1% fermented Chlorella in growing pigs’
diet improved growth performance, nutrient digestibility, and fecal microbial structure
(higher Lactobacillus and lower E. coli), and decreased fecal noxious gas emission [119].
These sets of evidence demonstrate that microalgae and their derivatives could be useful
ingredients in animal feed for minimizing the dependence on antibiotics, aiming to control
antibiotic resistance and support animal health using natural bioactive compounds.

Besides its antibacterial, antiviral, and anthelmintic properties, microalgal biomass can
be considered as a multi-component antioxidant system that in general is more effective
through the interactions between the different antioxidant components. In this context,
El-Bahr et al. (2020) [120] observed lower values of malondialdehydes (MDAs) and protein
carbonyls (PCs) in the breast muscle of broilers, while the activity of superoxide dismutase
(SOD) was increased due to dietary supplementation with microalgal species (Arthrospira
platensis, Chlorella vulgaris, and Halamphora coffeiformis (formerly Amphora coffeiformis)).
Remarkably, the dietary supplementation with microalgae-based antioxidants minimized
the detrimental effect of mycotoxin-contaminated feed and partially improved the feed
conversion ratio (FCR) in both heat-stressed and unstressed broiler chickens [121]. A
recent study conducted by Christodoulou et al. (2022) [122] reported that the dietary
supplementation with Spirulina significantly increased the antioxidant defense of sheep
organisms through the higher activity of SOD, catalase (CAT), and glutathione peroxidase
(GSH-Px), while the protein oxidative index (PC) was decreased. Interestingly, Spirulina
used in the former study was derived through secondary sorting (no competition with the
food and cosmetic industry), thus opening new valorization directions in the feed industry.

Even though microalgae and their bioactive compounds have been associated with
many beneficial properties on animal health, the first principle of toxicology is that “all
things are poisonous, and it is the dose that distinguishes between a drug and a poison”
(Paracelsus C15th). More specifically, in an effort to fortify animal products with PUFAs
through the supplementation of microalgae, the high propensity of PUFAs to oxidation
could lead to a severe immune-oxidative burst. Dietary PUFA overload can activate cellular
superoxide anion generators like xanthine and NADPH oxidases, resulting in superoxide
anion formation and launching a cascade of pro-oxidant incidences [123]. Indeed, the high
supplementation levels of Schizochytrium spp. (40 and 60 g/day) in goats’ diet increased
the activity of NADPH oxidase in blood plasma [124] and the mRNA levels of NOX1 and
NOX2 in their monocytes and neutrophils [113], while a lower supplementation level (20
g) did not. Similarly, the dietary inclusion of Schizochytrium spp. significantly impaired
sheep’s oxidative system as reflected by the higher levels of MDAs and PCs. Another risk of
incorporating microalgae into the human food chain is related to their ability to accumulate
toxic metals. In semi-arid regions where the availability of fresh water is scarce, water
wastes such as those obtained by mines are frequently used. Therefore, careful attention
must be given before use as animal feed [125].

7. The Effect of Microalgae on Animal Product Quality

Even if the current cultivation technology does not allow for the substantial substitu-
tion of conventional feedstuffs by microalgae, and their inclusion in low levels in animal
diets does not significantly improve animal performance, their application as feed additives
for the promotion of animal product quality has been well documented with promising
outcomes [110,126].

Laying hens fed with diets supplemented with Microchloropsis gaditana (formerly Nan-
nochloropsis gaditana), containing ω-3 LCPUFAs such as EPA and DHA, resulted in the
accumulation of these ω-3 FAs in the egg yolk [127]. Interestingly, a higher proportion
of DHA than EPA accumulated in eggs when Nannochloropsis oculata was fed to laying
hens, even though this microalga is richer in EPA [108]. In addition to the enrichment of
eggs with beneficial LCPUFAs, the inclusion of 20% Nannochloropsis oculata in laying hens’
diet increased the lutein and zeaxanthin content to 1.3 mg/egg [128]. In this context, the
accumulation of carotenoids in egg yolk results in a darker orange color, which increases
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consumer acceptance [129]. Another important aspect of bioactive compounds in microal-
gae is related to their bioavailability. More specifically, it has been reported that lutein
contained in Chlorella is incorporated more efficiently in eggs than synthetic carotenoids,
also resulting in improved oxidative stability of yolk lipids [130]. Nevertheless, it should be
mentioned that high levels of LCPUFAs in hens’ diet can decrease tocopherol availability
for proper egg yolk formation and induce pro-oxidant incidences with a further impact
on birds’ health and homeostasis [131]. Hence, the importance of supplementation levels
should not be overlooked.

Considering the effect of dietary supplementation with microalgae on poultry and
pigs’ meat quality, the study of Martins et al. (2022) [126] has comprehensively sum-
marized the latest insights. The dietary inclusion of Spirulina (4% or 8%) increased the
yellow appearance of broilers’ muscles, skin, fat, and liver, which increased the commer-
cial value of the meat and consequently the consumers’ acceptance [132]. Similarly, a
high inclusion level (10%) of Chlorella vulgaris increased tenderness, yellowness, and to-
tal carotenoids in the breast and thigh meat of broilers [133]. Additionally, the dietary
inclusion of Schizochytrium spp. rich in DHA increased theω-3 content in the breast and
thigh of broilers in numerous studies investigating a wide range of levels from 0.1% to
7.4% [100,101,119,134–137]. However, it should be highlighted that the higher dietary
supplementation levels of Schizochytrium spp. also increased the concentration of lipid per-
oxidation metabolites [100,101]. In terms of pigs’ meat quality, the effects of Schizochytrium
spp. are quite similar to those observed in poultry [126]. Moreover, regarding the supple-
mentation of protein-rich microalgae, the inclusion of Chlorella vulgaris at 5% increased the
total carotenoid content in meat in weaned piglets and grower pigs [126,138].

In ruminants, the concept of enriching meat and milk with marine-origin fatty acids is
more complicated. Due to the symbiotic microbiome colonizing the rumen, about 70–100%
of PUFAs present in the feed are biohydrogenated, resulting in the formation of saturated
fatty acids, mainly stearic acid, which is transferred to tissues and milk. However, there is
another ruminal biochemical procedure that can be manipulated through dietary marine
fatty acids, aiming to enrich products with PUFAs. The increased flow of LCPUFAs into
the rumen changes biohydrogenation pathways, resulting in the accumulation of vaccenic
acid due to the procedure’s incompleteness. Vaccenic acid is desaturated through the
activity of ∆9 desaturase to conjugated linoleic acid (CLA), a fatty acid with significant
health benefits that humans receive through the consumption of milk and meat [139]. Thus,
although the transfer efficiency of EPA, DPA, and DHA is quite low in ruminants due to
their biohydrogenation [94,140], another important biomolecule can be formed. In this
context, dietary supplementation with Schizochytrium spp., rich in ω6-DPA and DHA,
enriched ovine [141] and caprine [94,142] milk with DHA, ω6-DPA, and CLA resulting in
a two-fold increase in total milk PUFA content. More specifically, microalgae-fed goats
and sheep produced milk fortified with up to four- and six-fold increased proportions
of CLA, respectively. Additionally, in both goat and sheep milk, the ω6/ω3 ratio, the
health-promoting index, and the atherogenic index were significantly improved, setting
new horizons for the development of functional dairy products enriched with beneficial
fatty acids for human health. The former constitutes an important aspect of the industry
since ruminants’ milk has been criticized for its high proportion of saturated fatty acids,
which have been correlated with a high risk for human cardiovascular diseases [139].

On the contrary, the high accumulation of PUFAs in milk and dairy products increases
their propensity to oxidation [124]. Indeed, the high inclusion level of Schizochytrium spp.
in goats’ diet impaired milk oxidative status through the accumulation of toxic aldehydes
such as MDAs and protein oxidation products (PCs) [124,142]. Dairy sheep were found
to be more prone to oxidation since MDAs in milk were increased even in the lowest
supplementation level [141]. Nevertheless, Christodoulou et al. (2022) [122] reported that
Spirulina supplementation in dairy sheep diet significantly increased the activity of antioxi-
dant enzymes, namely SOD, CAT, and GSH-Px, in milk and its total antioxidant capacity.
The former constitutes an important aspect since raw milk is frequently oxidized during
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its transportation to the industry; thus, receiving milk with a more stabilized oxidative
status can improve its overall life span. The holistic consideration of the abovementioned
trials allows us to highlight the potential benefits of combining microalgae rich in PUFAs
and antioxidant compounds simultaneously, formulating feed additives aiming to fortify
milk and dairy products with beneficial fatty acids for human health while concurrently
controlling any side effects related to PUFAs’ oxidation.

8. Microalgae in Monogastric Diets: The Use of Carbohydrate-Active Enzymes

The digestibility of microalgal biomass can be impaired by the complicated cellulosic
cell walls of most microalgal species, distantly related to the architecture of plant cell walls.
Little is known of the exact nature of the cell walls of microalgae in general. Most relevant
studies are conducted in commonly used model organisms, such as Chlorella [143,144] and
Nanochloropsis [145], but they are often contradictory, due to the significant variety observed
depending on the species, the growth stage, and often the cultivation medium [146]. A
relatively simple and straightforward method to determine the composition of algal cell
walls is the hydrolysis of the material in harsh conditions and the compositional analysis
of the resulting monomers (sugars or amino acids for example), as an indirect way to
predict the polymers present and their proportions. Using this approach, Spain and Funk
(2022) [143] characterized the composition of several Nordic species of microalgae, includ-
ing Chlorella vulgaris, Scenedesmus sp., Haematococcus lacustris, and Coelastrella sp., and their
changes according to growth phase. While for all strains, the same monosaccharides were
present (arabinose, rhamnose, fucose, xylose, mannose, galactose, glucose, galacturonic,
and glucuronic acids), the glucose content was found to considerably vary for Coelastrella
sp. and Scenedesmus sp. in different growth phases. Accordingly, glycine, glutamic acid,
aspartic acid, threonine, and alanine were found to be the most abundant amino acids in
all strains, but the proportion between polar and non-polar amino acids shifted throughout
the course of cultivation for Scenedesmus sp. Moreover, the protein-to-carbohydrate ratio
also shifted during growth for all strains. Similarly, Weber et al. (2022) [144] studied the
cell wall composition of C. vulgaris using alkaline or acidic extraction. Alkali extracts
mainly contained glucosamine, indicating the presence of a chitin-like polymer, while
acidic extracts mainly consisted of glucose, indicating the presence of cellulose or starch.
Galactose, mannose, rhamnose, and uronic acids were also present, indicating the presence
of pectin- and galactan-like polysaccharides, together with glycoproteins.

Nonetheless, most studies confirm that microalgal cells are enveloped in a thick and
recalcitrant cell wall, containing various carbohydrate polymers, such as pectin, chitin, cel-
lulose, β-glucan, β-galactan, mannan, and other hemicelluloses, as well as hydroxyproline-
rich glycoproteins, but most importantly algaenan, a highly recalcitrant aliphatic lignin-like
polymer consisting of long mono- or di-unsaturated fatty acids, connected with ester and
ether bonds and substituted with amide and pyrrole groups [147]. Algaenan is considered
an indigestible polymer and a major constituent of organic matter sediments in soil and
marine environments [145].

Due to the complexity of the material, efficient treatment methodologies must be
developed. Mechanical treatments have been previously applied, but the energy cost and
the almost complete destruction of the algal cells are significant drawbacks of such methods,
prohibiting their industrial use [148]. Enzyme treatment seems to be the optimal approach
to improve the digestibility of algal biomass since it is an environmentally friendly alter-
native, it does not require the use of organic solvents, and most enzymes used in feed
production are approved for animal consumption. To this end, there is a significant number
of experimental studies targeting the formulation of optimal enzyme mixtures for increas-
ing the digestibility of microalgae, but due to the complexity and heterogeneity of the
material, the results are often contradictory. For example, Gerken et al. (2013) [149] studied
the viability of microalgal cells after different enzymatic treatments, in Nannochloropsis,
Nannochloris, and Chlorella strains. Their results revealed that no single enzyme, except
lysozyme to a certain extent, impaired the viability of all the tested microalgae, but the appli-
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cation of enzyme mixtures achieved this effect. For Chlorella, the combination of lysozyme
and sulfatase or trypsin resulted in almost complete cell permeability. However, chitinase,
chitosanase, cellulase, pectinase, and phospholipase also induced an altered morphology of
the cell wall. The necessity for combined enzyme action for the efficient extraction of fatty
acids was also evident in the work of Liang et al. (2012) [150], where among the various
proteases tested, as well as cellulose-acting enzymes, the best combination was found to
be trypsin together with snailase, an enzyme mixture containing cellulase, hemicellulase,
pectinase, and β-glucuronidase. The group of Zuorro et al. also studied the extraction of
fatty acids from C. sorokiniana, testing commercial enzyme preparations including cellulase,
pectinase, lysozyme, and hemicellulases [151]. The optimal enzyme mixture contained
β-1,4-xylanase and β-1,4-mannanase, resulting in over 70% lipid recovery, highlighting the
necessity of complementary enzyme specificities working in synergy to achieve optimal
results. The disruption of algal cell walls of C. zofingiensis was studied using crude enzyme
mixtures from several bacterial strains grown in wheat bran as an enzyme inducer [152].
The crude enzyme extracts were found to contain cellulase, xylanase, and laccase activities,
and they significantly disrupted the algal cell wall, resulting in increased reducing sugars
in the supernatant, as well as lipid extraction efficiency.

Regarding the enzymatic digestion of Chlorella cell walls, the group of Coelho et al.
tested more than 200 carbohydrate-acting enzymes and sulfatases on C. vulgaris biomass,
revealing 29 of them with a certain degree of activity [153]. The most effective candidates,
including an exo-β-glucosaminidase, an alginate lyase, a peptidoglycan deacetylase, and a
lysozyme, were tested as ternary mixtures for the optimization of reducing sugar release,
leading up to 8-fold higher release of reducing sugars and 23-fold higher protein release,
while the release of fatty acids was marginally improved. The same group used this
approach to study the degradation of the cell walls of the microalga Arthrospira platensis,
resulting in an efficient enzyme mixture containing only two enzymes, lysozyme and α-
amylase [154]. The two-enzyme mixture resulted in 7-fold higher reducing sugars, 1.15-fold
higher release in chlorophyl α, while the release of fatty acids was also facilitated.

Nannochloropsis is another microalgal species with significant potential as animal feed.
The group of Lavecchia et al. have studied the enzymatic pretreatment of the biomass
from this species in detail. The tested enzymes included cellulase, mannanase, glucanase,
galactanase, xylanase, esterase, and lysozyme, and they all resulted in increased lipid
recovery. The most effective enzymes were found to be cellulase, mannanase, glucanase,
and galactanase, which were further studied in binary and ternary combinations in order
to design an efficient enzyme cocktail for this strain, resulting in a maximum of 37.2 g of
lipids per 100 g of biomass [155]. In a follow-up study, the same authors achieved over 70%
of lipid extraction yield from the same strain, with the synergistic effect of cellulase and
mannanase. Moreover, they showed that the crystallinity of cellulose was increased in the
cell walls, indicating the degradation of amorphous cellulose [156].

Overall, it is evident that the cost-effective treatment of microalgal biomass for im-
proving its digestibility can be ideally implemented with combinations of enzymes with
different specificities, targeting the various constituents of the cell wall. However, signifi-
cant research effort is required for the design of tailored enzymatic cocktails depending
on the available material, since the heterogeneity of the microalgal biomass hinders the
application of universally efficient enzyme formulations.

9. Environmental Aspects of Using Microalgae in Animal Nutrition

The Paris Agreement’s aim of limiting the increase in global temperature to 1.5 ◦C
above preindustrial levels demands rapid and ambitious mitigation strategies aiming to
reduce global greenhouse gas (GHG) emissions while simultaneously attaining a significant
reduction in the amount of methane (CH4) produced by the agricultural sector [157].
Ruminants produce a significant amount of methane emitted through eructation as a
normal biochemical function for the neutralization of CO2 and H2 formed in the rumen
due to the microbial fermentation of the feed.

81



Antioxidants 2023, 12, 1882

Green, brown, and red seaweeds are key marine habitats rich in bioactive compounds
such as bromoform (CHBr3), which inhibits methanogenesis. It is believed that CHBr3,
along with other halogenated volatile organic compounds (VOCs), competitively bind
to the enzymes and reductases that facilitate the final steps of reducing CO2 and H2 by
methanogens (Archaea) into CH4. Bromoform is found within many seaweed species in
low concentrations but has been found to accumulate in higher levels in the red seaweed
Asparagopsis taxiformis [158]. Indeed, the inclusion of A. taxiformis (0.25% of organic matter
(OM)) in beef diets reduced methane emission by 51 g/kg DMI, while a higher inclusion
level (0.50% of OM) further reduced methane by 75 g/kg DMI [159]. Although A. taxiformis
constitutes an important ally of ruminants against their high criticism as environmental
polluters, dietary supplementation with this seaweed is negatively associated with one-
health concept concerns mainly due to its bromoform content, a compound with potential
carcinogenic properties.

Bromoform has been associated with ongoing health and environmental concerns
even when included at low doses: The daily consumption of 67 g A. taxiformis (84.42 µg
bromoform) resulted in rumenitis and residues in both urine and milk (10 and 9.1 µg
bromoform, respectively) of cows [160]. The health and residue issues of bromoform should
be considered with caution, as there are still very few studies published that define the
long-term effects of feeding bromoform-rich seaweed on animal productivity, animal health,
and residue deposition in milk and/or meat. Thus, Roskam et al. (2022) [161] investigated
the antimethanogenic potential of bromoform-free brown and green seaweeds (Pelvetia
canaliculata, Ericaria selaginoides (formerly Cystoseira tamariscifolia), Bifurcaria bifurcata, Fucus
vesiculosus, Himanthalia elongata, Ascophyllum nodosum, and Ulva intestinalis) in vitro. The
results showed that only Fucus vesiculosus reduced CH4%; however, the absolute methane
production was not significantly reduced. Notably, it is the bromoform content that
effectively disrupts methanogen’s function, while other bromoform-free seaweeds rich in
tannins and phenolic compounds are incapable of mitigating methane formation before
impairing the overall rumen habitat.

On the other hand, studies have also provided insights into methane mitigation
properties in PUFA-rich microalgae involving a different mode of action. In the study of
Mavrommatis et al. (2021) [162], the inclusion of Schizochytrium spp. in goats’ diet de-
creased the abundance of total archaea and methanogens in the rumen particle-associated
microbiota. Moreover, in the rumen liquid fraction the Methanobrevibacter spp., a dominant
archaeon of the hydrogenotrophic pathway was significantly decreased [163]. The mode of
action that resulted in the former changes is related to LCPUFAs contained in Schizochytrium
spp. [164]. More specifically, it has been proposed that double bonds alter the shape of
the molecule, such that kinked unsaturated fatty acids disrupt the bacterial lipid bilayer
structure, resulting in chemiosmotic issues and imbalances in acyl CoA metabolism [165].
Nevertheless, recent evidence subverts the aforementioned assumptions, indicating that
unsaturated fatty acids did not considerably affect bacterial growth of both Gram-negative
and Gram-positive strains [166], while unsaturated fatty acids are involved in the preven-
tion of biofilm formation in Gram-positive bacteria, even at very low levels [166]. Hence,
rumen bacterial populations could return to a planktonic lifestyle if the biofilm is dispersed,
making them prone to abiotic factors. In addition to methanogen suppression by marine
fatty acids (EPA, DPA, and DHA), as reflected by their DNA footprint, methane mitigation
was observed in an in vitro study [167].

10. Conclusions

Microalgae have the potential to revolutionize biotechnology in a number of areas,
including feed, nutrition, pharmaceuticals, cosmeceuticals, and biofuels. The biological and
chemical diversity of the microalgae has been the source of unique antioxidant molecules
with the potential for industrial development as feed nutritional supplements. Microalgal
biomass is an attractive alternative to traditional forms of biomass for the production of
high value-added antioxidants due to high productivity, the ability to be cultivated on

82



Antioxidants 2023, 12, 1882

marginal lands, and the potential to utilize carbon dioxide. Since microalgal biomass is
still largely unexplored, it represents a rich source for discovery in both academic and
industrial sectors. Further research should be performed aiming to assess the potential of
microalgae in substituting synthetic antioxidants (e.g., vitamin E) in animal feed since the
synthetic ones have been linked with severe concerns for human health [168]. To bridge
this scientific gap, targeted experimental trials should be designed in order to validate the
equivalent of vitamin E antioxidant activity of specific microalgae in vivo. Additionally,
although extensive evidence supports the antimicrobial potency of microalgae, scarce
information exists about the in vivo antibacterial, antiprotozoal, and antihelminthic effects
of biomolecules present in microalgae. This perspective should not only be investigated
under pilot conditions but also should be validated at a commercial level, where the effect
of other cofactors (e.g., pathogens, thermal stress, oxidative stress, social stress, welfare
issues, etc.) are also concerned.

In addition to the direct effect of microalgae on improving both animals’ health
and performance, there are indirect aspects of their usage in livestock. Microalgae are
sustainable natural bioresources that do not compete with terrestrial plants for arable
land, freshwater, pesticides, fertilizers, and insecticides to grow, and yet they have high
productivity [169]. Thus, substituting synthetic feed additives with microalgae could result
in positive environmental outcomes in the livestock sector with higher-quality nutritional
products [170–174].
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Abstract: Vitamin E is an essential nutrient usually recommended in post-weaning piglets, when a
decline in the serum vitamin E concentration is observed. Selected polyphenols have the potential
to partially replace vitamin E in animal feed. The aim of this study was to investigate the effect of
the dietary inclusion of some commercial polyphenol products (PPs) on the growth performance,
antioxidant status and immunity of post-weaning piglets. A total of 300 piglets (BW 7.18 kg ± 1.18)
were randomly assigned to six dietary groups: CON− (40 mg/kg vitamin E); CON+(175.8 mg/kg
vitamin E); and PP1, PP2, PP3 and PP4, in which 50% vitamin E of CON+ was replaced with PP
with equivalent vitamin E activity. The PP1 group exhibited lower performance (p < 0.05) than the
other dietary groups, but a similar performance to that commonly registered in pig farms. Dietary
polyphenols did not influence the IgG concentration or the IL-6, IL-10, IFN-γ and TNF-α cytokine
concentrations. A lower IL-8 level was found in the PP4 group than in the other groups. The diets
that affected the vitamin A content showed the highest value (p < 0.05) in the PP1 group, and a trend
was noted for vitamin E with a higher content in PP4 and CON+. The polyphenols-enriched diets,
especially the PP3 diet, maintained an antioxidant capacity (whole blood KRL) similar to the CON+

diet. In conclusion, the replacement of vitamin E with all PPs enables partial vitamin E substitution
in post-weaning piglets.

Keywords: alpha-tocopherol; weaned piglets; dietary polyphenols; antioxidant status; immunity;
cytokines

1. Introduction

Vitamin E (tocopherol) is an essential lipid-soluble micronutrient known for its antiox-
idant, anti-inflammatory and immunomodulatory properties [1,2]. In feeding experiments
with weaned pigs, several authors have observed a drop in vitamin E concentrations in the
plasma in the first weeks after weaning [3,4]. Various factors influence the pig’s vitamin
E status both before and after weaning. Neonatal pigs are born with low tissue reserves
of α-tocopherol [5]. Although colostrum contributes α-tocopherol to the neonate, its con-
centration is dependent on the dietary vitamin E level fed to the sow. In neonatal pigs
administrated iron (Fe), serum α-tocopherol declines, as if vitamin E was used to curtail
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the pro-oxidant activity of injected Fe. Moreover, weaning causes a dramatic decrease in
the activity of carboxyl ester hydrolase, the enzyme that cleaves the dl-α-tocopheryl acetate
form of the vitamin used in standard commercial feeds. Adequate plasma vitamin E levels
in weanling pigs may be attained with sufficient dl-α-tocopheryl acetate in the feed [6,7].

Furthermore, in order to prevent this deficiency in nursery pigs, the supplemental
vitamin E has frequently been increased to 200 IU/kg, a level that is substantially higher
than the 16 IU vitamin E/kg diet suggested by the National Research Council (NRC,
ref. [8]).

Actually, the NRC (2012) recommends 16 and 11 UI/kg for piglets in the range of
7–11 and 11–25 kg, respectively. Supplementation with high levels of vitamin E is usually
recommended for diets used during the post-weaning period, when piglets show reduced
growth rates and are more susceptible to disease [9].

Improvements in the cell-mediated and humoral immune responses have been re-
ported in various animal species by adjusting the dietary levels of vitamin E [2]. In
particular, vitamin E supplementation resulted in increased lymphocyte proliferation, im-
munoglobulin levels, antibody responses, natural killer (NK) cell activity and interleukin
(IL)-2 production. [2].

In recent years, there has been a growing level of awareness among food manufacturers
regarding the origin of feed additives in livestock feed; consequently, the request for
products of natural origin continues to increase. Polyphenols are substances of plant origin
that have antioxidant properties [10], and may reduce the negative effects of oxidative
stress [11,12]. Their antioxidant potential is comparable with that of the major biological
antioxidants: tocopherol and ascorbic acid [13]. Polyphenols also have immunomodulatory,
anti-inflammatory and bactericidal properties [14], making their use crucial in the post-
weaning period. For example, polyphenolic compounds like curcumin and resveratrol have
exhibited many beneficial effects in 21-day-old weaned piglets, by alleviating intestinal
inflammation and improving intestinal immune function [15]. The dietary supplementation
of grape pomace improved the intestinal microbiota and down-regulated the expression of
pro-inflammatory cytokines in post-weaning piglets fed for 4 weeks [16]. Other studies
reported beneficial effects of dietary polyphenols on the growth performance of weaned
piglets [17,18].

This research postulated that polyphenols can partially replace vitamin E in terms of
antioxidant activity based on the assumption of having a 50% equivalency to vitamin E
(DL-α-tocopherol acetate).

The aim of the present study was to investigate the effects of partially replacing vitamin
E with different commercial polyphenol products on the growth performance, antioxidant
defenses and immune response of piglets during a 35-day post-weaning period.

2. Materials and Methods
2.1. Ethics Statement

Our in vivo trial complied with Italian regulations on animal experimentation and
ethics (Legislative Decree 26/2014) [19], in accordance with European regulations (Direc-
tive 2010/63) [20], and was approved by the Animal Welfare Body of the University of
Milan (number 140/2021). The study was performed between April and May 2022 at the
Productive Pig Unit “Cascina Agrieffe” farm located at Gottolengo (BS) Lombardy (Italy).

2.2. Animals and Treatments

A total of 300 crossbred piglets (Large White x Landrace), (28 days old ± 2 days), with
a mean body weight (BW) of 7.18 kg ± 1.18, were selected from 30 litters of contemporary
sows. The piglets were individually ear-tagged and divided into six experimental dietary
groups (5 pens per diet, 10 piglets per pen), balanced for sex and body weight. Each pen
(2.0 × 1.5 m) was equipped with a self-feeder and nipple drinkers to allow ad libitum access
to feed and water during the 35-day experimental period. The rooms had a forced-air
ventilation system set at 60% relative humidity, and a temperature of 27 ± 2 ◦C. Each
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pen was provided with metal chains, with soft wooden bars hanging from the walls and
straw-filled baskets as enrichment material.

The animals were assigned to six dietary treatments: a negative control diet (CON−)
corresponding to a diet with a low vitamin E content (40 mg/kg of vitamin E); a positive
control diet (CON+) corresponding to the standard diet used by farmers in which the
vitamin E content (175.8 mg/kg) exceeds the nutritional requirements as recommended
by NRC (2012 [8]); polyphenol product (PP) diets in which four different commercial
polyphenol products (PP1, PP2, PP3, PP4) with equivalent vitamin E activity in terms of
antioxidant capacity replaced 50% vitamin E of CON+ (87.9 mg/kg vitamin E). The tested
commercial polyphenol products contained the following:

PP1: Mix of citrus, grape and chestnut extracts and carrier;
PP2: Dried grape extract and carrier;
PP3: Freeze-dried melon juice and flesh palm oil and microcrystalline cellulose;
PP4: Grape and onion soluble, flavoring compounds and carrier.

The experimental diets were formulated to be isoenergetic and isoproteic on net energy,
and were produced with the same batches of feeds by Tracciaverde S.R.L. (Bonemerse,
Italy). None of the experimental diets contained any antimicrobial or growth promoter,
and all were designed to meet or exceed the nutrient requirements of weaned piglets
recommended by the NRC (2012 [8]; Table 1).

2.3. Growth Performance

The piglets were individually weighed on day 0 (d0) and on day 35 (d35), and the
pen feed consumption (experimental unit for the feed intake evaluation) was recorded.
The feed conversion ratio (FCR) was calculated by dividing the amount of feed consumed
during the experimental period by the growth of the animals during that same time. The
average daily gain was calculated from the measurements of weight and the number of
experimental days. The feed intake of the pen was calculated by the difference between the
offered feed and leftovers. The leftovers, if any, were weighed daily and considered for
the final calculation of the feed consumed. The mortality was recorded daily throughout
the trial.

2.4. Collection of Blood Samples

At the beginning (d0) and at the end of the dietary trial (d35), blood samples were
collected from 2 randomly selected male piglets per pen via jugular vein puncture before
the morning feeding (total number of specimens = 50).

Vacuum tubes (9 mL) containing K3EDTA (Vacuette® Tube, Cat. no. 455036; Greiner
Bio-One, Kremsmünster, Austria) for plasma collection, and 9 mL vacuum tubes for serum
(Vacuette® Tube, Cat. no. 455092; Greiner Bio-One, Kremsmünster, Austria) were used.

After collection, the blood samples were immediately transported to the laboratory.
Plasma and serum were obtained from the blood samples by centrifugation (3500× g for
15 min at 4 ◦C), and were stored at –18 ◦C until subsequent analyses.

2.5. Blood Analyses
2.5.1. Vitamin A and Vitamin E Analysis

The retinol and tocopherol concentrations were measured via chromatography (HPLC)
(Shimadzu, Japan) according to the protocol reported in Rettenmaier and Schüep, 1994 [21]
and through an iCheck fluorometer–spectrophotometer (iCheck Vitamin E; BioAnalyt
GmbH, Teltow, Germany) as described in Simoni et al., 2022 [22], respectively.
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Table 1. Ingredients (%) and composition of basal diets (as-fed basis).

Ingredients as % of Feed Basis CON− CON+ PP

Barley meal 25.90 25.87 25.56
Wheat meal 22.45 22.45 22.45

Soy protein concentrate fermented 7.0 7.0 7.0
Flaked corn 7.0 7.0 7.0
Corn meal 5.0 5.0 5.0

Flaked wheat 8.89 8.89 8.89
Whey powder 4.0 4.0 4.0

Dextrose monohydrate 3.0 3.0 3.0
Hulled flaked barley 3.0 3.0 3.0

Soy protein concentrate 5.0 5.0 5.0
Soybean oil 1.5 1.5 1.5

Dried sugar beet pulp 1.5 1.5 1.5
Acidity regulators 1.0 1.0 1.0

Coconut oil 1.0 1.0 1.0
Plasma 1.0 1.0 1.0

L-Lysine 0.6 0.6 0.6
Fish meal 0.5 0.5 0.5

PP1, PP2, PP3, PP4 - - 0.330
DL-methionine 0.23 0.23 0.23

Dicalcium phosphate 0.20 0.20 0.20
Calcium carbonate 0.2 0.2 0.2

L-treonine 0.2 0.2 0.2
Vitamin mineral premix 1 0.20 0.20 0.20

Salt 0.15 0.15 0.15
L-valine 0.11 0.11 0.11

L-tryptophane 0.04 0.04 0.04
Aromas 0.08 0.08 0.08

Vit E supplement 2 0.00 0.028 0.01
Chemical composition 3

Crude protein, % 17.20
Ether extract, % 4.30
Crude fiber, % 3.50

Ash, % 5.00
Sodium, % 0.20
Calcium, % 0.50

Phosphorus, % 0.60
Lysine, % 1.30

Methionine, % 0.50
Net Energy (NE), kcal/kg 2340

1 Premix contained the following per kg nutrients of the diet: 6500.00 IU vitamin A, 1200.00 IU vitamin D3
(cholecalciferol), 47.50 mg betaine anhydrous, 40.0 mg betaine hydrochloride, 0.2 mg biotin, 0.50 mg folic acid,
20.0 mg niacinamide, 10.0 mg calcium pantothenate, 10.0 mg vitamin B1, 0.03 mg vitamin B12 (cobalamin),
5.0 mg vitamin B2 (riboflavin), 2.0 mg vitamin B6 (pyridoxine hydrochloride), 40 mg all-rac-atocopheryl-acetate;
1.5 mg vitamin K3, 15.0 mg Cu, 0.50 mg I, 40.0 mg Mn, 0.25 mg Se, 70.0 mg Zn oxide, 4680.00 L-lysine, 1970.00 mg
L-threonine, 384.0 mg L-tryptophan. 2 Vitamin E provided per kilogram of premix: 485 mg. 3 Nutrient (expressed
as fed basis) and net energy content were calculated using Plurimix software (Fabermatica, CR, Italy).

2.5.2. IgG and Cytokines Analysis

The serum IgG concentration was determined using a commercial enzyme-linked im-
munosorbent assay (ELISA; Porcine IgG (Immunoglobulin G) ELISA Kit; FineTest, Wuhan
Fine Biotech Co., Ltd., Wuhan, China; cat. no. EP0084) based on sandwich binding. The
colorimetric reaction was catalyzed with streptavidin-conjugated horseradish peroxidase
(HRP), which produced a yellow product that was proportional to the target amount
present in the sample. The serum samples were diluted at 1:200,000 before being analyzed
in duplicate. The range of detection for this ELISA assay was 1.563–100 ng/mL.

The serum cytokines (IL-6, IL-8, IL-10, INF-γ) concentrations were determined with
Luminex technology (Labospace S.r.l., Milan, Italy); the Luminex test allowed for quick and
accurate measurements of the given targets using hundreds of internally colored plastic
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microbeads with a graduated mixture of red or infrared fluorescent dyes that emitted light
at different wavelengths when struck by a laser [23].

The TNF-α levels were measured using a commercial sandwich ELISA assay (Cloud-
Clone Corp., Katy, TX, USA; cat. no. SEA133Po) with a detection range of 15.6–1000 pg/mL.
The wells of the microplate were pre-coated with antibodies specific to TNF-α and, after
the addition of samples, avidin-conjugated to HRP, and the TMB chromogen substrate
exhibited a color change that was measured spectrophotometrically at a wavelength of
450 nm.

2.5.3. Antioxidant Defenses

The activity of glutathione peroxidase (GPx) was determined using a commercial
assay kit (Cayman Chemical Co., Ann Arbor, MI, USA, cat. no. 703102) according to the
instructions provided by the manufacturer. Oxidized glutathione (GSSG), produced during
the reduction of hydroperoxide by GPx, is recycled to its reduced state (GSH) by glutathione
reductase (GR) and NADPH. The oxidation of NADPH to NADP+ is accompanied by a
decrease in absorbance at 340 nm. Under conditions where GPx activity is limiting, the
rate of decrease in absorbance is directly proportional to the GPx activity in the sample.
One International Unit (U) is defined as the amount of GPx that will cause the oxidation of
1.0 nmol of NADPH to NADP+ per min at 25 ◦C.

Superoxide dismutases (SODs) catalyze the dismutation of the superoxide anion into
hydrogen peroxide and molecular oxygen. There are three forms of human SOD: cytosolic
Cu/Zn-SOD, mitochondrial Mn-SOD and extracellular SOD. The latter is present in plasma.
The SOD activity was determined using a commercial assay kit (Cayman Chemical Co., cat.
no. 706002) following the manufacturer’s instructions. A water-soluble tetrazolium salt
is used to detect the superoxide radical generated by the oxidation of xanthine into uric
acid by xanthine oxidase. Superoxide ions that have not been removed by the superoxide
dismutase present in the sample react with the tetrazolium salt to form a formazan dye. One
International Unit (U) is defined as the amount of SOD needed to exhibit 50% dismutation
of the superoxide radical. The 50% inhibitory activity by SOD can be determined using a
colorimetric method, measuring the absorbance at 450 nm.

The overall antioxidant defense potential was determined with the biological KRL™
Test (M. Prost Patent) [24,25]. Whole blood and erythrocytes are submitted to oxidant stress,
and the free radical-induced hemolysis is recorded via optical density decay with the KRL
microplate reader. Inside the body, both the extracellular and intracellular antioxidant
defense contribute to maintaining cellular integrity until hemolysis. The resistance of whole
blood (KRLWB) and red blood cells (KRLRBC) to free radical attack is expressed as the time
that is required to reach 50% of maximal hemolysis (half-hemolysis time, T1/2 in minutes).

2.6. Antioxidant Activity of Diets
2.6.1. Sample Treatment

Finely ground samples of all diets were extracted by adding 2 g of each sample to
10 mL of 70% (v/v) ethanol/double-distilled water. All samples were shaken in the dark for
1 h and then centrifuged at 13,000 rpm for 15 min at 4 ◦C. The recovered supernatants were
stored at −20 ◦C until the analyses were carried out.

2.6.2. Antioxidant Activity (ORAC Assay)

The antioxidant capacity of the experimental diets was measured in terms of the Trolox
equivalent antioxidant capacity, using the oxygen radical absorbance capacity (ORAC)
assay. The assay was performed as in De Bellis et al., 2019 [26], detecting the fluorescence
until total extinction (485 nm ex. and 520 nm em.) on a Fluostar Optima plate reader (BMG
Labtech, Offenburg, Germany).

The results were compared to the Trolox antioxidant capacity, and, for this reason, the
data are reported as the micromoles of Trolox equivalents (µmol TE/mg) of the samples.
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All reaction mixtures were prepared in duplicate, and at least three independent assays
were performed for each sample.

2.7. Statistical Analysis

Statistical analyses were performed using SPSS 26.0 (SPSS Inc., Chicago, IL, USA).
Before hypothesis testing, all data were examined for normality and transformed where
appropriate. The growth performance data were analyzed using the ANOVA procedure,
with treatment and sex as the main effects, and the pen was considered as the experimental
unit. Parameters for the blood samples (where multiple data were available for each animal)
were subjected to repeated analyses. Vitamin E and TNF-α were natural-log-transformed to
meet the normality assumption, and therefore subjected to analysis. The treatment effects
were deemed significant at p < 0.05, and a trend was noted when the p-values were between
0.05 and 0.1.

3. Results
3.1. Antioxidant Activity of Diets and Growth Performance

The antioxidant activity levels of the six experimental diets measured using the ORAC
assay are reported in Figure 1. The ORAC values of the experimental diets showed a
significant difference between groups (p < 0.001), with concentrations equal to 67.8, 68.4,
70.5, 73.3, 78.6 and 80.0 µmol TE/mg in the CON−, CON+, PP1, PP2, PP3 and PP4 groups,
respectively, with PP3 and PP4 showing the highest values.

Figure 1. Antioxidant activity levels of experimental diets measured with ORAC assay. The data are
reported as means ± SD. a,b Bars with different letters are significantly different (p < 0.05).

Concerning the growth performance, the average BW of the piglets at the beginning
of the study was 7.18 kg, without differences due to dietary treatments and sex (7.12 kg
female vs. 7.25 kg males) in accordance with the experimental design (p > 0.05) (Table 2).

However, at the end of the trial, after 35 days of differentiated feeding, the PP1 group
exhibited a lower (p < 0.05) final body weight with a lower (p < 0.05) average daily gain
(ADG) and worse feed conversion ratio (FCR) than the other six dietary treatments. No
differences among the CON+, CON−, PP2, PP3 and PP4 groups for final body weight,
ADG and FCR were found. At the end of the trials, there was no difference found between
males and females (18.97 vs. 18.47). Moreover, all these results were not affected by health
problems. In this regard, no mortality was registered throughout the entire period.
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Table 2. Growth performance of piglets fed with different dietary polyphenol sources.

Groups CON− CON+ PP1 PP2 PP3 PP4 SEM p-Value

BW (d0), kg 7.03 7.14 7.24 7.12 7.23 7.34 0.07 ns
BW (d35), kg 18.94 a 19.55 a 15.04 b 19.08 a 19.98 a 19.72 a 0.23 <0.05

ADG, g/d 340 a 354 a 223 b 342 a 364 a 354 a 0.005 <0.05
FCR, kg/kg 1.78 a 1.77 a 2.12 b 1.79 a 1.76 a 1.73 a - <0.05
Mortality, % 0 0 0 0 0 0 - -

BW: body weight; ADG; average daily gain; FCR; feed conversion ratio; SEM: standard error of the mean a,b.
Means within a row with different letters are significantly different at p < 0.05.

3.2. Blood Parameters

Table 3 reports the effects of dietary treatment at two different sampling times on the
blood parameters of the piglets throughout the experiment.

Table 3. Effect of dietary treatment (D) and sampling time (T) on blood metabolites.

Groups CON− CON+ PP1 PP2 PP3 PP4 SEM Diet Treatment

Vit. A (ug/L)
d 0 304.8 387.3 345.4 347.0 304.2 382.7 10.2
d 35 310.3 353.6 395.4 329.6 308.0 337.3 9.35 0.045 ns

Vit. E * (mg/L)
d 0 0.71 0.79 0.93 0.97 0.88 0.67 0.053
d35 1.12 2.12 1.00 0.96 1.46 1.51 0.080 0.072 <0.001

IgG (mg/mL)
d 0 1.57 2.15 2.45 1.98 2.42 1.88 0.09
d 35 2.97 2.63 2.83 2.38 3.28 2.26 0.121 ns 0.001

IL-6 (ng/mL)
d 0 0.13 0.01 0.45 0.06 0.05 0.05 0.017
d35 0.04 0.04 0.04 0.04 0.11 0.05 0.013 ns ns

IL-8 (ng/mL)
d 0 0.302 0.201 0.181 0.282 0.354 0.312 0.022
d35 0.708 0.724 0.787 0.390 0.404 0.358 0.038 0.022 0.001

IL-10 (ng/mL)
d 0 0.495 0.108 0.158 0.281 0.204 0.279 0.06
d 35 0.288 0.376 0.208 0.234 0.304 0.540 0.096 ns ns

IFN-γ (ng mL)
d 0 1.31 1.03 0.94 1.19 0.87 0.85 0.066
d 35 0.55 0.54 1.34 0.54 1.20 0.65 0.120 ns <0.001

TNF-α * (ng mL)
d 0 0.019 0.015 0.012 0.005 0.010 0.031 0.000

d35 ** 0.003 0.000 0.001 0.003 0.004 0.009 0.000 ns <0.01

SEM: standard error of the mean; * p-value calculated as ln-transformed; ** Although some pigs had values above
the technique cut-off, the mean value was below the cut-off.

At d0, just before the pigs were assigned to receive experimental diets, there was no
difference among the treatments for any studied variable (p > 0.10). At the end of the trial
(d35), the plasma concentrations of vitamin A were greater in the PP1 and CON+ groups
compared to others (p < 0.05), with the highest positive variations observed in the PP1
group. Concerning the diet effect, the serum parameters evaluated were not significantly
different among the treatments (p > 0.05), except for vitamin A and IL-8 (p < 0.001). For
the vitamin E values, it was observed that piglets fed a CON+ diet reached, on average
(average of value at d0 and d35), higher values in comparison with other dietary treatments
(1.45 vs. 0.92, 0.97, 0.97, 1.17 and 1.09 for CON−, PP1, PP2, PP3 and PP4, respectively). The
sampling time significantly affected the vitamin E content, with the lowest levels at day 0
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for all groups. The vitamin E variation (%) result was significant (p < 0.05), with the highest
positive value in the PP4 group vs. other the dietary treatments. The IL-8 results showed a
time effect (p < 0.001) and a treatment effect (p = 0.022) with increased IL-8 at day 35. The
comparison post hoc tests showed the following significances: CON− vs. PP2, CON− vs.
PP4, CON+ vs. PP2 and CON+ vs. PP4.

3.3. Antioxidant Defenses

Table 4 shows the effects of the dietary treatment and sampling time on the antioxidant
defenses of the piglets throughout the experiment.

Table 4. Effect of dietary treatment (D) and sampling time (T) on antioxidant defenses.

CON- CON+ PP1 PP2 PP3 PP4 D T DxT #

GPx (U/mL)
d 0 1.13 ± 0.19 0.99 ± 0.17 0.96 ± 0.20 1.13 ± 0.30 1.31 ± 0.30 1.24 ± 0.23 0.001 <0.001 <0.001
d 35 1.51 ± 0.26 1.34 ± 0.22 2.33 ± 0.39 1.42 ± 0.20 1.38 ± 0.32 1.44 ± 0.44

SOD (U/mL)
d 0 24.2 ± 8.2 24.2 ± 10.5 20.8 ± 9.7 14.4 ± 2.0 28.1 ± 14.6 17.3 ± 7.7 0.112 <0.001 0.003
d35 10.5 ± 4.0 12.1 ± 6.8 16.1 ± 8.7 16.1 ± 6.0 19.1 ± 7.9 19.8 ± 6.5

KRLWB * (min)
d 0 125.4 ± 15.7 126.7 ± 8.5 125.9 ± 13.2 122.1 ± 16.9 134.4 ± 17.6 117.4 ± 15.0 0.033 <0.001 ns

d 35 105.8 ± 13.3 125.3 ± 17.7 106.2 ± 10.6 112.6 ± 17.2 120.9 ± 16.6 111.5 ± 9.9

KRLRBC ** (min)
d 0 107.6 ± 17.1 107.5 ± 13.1 107.3 ± 17.4 96.0 ± 12.1 104.3 ± 17.7 93.6 ± 16.9 ns ns ns
d35 94.6 ± 18.1 102.1 ± 19.1 102.9 ± 10.6 101.3 ± 17.5 104.3 ± 17.3 97.3 ± 11.7

* KRLWB: KRL half-hemolysis time on whole blood; ** KRLRBC: KRL half-hemolysis time on red blood cells.
Results are expressed by means ± standard deviations of N = 10 piglets in each group. # p-values of repeated
measures ANOVA: interactions between dietary treatment (D) and sampling time (T) main effects.

Concerning plasma antioxidant enzyme activities, the dietary sources significantly
affected the plasma GPx activity, which was higher after 35 days (p < 0.001). A Tukey post
hoc test revealed significant pairwise differences between group PP1 and other groups for
GPx (p < 0.043). We found that the GPx activity was especially increased in this diet group,
rising from 0.96 ± 0.20 to 2.33 ± 0.39 U/mL between d0 and d35.

The overall plasma SOD activity decreased significantly between d0 and d35. Al-
though the lower initial SOD values in groups PP2 and PP4 make results interpretation
difficult, we found that the SOD activity after 35 days was significantly higher with diets
supplemented with polyphenols PP2, PP3 and PP4 than in the CON− and CON+ diets
(Mann–Whitney p < 0.05).

Our results also show that the dietary source and time significantly affected the an-
tioxidant defense potential measured in whole blood (p < 0.05). They show that whole
blood KRL decreased significantly between d0 and d35 in the CON- and PP1 groups,
but was more stable (paired t test p > 0.05) in the other groups. At d35, whole blood
KRL was higher in the CON+ and PP3 diets than in the CON− diet (Mann–Whitney
p < 0.05). Moreover, a positive correlation was observed between the whole blood antioxi-
dant defense potential and plasma SOD activity in piglets after 35 days (Pearson correlation,
r = 0.3248 p = 0.011). No significant variations were found in the potential of antioxidant
defenses measured at the level of red blood cells.

4. Discussion

Post-weaning is a critical stage for the health of piglets, as it affects the feed intake,
immunity and redox status of the animals. The different diets tested were formulated to
verify the effect of partially substituting the vitamin E content with different polyphenol
products on the growth performance and some blood indicators mainly related to immunity
and antioxidant status.

In the current study, the feed antioxidant capacity was measured using the ORAC
assay, accepted as the current food industry standard for evaluating the antioxidant capacity
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of food additives, whole foods, juices and raw vitamins [27]. The higher ORAC values
found both in the diets supplemented with PP3 and PP4 indicate a greater antioxidant
activity compared to the other PPs, and even more than control groups; this is attributable
to the presence of polyphenols such as flavanones (grapes), flavonols (onions), phenolic
acids and flavonoids, which were mainly concentrated in grape seeds and skins [28] in the
second group mentioned (PP4).

The zootechnical performance of piglets can be considered an indirect indicator of
animal health. The mechanism of action of polyphenols as growth promoters lies in
the fact that they can increase the secretion of endogenous enzymes, bile, mucus and
salivary glands, retard the growth of pathogenic microorganisms in the gastrointestinal
tract, and modulate gut morphology and architecture through their immunostimulatory,
anti-inflammatory and antioxidant functions [29,30]. Furthermore, studies have shown that
the utilization of polyphenolic compounds from aromatic plants in animals improved feed
intake and growth performance, due to their enhancing effect on the flavor and palatability
of feeds [31].

In our study, no differences were observed among the treatments (CON−, CON+, PP2,
PP3 and PP4) regarding feed intake, ADG and FCR. The growth performance results of
the PP1 group are probably attributable to the composition of the supplement that likely
yielded unpleasant tastes and odors such as to modify the intake, presumably due to the
presence of chestnuts that contain tannins, and citrus fruits. In fact, the bitter taste typical
of citrus fruits seems to reduce palatability [32]; another study [33] also confirmed that
bitterness is the main reason for the rejection of various food products.

Zhang et al. 2014 [34] reported no effect of diets in piglets fed for 21 days with a
mixture of standardized plant extracts containing apple (16.5%), grape seed (27.5%), green
tea (30%) and olive leaves (2.5%).

Furthermore, Gessner et al. [35] did not show significant differences in growth per-
formance in a study on post-weaning piglets supplemented with 1% polyphenols derived
from grape seeds and pomace meal [35]. Conversely, Rajković et al. [36], showed a final
live weight (25.4 kg) that was higher (p < 0.08) than the control group (23.8 kg) in newly
weaned piglets (6.9 kg) fed for 56 days with a diet based on corn supplemented with grape
extracts (150 g/t) [36].

In showing similar results, the three vitamin E replacement strategies represented by
PP2, PP3 and PP4 suggest that polyphenols can likely replace vitamin E; surprisingly, the
CON− group reached a similar growth performance.

In general, the growth performance of piglets in our study reported values that are
commonly registered in commercial pig farms, confirming good management, especially
considering that the feed was not medicated. No mortality underlined good health con-
ditions of the piglets; therefore, no metabolic shifts were needed to redistribute nutrients
away from the growth processes toward immune system function, with a subsequent
decrease in feed efficiency for growth.

Vitamins E and A are both antioxidant molecules; vitamin E is mainly related to hy-
droperoxyl radical scavenging [37], while vitamin A acts by donating hydrogen atoms [38].
The greater vitamin A concentration in pigs fed PP1 during post-weaning may be indicative
of a lower inflammatory status, and in this study, it seems to be associated with greater
GPX activity. The addition of PP1 to diets led to an increase (by 30% on average, p = 0.022)
in serum retinol levels in comparison with the remaining groups.

The highest content of vitamin A in blood from piglets in the PP1 group at d35 could
be related to the accumulation action from carotene content and antioxidant compounds
from the dietary supplement; the citrus part contains polyphenols, primarily flavonoids.
We speculated that the increased vitamin A level could be attributed to the ability of
polyphenols of PP1 to strengthen and save the endogenous antioxidant system, as reported
by Corbi et al. in rabbits [39].

Even though vitamin E and polyphenols are both added to swine diets for antioxidant
purposes, they have a different mechanism of action. Vitamin E can be absorbed in the
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intestine and enter the systemic circulation, as literature reported that supplementing
vitamin E in pig diets increased serum and tissue (loin muscle, liver, and fat) vitamin E
concentrations [40–43]. On the other hand, there have been few studies conducted in vivo
on the digestibility and bioavailability of polyphenols in pigs. Research studies suggest that
only low percentages of dietary polyphenols may be absorbed in the small intestine, and
have a low bioavailability due to their molecular structures [14,44,45]. The polyphenols
are expected to have direct antioxidant effects in vivo in the intestinal lumen because of
the higher concentration of polyphenols in the lumen compared to the systemic concen-
trations [46]. Moreover, the low amounts of absorbed polyphenols are then extensively
bio-transformed in the liver and rapidly excreted in the urine and bile [47]. Subsequently,
the colon microbiota’s enzymes transform the bile-excreted polyphenol metabolites and
the unabsorbed polyphenols into various metabolites [46,48]. The present study was not
focused on the microbiota; therefore, we could not evaluate this aspect.

No clinical sign of vitamin E deficiency was noted in any of the piglets. In general, the
raw data are in line with the concentrations detected in piglets in the same physiological
stage [42], and also agree with the time effect found by Moreira and Mahan [49], who
registered an increase from day 21 to day 42. Our trial ended 35 days after weaning. A
vitamin E dose of 175.8 mg/kg increased the total tocopherol content in the blood serum,
whereas the CON− diet was the lowest on average, as expected.

There is no general agreement in the literature regarding the limits between ade-
quate, marginal and deficient plasma vitamin E levels in pigs [50]. As reported by Sivert-
sen [50], the National Veterinary Institute has considered plasma levels of vitamin E below
1.0 µg/mL as distinctly deficient, while normal is considered equal to 2.0 mg/L [51]. It
should be underlined that the proportion of pigs with a plasma vitamin E level below 1.5
µg vitamin E/mL is very common [52,53].

The IgG results showed a time effect (p < 0.05) that is in agreement with the literature.
This immunoglobulin isotype, which is the most important and abundant defense molecule
against infections, has been reported to decrease in concentration after weaning at the
time of depletion of maternal immunity [54,55], and subsequently increases as an effect
of the beginning of piglets’ own synthesis of IgG, which starts at day 7, increases up to
day 28 [56] and later up to day 45 [57], according to different studies. In the present study,
which ended at day 35, an increase in IgG was observed already at such a time point.
Dietary polyphenols did not influence the IgG concentration, confirming the data from
Pistol et al. [58].

It is well-recognized that multiple factors that occur during weaning can lead to
oxidative stress in post-weaned piglets.

Oxidative stress changes the structure of biomolecules, such as proteins, lipids and
nucleic acids, leading to cell or organ injury; in addition, it may change gastrointestinal
functions and induce cell apoptosis [59]. It may result in growth restriction, disease and
even death [60].

Inflammation is the consequence of oxidative stress, and the pathways which produce
the mediators of inflammation, such as cytokines, are all induced by oxidative stress [61].
Cytokines, including pro-inflammatory cytokines and anti-inflammatory cytokines, are
necessary mediators of inflammatory responses. The balances of cytokines are central for
protection against or susceptibility to infections [62]. Early life development is a stressful
period for pigs, as the immature intestines of young animals are very vulnerable to invading
pathogens, leading to inflammation [63]. Pro-inflammatory cytokines such as TNF-α, IL-6
and IL-8 trigger inflammatory responses and have negative effects on intestinal integrity
and epithelial function [64]. In contrast, anti-inflammatory cytokines such as IL-10 hinder
the inflammatory response [65]. Different studies found significant reductions in pro-
inflammatory cytokines, such as TNF-α, NF-kB, IL-1β, IL-1ra, IL-2, IL-4, IL-6 or IL-8, when
vitamin E [66] or polyphenols were fed to the nursery pigs [58,67,68].

In the current study, no statistically significant difference in anti-inflammatory cytokine
(IL-10) was found among the dietary PP groups. Although no statistically significant
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differences were found, with the exception of IL-8 in the PP4 group, some pro-inflammatory
cytokines showed a reduction at d35 in pigs fed diets formulated with PP4 (IFN-γ TNF-α),
PP1 and PP2 (IL-6). A reduction in pro-inflammatory cytokines levels in healthy pigs
indicates an improvement in immune status, which suggests that these pigs may be able
to spend less energy on activating the immune defenses, which can potentially lead to
improved energy utilization [41] and increased performance. However, in the present
study, the growth performance results seem to be independent of the cytokines results.

All cytokine data are in the range found for piglets at the same age [69,70]. A significant
time effect was detected for IL-8, TNF-α and IFN-γ (p < 0.05), showing higher values at
Time 2 in comparison to Time 1, according to a previous study [71]. Conversely, the levels
of IL-6 and IL-10 did not show any significant value in considering the time or the treatment
effect. The pro-inflammatory cytokine IL-8 was significantly lower in the PP3 and PP4
groups than in the positive and negative controls. This may be explained by a diminished
need for such chemoattractant cytokines to be functioning in the recruitment of neutrophils
and other inflammatory cells.

Previous studies have shown a close relationship between post-weaning stress syn-
drome in piglets and oxidative stress that can last for weeks [72]. Whole blood KRL
results emphasize that the overall potential of antioxidant defenses decreases after a 35-day
post-weaning period, especially in piglets with a low vitamin E diet (CON−). Although
this is not significant, they also suggest that this decrease would be partly normalized by
vitamin E or vitamin E/polyphenol supplementations, as in the CON+ and PP3 groups.
These restorations of antioxidant defense potential would be associated with an increase in
superoxide dismutase activity that was observed in piglets supplemented with the PP2,
PP3 and PP4 diets.

SOD and glutathione peroxidase (GPx) represent the main antioxidant enzymes in
mammals, and protect the organism against prooxidants by reducing the accumulation of
organic hydroperoxides and hydrogen peroxide. The activity of these enzymes is commonly
used to monitor the antioxidant capability of the body [73].

Our analyses underline that plasma glutathione peroxidase activity increases in all
piglets after 35 days of treatment, especially in animals with a PP1 diet. This increased
plasma GPx activity in piglets suggests the induction of antioxidant defense mechanisms;
in fact, it has been reported that antioxidant enzymes prevent the hosts from oxidative
stress by increasing their activities [74]. This increase in plasma GPx activity is associated
with a rapid increase in antioxidant demand, and has been described in other studies. [75].

Concerning the economic impact of this experimental trial, it should be underlined
that apart from PP3, all tested commercial products have an inclusion price that is lower
compared to synthetic vitamin E; therefore, the cost of the feed including the PP1, PP2 and
PP4 products is lower than that of the CON+ treatment. On the other hand, as the PP1
treatment decreased performance of piglets compared to the CON+ treatment, the economic
impact of this product is of negligible importance. Based on the obtained results, as PP4
treatment is less expensive than vitamin E and the results are positive, we can assume that
the chances of obtaining a positive economic impact with this commercial product are very
likely to occur.

5. Conclusions

The present study on the partial replacement of vitamin E in the diet of weaned piglets
with different polyphenol products provides interesting results, since they come from a
period characterized by high vitamin E requirements.

All experimental diets had no negative effects on the growth performance of piglets in
the post-weaning period.

Replacing 50% of the vitamin E of the positive control diet with PP1 improved the
vitamin A concentration and the antioxidant activity measured as glutathione peroxi-
dase levels.
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PP4 seems to be the most promising integration for the plasmatic increase in alpha
tocopherol due to the spare action exerted by polyphenols, and contributed to a lower
pro-inflammatory activity of IL-8.

Hence, under farming conditions among the polyphenol products, the PP4 treatment
may be the most advisable integration as a result of its better growth performance observed
compared to PP1.

The results of this study will have to be confirmed by further research, which should
be extended to the subsequent growth phase for the evaluation of long-term effects.
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12. Lipiński, K.; Mazur, M.; Antoszkiewicz, Z.; Purwin, C. Polyphenols in monogastric nutrition—A review. Ann. Anim. Sci. 2017, 17,
41–58. [CrossRef]

13. Surai, P.F. Polyphenol compounds in the chicken/animal diet: From the past to the future. J. Anim. Physiol. Anim. Nutr. 2014, 98,
19–31. [CrossRef]

102



Antioxidants 2023, 12, 1752

14. Landete, J.M. Dietary intake of natural antioxidants: Vitamins and polyphenols. Crit. Rev. Food. Sci. Nutr. 2013, 53, 706–721.
[CrossRef] [PubMed]

15. Gan, Z.; Wei, W.; Li, Y.; Wu, J.; Zhao, Y.; Zhang, L.; Wang, T.; Zhong, X. Curcumin and resveratrol regulate intestinal bacteria and
alleviate intestinal inflammation in weaned piglets. Molecules 2019, 24, 1220. [CrossRef] [PubMed]

16. Wang, R.; Yu, H.; Fang, H.; Jin, Y.; Zhao, Y.; Shen, J.; Zhou, C.; Li, R.; Wang, J.; Fu, Y.; et al. Effects of dietary grape pomace on the
intestinal microbiota and growth performance of weaned piglets. Arch. Anim. Nutr. 2020, 74, 296–308. [CrossRef] [PubMed]

17. Lu, Y.; Zhao, M.; Mo, J.; Lan, G.; Liang, J. Dietary supplementation ellagic acid on the growth, intestinal immune response,
microbiota, and inflammation in weaned piglets. Front. Vet. Sci. 2022, 9, 980271. [CrossRef]

18. Galassi, G.; Battelli, M.; Verdile, N.; Rapetti, L.; Zanchi, R.; Arcuri, S.; Petrera, F.; Abeni, F.; Crovetto, G.M. Effect of a polyphenol-
based additive in pig diets in the early stages of growth. Animals 2021, 11, 3241. [CrossRef]

19. Legislative Decree 26/2014—Implementation of Directive 2010/63/EU on the Protection of Animals Used for Scientific Purposes;
GU n. 61 of 14 March 2014. Available online: https://www.gazzettaufficiale.it/eli/id/2014/03/14/14G00036/sg (accessed on
13 July 2023).

20. Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the Protection of Animals Used
for Scientific Purposes. OJ L276/33-79. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:
32010L0063&from=EN (accessed on 13 July 2023).

21. Schüep, W.; Rettenmaier, R. Analysis of vitamin E homologs in plasma and tissue: High-performance liquid chromatography.
Methods Enzymol. 1994, 234, 294–302.

22. Simoni, M.; Goi, A.; Pellattiero, E.; Mavrommatis, A.; Tsiplakou, E.; Righi, F.; De Marchi, M.; Manuelian, C.L. Long-term
administration of a commercial supplement enriched with bioactive compounds does not affect feed intake, health status, and
growth performances in beef cattle. Arch. Anim. Breed. 2022, 65, 135–144. [CrossRef]

23. Khalifian, S.; Raimondi, G.; Brandacher, G. The use of luminex assays to measure cytokines. J. Invest. Dermatol. 2015, 135, e31.
[CrossRef]

24. Prost, M. Method for Determining the Antiradical Defense Potential and Use Thereof, in Particular in Veterinary and Human
Preventive Therapeutics. U.S. Patent 20,060,234,329, 22 October 2003.

25. Pastorelli, G.; Faustini, M.; Corino, C.; Rossi, R. Kit Radicaux Libres, a biological application for monitoring oxidative stress in
pigs. Ital. J. Anim. Sci. 2013, 12, 432–435. [CrossRef]

26. De Bellis, R.; Piacentini, M.P.; Meli, M.A.; Mattioli, M.; Menotta, M.; Mari, M.; Valentini, L.; Palomba, L.; Desideri, D.; Chiarantini,
L. In vitro effects on calcium oxalate crystallization kinetics and crystal morphology of an aqueous extract from Ceterach
officinarum. Analysis of a potential antilithiatic mechanism. PLoS ONE 2019, 14, e0218734. [CrossRef]

27. Garrett, A.R.; Murray, B.K.; Robison, R.A.; O’Neill, K.L. Measuring antioxidant capacity using the ORAC and TOSC assays.
Methods Mol. Biol. 2010, 594, 251–262.

28. Fundo, J.F.; Miller, F.A.; Garcia, E.; Santos, J.R.; Silva, C.L.; Brandão, T.R. Physicochemical characteristics, bioactive compounds
and antioxidant activity in juice, pulp, peel and seeds of Cantaloupe melon. J. Food Meas. Charact. 2018, 12, 292–300. [CrossRef]

29. Costa, L.G.; Tait, L.; de Laat, R.; Dao, K.; Giordano, G.; Pellacani, C.; Cole, T.B.; Furlong, C.E. Modulation of paraoxonase 2 (PON2)
in mouse brain by the polyphenol quercetin: A mechanism of neuroprotection? Neurochem. Res. 2013, 38, 1809–1818. [CrossRef]
[PubMed]

30. Dhama, K.; Tiwari, R.; Chakraborty, S.; Saminathan, M.; Kumar, A.; Karthik, K.; Wani, M.Y.; Singh, S.V.; Rahal, A. Evidence based
antibacterial potentials of medicinal plants and herbs countering bacterial pathogens especially in the era of emerging drug
resistance: An integrated update. Int. J. Pharmacol. 2014, 10, 1–43. [CrossRef]

31. Christaki, E.; Giannenas, I.; Bonos, E.; Florou-Paneri, P. Chapter 2-Innovative uses of aromatic plants as natural supplements in
nutrition. In Feed Additives; Florou-Paneri, P., Christaki, E., Giannenas, I., Eds.; Academic Press: London, UK, 2020; pp. 19–34.

32. Hasegawa, S.; Miyake, M. Biochemistry and biological functions of citrus limonoids. Food Rev. Int. 1996, 12, 413–435. [CrossRef]
33. Drewnowski, A.; Henderson, S.A.; Shore, A.B. Taste responses to naringin, a flavonoid, and the acceptance of grapefruit juice are

related to genetic sensitivity to 6-n-propylthiouracil. Am. J. Clin. Nutr. 1997, 66, 391–397. [CrossRef]
34. Zhang, H.J.; Jiang, X.R.; Mantovani, G.; Lumbreras, A.E.V.; Comi, M.; Alborali, G.; Savoini, G.; Dell’Orto, V.; Bontempo, V.

Modulation of plasma antioxidant activity in weaned piglets by plant polyphenols. Ital. J. Anim. Sci. 2014, 13, 3242. [CrossRef]
35. Gessner, D.K.; Fiesel, A.; Most, E.; Dinges, J.; Wen, G.; Ringseis, R.; Eder, K. Supplementation of a grape seed and grape marc

meal extract decreases activities of the oxidative stress-responsive transcription factors NF-κB and Nrf2 in the duodenal mucosa
of pigs. Acta Vet. Scand. 2013, 55, 18. [CrossRef]
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Abstract: Whey-derived peptides have been associated with different biological properties, but most
peptides are usually further hydrolyzed during the digestive process. In the present study, the
antioxidant capacity of 48 samples of sweet whey (SW) derived from cheeses obtained from small-
scale cheese plants made with bovine, ovine, caprine or a mixture of ovine/caprine milk was assessed
using both cell-free and cell-based assays. SW digestates (SW-Ds) and a fraction (<3 kDa; SW-D-P3)
thereof were obtained after in vitro digestion and subsequent ultrafiltration. Antioxidant properties
using four different assays were evaluated before and after digestion. Our data showed higher values
(p < 0.05) for ORAC, ABTS, FRAP and P-FRAP after in vitro digestion (SW-Ds and SW-D-P3) when
compared with the corresponding values before digestion. In the non-digested SW, ORAC values
were higher (p < 0.05) for the bovine SW compared with all the other samples. In contrast, the ABTS
assay indicated a higher antioxidant activity for the ovine SW both before digestion and for SW-D-P3
compared with the bovine SW. The fraction SW-D-P3 of the ovine SW, using HT29 cells and H2O2

as an oxidizing agent, increased (p < 0.05) the cellular antioxidant activity. Furthermore, the same
fraction of the ovine/caprine mixed SW increased, through the NF-κB pathway, the expression of
SOD1 and CAT, genes implicated in the oxidative response in macrophage-like THP-1 cells. These
findings indicate that SW, and particularly bovine and ovine SW, could be a candidate source for
physical antioxidants in human and animal nutrition.

Keywords: cheese whey; in vitro digestion; bioactive peptides; antioxidant biochemical assays;
cellular assays

1. Introduction

Sweet whey (SW), a by-product of the cheese-making process, is considered a pollutant,
and its estimated annual production is about 200 million tons [1]. Considering the huge
volumes of SW produced and the increasing consumer demand for more sustainable food
production, constant efforts are being made to evaluate biologically relevant properties of
whey [2].

The demand for functional foods has been growing continuously due to their
nutritional value, health-promoting properties and their potential to reduce the risk of
several diseases [3,4]. Whey proteins are a source of bioactive peptides with a range of
biological properties including antihypertensive, antimicrobial, antidiabetic as well as
antioxidant activity. Specifically, whey proteins and their derivatives are characterized
as potent antioxidants by modulating a range of redox biomarkers and reactive oxygen
species [5,6]. The antioxidant activity of whey protein peptides has been attributed to
the synergistic action of sulfhydryl groups, free radical scavenging by specific amino
acids and chelation of iron [7,8]. It should be noted that although there is a plethora of
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studies reporting milk whey antioxidant activity, most of them use as a source WPC and
WPI of bovine origin and not fresh SW, while no comparative data with SW from small
ruminants’ milk are available.

During the last few years, much research has been dedicated to the processing and
generation of bioactive peptides from food products [9]. Bioactive peptides are defined
as components with biological activities over and above their nutritional value [10]. Fur-
thermore, as it is known, whey proteins can release bioactive peptides by proteolysis in
order to exert enhanced functions [11]. Polypeptides are degraded amongst other ways,
by brush-border or cellular peptidases, whereas peptides with low molecular weight may
remain intact and exert their activity at the tissue level [12].

Several recent studies have focused on cell-based assays as a more appropriate
technique that serves as an intermediate between in vitro biochemical assays and in vivo
clinical trials in animals or humans. Wolfe et al. developed a quantitative cellular antioxi-
dant activity (CAA) assay based on human hepatocarcinoma HepG2 cells for quantifying
the antioxidant activity of phytochemicals, food extracts and dietary supplements [13].
Liver cells, however, cannot be considered the ideal in vitro model for measuring the
efficacy of dietary antioxidants. On the other hand, many studies mention a good corre-
lation between the in vitro absorption in intestinal (Caco-2 and/or HT29) cellular models
and in vivo intestinal absorption; hence, they are being widely used as effective tools for
predicting the human intestinal absorption of food compounds and drugs [14–16]. For
this reason, Wan et al. developed a Caco-2 CAA assay for the quantitative evaluation of
antioxidants [17]. This was further validated by Kellett et al. who reported more robust
results for CAA in a Caco-2 cell model compared to HepG2 cells and who verified that
epithelial cell lines, known to be good models of the intestinal barrier, are more appro-
priate cell models to determine the antioxidant activity for phenolic antioxidants [18].
Many studies mention a good correlation between the in vitro absorption in intestinal
(Caco-2 and/or HT29) cellular models and in vivo intestinal absorption; hence, they are
being widely used as effective tools for predicting human intestinal absorption of food
compounds and drugs [14–16].

The enzymatic hydrolysis of whey protein concentrate (WPC) and whey protein
isolate (WPI) can produce antioxidant peptides, and hence, functional additives based
on them could be produced. An advantageous approach for both dairy industries and
livestock farmers should be the utilization of natural compounds, such as SW and its
derivatives. Therefore, it is imperative to evaluate SW for its antioxidant capacity in vitro
for the potential future increase of their use in animal nutrition [6,19].

The overproduction of ROS leads to oxidative stress and promotes inflammation by
the NFE2L2 (NFE2 Like BZIP Transcription Factor 2) antioxidant pathway [20]. NFE2L2
is well recognized for its critical role in the response to oxidative stress and its binding
to antioxidant responsive elements (AREs) and the subsequent regulation of their expres-
sion [21–23]. Enzymes such as catalase (CAT) and superoxide dismutase 1 (SOD1) are used
as markers to reflect the antioxidant status of the cell [24]. More specifically, CAT and SOD1
represent the indirect antioxidant activity that reflects the removal of ROS. SOD1 decom-
poses superoxide anion to H2O2, which CAT then converts into water and oxygen [25],
and the expression of both enzymes is regulated by AREs, which have been previously
activated by NFE2L2 [26]. Another pathway that has been proposed as an alternative to
NFE2L2 is that of the transcription nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB). The expression of antioxidant enzymes, among them CAT and SOD1, might
also be regulated by the NF-κB pathway [27].

The aim of this study was to evaluate the antioxidant capacity of commercial SW from
ovine, bovine, caprine and a mix of ovine/caprine milk origin using the harmonized static
in vitro digestion protocol INFOGEST 2.0 [28]. The oxygen radical antioxidant capacity
(ORAC), 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) radical scavenging assay
(ABTS), ferric reducing antioxidant power (FRAP) and potassium ferricyanide reducing
antioxidant power (P-FRAP) of SW before and after digestion were examined. Moreover, the
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effect of treatment with SW-D-P3 on CAA in HT29 cells and gene expression quantification
of CAT, SOD and NFE2L2 in THP-1 cells, following induced oxidative stress by H2O2 and
LPS, respectively, was assessed.

2. Materials and Methods
2.1. Chemicals and Reagents

The chemicals and enzymes used were all of high purity or an analytical reagent
grade. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), 2,2′-azobis(2-
methyl-propionamidine) dihydrochloride (AAPH), 2,4,6-tri (2-pyridyl)-s-triazine (TPTZ),
fluorescein sodium salt (FL), ferric chloride (FeCl3), potassium ferricyanide (K3Fe(CN)6),
trichloroacetic acid (TCA) and 2′,7′-Dichlorofluorescein diacetate (DCFH-DA), hydro-
gen peroxide (H2O2—35% in water), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid (ABTS), sodium persulfate, acetic acid (glacial), butylated hydroxytoluene (BHT),
pepsin from porcine gastric mucosa (≥2.500 units/mg protein), porcine pancreatin
(4 × USP, United States Pharmacopeia) bile extract porcine, phorbol 12-myristate 13-
acetate (PMA) and lipopolysaccharides from Escherichia coli O111:B4 (LPS) were all
purchased from Sigma-Aldrich (Saint Louis, MO, USA). The Amicon Ultra-4 Centrifugal
Filter Devices (3kDa) and Millex-GP 33mm PES 0.22 um were from Merck Millipore
(Burlington, MA, USA). The 96-well transparent flat-bottom plates were purchased
from Kisker Biotech (Steinfurt, Germany), while the 96-well cell culture transparent
flat-bottom plates were purchased from SPL Life Sciences (Pocheon, South Korea). 3-
(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from
Cayman Chemical (Michigan, MI, USA). DMEM, RPMI 1640, L-glutamine, sodium
pyruvate, non-essential amino acids and penicillin-streptomycin were purchased from
Biosera (Cholet, France). Fetal bovine serum (FBS) was purchased from Gibco Ther-
moFisher Scientific (Waltham, MA, USA). Phosphate-buffered saline (PBS) and the
PrimeScript RT reagent kit (Perfect Real Time) were purchased from Takara Bio (Shiga,
Japan). NucleoZOL was obtained from Macherey-Nagel (Düren, Germany). DNase I
(RNase-Free) was purchased from New England Biolabs (Ipswich, MA, USA). The Fast-
Gene 2× IC Green qPCR Universal Mix was purchased from Nippon Genetics (Tokyo,
Japan).

2.2. Collection and Preparation of Samples

Sweet whey samples were obtained from several small-scale cheese plants in Greece.
Cheeses were produced from bovine, ovine, caprine and a mixture of ovine/caprine milk.
An equal number (12 each) of SW from each milk animal origin (bovine, ovine, caprine
and a mix of ovine/caprine) was used. The ratio of ovine/caprine ranged from 80/20 to
70/30 in all samples used in this study. Freeze-drying of liquid sweet whey was carried
out to remove water and other solvents, and then protein content of all 48 samples was
determined by the Kjeldahl method [29]. Afterwards, all samples were resuspended in
deionized water at the same protein concentration of 3% (v/v) before use in subsequent
analyses.

2.3. In Vitro Digestion Protocol

The digestion procedure of the samples was modified using the protocol reported by
the amended and improved digestion method INFOGEST 2.0 [28,29] with slight modifica-
tions. Electrolyte stock solutions of digestive fluids, including the simulated salivary fluid
(SSF), simulated gastric fluid (SGF) and simulated intestinal fluid (SIF), were prepared, and
the pH of the electrolyte stock solutions were adjusted with HCl (5 M) and NaOH (6 M).
Enzyme and bile salt solutions were freshly prepared prior to use.

2.3.1. Simulated Oral Digestion

Briefly, 5 mL of each sample (30 mg protein/mL) was mixed with 4 mL of pre-warmed
SSF followed by the addition of 25 µL of CaCl2 (0.3 M) and 0.975 mL of distilled water and
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NaOH (1 M) to reach a pH of 7. The oral solution was placed in a water bath at 37 ◦C and
incubated with shaking for 2 min without the addition of α-salivary amylase.

2.3.2. Simulated Gastric Digestion

A total of 10 mL of the above oral bolus was mixed with 8 mL of pre-warmed SGF,
1 mL of porcine pepsin solution (2000 U/mL), 5 µL of CaCl2 (0.3 M) and 0.995 mL of
distilled water with HCl (5 M) to achieve a pH of 3. The final mixture was incubated for
2 h at 37 ◦C in a rotator at 300 rpm.

2.3.3. Simulated Intestinal Digestion

A total of 20 mL of the gastric chyme was mixed with 8 mL of pre-warmed SIF, 5 mL of
pancreatin (100 U/mL), 2.87 mL of bile extract (5 mM), 40 µL of CaCl2 (0.3 M) and 4.09 mL
of distilled water with NaOH. The final pH of each mixture was adjusted to 7 to simulate
the physiological intestinal digestion environment. Then, the final mixture was incubated
for 2 h at 37 ◦C in a rotator at 300 rpm.

2.3.4. Digestates’ Fractionation

SW digestates (SW-Ds) were immediately placed in a water bath for heat shock (85 ◦C,
10 min) to stop enzymatic activities and were then directly placed on ice. Undigested
proteins were precipitated by centrifugation at 1200× g for 5 min. Then, aliquots of the
digestates were filtered through a 0.22 µm polyvinylidene fluoride (PVDF) syringe filter.
In order to remove high molecular weight peptides from SW-Ds and obtain the SW-D-P3
fraction, a membrane filter (Ultracel® low binding regenerated cellulose) with an MWCO
of 3 kDa was used (Amicon Ultra-4 Centrifugal Filter Devices). The SW-D samples were
centrifuged at 4000× g for 90 min in a swinging-bucket rotor, following the manufacturer’s
instructions. The SW-Ds and SW-D-P3 were then stored at −20 ◦C until needed for further
analysis. Moreover, four replicates of blank digests were also prepared. Specifically, digests
without SW (replaced with water) but with all required enzymes, electrolytes and bile salts
were performed. The corresponding fractions after in vitro digestion were named BL-D
for blank digest and BL-D-P3 for the fraction of digestate with peptides with a molecular
weight below 3 kDa.

2.4. Biochemical Assays
2.4.1. Oxygen Radical Antioxidant Capacity (ORAC)

The ORAC method used with FL was first described by Ou et al. [30], and the
improved method of Zulueta and colleagues [31,32] was used. Firstly, the SW, SW-
Ds and SW-D-P3 were dissolved and diluted 1:30 in PBS (75 mM, pH 7.4) so as to be
transparent and to avoid interferences. A total of 20 µL of each sample was added to
a well in a 96-well microplate with 120 µL FL (117 nM in 75 mM PBS, pH 7.4). After
incubation with shaking at 37 ◦C for 15 min, 60 µL AAPH (40 mM) was also added
to each well. Fluorescence was read immediately every 2 min for a total of 80 min at
485 nm/535 nm (excitation/emission). The automated ORAC assay was carried out on a
VICTOR 2030 multilabel counter (Perkin Elmer, Waltham, MA, USA), and a standard
curve of Trolox was constructed with a final concentration range of 3.125–50 µM in
75 mM of PBS and a pH of 7.4. The antioxidant capacity was expressed as µmol Trolox
Equivalents (TEs)/g protein based on the area under curve (AUC) for the fluorescence
decay vs. time. SW before and after in vitro digestion were measured in triplicate, and
the experiment was performed three independent times.

2.4.2. 2,2′-Azinobis (3-Ethylbenzothiazoline-6-Sulfonic Acid) Radical Scavenging
Assay (ABTS)

The ABTS radical scavenging activity of the SW samples, before and after digestion,
was measured according to the procedure of Ozgen et al. [33]. Firstly, 7 mM of an ABTS so-
lution was mixed with 2.45 mM of a sodium persulfate solution in equal volumes, followed
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by incubation for 12–16 h at room temperature in the dark to generate ABTS radicals. After
that, the above ABTS•+ solution was diluted with a sodium acetate buffer (20 mM, pH 4.5)
until the absorbance provided nearly 0.7 at 734 nm. Then, 20 µL (3 mg protein/mL) of the
sample and 230 µL of the ABTS•+ solution was mixed and incubated for 60 min at room
temperature [4]. A standard curve of the antioxidant (Trolox) was constructed for a con-
centration range of 3.75–100 µM. The absorbance was measured at 734 nm using a 96-well
Inifinite M200 Pro plate reader (Männedorf, Switzerland). The ABTS radical scavenging ac-
tivity (%) was calculated as an ABTS radical scavenging activity (%) = [(Ac−As)/Ac]× 100
where Ac represents the absorbance of the control and As represents the absorbance of the
samples after the reaction [34]. The SW samples before and after in vitro digestion were
measured in triplicate, and the experiment was performed three independent times. The
results are expressed as µmol TEs/g protein.

2.4.3. Ferric Reducing Antioxidant Power (FRAP)

The reducing activity of SW, SW-Ds and SW-D-P3 was determined according
to the method of Benzie et al. [35] with appropriate modifications for 96-well mi-
croplates [36,37]. Firstly, the SW was suitably diluted at 1:3 and SW-Ds and SW-D-P3 at
1:2, respectively. A ferric-tripyridyltriazine (FeIII-TPTZ) complex solution was prepared
with 0.3 M sodium acetate with glacial acetic acid (pH 3,6), 20 mM FeCl3 and 10 mM
TPTZ (in 40 mM HCl) at a ratio of 10:1:1 (v/v/v) and was heated to 37 ◦C for 1 h. All
stock solutions were prepared daily and kept in the dark. Consequently, 280 µL of the
FeIII-TPTZ solution was transferred to each well with 20 µL of the sample in a 96-well
microplate, and the absorbance was read at 590 nm using the Epoch 2 microplate spec-
trophotometer (Biotek, Winooski, VT, USA). Trolox as standard (concentration range
0.18–5.88 µM) and methanol as blank were also added to each plate. Results are ex-
pressed as µmol TEs/g protein. Samples were measured in triplicate, and the experiment
was performed three independent times.

2.4.4. Potassium Ferricyanide Reducing Power (P-FRAP)

The reducing power assay was performed according to the method described by
Oyaizu [38] and Liang et al. [39] with some modifications. Briefly, the SW, SW-Ds and
SW-D-P3 were appropriately diluted with water (1:6 for all samples) so that the final
absorbance of 700 nm fell within the range of the calibration curve. Then, 50 µL of the
sample solution were mixed with 50 µL of 0.2 M of PBS (pH 6.6) and 50 µL of a fresh
(prepared daily) K3Fe(CN)6 (1% w/v) solution. The microplate was incubated for 20 min
at 50 ◦C under agitation. Then, 50 µL of TCA (10% w/v) with 10 µL of FeCl3 (0.1% w/v)
were added, and the incubation was continued for an additional 10 min at 50 ◦C under
agitation. The absorbance at 700 nm was measured, and a curve with a BHT was constructed
(0–100 µM). Results are expressed as µmol BHT equivalents/g protein [40]. The reducing
power assay measures the ability of a compound to reduce ferric ion (Fe3+) to ferrous ion
(Fe2+) through electron or hydrogen donation [41]. Samples were measured in triplicate,
and the experiment was performed three independent times.

2.5. Cellular Assays
2.5.1. Cell Culture and Cell Viability of HT29

Cells of the human colon adenocarcinoma cell line HT29 were cultured in DMEM
supplemented with 100 U/mL of penicillin, 100µg/mL of streptomycin, 10 U/mL of L-
glutamine, 100 µM of non-essential amino acids, 1 mM of sodium pyruvate and 10% (v/v)
FBS. Cells were incubated at 37 ◦C in humidified air containing 5% CO2. Firstly, the effects
of H2O2 on cell survival were measured using the MTT assay. The HT29 cells were seeded
in 96-well plates at a concentration of 0.5 × 105 cells per well. After 24 h of culturing, the
cells were treated with different concentrations of H2O2 (0–2 mM) at 37 ◦C. The following
day, the cells were washed twice with PBS, incubated for an additional 2–3 h at 37 ◦C
with MTT (0.5 mg/mL). Then, the supernatants were removed and 100 µL of DMSO was
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added. The absorbance was quantified at a 570 nm wavelength (Tecan Infinite® M200 PRO).
Results are expressed as a percentage of the untreated control cells (without H2O2). Each
point represents the mean of two experiments with each individual treatment being run
in quadruplicate. Furthermore, different concentrations (0.75–6 mg protein/mL) of the
SW-D-P3 fraction in the presence of 0,5 mM of H2O2 were evaluated for their cytotoxic
effects in HT29 by the MTT assay.

2.5.2. Cellular Antioxidant Activity (CAA) Assay

CAA indicates the overall oxidative status by monitoring the decomposition of DCFH-
DA in the cells and its oxidation by reactive oxygen species (ROS) into the fluorescent
DCF [42,43]. Intracellular reactive oxygen species (ROS) levels were determined in the
HT29 cells as described by Piccolomini et al. [43] and adapted by Feng et al. [44] with some
modifications. Cells were seeded at 0.5 × 105 cells/well in 96-well plates for 24 h. Cells
were washed with PBS and treated with 50 µL of BL-D-P3 or SW-D-P3 (6 mg protein/mL
in DMEM) together with 50 µL of H2O2 (0.5 mM in DMEM) for 24 h. Afterwards, the
cells were washed twice with PBS and treated with 100 µL of DCFH-DA (10 µM in PBS
containing 0.2% methanol) for 30 min. Fluorescence at 485 nm/535 nm was recorded at
37 ◦C every 2 min for a total of 80 min using the VICTOR 2030 multilabel counter (Perkin
Elmer, Waltham, MA, USA). CAA was measured in triplicate, and the experiment was
performed three independent times. The results are expressed as a % of ROS generation to
the untreated cells (without H2O2).

2.5.3. Cell Culture and Differentiation of THP-1

Cells of the human acute monocytic leukemia cell line THP-1 were maintained in
RPMI 1640 supplemented with 10% (v/v) FBS, 10 U/mL of L-glutamine, 1 mM of sodium
pyruvate, 100 U/mL of penicillin, 100 µg/mL of streptomycin and 100 µM of non-essential
amino acids in a humidified incubator at 37 ◦C and 5% CO2. To induce differentiation
into macrophage-like ones, monocytes were placed into 12-well plates at a cell density of
0.8 × 106 cells/mL and incubated with 100 ng/mL of PMA for 48 h [45–48]. Then, the
PMA-contained medium was removed, and cells were washed with PBS and subsequently
incubated for 24 h in the supplemented PMA-free RPMI-1640. After the resting phase,
macrophages were incubated for 24 h in the presence of 100 ng/mL of lipopolysaccharide
(LPS) and SW-D-P3 (3 mg protein/mL) or BL-D-P3 for 24 h. Each sample was tested in
triplicate.

2.5.4. Quantification of mRNA Transcripts Using Real Time-PCR (qPCR)

Total RNA extraction of the attached THP-1 cells was performed using the Nucleozol
reagent according to the manufacturer’s instructions. RNA samples were treated with
DNase for the removal of the remaining DNA, and pure RNA was recovered by ethanol
precipitation. The quantity and purity of RNA was calculated using a spectrophotometer
(Q5000, Quawell Technology Inc., San Jose, CA, USA). Reverse transcription was performed
from 500 ng of the total RNA with the PrimeScript RT reagent kit following the protocol
of the manufacturer. A Real-Time thermal cycler (SaCycle–96, Sacace Biotechnologies,
Como, Italy) was used for the qPCR using the FastGene 2× IC Green qPCR Universal
Mix. Primers for target genes (SOD1, CAT, NFE2L2, NFKB1 and RELA) and housekeeping
genes (RPS18, HPRT1, RPL37A and B2M) were designed across intron/exon boundaries
with an annealing temperature of 60 ◦C. Each cDNA sample was tested in duplicate. The
relative gene expression was calculated using the 2−∆∆Ct method. Primer details are listed
in Table 1.

2.6. Statistical Analysis

The experimental results are reported as means ± the standard error of means
(SEMs) of at least two biological replicates. All data were tested for normality using
the Kolmogorov–Smirnov test and transformed in logarithmic or normalized form [49]
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where necessary until the data were normally distributed. Subsequently all data generated
were compared using one-way ANOVA followed by Duncan’s post hoc test. Differences
between means were considered significant at p < 0.05. The statistical analysis was per-
formed using the SPSS for Windows statistical package program, version 22.0.0. Graphs
were generated using the GraphPad Prism 8 program.

Table 1. Oligonucleotide primer sequences, amplicon size and reaction efficiency in qPCR.

Gene
(Accesion
Number)

Primer
Direction Sequence (5′-3′) Amplicon

Size
Reaction
Efficiency

SOD1
(NM_000454)

Forward CGAGCAGAAGGAAAGTAATGG
194 95Reverse CCAAGTCTCCAACATGCC

CAT
(NM_001752)

Forward TGCCTATCCTGACACTCACC
137 92Reverse GAGCACCACCCTGATTGTC

NFE2L2
(NM_001145412)

Forward GATCTGCCAACTACTCCCA
121 90Reverse GCCGAAGAAACCTCATTGTC

NFKB1
(NM_001165412)

Forward GCACAAGGAGACATGAAACAG
189 97Reverse CCCAGAGACCTCATAGTTGTC

RELA
(NM_001145138)

Forward GGACTACGACCTGAATGCTG
228 105Reverse ACCTCAATGTCCTCTTTCTGC

RPS18
(NM_022551)

Forward CTGAGGATGAGGTGGAACG
240 98Reverse CAGTGGTCTTGGTGTGCT

HPRT1
(NM_000194)

Forward CTTTGCTTTCCTTGGTCAGG
111 99Reverse CAAATCCAACAAAGTCTGGCT

RPL37A
(NM_000998)

Forward AGTACACTTGCTCTTTCTGTGG
119 106Reverse GGAAGTGGTATTGTACGTCCAG

B2M
(NM_004048)

Forward GCTATCCAGCGTACTCCA
285 103Reverse CTTAACTATCTTGGGCTGTGAC

3. Results and Discussion

To evaluate whether gastrointestinal digestion affects the antioxidant activity of SW,
the standardized INFOGEST static in vitro digestion model was applied. The antioxidant
properties of SW, SW-Ds and SW-D-P3 were evaluated using a variety of methodological
approaches. Due to the differences in the principle and mechanism of action of the different
methods of antioxidant capacity evaluation, the use of only one antioxidant analysis can
barely clarify the actual antioxidant status of samples [50]. Consequently, four different
biochemical antioxidant methods are employed towards this aim, which can roughly be
classified into two types, namely, assays based on hydrogen atom transfer (HAT) reactions
and those based on single electron transfer (SET) [51]. HAT assays, such as ORAC, measure
the ability of an antioxidant to inactivate a free radical (ROO·) by releasing a hydrogen atom
in kinetic time. In contrast, assays that are dominated by SET-based reaction mechanisms,
such as the end-point ABTS, measure the release of an electron to the (ROO·), converting it
into an anion (ROO−) [52,53]. The latter causes a color change in the solution, indicating the
concentration of the antioxidant. Thus, it was crucial to use at least one assay of each type in
order to more completely evaluate the total antioxidant activity of a complex substrate such
as SW. In addition, the cellular antioxidant activity of the SW-D-P3 fractions was evaluated
using CAA in the HT29 intestinal cell line and expression of oxidative stress-related genes
in the THP-1 monocytic cell line.

3.1. Assessment of Antioxidant Activity of SW before and after In Vitro Digestion Using ORAC,
ABTS, FRAP and P-FRAP Biochemical Assays

The data shown in Table 2 indicate that the antioxidant activity of the samples after
in vitro digestion was greatly increased, regardless of the biochemical method used. In all
four assays, the antioxidant activity of SW was significantly increased SW-D>SW-D-P3>SW
(p < 0.05). The digestive process had a positive effect on the antioxidant capacity of SW,
represented by significant increases of around 2–4 fold on the ABTS, FRAP and P-FRAP

112



Antioxidants 2023, 12, 1676

assays after in vitro digestion, while an even greater augmentation was observed by the
ORAC-FL assay (Table 2). In line with our results, there are other studies that report a
significantly increased antioxidant activity of WPI after digestion, regardless of the assay
used [37,54]. In addition, Garcia-Casas et al. [55] demonstrated that the bioaccessible fraction
(corresponding to the SW-D samples of our study) of a SW-based beverage digestate exhibited
an augmented antioxidant activity based on ABTS and FRAP. Since antioxidant compounds
can use different mechanisms of action and each of the methods used evaluates their effect in
a unique way, their evaluation of said compounds is complementary to each other. Namely,
ABTS, FRAP and P-FRAP belong to the single-electron transfer (SET) assays while ORAC-
FL belongs to the hydrogen atom transfer (HAT) assays. Interestingly, from our data in
Table 2, the ORAC values showed a much-enhanced antioxidant activity for the SW samples
after digestion, with an 8-fold increase, from 20.5 to 167.2 µmol TEs/g protein. Although
Clausen et al. observed that the ORAC assay was more sensitive than ABTS in evaluating
the scavenging of the peroxyl radicals of bovine whey proteins, it should be noted that this
observation was made for intact whey proteins rather than fermented ones [56].

Table 2. Antioxidant activity by ABTS (2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)), ORAC-
FL (Oxygen Radical Absorbance Capacity-Fluorescence), FRAP (ferric reducing antioxidant power)
and P-FRAP (potassium ferricyanide reducing power) of sweet whey before (SW) and after in vitro
digestion (SW-Ds and SW-D-P3) regardless of milk origin.

Method (Units) SW SW-Ds SW-D-P3

ABTS
(µmol TEs/g protein) 20.3 ± 0.8 a 46.2 ± 0.8 c 38.7 ± 0.6 b

ORAC-FL
(µmol TEs/g protein) 20.5 ± 1.0 a 167.2 ± 4.8 c 122.3 ± 3.9 b

FRAP
(µmol TEs/g protein) 10.9 ± 0.5 a 31.4 ± 1.3 c 21.3 ± 0.6 b

P-FRAP
(µmol BHT eqv/g protein) 7.5 ± 0.3 a 26.9 ± 0.8 c 18.7 ± 0.6 b

Values are means ± SEM (n = 48). Mean values in each row with different letters are significantly different
(one-way ANOVA and Duncan test, p < 0.05).

In Table 2, the values of P-FRAP show a significant increase (p < 0.05) of antioxidant
activity after simulated gastrointestinal digestion (7.51 for SW to 26.9 µmol BHT eqv/g
protein for SW-Ds). The results of the increased P-FRAP values after gastrointestinal
digestion are in accordance with a previous study by Shaukat et al. on buffalo milk-
processed cheddar cheese [57].

The overall observed increase in antioxidant capacity after digestion could be at-
tributed to the release of peptides and free amino acids by the simulated gastrointestinal
digestion [11]. Moreover, since SW results from a fermentation procedure, this could further
enhance the release of antioxidant bioactive peptides [58].

Peptides released during an enzymatic hydrolysis process have considerable variabil-
ity in size and structural characteristics [59], with peptides of relatively low molecular
weight tending to display a relatively high antioxidant capacity [60,61]. Besides gastroin-
testinal digestion, such fragments can be also produced technologically using a broad range
of exogenously supplied enzymes such as alcalase, chymotrypsin and flavourzyme [11,62].
From the data in Table 2, it is evident that the SW-D-P3 fraction accounts for the majority
(65 to 85%) of the antioxidant capacity of the SW-Ds, regardless of the assay used. This
indicates that the peptides with antioxidant activity are predominantly of lower molecular
weight. Consistent with our results, Athira et al. reported that the antioxidant activity
of WPC alcalase hydrolysed permeate (3 kDa) was augmented compared to WPC [63].
Similarly, another study indicated that the peptides between 0.1 to 2.8 kDa of WPI alcalase
hydrolysate displayed the strongest radical scavenging activity [64]. Furthermore, O’Keeffe
and Fitzgerald showed a greater antioxidant activity of WPC hydrolysate fractions with
low molecular mass peptides (<5 kDa and <1 kDa) than WPC as measured by ORAC [65].
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Also, a recent study of Ballatore et al. reported the highest antioxidant activity for the
<3 kDa fraction obtained from trypsin-hydrolyzed WPC [19].

Effect of Milk Animal Origin

The antioxidant activities with the ORAC and ABTS assays for bovine, ovine, caprine
and a mix of ovine and caprine of SW, SW-Ds and SW-D-P3 are shown in Figure 1, panels
a and b, respectively. The ORAC values of antioxidant activity were highest for bovine
SW (26.0 µmol TEs/g protein) compared with the other three groups (p < 0.05), whereas
after in vitro digestion (SW-Ds and SW-D-P3), no significant differences were observed
(p > 0.05). In contrast, the ABTS values of ovine SW were higher, compared to their bovine
counterparts, both before (23.2 µmol TEs/g protein) and after in vitro digestion (49.0 µmol
TEs/g protein for the SW-Ds). There were no statistically significant differences (p > 0.05)
in the FRAP and P-FRAP values between the SW samples derived from cheeses made from
the four different milk sources (Figure 1c,d, respectively).
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Figure 1. Antioxidant activity of sweet whey before (SW) and after in vitro digestion (digested SW
(SW-Ds) and digested fraction below 3 kDa (SW-D-P3)) assessed with (a) oxygen radical absorbance ca-
pacity assay, expressed as µmol of TEs per gram of protein; (b) 2,2′-Azinobis (3- ethylbenzothiazoline-
6-sulfonic acid), expressed as µmol of TE per gram of protein; (c) ferric reducing antioxidant power
assay, expressed as µmol of TE per gram of protein; and (d) potassium ferricyanide reducing power,
expressed as µmol of BHA per gram of protein. Results represent the mean of 3 experimental repeti-
tions ± SEM (n = 12). Columns with different letters within the same panel are significantly different
(p < 0.05).
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3.2. Assessment of Cellular Antioxidant Activity of SW-D-P3

Food digestates are known to be cytotoxic to HT29 cells [66]. Thus, the HT29 cells
were first exposed for 24 h to a range of concentrations of SW-D-P3 (0.75–6 mg protein/mL)
to assess their cytotoxic effect. The MTT assay indicated that none of the concentration
was cytotoxic. It was inferred that the concentration of the samples used in our study
would not influence the activity of HT29 cells and thus would not affect the result of CAA.
Therefore, the CAA assay was performed on the SW-D-P3 of a maximum concentration
of 6 mg protein/mL. This concentration is in the range used in a previous study. In more
detail, Kleekayai et al. evaluated the ROS generation in stressed HepG2 cells treated with
hydrolysates of WPC at concentrations ranging from 0 to 10 mg/mL [67]. The highest
concentration (10 mg/mL) exhibited the most potent cellular ROS generation reducing
activity in the intracellular ROS generation in AAPH-stressed cells. Other studies reported
a dose–response augmentation of CAA with the supplementation of whey proteins in
different cell lines and are presented thoroughly in a review by Corrochano et al. [6].

The cell cytotoxicity of the oxidative stress inducer, H2O2, was also pre-evaluated at
concentrations ranging from 0–2 mM in order to investigate their potential toxic effects on
HT29 cells (Supplementary Data, Figure S1). A toxic effect yielding <80% cell viability was
found at levels >1 mM. Due to the similar effects observed for H2O2 at concentrations below
1 mM, a concentration of 0.5 mM of H2O2 was selected to represent the oxidative stress
inducer. Previous studies have reported the same range of H2O2 used as an oxidative stress
inducer (0.25–0.7 mM) to evaluate the protective effect of food compounds [43,44,68,69].
Several studies have linked low-molecular size peptides with an improved antioxidant
activity [64,70,71]. From our results in biochemical assays, it was concluded that the SW-D-
P3 fraction was the one responsible for the majority of the antioxidant activity of digested
SW. Therefore, in the present work, the HT29 epithelial cell line was used as a cellular
model for the estimation of ROS% inhibition by SW-D-P3. The results presented in Figure 2
show that cell treatment with 6 mg protein/mL of SW-D-P3 significantly reduced radical
formation in H2O2-treated cells, regardless of the SW milk origin, compared to the BL-D-P3
(p < 0.05). Furthermore, cell treatment with ovine SW-D-P3 significantly reduced the radical
formation cells compared to the H2O2-treated group (p < 0.05), with a decrease of 14.97%,
while the levels of radical formation for the cells treated with ovine and bovine SW-D-P3
did not differ significantly with those of the cells not treated with H2O2 (p > 0.05).

The results from previous studies regarding CAA determination in food and feed
components after in vitro digestion using cell-based assays in various cell lines are scarce
and are predominantly focused on non-dairy products. More specifically, CAA was found
to be higher in digested whole grains compared to the free fraction in the HepG2 cell
line [72]. Moreover, chickpea protein hydrolysate inhibited DCFH oxidation in a dose–
response manner, and an increased CAA unit was noticed at higher hydrolysate protein
concentrations [73]. A previous study by Zhang et al. [74] reported a decrease in ROS%
generation in Caco-2 cells treated with soy protein hydrolysate compared to the H2O2 group.
In another study [75], the digested and fractionated eggshell membrane (ESM) hydrolysate
were evaluated in Caco-2 cells with AAPH used as a radical generator. In detail, the CAA
of the digested ESM hydrolysate fraction with molecular weight of <5 kDa was higher
compared with fractions of 5–10 kDa and >10 kDa. To the best of our knowledge, there are
only two studies reporting CAA in eukaryotic cells in dairy-associated compounds after
in vitro digestion. In the first one by Corrochano et al. [76], b-LG and a-LA, after in vitro
digestion, effectively inhibited ROS and stimulated antioxidant enzymes in HT29 cells,
while the same whey proteins were unable to reduce induced ROS formation in Caco-2
cells. Moreover, it should be noted that contrary to our results, they did not observe such an
effect in WPI digestates. On the other hand, the second of these studies is in agreement with
our results, as a better cellular antioxidant activity of digested WPI using the Caco-2 cell
line was reported in response to H2O2 [77]. Interestingly, using a non-eukaryotic cell model,
Ibrahim et al. reported a protective effect of camel milk protein hydrolysates (casein and
whey hydrolysates separately) on yeast cells against H2O2-induced oxidative stress [78].
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Figure 2. Reactive oxygen species (ROS)% generation in HT29 cells (seeded at 5× 104 cells/well) after
24 h exposure to sweet whey after gastrointestinal digestion with peptides below 3 kDa (SW-D-P3) at
a concentration of 6 mg protein/mL. Non-treated cells = cells without H2O2, H2O2-treated = cells
treated with 0.5 mM of H2O2, caprine, ovine, bovine and a mix of caprine/ovine = SW-D-P3 and
blank = BL-D-P3, all treated with 0.5 mM H2O2. Cell treatment was performed in triplicate on
three different days, and the values reported are mean ± SEM. Columns with different letters are
significantly different (p < 0.05).

3.3. Effect of SW-D-P3 on Expression of Antioxidant Genes

In the present study, the relative gene expression of NFE2L2, SOD1 and CAT, essential
components of antioxidant signaling pathways, was measured in response to treatment
with SW-D-P3 in LPS-challenged THP-1-derived macrophages. Additionally, the expression
of NFKB1 and RELA encoding the two main subunits of the NF-κB transcription factor
was also quantified. The CAT expression was found to be higher in SW-D-P3-treated cells
when compared to BL-D-P3, regardless of milk animal origin. This increase, however, was
attenuated in the mixed and ovine samples when compared to the bovine and caprine ones
(p < 0.05; Figure 3c). The SOD1 expression in turn was higher (p < 0.05; Figure 3b) only in
the mixed samples when compared with BL-D-P3 and with the ovine and bovine samples
but not with the caprine ones. On the other hand, no statistically significant differences
were observed between the samples or with the BL-D-P3 regarding the NFE2L2 expression
(p > 0.05; Figure 3a). Finally, the NFKB1 and RELA expressions (p < 0.05; Figure 3d,e,
respectively) were found to be higher in the bovine and mixed SW-D-P3 compared to
BL-D-P3.
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Figure 3. Effect of SW-D-P3 on LPS-induced mRNA expression in THP-1 cells. THP-1 cells were
pretreated with PMA for 48 h (100 ng/mL), a 24 h rest and then were treated with LPS (100 ng/mL)
with or without the presence of 3 mg protein/mL of SW-D-P3 (caprine, ovine, mix and bovine) or
BL-D-P3 (blank) for 24 h. The expression levels of (a) NFE2L2, (b) SOD1, (c) CAT, (d) NFKB1 and
(e) RELA were measured using real-time PCR and were normalized to four housekeeping genes
(B2M, RPL37A, RPS18 and HPRT1). Data are represented as mean ± SEM of three independent
determinations (n = 3). Columns with different letters within the same panel are significantly different
(p < 0.05); ns = not significant (p > 0.05).
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In line with our results, Xu et al. also reported that treatment with WPC increases the
enzymatic activity of SOD1 and CAT, while, at the same time, no significant differences
were found in the NFE2L2 expression in the myoblast cell line C2C12 following H2O2
oxidative stress [79]. Kerasioti et al. reported similar findings for the effect of WPC on
SOD1 and CAT enzymatic activities and protein levels and NFE2L2 protein levels in the
same cell line without the use of an oxidative agent, while using the same experimental
parameter treatment with WPC resulted also in the increase of NFE2L2 protein levels in
EA.hy926 endothelial cells [80]. In another study, HepG2 cells were treated with various
concentrations of a glucose–WPC conjugate for 24 h followed by t-BHP oxidative stress
to evaluate the role of NFE2L2 in the maintenance of the cellular redox status, reporting a
dose-dependent increase of NFE2L2 mRNA levels [81]. Furthermore, both the glutathione
and catalase antioxidant systems are activated by WPC hydrolysate supplementation in
human umbilical vein endothelial cells (HUVECs), resulting in an increase in cellular
glutathione and CAT activity, albeit without the use of an oxidative stress factor [65].
Moreover, Corrochano et al. reported lower mRNA levels of CAT and SOD1 in Caco-2 cells
after a 4 h exposure to gastrointestinal digested samples of WPI when compared to the
digestion control (equivalent to the BL-D-P3 of the present study), though, once more, no
oxidative stress factor was used [76].

Based on the data produced by the present study, the induction of the expression of
SOD1 and CAT by SW-D-P3 seems to be independent of the NFE2L2 pathway and is rather
directed by NF-κB. The NF-κB pathway has been implicated in the regulation of many
antioxidant and pro-oxidant targets [27]. More specifically, NF-κB is identified as a positive
regulator of SOD1 [82]. On the other hand, the role of NF-κB in regulation of the CAT
expression is rather unclear as there are contradicting results supporting its role both as
a negative [83] and as a positive [84] regulator of CAT. Our findings regarding the effect
of SW-D-P3 in LPS-activated THP-1 support the latter and furthermore confirm the role
of NF-κB in the induction of the SOD1 expression, although further experimentation is
needed to clarify the precise mechanism of their regulation. Corrochano et al. quantified
mRNA transcripts of the antioxidant genes SOD1 and CAT in intestinal cells that had been
treated with 2.5 mg/mL of gastrointestinal bovine whey proteins (corresponding to the
SW-Ds in our study) [76]. A recent study by Ishikawa evaluated some genes (e.g., IL6 and
IL10) implicated in inflammation and immunosuppression in THP-1 cells stressed with
LPS and treated with 5 mg/mL of a whey protein hydrolysate [85].

Human or animal intervention trials with diets including whey products are the best
way to assess their potential antioxidant benefit. However, only a small number of studies
have evaluated the antioxidant effect of whey proteins/peptides using in vivo models.
Ebaid et al. observed that dietary supplementation with whey proteins enhances the normal
inflammatory responses during wound healing in diabetic mice by restoring the levels
of oxidative stress [86]. Furthermore, Athira et al. reported the ameliorative potential of
whey protein hydrolysates against paracetamol-induced oxidative stress in mice, compared
with mice without whey protein administration. A significant increase in liver CAT and
SOD levels and a reduction of the concentrations of oxidative biomarkers, such as alkaline
phosphatase and creatinine, was observed [87].

In general, to consider the physiological benefits of sweet whey, it is important to
know that whey proteins do not reach the intestine in their intact form. Sousa et al.
compared the total protein digestibility of WPI between in vitro and in vivo situations
which resulted in a good correlation, with a tendency toward an overestimation for the
in vitro approach [88]. The antioxidant capacity in commercial whey products, which
are commonly used as food ingredients especially in the sports nutrition sector, is well
known [6,89]. To the best of our knowledge, this is the first report in which SW from small-
scale cheese plants is used as a raw material for evaluating antioxidant capacity before and
after in vitro digestion. The protection produced by SW against in vitro-induced oxidative
stress (biochemical and cellular assays) with different methodologies reveals that SW could
be used in animal/human nutrition. As with all in vitro and cell culture experiments, there
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remains a possibility that these results may not translate to in vivo situations. Also, to
address the limitations concerning the suitable concentration related to the clinical efficacy
of SW, its physiological efficacy is necessary to be investigated in vivo, either in animal
nutrition and/or human clinical trials.

4. Conclusions

In this research, SW of different milk origins was digested using a standardized
static in vitro digestion method for mimicking monogastric gastrointestinal digestion. The
samples were evaluated by multiple assays to test antioxidant activity, since a single assay
is not sufficient to test all relevant factors affecting antioxidant capacity. All antioxidant
properties of the SW-Ds were significantly higher than those of the intact SW. Of special
interest was the evaluation of the antioxidant activity of SW-D-P3 directly in mammalian cell
lines. Intestinal cell lines are the models proposed to better assess the in vitro antioxidant
potential of a dietary compound. However, there is only a relatively small number of
studies that employ cell culture models to assess the antioxidant potential of food and feed
components. In conclusion, the present study showed that SW-D-P3 exerts an antioxidant
effect both in epithelial and derived activated macrophage cell lines. Furthermore, a slightly
better antioxidant capacity seems to be associated with bovine and ovine when compared
to caprine SW. A validation of the observed differences could be achieved by in vivo animal
studies or human clinical trials. Further investigation is also deemed necessary in order to
determine the peptides’ sequences from SW with potential antioxidant activity in vivo.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12091676/s1, Figure S1: Effect of different concentrations
of oxidative stress inducer, hydrogen peroxide (H2O2), on HT29 cell viability.

Author Contributions: Conceptualization, G.T. and E.D.; methodology and investigation, E.D.;
writing—original draft preparation, E.D.; writing—review and editing, G.T.; supervision, G.T.; project
administration, G.T.; funding acquisition, I.P., G.T. and E.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was co-financed by Greece and the European Union (European Social Fund-
ESF) through the Operational Programme “Human Resources Development, Education and Lifelong
Learning” in the context of the project “Strengthening Human Resources Research Potential via Doc-
torate Research” (MIS 5000432), implemented by the State Scholarships Foundation (IKΥ). The results
of this study are part of a research project (MIS 5033108) funded by the Operational Program of the
Region of Epirus co-financed by Greece and the European Union—European Regional Development
Fund (ERDF).

Institutional Review Board Statement: Ethical approval was not required for this work, as the study
did not involve human or animal participants or samples.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The THP-1 cell line was kindly provided by Kletsas Dimitrios from the National
Centre of Scientific Research Demokritos (Athens, Greece). We would like to thank Sofia Mavrikou
for kindly providing us with the HT29 cell line and giving us access to the Tecan Infinite M200
Pro plate reader (Laboratory of Cell Technology, Agricultural University of Athens). We would
also like to thank Maria Kapsokefalou for giving us access to the instruments (Epoch 2 microplate
spectrophotometer and VICTOR 2030 multilabel counter) of the Laboratory of Food Chemistry and
Analysis (Agricultural University of Athens). Finally, we would like to thank all the small cheese
plants for providing us with sweet whey samples.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

119



Antioxidants 2023, 12, 1676

References
1. Bintsis, T.; Papademas, P. Sustainable Approaches in Whey Cheese Production: A Review. Dairy 2023, 4, 249–270.
2. Barba, F.J. An integrated approach for the valorization of cheese whey. Foods 2021, 10, 564. [CrossRef] [PubMed]
3. Aspri, M.; Leni, G.; Galaverna, G.; Papademas, P. Bioactive properties of fermented donkey milk, before and after in vitro

simulated gastrointestinal digestion. Food Chem. 2018, 268, 476–484. [CrossRef] [PubMed]
4. Akan, E. An evaluation of the in vitro antioxidant and antidiabetic potentials of camel and donkey milk peptides released from

casein and whey proteins. J. Food Sci. Technol. 2021, 58, 3743–3751. [CrossRef]
5. Kleekayai, T.; O’neill, A.; Clarke, S.; Holmes, N.; O’sullivan, B.; Fitzgerald, R.J. Contribution of Hydrolysis and Drying Conditions

to Whey Protein Hydrolysate Characteristics and In Vitro Antioxidative Properties. Antioxidants 2022, 11, 399. [CrossRef]
6. Corrochano, A.R.; Buckin, V.; Kelly, P.M.; Giblin, L. Invited review: Whey proteins as antioxidants and promoters of cellular

antioxidant pathways. J. Dairy Sci. 2018, 101, 4747–4761. [CrossRef] [PubMed]
7. Tong, L.M.; Sasaki, S.; McClements, D.J.; Decker, E.A. Antioxidant activity of whey in a salmon oil emulsion. J. Food Sci. 2000, 65,

1325–1329. [CrossRef]
8. Tong, L.M.; Sasaki, S.; McClements, D.J.; Decker, E.A. Mechanisms of the antioxidant activity of a high molecular weight fraction

of whey. J. Agric. Food Chem. 2000, 48, 1473–1478. [CrossRef]
9. Carrasco-Castilla, J.; Hernández-Álvarez, A.J.; Jiménez-Martínez, C.; Jacinto-Hernández, C.; Alaiz, M.; Girón-Calle, J.; Vioque, J.;

Dávila-Ortiz, G. Antioxidant and metal chelating activities of peptide fractions from phaseolin and bean protein hydrolysates.
Food Chem. 2012, 135, 1789–1795. [CrossRef]

10. Hayes, M.; Ross, R.P.; Fitzgerald, G.F.; Stanton, C. Putting microbes to work: Diary fermentation, cell factories and bioactive
peptides. Part I: Overview. Biotechnol. J. 2007, 2, 426–434. [CrossRef]

11. Bustamante, S.Z.; González, J.G.; Sforza, S.; Tedeschi, T. Bioactivity and peptide profile of whey protein hydrolysates obtained
from Colombian double-cream cheese production and their products after gastrointestinal digestion. LWT 2021, 145, 111334.
[CrossRef]

12. Guo, Y.; Jiang, X.; Xiong, B.; Zhang, T.; Zeng, X.; Wu, Z.; Sun, Y.; Pan, D. Production and transepithelial transportation of
angiotensin-I-converting enzyme (ACE)-inhibitory peptides from whey protein hydrolyzed by immobilized Lactobacillus
helveticus proteinase. J. Dairy Sci. 2019, 102, 961–975. [CrossRef]

13. Wolfe, K.L.; Rui, H.L. Cellular antioxidant activity (CAA) assay for assessing antioxidants, foods, and dietary supplements. J.
Agric. Food Chem. 2007, 55, 8896–8907. [CrossRef]

14. Faller, A.L.K.; Fialho, E.; Liu, R.H. Cellular antioxidant activity of Feijoada whole meal coupled with an in vitro digestion. J. Agric.
Food Chem. 2012, 60, 4826–4832. [CrossRef]

15. Bothon, F.T.D.; Debiton, E.; Avlessi, F.; Forestier, C.; Teulade, J.C.; Sohounhloue, D.K.C. In vitro biological effects of two
anti-diabetic medicinal plants used in Benin as folk medicine. BMC Complement. Altern. Med. 2013, 13, 51. [CrossRef]

16. Girard-Lalancette, K.; Pichette, A.; Legault, J. Sensitive cell-based assay using DCFH oxidation for the determination of pro-
and antioxidant properties of compounds and mixtures: Analysis of fruit and vegetable juices. Food Chem. 2009, 115, 720–726.
[CrossRef]

17. Wan, H.; Liu, D.; Yu, X.; Sun, H.; Li, Y. A Caco-2 cell-based quantitative antioxidant activity assay for antioxidants. Food Chem.
2015, 175, 601–608. [CrossRef]

18. Kellett, M.E.; Greenspan, P.; Pegg, R.B. Modification of the cellular antioxidant activity (CAA) assay to study phenolic antioxidants
in a Caco-2 cell line. Food Chem. 2018, 244, 359–363. [CrossRef] [PubMed]

19. Ballatore, M.B.; Bettiol, M.D.R.; Vanden Braber, N.L.; Aminahuel, C.A.; Rossi, Y.E.; Petroselli, G.; Erra-Balsells, R.; Cavaglieri, L.R.;
Montenegro, M.A. Antioxidant and cytoprotective effect of peptides produced by hydrolysis of whey protein concentrate with
trypsin. Food Chem. 2020, 319, 126472. [CrossRef]

20. Nam, M.H.; Son, W.R.; Yang, S.Y.; Lee, Y.S.; Lee, K.W. Chebulic acid inhibits advanced glycation end products-mediated vascular
dysfunction by suppressing ROS via the ERK/Nrf2 pathway. J. Funct. Foods 2017, 36, 150–161. [CrossRef]

21. Clementi, M.E.; Lazzarino, G.; Sampaolese, B.; Brancato, A.; Tringali, G. DHA protects PC12 cells against oxidative stress and
apoptotic signals through the activation of the NFE2L2/HO-1 axis. Int. J. Mol. Med. 2019, 43, 2523–2531. [CrossRef]

22. Zhao, D.; Jiang, Y.; Sun, J.; Li, H.; Huang, M.; Sun, X.; Zhao, M. Elucidation of The Anti-Inflammatory Effect of Vanillin In
Lps-Activated THP-1 Cells. Nutrition 2019, 84, 1920–1928. [CrossRef]

23. Saw, C.L.; Wu, Q.; Kong, A.N.T. Anti-cancer and potential chemopreventive actions of ginseng by activating Nrf2 (NFE2L2)
anti-oxidative stress/anti-inflammatory pathways. Chin. Med. 2010, 5, 37. [CrossRef] [PubMed]

24. Dias, K.A.; da Conceição, A.R.; Pereira, S.M.S.; Oliveira, L.A.; da Silva Rodrigues, J.V.; Dias, R.S.; de Paula, S.O.; Natali, A.J.; da
Matta, S.L.P.; Gonçalves, R.V.; et al. Curcumin-Added Whey Protein Positively Modulates Skeletal Muscle Inflammation and
Oxidative Damage after Exhaustive Exercise. Nutrients 2022, 14, 4905. [CrossRef]

25. Jung, K.A.; Kwak, M.K. The Nrf2 system as a potential target for the development of indirect antioxidants. Molecules 2010, 15,
7266–7291. [CrossRef] [PubMed]
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Abstract: Due to the limitations in the use of antibiotic agents, researchers are constantly seeking nat-
ural bioactive compounds that could benefit udder health status but also milk quality characteristics
in dairy animals. The aim of the current study was therefore to examine the effects of a standardized
mixture of plant bioactive components (MPBC) originated from thyme, anise and olive on milk yield,
composition, oxidative stability and somatic cell count in dairy ewes. Thirty-six ewes approximately
75 days after parturition were randomly allocated into three experimental treatments, which were
provided with three diets: control (C); without the addition of the mixture, B1; supplemented with
MPBC at 0.05% and B2; supplemented with rumen protected MPBC at 0.025%. The duration of the
experiment was 11 weeks, and milk production was weekly recorded, while individual milk samples
for the determination of composition, oxidative stability, somatic cell count (SCC), pH and electric
conductivity were collected. Every two weeks, macrophage, lymphocyte, and polymorphonuclear
leukocyte counts were also determined in individual milk samples. It was observed that milk yield
was the greatest in the B2 group, with significant differences within the seventh and ninth week
(p < 0.05), whereas no significant differences were found for milk composition, with the exception
of the seventh week, when protein, lactose and non-fat solid levels were lower in MPBC groups
(p < 0.05). Oxidative stability was improved in the groups that received the MPBC, with significant
differences at the third, seventh, tenth and eleventh week (p < 0.05). SCC was also significantly
lower at the second, eighth and ninth week in B2 compared to the other groups (p < 0.05), while no
significant effects on the macrophage, lymphocyte, and polymorphonuclear leukocyte counts were
observed. In conclusion, the MPBC addition had a positive effect on sheep milk yield, oxidative
stability and somatic cell count, without any negative effect on its composition.

Keywords: antioxidants; lymphocyte; macrophage; milk yield; plant bioactive compounds; polyphenols;
oxidative stability; polymorphonuclear leukocytes; somatic cell count

1. Introduction

There is an increased public awareness of potential health hazards induced by the
excessive use of in-feed antibiotics that is reflected in the legislation of many countries,
such as the EU [1] and the efforts of animal scientists to find alternative safe natural
feed additives [2,3]. Consumer concerns refer to toxicity, residues and metabolites in
milk that can induce bacterial resistance in human infections. In general, farmers and
industry comply with the legislation and several food safety controls are routinely carried
out; however, these concerns remain possibly as a result of incorrect information [4,5].
Currently, research efforts are focused on the development of functional dairy products
that fortify human health and are in harmony with the concept of sustainable production,
green economy, environmental protection, and proper health and welfare status of dairy
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animals [2]. Bioactive compounds of plants, well known as phytobiotics, possess strong
antioxidant and anti-inflammatory properties that depend upon their type and amount and
are generally cheaper and safer compared to synthetic antibiotic agents [6]. Their dietary
supplementation generally improves performance and ameliorates the health status of
ruminants due to their multifaceted properties [6]. Milk Somatic Cell Count (SCC) is often
used as an indirect index of mammary health, since high values are strongly related with
changes in milk quality, poor udder health and inflammatory damage of mammary tissue
leading to significant economic losses in modern dairy farms [7].

At the same time, the dietary inclusion of plants’ bioactive compounds improves
milk oxidative stability, resulting in dairy products of high-quality and safety [8,9]. An
antioxidant is defined as any substance that when present in low concentrations compared
to the oxidizable substrate (i.e., proteins, lipids, carbohydrates and DNA) significantly
delays or prevents oxidation of this substrate through its radical scavenging, metal ion
chelation, and singlet oxygen quenching properties [10]. A compound exerts its antioxidant
activities by inhibiting the creation of reactive oxygen species (ROS), or directly cleaning
free radicals [10]. ROS are small molecules that contain active oxygen and are produced
as by-products in sub-cellular organelles such as mitochondria. A high concentration of
ROS in any normal cell can turn it into a malignant cell [10]. Phytobiotic supplementation
may be more efficient in animals that are under physiologic stress, such as the peak of milk
production in dairy animals [11]. In addition, the combination of phytobiotics from different
plants may exert an increased antioxidant activity due to their synergism [12]. However,
several parameters, namely area of origin, period of harvesting within the year, used part
of the plant (leaf, bark, seeds or root) and method of isolation (steam distillation, extraction
with non-aqueous solvents, cold expression, etc.) modify the antioxidant capacity and the
efficacy of each phytogenic compound. Discrepancies are also observed due to the type of
the phytobiotic, its level of dietary supplementation, the composition and the digestibility
of the basal diet, the level of feed intake and hygiene and environmental conditions [2].

The objective of the present study was to determine if the supplementation with a
mixture of plant bioactive components (MPBC) to high-producing dairy ewes that are
prone to subclinical udder health disorders may alleviate this stressful condition and,
consequently, improve their lactation performance and health status.

2. Materials and Methods
2.1. Animals

Thirty-six 2-year-old Chios ewes with similar body condition scores (2.5–3.0) and a
mean weight of 52.3 ± 1.9 kg that were at their second parity and thirty days after lamb
weaning (75 ± 5 days after lamb birth) were randomly selected from the sheep herd of
the experimental farm of the Agricultural University of Athens and allocated into three
experimental groups of twelve ewes each based on their milk yield and body weight. The
ewes of the flock were mated following estrus synchronization with Ovigest intravaginal
progestogen sponges ( Hipra S.A., Girona, Spain).

All animals initially consumed alfalfa hay and the same concentrate basal diet
(Table 1) without the addition of MPBC for one week in order to become acclimatized to
the experimental conditions. After this adaptive pre-experimental period, they received
the three experimental diets for 11 weeks. One of the groups served as a control (C) and
was fed with the previous concentrate diet, whereas the other two groups were offered
the same concentrated diet further supplemented with MPBC (B1) at the level of 0.05%
or with rumen protected MPBC at the level of 0.025% (B2). These levels were selected
based on our preliminary studies. Furthermore, we attempted to evaluate whether a lower
level of supplementation in a rumen protected form would return comparable results
with the 0.05% level in the framework of precision livestock feeding. The MBPC used in
this trial (NuPhoria, Nuevo S.A., Schimatari, Viotia, Greece) was a proprietary mixture of
phytogenic substances originating from thyme (Thymus vulgaris), anise (Pimpinella anisum)
and olive (Olea europea) at an approximate ratio of 20, 35 and 45% with a standardized active
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ingredient concentration of 100 g/kg. In detail, the levels of thymol, anethole and hydroxy-
tyrosol in thyme, anise and olive were 24, 210 and 50 g/kg, respectively. Rumen-protected
MPBC was obtained by freeze drying with maltodextrin at a rate of 50:50. Maltodextrins
of different dextrose equivalents are commonly used as encapsulating agents due to their
high-water solubility, low viscosity and colorless solutions [13,14]. Ewes in the present
study consumed on average 2.0 kg of feed (concentrate and forage at a mean ratio of 50:50).
Quantities of concentrates were constantly adjusted to the milk yield of each ewe and the
additional demanded dry matter for high yielding animals was individually provided.

Table 1. Composition and analysis of dairy ewes’ diet.

Components (g/kg)

Corn 234
Wheat 175
Barley 175
Soybean Meal (44%) 182.5
Sunflower Meal (28%) 50
Wheat Bran 150
Sodium Chloride (NaCl) 10
Limestone 18.5
Monocalcium Phosphate 4
Vitamins & Trace elements Premix * 1

Calculated Analysis Concentrates Alfalfa hay

Dry Matter—DM (%) 86.0 93.5
Crude protein—CP (%) 17.0 10.2
Crude Fiber (%) 6.0 34.2
Ash (%) 6.5 7.4
Fat (%) 2.1 2.3
Calcium (%) 0.9 -
Phosphorus (%) 0.6 -
Sodium (%) 0.4 -

* Premix contained per kg: 25 g Mn, 30 g Fe, 45 g Zn, 0.10 g Se, 0.50 g Co, 1.75 g I, 10,000 kIU vitamin A, 2000 kIU
vitamin D3, 20 kIU vitamin E (kIU: 1000 International Units).

Ewes were housed in 3 different pens (one pen per treatment) at the premises of the
Agricultural University of Athens. Each pen consisted of an indoor and outdoor area
and had the same direction and orientation, the same covered area (3 m2/ewe) and was
equipped with similar troughs for feeding (12 individual feeders indoors for concentrate
and 1 feeder outdoors for alfalfa hay per pen). Water was available ad libitum and the
diet that was formulated according to ewes’ individual requirements, based on their body
weight and milk yield, was provided twice daily at 8 a.m. and 15 p.m. Forage was offered
to the animals after assuring that the concentrate was completely consumed. No refusals of
forage and/or concentrates were observed.

2.2. Determination of Milk Yield Composition and Oxidative Stability

Ewes were milked twice per day (6:00 a.m. and 18:00 p.m.) in a 12 stall milking parlor
(GEA Westfalia, Düsseldorf, Germany). A pulsation ratio of 50:50 was applied; pulsation
rate was 150 cycles min−1 with 37.5 kPa vacuum level. Milk yield, determined as the sum of
the morning and afternoon milking, was recorded on day 1 prior to and on week 1–11 after
MPBC dietary supplementation. Fat corrected (FCM6%) milk yield was also calculated
using the following formula:

Fat corrected milk (FCM) in 6% (FCM6%) = (0.28 + 0.12 × milk fat concentration (%))
× milk yield (kg/d).

Individual milk samples were also collected on acclimation week and on week 1–11
after MPBC dietary supplementation and analyzed for fat, protein, lactose, total solids-
not-fat, pH, electric conductivity and somatic cell count by using the Lactoscan COMBO
Milk Cell Analyser (Lactoscan, Nova Zagora, Bulgaria) in accordance with international
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standard protocol guidelines. Milk oxidative stability was evaluated by measuring the levels
of malondialdehyde (MDA), a secondary lipid oxidation product formed by hydrolysis of lipid
hydroperoxides. MDA concentration (ng/mL) was determined by applying a selective third-
order derivative spectrophotometric method, previously developed by Botsoglou et al. [15].

2.3. Isolation of Milk Somatic Cells and Milk Somatic Cell Immunophenotyping

Every two weeks, 15 mL individual milk samples were also collected and kept on ice
for the determination of macrophage, lymphocyte, and polymorphonuclear leukocytes
count. Milk somatic cells (MSC) were isolated following a modified protocol of Koess and
Hamann [16] optimized for sheep milk. Briefly, milk samples were centrifuged at 400× g
for 15 min at 4 ◦C. Pellets were resuspended in 15 mL of dilution buffer, i.e., phosphate-
buffered saline (PBS; pH 7.4) containing 0.01% sodium azide (NaN3) and 0.2% bovine
serum albumin (BSA). Samples were centrifuged at 400× g for 10 min at 4 ◦C. Pellets
were resuspended in 4 mL of dilution buffer and centrifuged at 400× g for 10 min at
4 ◦C. Cell pellets were resuspended in 1 mL of dilution buffer and filtered through 40 µm
cell strainers.

Cell surface labelling was performed with anti-CD11b, anti-CD8 and anti-Cytokeratins
4 + 5 + 6 + 8 + 10 + 13 + 18 (anti-Pan Cytokeratins) for the identification of granulocytes and
macrophages, T-cytotoxic and epithelial cells, respectively. In addition, propidium iodide
(PI) staining was used to differentiate live from dead cells. Aliquots of MSC prepared
as described above containing approximately 2 × 105 cells were centrifuged at 400× g
for 5 min at 4 ◦C and cell pellets were resuspended in 50 µL ice cold antibody solutions
containing combinations of 0.002 mg/mL anti-CD11b conjugated to Fluorescein isothio-
cyanate (FITC), 0.005 mg/mL anti-pan Cytokeratins conjugated to Allophycocyanin (APC)
and 0.002 mg/mL CD8 R-PE antibodies. Cells in the staining solutions were incubated
on ice and in the dark for 30 min, then a 2 mL dilution buffer was added, samples were
centrifuged at 400× g for 5 min and cell pellets were resuspended in 100 µL dilution buffer.
DNA staining was performed by addition of PI at a final concentration of 5 ng/µL. Fol-
lowing 10 min incubation at room temperature in the dark, 100 µL of PBS were added and
samples were analyzed by flow cytometry (Cytomics FC 500, California, Beckman Coulter
Inc., Fullerton, CA, USA).

Instrument voltage/gain for detectors FS, SS, FL1, FL2, FL3, FL4 and FL5 were set
at 700/2.0, 680/20.0, 550/1.0, 650/1.0, 650/1.0, 614/1.0, and 601/1.0, respectively. The
samples were run at medium speed and approximately 65,000 events were collected per
sample. Data were stored as list mode files. Events that were identified as being of
appropriate size and granularity based on their position on an FS/SS dotplot and were
negative for PI were considered as live cells. PI stains nucleic acids only in cells with
disrupted cell membranes, i.e., necrotic cells and thus cells that were negative for PI
staining were considered as live cells. Dead cells were not included in further analysis as
they often exhibit non-specific staining with cell surface antibodies and may be misclassified.
Live cells that stained positive for CD11b (FL1) with higher SS values were classified as
polymorphonuclear granulocytes (PMN) and live cells that stained positive for CD11b with
lower SS values were classified as monocytes/macrophages (MPh). Epithelial cells were
identified from the CD11b−/CD8− live cells that stained positive for pan-cytokeratins.
Lymphocytes were identified as the live cells that were positioned in the FS/SS dotplot in
the area identified by CD8+ cells. Proportions of each cell subset in the MSC were estimated
as a percentage of the live cells.

2.4. Statistical Analysis

The experimental unit was the animal since it was the smallest unit upon which
either the treatment was applied or the measurements were made. Data were subjected
to repeated measures analysis of variance using the MIXED procedure of SAS software,
with dietary treatment as the fixed factor and sampling week as the repeated factor. SCC
was log transformed prior to statistical analysis in order to achieve normal distribution.
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Significant differences were tested with Bonferroni adjustment at 0.05 significance level
and the results are presented as least square means ± S.E.M.

3. Results

As shown, the milk yield (Figure 1A) and fat-corrected milk yield in 6% (Figure 1B)
were generally higher in the MPBC supplemented groups than the controls with significant
differences between the 7th and 9th week of the experiment for the B2 compared to the other
groups (p < 0.05). In detail, the milk yield was 1335, 1021 and 1142 (±109) mL/day on week
7, 1253, 988 and 1042 (±99) mL/day on week 8 and 1262, 996 and 1179 (±121) mL/day
on week 9 for the B2, C and B1 groups, respectively (p < 0.05; Figure 1A). The respective
values for the fat-corrected milk yield were 1599, 1243 and 1367 (±142) mL/day on week 7,
1525, 1209 and 1230 (±104) mL/day on week 8 and 1543, 1187 and 1348 (±14,121) mL/day
on week 9 for the B2, C and B1 groups, respectively (p < 0.05; Figure 1B).
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Figure 1. Effect of MPBC dietary supplementation on milk yield (A), fat-corrected milk yield in 6%
(B), fat (C), protein (D), total solids-not-fat (E) and lactose (F). Control group was fed with the basal
concentrate diet (C), whereas the other two groups were offered the same concentrated diet further
with MPBC (B1) at the levels of 0.05% or with rumen protected MPBC (B2) at the levels of 0.025%.
The use of (*) indicates significant difference at p < 0.05.

Milk composition was generally not affected by MPBC dietary supplementation. No
significant differences were shown for milk fat throughout the experiment (Figure 1C).
Similar findings were observed for milk protein (Figure 1D), total solids-non-fat (Figure 1E)
and lactose (Figure 1F) with the only exception at the 7th week, when the values for these
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parameters were higher in the control compared with the MPBC supplemented groups
(p < 0.05). In detail, milk protein (%) was 4.51, 4.29 and 4.27 (±0.07), milk total solids-non-
fat (%) were 9.52, 9.04 and 8.99 (±0.16) and milk lactose was 4.28, 4.07 and 4.05 (±0.07) for
the C, B1 and B2 groups, respectively.

As indicated in Figure 2A,B, milk pH and electrical conductivity were not influenced
by MPBC dietary supplementation, since no significant differences were observed among
the experimental groups during the 11-week experimental period. On the other hand,
milk oxidative stability was in general improved in MPBC supplemented groups as shown
by the reduced MDA values. Significant differences were shown on week 3, 7, 10 and 11
(p < 0.05; Figure 2C). The respective MDA values (ng/g) were 6.36 and 6.11 vs. 7.60 (±0.64)
on week 3, 4.35 and 4.44 vs. 7.29 (±0.40) on week 7, 6.81 and 6.54 vs. 7.87 (±0.36) on week
10 and 5.89 and 5.52 vs. 6.72 (±0.29) on week 11 for the B1, B2 and C groups, respectively
(p < 0.05; Figure 2C).
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Figure 2. Effect of MPBC dietary supplementation on milk pH (A), electrical conductivity (B) and
oxidative stability (MDA levels) (C). Control group was fed with the basal concentrate diet (C),
whereas the other two groups were offered the same concentrated diet further supplemented with
MPBC (B1) at the levels of 0.05% or with rumen protected MPBC (B2) at the levels of 0.025%. The use
of (*) indicates significant difference at p < 0.05.

Rumen protected MPBC dietary supplementation decreased milk somatic cell count,
as indicated in Figure 3A. However, significant differences were shown on week 2, 8 and
9. In detail, logSCC was 5.19 vs. 5.58 and 5.59 (±0.11) on week 2, 4.95 vs. 5.34 and
5.31 (±0.12) on week 8 and 4.87 vs. 5.30 and 5.23 (±0.12) on week 9 for B2, C and B1
group, respectively (p < 0.05; Figure 3A). On the other hand, proportions for lymphocyte
(Figure 3B), macrophage (Figure 3C) and polymorphonuclear leucocytes (Figure 3D) were
not significantly different among the experimental groups, although values for macrophage
and polymorphonuclear leucocytes were numerically higher in controls compared to the
MPBC dietary supplemented groups throughout the experiment.
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4. Discussion

As indicated by the findings of the present study, the milk yield and fat-corrected milk
yield in 6% were generally higher in the MPBC supplemented groups than the controls
with significant differences between the 7th and 9th week of the experiment for the B2
compared to the other groups. However, milk composition was not significantly affected
by MPBC dietary supplementation, while oxidative stability was improved in B1 and B2
groups. According to the existing literature, thyme and/or celery seed mixture [17], thyme
or celery essential oil [18], cornus extract enriched with EOs of oregano and thyme [19],
orange peel essential oil (EO) [20] and EO components mixture (thymol, eugenol, vanillin,
guaiacol and limonene) [21] induced an increase in the milk yield in dairy ewes. Moreover,
Kholif et al. [22] reported that capsicum/thymus essential oils blend at 2 mL and/or en-
zymes cocktail at 4 g per day enhanced milk yield and milk fat levels in dairy ewes. On the
other hand, no effect of citral oil [23] or anise, clove, and thyme EO [24] on milk yield was
observed, while an increase in milk yield, protein and fat levels was observed in dairy goats
as a result of Boswellia sacra resin [25] and rosemary or lemon grass [26] dietary supple-
mentation. Feed efficiency, milk yield and levels of protein, fat, total solids were increased
as a result of Lippia alba hay inclusion in the diet of dairy goats [27]. Choubey et al. [28]
observed that the dietary supplementation with flowers, shoots and leaves of Woodfordia
fruticosa, the whole plant of Solanum nigrum and the seeds of Trigonella foenum-graecum
improves antioxidant status in adult goats. In contrast, Leparmarai et al. [29] showed that
grape seed dietary supplementation did not influence milk yield, milk composition and
blood antioxidant status in dairy sheep and goats.

Shabtay et al. [30] reported that the addition of pomegranate extract to dairy cow
diets resulted in higher milk production. Enhanced daily outputs of milk, energy corrected
milk and fat were also observed after coriander oil dietary supplementation without any

130



Antioxidants 2023, 12, 1571

negative effect on cow health [31]. Greater milk yield, total solids, protein, lactose and
fat and decreased malondialdehyde values were observed in dairy cows supplemented
with a phytogenic feed additives mixture that contained menthol, anethole and other
terpinenes [32]. Moreover, according to a meta-analysis by Belanche et al. [33], long-term
exposure to a commercial blend of EOs (Agolin) resulted in a slight increase in milk yield
at the level of 4%, while no effects on feed intake and milk composition were evident.
Braun et al. [34] suggested that the aforementioned effects on milk production in dairy
cattle could be attributed to the improved rumen fermentation, feed efficiency, nutrients’
absorption and utilization, and increased uptake of cations like calcium and ammonium as
a result of phytobiotics’ dietary supplementation. As indicated, herbs and their extracts
can accelerate digestion by reducing residence time in the digestive tract [35], while the
observation of similar values in feed intake among treatments may indicate that although
the MPBC dietary supplementation improved nutrient digestibility, did not negatively
affect feed palatability and acceptance. However, no effects of thyme oil and thymol [36],
eucalyptus, thyme and anise oil [37], eugenol [38], cinnamaldehyde and eugenol [39],
cinnamaldehyde and garlic oil [40], garlic or juniper berry EO [41], oregano leaves [42,43],
EOs components mixture (thymol, eugenol, vanillin, guaiacol and limonene) [44–47], blend
of oregano, cinnamon, thyme and orange peel EOs [48] and mixture of eugenol, geranyl
acetate and coriander oil [49] on milk yield and composition of dairy cattle are observed.
In a study carried out with a mixture of plant bioactive components, a decrease in milk
fat content was observed, while the other milk components were not affected in dairy
cows [50]. In water buffaloes, dietary supplementation with a phytogenic mix containing
seeds of fennel, ajwain and fenugreek, tubers of ginger, leaves of Swertia chirata, roots of
licorice, fruits of Citrullus colocynthis, Terminalia chebula and turmeric did not affect milk
yield and rumen fermentation parameters, apart from pH [51].

Moreover, the improved milk oxidative stability as suggested by the reduced MDA lev-
els indicating that the provision of polyphenols with potent antioxidant or co-antioxidant
activity might be a beneficial strategy to protect mammary cells against the adverse ef-
fects of free radicals. Part of the molecular multifunctionality of the natural bioactive
compounds is their antioxidant capacity, which improves the immune status and reduces
the oxidative stress of animals [52–54]. Phenolic compounds have been found to in vitro
modify immune status via the downregulation of the inflammatory response, since they
reduce the production of cytokines and reactive oxygen species, as well as the function-
ality of cytotoxic T-lymphocytes and natural killer cells [55]. The anti-inflammatory and
antioxidant activity of polyphenols has been confirmed by in vivo studies in dairy cows,
goats and ewes [52,56,57]. The aforementioned properties are attributed to their ability to
chelate with free radicals, inhibit the enzymes actions associated with the mechanisms of
oxidative stress, reinforce the functionality of antioxidant mechanisms, and prevent the
lipid oxidation [53,58–60].

As indicated, SCC was reduced in dairy ewes that were dietary supplemented with
the rumen protected MPBC with significant differences on week 2, 8 and 9. The decreased
levels of SCC in milk from ewes dietary supplemented with MPBC is associated with an
ameliorated udder health status, since milk SCC is considered as an index of mammary
health. This finding could be attributed to the provision of several hydrophylic and
lipophylic phenols that are included in the MBPC and through their antioxidant properties
fortify mammary cells against the adverse effects of free radicals produced as a result of
oxidative stress. Similar findings were reported by Hashemzadeh-Cigari et al. [50] in dairy
cows after their supplementation with a phytobiotics-rich herbal mixture (185 g/cow) that
contained cinnamon bark, turmeric roots, rosemary leaves and clove buds. Moreover,
supplementation of rosemary extract [59] or a mixture of essential oils [21] to lactating
ewes and concentrated pomegranate extract to dairy cows [30] resulted in reduced milk
SCC. Jaquezeski et al. [60] also found that curcumin dietary supplementation improved
milk yield and antioxidant capacity, while a reduction in somatic cell count and protein
oxidation was reported in dairy sheep. In dairy cows, thyme essential oil supplementation
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via esophageal tube decreased the standard plate count, while no differences were observed
in the raw milk composition [61]. Moreover, although Rodrigues et al. [62] observed an
increase in milk yield after dietary supplementation with a phytogenic mix, no effect on
milk composition and incidence of clinical mastitis was observed in dairy cows.

Although SCC was decreased as an effect of rumen-protected MPBC dietary sup-
plementation, no significant differences were observed among the treatments concerning
the macrophage, lymphocyte, and polymorphonuclear leukocyte (PMN) counts. How-
ever, although there was not a clear tendency for the lymphocyte count, macrophages
were increased and polymorphonuclear leukocytes were decreased from the beginning
till the end of the experimental period. Although only numerical, MPBC supplemented
groups had a lower PMN count compared to the controls, indicating a tendency for a
healthier mammary gland, since PMN being the principal leucocytes that are increased
during pathogen invasion, are closely correlated with high SCC [63] and oxidation stress in
mammary gland [64]. On the other hand, macrophages represents 5–7% of leucocytes in
ewe milk and are found to minimally contribute to the proteolytic activity in ewe milk [65].
Finally, lymphocytes represents approximately 40% of leucocyte population [66] and an
absence of differences in the lymphocyte count as an effect of SCC suggests that in ewe
milk this population is quite stable [63].

5. Conclusions

Plant extracts have been widely recognized as potential functional alternatives to
antibiotics due to their green, safe, and efficient properties. Dietary supplementation with
a mixture of phytogenic substances originated from thyme, anise and olive was effective in
improving milk oxidative stability (third, seventh, tenth and eleventh week), enhancing
performance (seventh–ninth week) and lowering SCC (second, eighth and ninth week)
when provided in its rumen protected form in mid-lactation high-producing dairy ewes.
Considering the positive outcome on milk yield, oxidative stability and SCC and the lack
of any side effects on the other milk properties, the MPBC used in the present study
and especially in its rumen protected form appeared as a promising candidate for a feed
additive for dairy ewes. The use of the protected form of MPBC may be successfully
adapted in a production system that incorporates precision livestock feeding. However, a
further in-depth analysis is necessary regarding its production cost before establishing its
regular use.
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Abstract: As the world’s population grows, so does the need for more and more animal feed. In 2006,
the EU banned the use of antibiotics and other chemicals in order to reduce chemical residues in
food consumed by humans. It is well known that oxidative stress and inflammatory processes must
be combated to achieve higher productivity. The adverse effects of the use of pharmaceuticals and
other synthetic compounds on animal health and product quality and safety have increased interest
in phytocompounds. With the use of plant polyphenols in animal nutrition, they are gaining more
attention as a supplement to animal feed. Livestock feeding based on a sustainable, environmentally
friendly approach (clean, safe, and green agriculture) would also be a win–win for farmers and
society. There is an increasing interest in producing healthier products of animal origin with a
higher ratio of polyunsaturated fatty acids (PUFAs) to saturated fatty acids by modulating animal
nutrition. Secondary plant metabolites (polyphenols) are essential chemical compounds for plant
physiology as they are involved in various functions such as growth, pigmentation, and resistance
to pathogenic organisms. Polyphenols are exogenous antioxidants that act as one of the first lines
of cell defense. Therefore, the discoveries on the intracellular antioxidant activity of polyphenols
as a plant supplement have contributed significantly to the improvement of antioxidant activity, as
polyphenols prevent oxidative stress damage and eliminate excessively produced free radicals. To
achieve animal welfare, reduce stress and the need for medicines, and increase the quality of food of
animal origin, the addition of polyphenols to research and breeding can be practised in part with a
free-choice approach to animal nutrition.

Keywords: animal nutrition; supplementation of polyphenols; bioavailability of polyphenols;
biotransformation; metabolism; antioxidant/pro-oxidant activity; diversity of microbiota; gut
microbiota composition; immunomodulation; animal health; animal product quality

1. Introduction

Plant-based dietary supplements for domestic animals have increased significantly
in the last decade. Polyphenols are secondary metabolites of plants that contain bioactive
compounds and have beneficial effects on animal organisms. Polyphenols in plants play
an important role in growth and reproduction and provide protection against pathogens
and herbivores [1]. There is great interest in these phytochemicals for their health benefits
and effects on animals. [2,3]. Phenolic compounds, also known as polyphenols, are a class
of compounds found in various plant species. They are built from one or more aromatic
rings on which one or two hydroxyl groups are present. There are three main groups of
polyphenols: flavonoids, non-flavonoids, and tannins. Their biological function depends
mainly on the chemical structure [4]. More than 10,000 compounds have been identified
that have anti-inflammatory, immunomodulatory, and antimutagenic properties. The
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positive effects of phenolic compounds are attributed to their antioxidant activity [5]. Their
role as antioxidants is comparable to important biological and well-known antioxidants:
vitamins E and C. Despite these benefits, polyphenols are characterized as substances
with low bioavailability, and additional research is needed to investigate their efficacy in
the diet of domestic animals [2]. The higher level of unsaturated fatty acids compared
to saturated fatty acids arouses interest in the production of healthier animal products in
order to change the diet of animals. This dietary strategy has been linked to increased
lipid peroxidation, a process in which free radicals “steal” electrons from lipids in cell
membranes, leading to cell damage. It is important to maintain the quality of meat and
dairy products by mitigating oxidative decay. The addition of antioxidant molecules to
food or to the final product controls and reduces the occurrence of oxidative stress.

It is extremely important to understand and relate the inflammatory processes in
animals to prevent oxidative stress. Oxidative stress is the result of an imbalance between
reactive oxygen species (ROS) and antioxidants. These include enzymatic antioxidants
(e.g., carotenoids, tocopherols, polyphenols, and glutathione) and antioxidant enzymes
(e.g., superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX)) [6].
The accumulation of ROS in cells can seriously damage macromolecules and continuously
(in a chain) stimulate the production of ROS.

Oxidative stress contributes to the development of various diseases and chronic
pathological conditions. It is known to be involved in the development of pneumonia [7]
and sepsis [8] in pigs. It also occurs, for example, in piglets that are switched from mother’s
milk to solid dry feed [9], because the digestive tract and the body’s own system are not
yet mature, resulting in reduced appetite and stunted growth [10]. In animals exposed
to stressful conditions such as transport, starvation, and low and high temperatures,
glucocorticoids (CTC) are released, leading to an increase in free radicals and an increased
rate of oxidation of microfibrillar proteins, resulting in the inhibition of muscle growth and
muscle wasting [11,12].

Antioxidant compounds are needed to prevent the formation of new free radicals, and
polyphenols are prominent compounds that react with free radicals. The formation of free
radicals ultimately leads to oxidative stress, and the addition of antioxidant compounds
can stop the further spread of ROS. In addition, some experimental studies have confirmed
positive results in vivo with the addition of polyphenols, indicating their potential as
natural antioxidants [13–15].

Interest in the use of natural antioxidants in food production instead of synthetic
antioxidants has increased in recent years, as they are less harmful to the environment and
are also used for economic reasons. In addition, natural antioxidants are better for the end
consumer as they are considered safer [4].

Recently, there has been growing interest in the use of by-products in animal nutrition
because they contain high levels of unsaturated fatty acids (PUFA) as well as a high concen-
tration of polyphenols [16]. This diet may contribute to a greater stability of poultry meat to
fatty acid oxidation and a greater stability of meat products for human consumption [17,18].
In pig diets, the use of grape pomace (GP) with a high PUFA content (60.9–64.4%) and a high
PUFA/SFA ratio (2.80–3.0) resulted in improved effective growth, altered the composition
of fatty acids in adipose tissue, and resulted in better meat quality [19,20].

A review of the literature on the supplementation of polyphenols in animal diets was
done to follow the changes (metabolism and biotransformations) of polyphenols in the
digestive tract of monogastric animals. Some monogastric animals may consume foods of
animal origin in addition to a plant-based diet, such as pigs, dogs or birds, while horses
or rabbits consume plant-based diets. Results from the literature on the bioavailability,
biotransformation and metabolism of polyphenols in relation to the gut microbiota and
its diversity are considered and reviewed. Biological activities such as antioxidant and
pro-oxidant activities are analysed as well as the effects of polyphenols on animal growth
and the immune system by modulating the diversity of the gut microbiota in animals.
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Finally, the results of polyphenol supplementation on animal health and the quality of
animal products used in human nutrition will be analysed.

2. Classification of Polyphenols

The classification of polyphenols is based on the number of phenolic rings and the
structural elements that connect the rings. They are divided into four classes: phenolic acids,
flavonoids, stilbenes, and lignans (Figure 1). The phenolic acids are further subdivided
into hydroxybenzoic acid and hydroxycinnamic acid. About one-third of the polyphenolic
compounds are phenolic acids and are found in almost all plant materials. Caffeic acid,
gallic acid, and ferulic acid are some of the most common phenolic acids.

1 
 

Figure 1 

 
Figure 2 

 
Figure 3 

Figure 1. Classification of polyphenols based on their chemical structure (arranged according to
Bešlo et al., 2022, [21]).

The most common polyphenols are flavonoids, which have a common basic structure.
They consist of two aromatic rings joined by three carbon atoms, forming an oxygenated
heterocycle.

Flavonoids have been classified into different subclasses based on the substitution
content of the C ring, the oxidation state of the heterocyclic ring, and the position of
the B ring (Figure 2). For these reasons, flavonoids are divided into seven main sub-
classes: flavanols, flavonones, isoflavones, anthocyanins, chalcones, flavones, and flavonols
(Figure 2). In flavanones, flavones, flavonols, flavanols, and anthocyanins ring B is located
at position 2 of the heterocyclic ring, while in isoflavonoids at position 3. Flavanones and
flavonols have a saturated central heterocyclic ring and, in this case, one or more chiral
centers are present. On the other hand, anthocyanins, isoflavones, flavones, and flavonols
have an unsaturated central heterocyclic ring and the molecule is achiral [22,23].

Stilbenes contain two phenyl residues linked by a two-carbon methylene bridge. Most
stilbenes in plants act as antifungal compounds that are synthesized only in response
to infection or injury. The most extensively studied stilbene is resveratrol. Lignans are
diphenolic compounds with the structure of 2,3-dibenzylbutane formed by the dimerization
of two cinnamic acid residues [21,24].

138



Antioxidants 2023, 12, 1141

1 
 

Figure 1 

 
Figure 2 

 
Figure 3 

Figure 2. Chemical structures of flavonoids.

3. Reactive Oxygen Species and Reactive Nitrogen Species

All aerobic organisms have a need for molecular oxygen, and at the same time it is
ironic that they have to defend themselves against the dangerous oxidase [25]. The basis of
aerobic life is the oxidation of organic compounds, namely carbohydrates, proteins, and
fats, which provide the metabolic energy necessary for life functions. Free radicals and
antioxidants have become common topics in today’s discussion of disease mechanisms [26].
It is normal for various metabolic processes to produce free radicals. The formation of free
radicals is well regulated by the physiological process in the aerobic cell. In homeostasis,
the formation of free radicals and their elimination are in equilibrium because during the
formation of free radicals in the cell, there is an antioxidant defense system that eliminates
ROS and reactive nitrogen radicals (RNS, reactive nitrogen species). When an imbalance
occurs, oxidative stress results [27].

3.1. Sources of ROS

The production of ROS is a natural component of aerobic life, responsible for various
cellular functions, from oxygen transport pathways to defense against microbial invasion
and gene expression to growth and death promotion [28–31]. ROS can be produced in
the mitochondria, where O2 is reduced to O2·− in the ETC (electron transport chain)
process, where the transfer of electrons from NADH and FADH2 to O2 can lead to a
“leakage” of electrons at complexes I and III. However, the enzymes monoamine oxidase,
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2-ketoglutarate dehydrogenase, and glycerol phosphate dehydrogenase, which are located
in the mitochondrion, can additionally contribute to production [32–34].

A reaction takes place at the inner membrane of the mitochondria in the respiratory
chain in which partial intermediates O2 can be formed [35].

O2
+e−−−→ ·O−2

+e−(+2H+)−−−−−−−→ H2O2
+e−−−→ ·HO + OH−

+e−(+2H+)−−−−−−−→ 2H2O

The three primary species, i.e., the superoxide anion (O2
−), the hydrogen peroxide

(H2O2), and the hydroxyl radical (·OH), are called oxygen with reactive properties. O2
−

and ·OH are usually referred to as “free radicals” and H2O2 and 1O2 as non-radicals. An
excessive amount of ROS is very toxic to the cell. A usually high concentration of ROS
in a cell is called “oxidative stress” and can damage various molecules in the cell, e.g.,
lipids, proteins and DNA. In particular, in the cell membrane, it can act as a double bond
and cause lipid peroxidation, increasing the permeability and fluidity of the membrane.
In damaging proteins ROS can cause site-specific modifications, fragmentation of protein
chain, as well as susceptibility to proteolysis [36]. Finally, ROS can damage DNA through
deoxyribose oxidation, strand scission, nucleotide removal, base modification and DNA–
protein cross-linking [13–15,37]. The protective effect against ROS is exerted by several
enzymes, namely superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase
(GPx), as well as non-enzymatic compounds such as vitamin E, β-carotene, ascorbic acid,
glutathione (GSH) and exogenously supplied polyphenols [38–41].

In addition to the production of ROS in organelles, several enzymes, including cy-
tochrome P450 (CYP) 2E1, NADPH oxidase (NOX), cyclooxygenases, xanthine oxidases,
and lipoxygenases, produce ROS in the plasma membrane and cytosol [42].

Similarly, sources of the formation of oxidants are unwanted substances in food, such
as pesticides, organic solvents or mycotoxins. These compounds induce the xenobiotic
system of the liver, which produces oxidants as by-products [43]. Oxidative stress is
directly related to inflammation because oxidants activate NF-kB, an important regulator
of inflammation [44]. NF-kB is a protein complex found in almost all types of animal cells
and i bound in an inactive state to inhibitory proteins in the cytosol. Upon stimulation by
oxidants and various other stimuli such as cytokines, free radicals, heavy metals, bacterial
stimuli and viruses, inhibitory proteins are released from nuclear factor kappa B (NF-kB),
facilitating the translocation of active NF-kB into the nucleus and activation of transcription
of a large number of genes involved in all aspects of inflammation (e.g., vasodilation,
chemotaxis, cell adhesion and phagocytosis) [45]. Typical proteins encoded by NF-kB target
genes include pro-inflammatory cytokines, chemokines, inflammatory enzymes, adhesion
molecules and various receptors. Several NF-kB-regulated proteins such as cytokines and
chemokines stimulate the production of oxidants by activated neutrophils (respiratory
burst) and their mitochondria, thereby promoting oxidative stress [46]. If this cycle in which
oxidative stress develops cannot be broken due to long-term and excessive production of
oxidants, the inflammatory process becomes chronic and cells and tissues are damaged [47].

3.2. Nitrosative Stress

RNS are nitric oxide (NO·), peroxynitrite (ONOO·) and nitric oxide NO2 [42,48].
NO is formed from L-arginine by three major isoforms of nitric oxide synthase (NOS).
It is a very versatile molecule with numerous functions and mechanisms of action. It
is described as a diffusing radical that leads to vasodilation and plays a key role in the
vascular system. Post-translational modifications mediated by NO lead to the formation
of another reactive nitrogen with superoxide, resulting in peroxynitrate ONOO· [49]. In
an aqueous environment, the peroxynitrous acid HONO is formed, which can dissociate
with NO2 and the highly reactive hydroxyl radical (·OH) [50,51]. The hydroxyl radical is
reactive enough to remove electrons from almost any biological molecule. For example, it
forms a tyrosyl radical with tyrosine, which can react with NO2 to form nitrotyrosine.
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The phagocyte immune system uses the phagocyte’s ability to modify proteins and
other molecules. By swallowing and killing bacteria due to the activation of macrophages
and neutrophils, ROS are released in a “burst of breath”. After phagocytosis of antigenic
particles, NADPH oxidase produces large amounts of superoxide [52–57]. Furthermore, the
bactericidal function of activated macrophages depends on the presence of peroxynitrite
and the fact that inhibition of superoxide or nitric oxide generation inhibits this function [54].
While peroxynitrite serves to protect the body from pathogens, its overproduction or
dysregulation of these metabolic pathways is also harmful.

3.3. Free Radicals and Internal Defense

Oxidative stress means a disturbance in the balance between the formation of free
radicals and the ability of the body’s defense systems to eliminate them [58]. Oxidants are
free radicals, which are atoms, ions or molecules that contain an unpaired electron in the
outer electron shell. The most common are reactive oxygen radicals (ROS) and reactive
nitrogen radicals (RNS). ROS are superoxide radicals (O2

−), hydroxyl radicals (OH), peroxyl
radicals (RO2), alkyl radicals (RO), hypochlorous acid (HClO), ozone (O3), singlet oxygen
(1∆gO2) and hydrogen peroxide (H2O2). The hydroxyl radical is the most reactive, i.e., it is
characterized by low substrate specificity and a short half-life. Figuratively speaking, it can
most easily split an electron from the surrounding molecules. It is an important trigger of
lipid peroxidation.

RNS are reactive species that contain both nitrogen and oxygen, e.g., nitric oxide (NO),
nitrogen dioxide (NO2), peroxynitrite (ONOO−), etc. NO produces various isoforms of
the enzyme NOS (nitric oxide synthase) [42]. At low concentrations, it is essential as a
neurotransmitter and hormone that causes vasodilation. In high concentrations, it combines
with an oxygen molecule or a superoxide radical to produce RNS, whose effect on cells is
similar to that of ROS [59,60].

There are physiological mechanisms in cells to suppress ROS when they become out
of control under conditions of oxidative stress. These negative effects can be significantly
attenuated by antioxidants, a heterogeneous class of chemicals whose common feature is
the ability to interrupt radical chain reactions and thus prevent or limit cell damage. In
cells, there are defense mechanisms that attempt to maintain homeostasis. These include
the enzymes superoxide dismutase (SOD), catalase, and glutathione peroxidase.

Superoxide dismutase catalyzes the following reaction:

O2· + O2· + 2H+ → H2O2 + O2

Catalase:
2H2O2 → 2 H2O + O2

ROOH + AH2 → H2O + ROH + A

Glutathione peroxidase:

ROOH + 2GSH→ ROH + GSSG + H2O

3.4. Exogenous Molecules in Defense against Oxidative Stress

Plants are a tremendous source of antioxidants. Many of them are already known
and widely used, and many others are still waiting to be discovered. Plant antioxidants
generally have the chemical character of polyphenols and can break radical chain reactions
by forming phenoxy radicals, which are generally less reactive and/or converted into
relatively stable dimers, quinones, etc. For a number of natural polyphenols, some studies
on the structure-activity relationship are available [61–64], in which it was shown that
the number and arrangement of OH groups in the structure of polyphenols are the most
important factors for their antioxidant activity. In general, these arrangements of the OH
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groups reflect the dissociation energy of the OH bonds through which the polyphenols
exert their activity as antioxidants.

Due to their proven therapeutic importance in prevention and treatment, bioactive
molecules of plant origin have attracted much attention, whether whole plants, plant
extracts, or even isolated compounds are used. Larger randomized studies are needed to
provide clear evidence of the benefits/risks of antioxidant supplementation. Antioxidants
are also sensitive to oxidation, so their use as foods (or food supplements) should be
carefully considered as oxidation and reduction reactions do not take place in them in
isolation. Taking high doses of antioxidants is coming under increasing criticism, as
evidence of some adverse effects is accumulating. The investigation of their chemical
constituents as future prophylactic and therapeutic agents is of particular interest as they
are more effective and safer than those commonly available [65].

The cause of cell damage can be lipid peroxidation induced by free radicals, DNA chain
cleavage, and protein oxidation [66–68]. ROS and RNS have important physiological effects
in certain concentrations. It is known that living organisms can regulate the concentration
of ROS and RNS through dietary intake of antioxidants and endogenous production of
antioxidants and, for example, systems for inactivating excess radicals in order to maintain a
balance between antioxidants and ROS/RNS that allows the body to function normally. An
imbalance that favours the accumulation of ROS/RNS is defined as oxidative/nitrosative
stress. Current indications suggest that oxidative/nitrosative stress is involved in several
diseases, including liver disease [69,70].

Free radicals include not only ROS and RNS but also other radicals [71,72]—details
are summarized in (Table 1).

Table 1. Reactive species (ROS and RNS) contributing to the occurrence of oxidative stress a.

Name of the Substance Symbol Half-Life b Characteristic

Radicals

Superoxide O2· 10−6 s unstable molecule, signaling molecule

Hydroxyl OH· 10−10 s
very reactive and unstable species, it is created in the

Fenton and Haber–Weiss reaction with an iron catalyst

Alkoxyl radical RO· 10−6 s organic (lipid) radical

Peroxyl Radical ROO· 17 s it is formed from organic hydroperoxide (ROOH), by
removing hydrogen

Nitric oxide NO· s environmental toxin, endogenous signaling molecule

Nitrogen dioxide NO2· s highly reactive species, environmental toxin

Non radical

Hydrogen peroxide H2O2 Stable a cellular toxin, signaling role, generation of other
free radicals

Singlet oxygen 1O2 10−6 s the first excited form of oxygen

Ozone O3 s environmental toxin

Organic peroxide ROOH Stabile it easily decomposes into radicals, so it serves as a
catalyst for radical reactions

Peroxynitrous ONOO− Stabile highly reactive species, environmental toxin

nitrogen oxides NOx s environmental toxin, including NO and NO2 derivatives
formed in the combustion process

a Arranged from references [71,72]. b The half-life of some radicals depends on the surrounding medium, for
example, the half-life of NO· in an air-saturated solution can be a few minutes; s seconds.

The enzymatic antioxidant defense system includes antioxidant enzymes such as
superoxide dismutase, glutathione reductase, catalase, and other enzymes that play a
key role in detoxifying radicals into non-reactive molecules [69,70] (Figure 3). Under
physiological conditions, these enzymes keep the radical concentration in the cell low and
their activity is regulated by precise mechanisms at the molecular level. All these enzymes
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are essential for maintaining homeostasis between oxidation and antioxidant capacity and
for the survival of all aerobic organisms.

 

2 

 
Figure 4 

 
 

Figure 3. Sources and generation of reactive oxygen species (ROS). Abbreviations: CAT (catalase),
GR (glutathione reductase), SOD (superoxide dismutase), RH (lipid membrane), R (alkyl radical).

4. Distribution of Polyphenols in Nature

Polyphenols are found in almost all plants, They have been confirmed to be present
in their various parts such as roots, leaves, flowers, fruits and seeds, which, among other
things, protect plants from various pests and UV radiation [73]. Their distribution is
variable at the tissue level. Thus, the outer layers of plants contain higher amounts of
polyphenols than the inner layers, or the insoluble polyphenolic compounds are associated
with the cell wall, while the soluble ones are found in the vacuoles [74]. In particular,
prolonged scalding of the fruits of the plant, decreases the concentration of polyphenols
decreases, especially at higher temperatures, which is a consequence of the sensitivity of
polyphenols to oxidation [21]. Fruits, vegetables, legumes, nuts, and herbs are typical
sources rich in polyphenols, and these foods are also consumed by animals [75,76]. Antiox-
idant properties are attributed to polyphenols, because they can act as chain breakers or
radical scavengers, depending on their chemical structure [77,78].

Plants synthesize an incredible variety of metabolites with different properties. Sec-
ondary plant metabolites are generally associated with plant defense, but also with a variety
of biological properties. The concentration of secondary metabolites and their activities in
the biological system vary depending on the maturity of the plant and its parts, as well as
the soil conditions, the availability of water and light, and other environmental conditions
under which the plant grows [79].

In order to ensure the desired high productivity of livestock production, it is necessary
to control oxidative stress and inflammatory processes, which are closely linked. Oxidative
stress has become a major challenge in animal husbandry because it affects the growth of
animals. Oxidative stress reduces the globulin concentration in plasma and thus reduces
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the immune status of poultry [80]. Many studies have been conducted to solve this problem
and one of the safest solutions is the use of polyphenols. Polyphenols are well known as
exogenous antioxidants that act as one of the first lines of cellular defense. The discovery of
the intracellular antioxidant activity of polyphenols as a plant food supplement contributes
significantly to the improvement of antioxidant activity because polyphenols prevent
oxidative stress damage and eliminate excessively produced free radicals [80].

5. Digestion, Absorption, and Metabolism of Polyphenols

The biological effects of certain compounds contained in plant foods for animals or
other plant preparations depend on their uptake, metabolism, distribution, and excretion
from the organism, i.e., on the bioavailability after their uptake into the organism as well
as on the reducing properties of the resulting metabolites. Understanding the processes
involved in the uptake and distribution of polyphenols is crucial for determining their
potential bioactive effects in vivo as well as their overall importance in the prevention of a
number of diseases associated with oxidative stress [81–84].

5.1. Digestion/Metabolism/Biotransformation and Bioavailability of Polyphenols in Animals

Recent studies on the bioabsorption of polyphenols indicate their low bioavailability
after after intake of relatively high doses. The main obstacle to their pharmacological
use is their poor bioavailability, which is related to the interactions of polyphenols in
the different phases of digestion, absorption, and distribution that alter their molecular
structure, especially the interactions with food, digestive enzymes, and transporters in the
intestine and blood proteins [85].

In explaining the biological effects of polyphenols, it was assumed that they are
bioavailable and can effectively reach the target tissue. It is very important to understand
the processes by which they are absorbed, metabolized, and excreted from the body. The
study on absorption is complicated because of the molecular complexity of foods rich
in polyphenols and other factors such as the degree of polymerization and conjugation
with other compounds and phenols. Most polyphenols are present in food in the form of
esters, glycosides or polymers, and cannot be absorbed in these forms. Once absorbed,
polyphenols are recognized by the body as xenobiotics, so their bioavailability is relatively
low compared to micro- and macronutrients.

The metabolism of polyphenols is similar to metabolic detoxification to reduce their
potential cytotoxic effects by increasing their hydrophilicity and facilitating excretion in
urine or bile [23]. The structure of polyphenols, not their concentration, determines the rate
and also the extent of absorption as well as the type of circulating metabolites in plasma.
Depending on their degree of structural complexity and polymerization, these compounds
can be readily absorbed in the small intestine (monomeric and dimeric polyphenols) or
almost unchanged reach the large intestine (oligomeric and polymeric polyphenols) [86].

According to some estimates, only 5–10% of ingested polyphenols can be absorbed
in the small intestine. After absorption, less complex polyphenolic compounds can be
hydrolyzed and biotransformed in enterocytes and then in hepatocytes. The result is a series
of hydrophilic conjugated metabolites (methyl, glucuronide, and sulphate derivatives)
that rapidly enter the bloodstream and are further distributed to organs or excreted in
the urine [24]. It is difficult to track the fate of each compound in the body because
ten new compounds may be formed when each phenolic compound is metabolised [87].
Very often it is not possible to detect the parent phenol, because in most cases metabolic
processes convert phenolic antioxidants into completely different molecules [87]. As
xenobiotics, they may first undergo oxidation, reduction or hydrolysis reactions (phase I
metabolism) in enterocytes, introducing or exposing a functional group, such as a hydroxyl
group, especially for conjugation (phase II metabolism) [87,88]. The aromatic structures
in enterocytes usually remain intact, but the hydroxyl groups on the phenolic aromatic
ring are successfully conjugated to glucuronide, sulphate, and/or methylated metabolites
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by the action of uridine-5-diphosphate glucuronosyltransferase (UGT), sulphotransferase
(SULT) and catechol-O-methyltransferase. (COMT) (Figure 4) [89–91].
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Figure 4. Conjugation reaction of phenolic hydroxy groups: glucuronidation, sulphonation, and/or
methylation by uridine-5-diphosphate glucuronosyltransferase (UGT), sulphotransferase (SULT),
and catechol-O-methyltransferase (COMT).

The conjugation of catechol antioxidants usually occurs mainly at the meta posi-
tion [84,92,93]. However, conjugation with a glucuronic acid or sulphate group can also
occur at the para position, usually following conjugation at the meta position with a
methyl group.

5.2. Biotransformation of Polyphenols by the Gut/Colon Microbiota
5.2.1. Fate of Polyphenols in the Stomach and Small Intestine

When food passes from the oral cavity to the esophagus, the ingested polyphenols
enter the stomach. Due to low pH and contact with bacteria, some flavonoids can be
degraded into phenolic acids, but in general no significant changes occur under the acidic
conditions of the stomach [68]. Flavonoid glycosides can hydrolyze under acidic conditions
in the stomach and pass unchanged into the small intestine.

Some of the metabolites from the enterocytes enter the duodenum via bile and are then
hydrolyzed in the large intestine by bacterial enzymes (mainly β-glucuronidase). 95% of
the body’s microbiota is found in the intestines, primarily in the colon, where microbial cells
outnumber the total number of cells in the body [4]. With the sequencing methods available
today, it is possible to determine the presence of a healthy or disturbed microbiome [86].
The intestinal microbiota of the digestive system plays an important role in health and
disease, but our understanding of the composition, dynamics, and functionality of the
intestinal ecosystem is still rudimentary [87].
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5.2.2. Polyphenols and the Gut Microbiome

This enterohepatic recycling can result in a longer retention of polyphenols in the body.
The remaining polyphenols (90–95% of the total ingested polyphenols) may accumulate in
the lumen of the large intestine, from where they are excreted under the action of enzymes
together with conjugates into the lumen of the intestine. The intestinal microbial commu-
nity produces metabolites such as aromatic acids (hydroxyphenyloctene, phenylpropionic
acid, phenylbutyric acid, phenylvalerolactones, etc.) [86,94]. All these phenolic metabolites
produced by microbes can be absorbed or excreted in the feces. Once absorbed, they enter
the liver via the portal vein, where they can undergo extensive metabolism (including
glucuronidation, methylation, sulphation, or a combination thereof) until they finally enter
the systemic circulation and are distributed to organs or excreted in the urine. The intesti-
nal microbiota is responsible for the extensive degradation of the original structures of
polyphenols into a series of molecules of low molecular weight, which, because they can be
absorbed, may be responsible for the biological activity resulting from the consumption of
foods rich in polyphenols, rather than the original compounds in the food. After consump-
tion, the concentration of polyphenols that is achieved varies considerably depending on
the type of polyphenols and the food source. With normal consumption, the concentration
of intact flavonoids in plasma rarely exceeds 1 µM, and peak concentrations of 1 µM are
usually reached 1–2 h after ingestion [86]. Polyphenols and their derivatives are mainly
excreted through urine and bile.

There are very few studies on the interaction of polyphenolics with the gut microbiota
in animal diets. In vivo, studies have shown that resveratrol has great potential as an
antibiotic alternative to reverse the negative effects of weaning stress in piglets infected
with E. coli and Salmonella [95–98] on their growth, immunity, and microbiota [99]. Similarly,
grape pomace supplementation in the diet of pigs reduces diarrhea caused by E. coli [100].
Fiesel et al. [100] showed that feeding pomace flour extract and grape pomace alters the
microbial composition and leads to a reduction in Streptococcus spp. and Clostridium in the
fecal microbiota.

5.2.3. Reaction Phases of the Biotransformation of Polyphenols

The biotransformation reactions that take in place during phase I metabolism are
oxidation, reduction, and hydrolysis. The main purpose of these reactions is to increase
the polarity of heterogeneous phenolic compounds to facilitate their excretion [101,102].
Day et al. [91] found that these reactions significantly affect the antioxidant activity of
flavonoids and their cross-reaction with proteins.

The second stage of biotransformation involves the incorporation of various chemical
radicals into exogenous compounds. The free radicals transported in the body originate
from endogenous, polar, and easily accessible molecules. The main goal of this phase is to
increase the polarity of exogenous compounds [103].

The liver and small intestine (especially the jejunum and ileum) are the key organs
responsible for various biotransformations leading to the formation of different conjugated
forms of flavonoids; however, the kidney and other organs and tissues are also involved
in flavonoid metabolism [24]. The most important metabolic reactions of flavonoid bio-
transformation are glucuronidation, sulphation, O-methylation, oxidation, reduction, and
hydrolysis [103].

5.2.4. The Most Important Metabolic Reactions in the Biotransformation of Polyphenols

The most important metabolic reaction to which flavonoids are subjected is the glu-
curonidation reaction. It consists of the transfer of glucuronic acid, which is bound to a spe-
cific substrate as UDP-glucuronic acid by the microsomal enzymes uridine-5′-diphosphate-
glucuronisyltransferases (UGTs). The enzyme family UGT exhibits exceptional diversity in
substrate recognition and catalyzes the glucuronidation of a large number of functional
groups (e.g., -OH, -COOH, -NH2, and -SH). The reaction takes place on the luminal side of
the endoplasmic reticulum, and UGT1A9 and UGT1A3, which are found in the intestine
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and liver, are thought to play the most important role [104]. The glucuronidation reaction
allows the organism to make the substrates of the individual metabolic pathways more
water-soluble. It is assumed that 80% of the metabolic pathways of flavonoids are due to
the action of the enzyme UGT [105,106]. The chemical reaction of sulphation is mediated by
sulphotransferases (SULT), enzymes responsible for catalyzing the sulphation of flavonoids
and many drugs. In studies dealing with the sulphation of flavonoids, it was found that
the sulphation process takes place mainly at the C7- OH position and that removal of the
hydroxyl group reduces or inhibits the sulphation process [107–109].

Manach et al. [110] found that sulphate esters and glucuronides retain some of their
antioxidant activity and still retard the in vitro oxidation of low-molecular-weight lipopro-
teins. However, Zhang et al. [111] have shown that glucuronidation of flavonoids reduces
their biological activity. The glucuronides of daidzein and genistein have 10- and 40-fold
lower affinity for estrogen receptors than the corresponding aglycones, respectively [112].
O-methylation of flavonoids is a common xenobiotic transformation in micro-organisms,
plants, and mammals catalyzed by O-methyltransferases (OMTs) [113]. Compared to
other flavonoids, flavan-3-ols are more susceptible to methylation in the jejunum, as evi-
denced by the specificity of catechol O-methyltransferase (COMT) for these compounds.
O-methylation may reduce the biological activity of polyphenols: their antioxidant activity
and effect on endothelial function [114].

Methylation may also affect the reduction of toxicity of flavonoids and polyphenols in
general. Indeed, most polyphenols contain catechin groups that can be oxidized to toxic
quinones in vivo. Similar quinones formed from endogenous estrogens and catecholamines
lead to the formation of superoxide radicals through a reaction with nucleophilic molecules
in cells. Even the smallest changes in the structure of flavonoids can significantly affect their
activities in the body. Most often, biological activity is reduced and excretion accelerated,
but there is also evidence of the formation of more biologically active compounds [115].
However, methylation of free hydroxyl groups in quercetin leads to more metabolically
stable derivatives that readily penetrate membranes, resulting in better bioavailability.
All these effects enhance the biological effects of quercetin, and the same applies to other
flavones [115].

5.2.5. Uptake of Polyphenol Metabolites into the Body

After the metabolism of polyphenols and their absorption in the small intestine, the
metabolites of polyphenols enter the systemic circulation, where they are transported to
the liver via the portal vein. The main metabolites found in the portal vein are mainly
glucuronides and methylated glucuronides. These polar conjugates have also been found
to cross the hepatocyte membrane and be further modified in other cell types, with most
metabolites being excreted via the kidneys.

After the glucuronidation, sulphation, and methylation reactions, there are two types
of metabolic pathways for polyphenol metabolites. One pathway leads to polyphenol
metabolites in the plasma, which are then excreted into the urine via the kidneys, and the
other pathway leads to transport into the colon.

A large proportion of ingested polyphenols reach the colon, including polyphenols
that have not been absorbed in the small intestine (80–90%) and polyphenols that have
been absorbed and metabolized (in the liver or small intestine) and then transported
via membrane transporters or via bile directly back into the lumen of the colon. The
colon contains a rich microbiota (1012 micrroorganisms/cm3) that has a high catalytic and
hydrolytic capacity, leading to the degradation of polyphenols and the formation of a large
number of new metabolites (second phase of metabolism) [116].

Enzymatic degradation of flavonoids in the colon leads to the formation of a large
number of new metabolites because bacterial enzymes, unlike host enzymes, can catalyze
many reactions, including hydrolysis, dehydroxylation, demethylation, ring cleavage and
decarboxylation, and rapid deconjugation [115]. Enzymes of the intestinal microflora
catalyze the degradation of the flavonoid scaffold into simpler molecules such as phenolic
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acids. The extent of absorption of flavonoid metabolites in the intestine is not yet fully
understood. Therefore, it is necessary to determine the role of the gut microflora in the
overall distribution and potential bioactivity of flavonoids in the diet [114,117–119].

5.3. The Relationship between the Intake of Food Rich in Polyphenols and the Change in
Intestinal Microbiota

From today’s perspective, consumers of certain products demand that safe foods be
used to feed animals. This is a challenge for today’s science and points to the use of natural
food supplements in animal husbandry, with increasing attention being paid to the use
of polyphenols. Polyphenols are not only known for their antioxidant effects, but they
also benefit animals by improving their immunity. Phenols have anti-inflammatory and
antimicrobial properties in the gut [120].

Multicellular organisms exist as metaorganisms consisting of both macroscopic hosts
and symbiotic commensals [121]. The gut microbiota is a natural inhabitant of the gas-
trointestinal tract that resides in the host [122]. Its composition depends on the host’s
homeostasis [123]. The host microbiota is a very living composition and is characterized
by diversity and constant change over time due to the microbiological composition of the
gastrointestinal tract. Changes in the microbiota also occur during breast milk consumption
and during the transition to solid food. The absence of breast milk leads to changes in
the gut microbiota, which may be the main cause of diarrhea [124]. The role of the gut
microbiota is to digest impervious nutrients [125]. It is argued that polyphenols from
foods, in general, influence the growth of probiotics and the gut microbiota in pigs and
other animals, which could have an impact on gut health. It was originally claimed that
food polyphenols alter the supply of biochemicals to the gut microbiome, which enables
fermentation in the gut [126]. Changes in the distribution of certain bacterial species in the
intestinal microbiome of the organism contribute to the antioxidant and anti-inflammatory
effects, and further reduction of pathogenic species by polyphenols may stimulate the
growth of probiotics [127,128]. It is assumed that polyphenols are most active in the in-
testines, which means that they can exert antioxidant, anti-inflammatory and antibiotic
effects. At one point in the structure, hydrolyzed glycosidic compounds can react with
enzymes of the gut microbiome in the form of aglycones before undergoing conjugation
reactions [45,128]. Whole plants or their parts are a great asset when they are an integral
part of the diet. Thus, plant leaf extracts inhibited human hepatocellular carcinoma (HepG2)
cell growth [129] and induced cytotoxic activity against HepG2 cancer cells via oxidative
stress in vitro [130], although the manifestation of activity will be markedly different under
in vivo conditions due to the metabolism of polyphenols. Reference is also made to possible
negative effects if polyphenols are consumed in excess and if they are taken alone and
not as a limited supplement to the basic diet [131,132]. After ingestion, they are usually
extensively metabolized in the gut microbiome of humans and animals before being ab-
sorbed into the bloodstream, where they are treated as xenobiotics and eventually excreted.
Some polyphenols are known to interfere with the absorption of essential nutrients (e.g.,
iron and other metals formed from polyphenols), but their health benefits outweigh the
potential negative effects [128,133,134]. Differences in the metabolism of polyphenols (i.e.,
their biotransformation and absorption) in the intestines may be due to mutual individual
differences in the intestinal microflora and differences in the structures of polyphenols [135].
For example, many phytoestrogen flavonoids (e.g., genistein, apigenin, kaempferol, and
naringenin) are more easily metabolized and absorbed in the form of aglycones, but the
efficiency of their hydrolysis and absorption of glycosides (the most abundant form in
plants) depends on the type of microflora [136,137]. The effects of polyphenol-rich food
additives on the microbiome measured in various studies are listed in Table 2.
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Table 2. Presentation of the effect of polyphenols on intestinal microbiota.

Polyphenols and Source Sample Impact on Microbiome References

Red wine extract Fecal (human) in vitro

Increase: Bifidobacterium spp.

[138]
Lactobacillus/Enterococcus spp.

Bacteroides spp.

Inhibit: Clostridin hystolyticum

Grape pomace Fecal (human) in vitro

Increase: Bifidobacterium spp.

[139]

Clostrida

Campylobacter

Inhibit: Escherichia coli

Salmonella

Blueberry extract Fecal (human) in vitro
Increase: Lactobacillus

[140]
Bifidobacterium spp.

Grape seed extract fraction Fecal (human) in vitro
Increase: Lactobacillus/Enterococcus spp.

[141]
Inhibit: Clostridin hystolyticum

Tea polyphenols Fecal (pigs) in vitro

Increase: Lactobacillus

[142]Inhibit: Bacteroidaceae

Clostridium perfringens

Red wine
polyphenols powder Fecal (rats) in vitro

Increase: Lactobacilli

[143]
Bifidobacteria

Inhibit: Propionibacteria

Bacteriodes, Clostridia

Grape pomace concentrate,
Grape seed extract Fecal (broiler chicks) in vitro Increase: E. Coli, Enterococcus spp., Lactobacillus spp. [144]

Lowbush wild blueberries Fecal (rats) in vitro

Incerase: Thermonospora spp., Corynebacteria spp.

[145]Slackia spp.

Inhibit: Lactobacillus spp. Enterococcus spp.

Apple pomace In vivo (rats)

Increase: Lactobacillus

[146]

Bifidobacterium

Bacteriodoceae

Eubacterium

Inhibit:

Bacteroides spp.

Tannin supplementation In vivo (mouse)
Increase: Bacteroides, Lactobacillus

[147]
Inhibit: Clostridium

The individual sources of polyphenols used as supplements to animal feed in several
studies are listed in Table 2. The microorganisms were determined from feces or in vivo, and
the good bacteria whose concentration increased and the pathogens whose concentration
decreased were listed. From the data presented, it can be concluded that polyphenols have
a stimulating effect on the modulation (in a positive direction) of the intestinal microbiome
of the animals tested.
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6. Antioxidant and Pro-Oxidant Activity of Polyphenols
6.1. Antioxidant Activity of Polyphenols

Oxidative stress has become a major challenge for animal husbandry due to the
impairment of animal growth. Discoveries about the intracellular antioxidant action of
polyphenols as a plant additive in animal feed contributed significantly to the improvement
of antioxidant activity. Due to the positive effect of polyphenols in preventing oxidative
stress damage and eliminating excessively produced free radicals, polyphenols are receiving
more and more attention [136].

The antioxidant effect of polyphenols in neutralizing free radicals involves the transfer
of a hydrogen atom from the active hydroxyl group of the polyphenolic compound to
a free radical (Ar-OH +R → Ar-O + RH) [113]. Di Meo et al. [135] have proposed four
mechanisms for the reaction shown, which are illustrated in Figure 5.

Figure 5. Polyphenol free radical scavenging activity by the hydrogen transfer mechanism. Abbrevia-
tions: R·—free radical, Ar-OH—phenolic compound.

In the first example, hydrogen atom transfer (HAT) occurs, a mechanism in which a
hydrogen atom is transferred from an antioxidant (ArOH) to a radical (R·), reducing the
radical (RH) and forming an antioxidant radical (AO). The mechanism identified with HAT
in biological systems is called PCET (proton-coupled electron transfer) and is characterized
by the pre-reaction complex in which the proton transfer occurs along the H-bond to one of
the free O-atom pairs of the free radical.

The second mechanism involves the transfer of an electron (one-electron transfer-
proton transfer, SET-PT), which occurs in two steps. In the first step the electron is trans-
ferred and the first radical cation reaction (ArOH·+) formed from antioxidants and anions
(R−), takes place. In the second step, an exchange of protons takes place between the
obtained products of the first reaction.

In the third mechanism, proton loss by electron transfer takes place (Sequential Proton
Loss-Electron Transfer, SPLET), in which two processes take place: the elimination of
protons from antioxidants and the formation of anions (AO·) and electron transfer.
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In the fourth mechanism (adduct formation), the radical forms a hydrogen bond with
the HO group of the antioxidant. In a radiolytic solution, a radical that takes up an H ion
can lead to the formation of a double bond in an aromatic ring.

6.2. Pro-oxidative Activity of Polyphenols

Polyphenols act as antioxidants at low concentrations, while at higher concentrations
they have a pro-oxidant effect. This depends on many factors. One of the most important
factors is the “seasonal type”, where weather conditions during the growing season of the
plants, such as high air temperature and the amount of UV radiation, lead to the formation
of higher concentrations of polyphenols in the plants. Therefore, the concentration of
polyphenols is higher in food produced for animals during the growing season of plants,
which may have a pro-oxidant effect. Polyphenols may have a pro-oxidative effect on
other cells in environments where the partial pressure and concentration of oxygen are
increased [136].

The same flavonoids can have both negative and positive effects, depending on the
source and concentration of free radicals and the concentration of polyphenols in the ad-
ministered dose [148]. The pro-oxidant properties of food polyphenols may deteriorate due
to the lack of glutathione (GSH) in cells, the lack of chemical stability, and the activation of
cellular copper ions (Cu+) [123] formed during autoxidation together with the semiquinone
radical (oxidized flavonoid). The cytotoxic semiquinone radical reduces NADH, which is
involved in the formation of ROS in redox reactions [149].

Copper ions contribute to the increase in superoxide radical concentration and the
formation of hydrogen peroxide and hydroxyl ions. However, the pro-oxidative action
of polyphenols may also have beneficial effects by inducing mild oxidative stress, gen-
erating antioxidants and xenobiotic-degrading enzymes, and contributing to a general
cytoprotective effect [149,150]. Polyphenols are very susceptible to autoxidation [151].

The most studied property is the ability to protect the organism from free radicals and
oxygenated reactive species formed during oxygen metabolism [152], which are also the
main cause of radical damage in the cell [153]. Radical damage to cells leads to changes in
net charge, which alters their osmotic pressure and leads to an increase in volume and death.
Lipid peroxidation products derived from dead cells can also promote carcinogenesis [154].
Flavonoids prevent the damage caused by free radicals, in part by directly scavenging the
radicals. Simply put, flavonoids are oxidized by radicals (R−) and converted into a more
stable and less reactive form according to the following mechanism [155]:

flavonoid (OH) + R• → flavonoid (O•) + RH

The newly formed flavonoxy radical (O−) is stabilized by resonance, as the unpaired
electron can and will be displaced throughout the aromatic ring, but it can also participate
in reactions of dimerization, dismutation, recombination with other radicals, or oxidation to
quinone, whether it reacts with radicals, other antioxidants, or perhaps biomolecules. The
reaction of flavonoxy radicals with oxygen produces quinone and superoxide anions. This
reaction is responsible for the undesirable pro-oxidant effect of flavonoids in healthy tissue,
but may be helpful in combating tumor tissues. This confirms the assumption that the
antioxidant capacity of flavonoids depends not only on the redox potential of the cell itself,
i.e., the O−/OH potential, but also on the reactivity of the flavone oxyradical formed [152].

7. The Influence of Polyphenols on Animals
7.1. Effect of the Addition of Polyphenols on Animals

The addition of polyphenols to animal feed had no clear effect on animal growth.
Inhibited secretion of digestive enzymes, increased protein excretion, and reduced di-
gestibility of proteins and amino acids may have a detrimental effect on metabolism, as
evidenced by a decrease in body weight and nutritional efficiency [152–157].

Fiesel et al. [100] reported a significant decrease in digestibility of total proteins and
cellulose in weaners whose diets were supplemented with spent hops, a source of natural
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polyphenols. The supplement had no effect on performance and the gain-to-feed ratio was
better in the experimental group than in the control group pigs (638 g/kg versus 579 g/kg).

The addition of Moringa oleifera, a source of quercetin and kaempferol, to the diet
of chickens contributed to a significant increase in body weight at 21 days of age (low:
928 g; median: 932.5 g; high: 954.6 g) compared to chickens in positive and negative control
groups (887.6 g; 918.7 g) and improved feed conversion (1.47; 1.44; 1.45) compared to
1.53 for positive control group during the experiment [158]. Supplementation of the chicken
diet with 0.2% plant extracts of Chelidonium majus, Lonicera japonica and Saposhnikovia
divaricata (sources of flavonoids, tannins, phenolic compounds, saponins, terpenoids and
essential oils) resulted in a significant increase in final body weight (1949 g; 1930 g; 1930 g
vs. 1845 g) and increased daily gain of about 3 g compared to the control chickens [143,159].

In a study by El-Iraqi et al. [160], chickens under heat stress (32–40 ◦C) were fed a diet
enriched with dried peppermint and Ginkgo biloba (a source of flavonoids). This resulted in
a significant increase in final body weight and a decrease in feed conversion compared to
chickens whose diets were enriched with single herbs or vitamin C.

Viveros et al. [143] observed a significant decrease in body weight of 21-day-old
chickens whose diets were enriched with grape seed extract (7.2 g/kg diet) compared to
chickens in the other groups (486 g vs. 553; 557; 542 g). A significant reduction in feed
conversion rate was also observed in chickens fed grape pomace concentrate (60 g/kg feed)
or the antibiotic avoparcin (50 mg/kg feed) compared to chickens in the other groups (1.43;
1.43 vs. 1.51). The conversion rate of the feed mixture of pigs whose diet was enriched with
polyphenols (from grape seeds and grape marc) increased compared to the control group
(652 vs. 624 g/kg; p < 0.05, which is a significant correlation) [161,162]. In the study by
Lipiński et al. (2015) [163], dietary supplementation with polyphenols (grape seeds and
onions) had no effect on growth performance, percentage carcass weight loss, breast muscle
yield, or meat composition in broilers.

In the study by Flis et al. [164], phenolic compounds in oat grains fed to pigs at the
end of fattening (45% of the diet) had no effect on animal growth or carcass leanness.
Dietary supplementation with cranberry extract, a rich source of phenolic compounds, had
no effect on body weight or feed efficiency in poultry [165]. Simitzis et al. [166] showed
that dietary supplementation with hesperidin and tocopherol acetate had no significant
effects on growth or slaughter weight of broilers. The addition of grape by-products did
not improve efficiency parameters, while herbs rich in flavonoids gave positive results,
especially in animals under heat stress [4].

7.2. Immunomodulatory Effect of Polyphenols on Intestinal Health of Animals

The body’s immune system consists of innate and adaptive immunity. The first line of
defense is innate immunity, which forms barriers between the organism and the environ-
ment [167]. The innate system can be divided into cellular and non-cellular systems. The
cellular system consists of several subgroups of cells, namely, dendritic cells (DC), mono-
cytes, macrophages, granulocytes, and natural killer (NK) cells. The non-specific systems
are very diverse and range from mucosal barriers to complex protein molecules. The basic
function is to prevent the invasion of pathogens and destroy them by phagocytosis [168].
The adaptive immune system consists of T and B cells. B cells secrete antibodies, while T
cells synthesize cytokinins that destroy infected or malignant tissue. Many studies have
confirmed the positive relationship between microflora and host health. The bioefficacy of
polyphenols in interaction with the gut microbiome can promote the development of bene-
ficial micro-organisms in the host gut and positively modulate the gut microbiome [169].
Previous studies in mice have confirmed that polyphenols positively modulate the gut
microbiota by altering the composition of certain bacteria in the gut, such as Bifidobacterium,
Proteobacteria, Actinobacteria, Deferribacteres, Lactobacillus, Helicobacter, Desulfovibrio, Adler-
creutzia, Prevotella, and Flexispira [170]. For example, it was found that the addition of
resveratrol to the diet of mice at a dose of 200 mg/kg per day improved the dysbiosis of the
intestinal microbiota caused by a high-fat diet, i.e., it resulted in an inhibition of the growth
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of Enterococcus faecalis and an increase in the growth of Lactobacillus and Bifidobacterium [171].
Similar results and positive effects were obtained with the addition of blueberry polyphenol
extract to the diet of mice, i.e., weight gain was prevented and fat metabolism returned to
normal [172]. It was found that the addition of blueberry polyphenol extract modulated
the composition of the microbiome—the populations of Proteobacteria and Deferribacteres
increased and the population of Actinobacteria in the gut of mice decreased. Specifically,
populations of Bifidobacterium, Desulfovibrio, Adlercreutzia, Helicobacter, and Flexispira were
found to increase, and Adlercreutzia and Prevotella decreased, compared to mice fed a high-
fat diet without polyphenols [167]. Experimental evidence suggests that polyphenols play
an important role in the proliferation of beneficial gut bacteria in mice, such as Akkermansia
muciniphila, and the reduction in pathogenic gut microbiota [168].

The interactions between the gut microbiota and polyphenols in humans are crucial as
they modulate the gut microbiota and not only influence the composition of gut bacteria,
but also improve the bioavailability of polyphenols through the formation of more bioactive
metabolites, enhance their health-promoting effects, protect epithelial cells, and prevent
inflammatory processes in the gut. Polyphenols suppress the development of pathogenic
bacteria and promote the growth of beneficial bacteria that act as prebiotics [169]. The
gut microbiota enhances the bioavailability of polyphenols by producing more bioactive
metabolites that increase health effects and influence gut morphology [169]. The influence
of polyphenols in stress during weaning of piglets and calves improves digestion and
absorption of nutrients, improves the function of the intestinal barrier, improves the func-
tion of the intestinal microbiota, and thus provides positive effects [170]. The study of the
concentration of polyphenols in body tissues is not directly related to their concentration
in the diet. In pigs whose diets were supplemented with 50 mg/kg quercetin for 4 weeks,
quercetin levels were higher in the kidneys (6.31 nmol/g) and colon (13.92 nmol/g) than
in the liver (2.83 nmol/g) or plasma (0.67 mol/L). In contrast, quercetin concentrations
in tissues remained unchanged (3.78 nmol/g in liver, 1.84 nmol/g in kidney), while they
increased in plasma (1.1 mol/L) when pigs’ diets were supplemented with higher doses
of quercetin (500 mg/kg) for 3 days [4]. This indicates that increased concentrations of
polyphenols were found only in organs involved in the metabolism of polyphenolic com-
pounds. Concentrations of unabsorbed dietary phenolic compounds have significant effects
on the gut environment by suppressing or stimulating the growth of some gut microbiota.
Dietary polyphenols have prebiotic properties and act antimicrobially by promoting the
growth of certain strains of beneficial bacteria (Bacillus spp. and Lactobacillus spp.) in the
digestive tract, while competitively excluding certain pathogenic bacteria and stabilizing
the gut microbiota and strengthening the immune system of animals [171].

7.3. The Effectiveness of Polyphenols on the Quality of Products of Animal Origin

Feeding animals diets rich in n-3 PUFA has been shown to improve the nutritional
quality of fats in animal products. However, it has been shown that a dietary strategy with
increased PUFA content makes the products of these animals susceptible to lipoperoxida-
tion. For this reason, the use of antioxidants in the diet has been recommended to limit
lipid peroxidation, maintain animal health, and achieve better product quality [172]. Thus,
vitamin E was resorted to as a synthetic antioxidant. However, high doses of vitamin E
have been reported to have a pro-oxidant effect. Therefore, the use of a natural antioxidant
has been recommended to optimize antioxidant protection in animals fed a PUFA-rich diet.
Polyphenols are of interest among natural antioxidants. Various herbs, spices and plant
residues are rich in polyphenols and could prevent lipid oxidation. Studies on poultry, for
example, have confirmed that plant extracts or dietary hesperidin supplementation prevent
lipoperoxidation [101,166,173].

From the detailed review by Serra et al. (2021) (Table 3) [4], it appears that the
enrichment of animal feed with polyphenols improves the products of animal origin (based
on meat or milk) without significant negative effects on animal health. Food-derived
polyphenols have been shown to undergo no significant metabolic changes, thus enriching
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meat [174,175] and dairy products [176–180]. It has also been shown that the addition of
5% dried GP, a rich PUFA source, to the diet of pigs improves the concentration of total n-3
PUFA (especially α-linolenic acid) in muscle after 12 days of feeding [181]. Polyphenols
have been found to contribute to the regeneration of tocopherol in broiler plasma due to
the potential reduction of one electron, as well as protecting vitamin E from oxidation and
thus slowing lipid oxidation [182].

The addition of polyphenols makes the animals’ diet more diverse, leading to greater
diversity of gut flora and a better immune status for the animals. Combined with the ability
for the animals to freely choose additional feed of plant origin containing polyphenols, this
leads to a reduction in stress in the animals [183,184]. It has been shown that animals that
are free to choose their feed optimise their individual macronutrient requirements, which
has a positive effect on their health [183], whereas a monotonous and uniform diet causes
stress [184]. Modern genetically bred pigs have not lost the ability to optimally select their
feed in terms of optimising individual nutrient requirements [185]. The animals’ free choice
of feed improves their lives, which contributes to a better health status of the animals.

In the future, more precise studies need to be defined that combine research on the
addition of polyphenols to feed with the partial freedom of animals in intensive farming to
choose the type and amount of feed [186]. In this way, a better quality of food of animal
origin used for human consumption will be achieved. So there is a great opportunity to
use natural antioxidants in the future to protect animal health and improve food of animal
origin for human consumption.

8. Conclusions

Medicinal herbs and preparations made from medicinal herbs are one of the oldest
ways of treating various diseases. Plants are known to contain many bioactive chemical
compounds attributed to health effects. One of the most common secondary metabo-
lites of plants are polyphenols. The process of absorption, metabolism, distribution and
excretion from the organism is crucial for the determination of potentially bioactive ef-
fects in vivo and for the prevention of a number of diseases associated with oxidative
stress. The bioavailability of polyphenols is related to the inter-reactions of polyphenols
in the different phases of digestion. Most of the ingested polyphenols (90–95%) reach
the large intestine. It is known that the intestinal microbiota is rich (it contains about
1012 microorganisms/cm3). Polyphenols are degraded by the microbiota and a large num-
ber of metabolites are formed. The intestinal microbiota improves the bioavailability of
polyphenols, whereby metabolites are formed that affect the modulation of the intestinal
microbiota in a positive direction, increasing the concentration of beneficial bacteria, while
decreasing pathogenic ones. Previous studies on pigs and poultry have confirmed that
plant polyphenols alleviate inflammatory conditions and improve intestinal microbiota.
Polyphenols are known to have pronounced antioxidant activity in vitro, such as ROS re-
moval, metal ion chelation, and an effect on increased transcription of antioxidant enzymes.
However, due to low absorption, polyphenols are degraded in a xenobiotic manner, so it is
necessary to compare them with other antioxidants such as vitamin C, vitamin E, albumins,
uric acid and glutathione. It has also been confirmed that plant polyphenols can lower the
level of ROS in animals with intestinal inflammation. Feeding pigs with grape pomace
improved growth performance and changed the composition of fatty acids in finished
products, which is important for human nutrition and such finished products. In addition
to the positive effects, polyphenols also have a pro-oxidative effect and form complexes
with metals, making them less available.

Further research and experimentation with polyphenolic compounds as feed additives
for animals is a potential that is certainly worthy of much more research, as a relatively
small number of experiments have provided positive evidence of an effect on the health
status of animals. In addition to finding the right ratio of polyphenol preparations and
plants in which they can best be used, and depending on the characteristics of the animal
we want to improve, it is also important to focus research on maintaining the quality of
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polyphenol preparations so that they can be used as efficiently as possible. In order to
achieve better overall results in terms of animal health, the quality of their lives and the
quality of food of animal origin, the addition of polyphenols to the diet can be combined in
research and in practice with the free choice approach to feed.
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PUFA polyunsaturated fatty acid
ROS reactive oxygen species
RNS reactive nitrogen species
SOD superoxide dismutase
CAT catalase
GTx glutathion peroxidase
SFA saturation fatty acid
CTC glucocorticoide
GP grape pomace
ETC electron transport chain
CYP cytochrome P450
NOX NADPH oxidase
NF-kB nuclear factor kappa B
UGT uridine-5-diphosphate glucuronosyltranspherase
SULT sulphotransferase
COMT catechol-O-methyltransferase
OMTs O-methyltransferases
HAT hydrogen atom transfer
PCET one-electron transfer-proton transfer
SPLET sequential proton loss electron transfer
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Abstract: As a natural sweetener, stevioside is extracted from Stevia rebaudiana Bertoni and possesses
potent antioxidant activity. However, little information is known about its protective role in main-
taining the intestinal epithelial cells health under oxidative stress. The aim of this study was to
investigate the protective effects and underlying mechanisms of stevioside on alleviating inflamma-
tion, apoptosis, and improving antioxidant capacity in intestinal porcine epithelial cells (IPEC-J2)
under oxidative stress by diquat. The results demonstrated that the pretreatment with stevioside
(250 µM) for 6 h increased cell viability and proliferation and prevented apoptosis induced by diquat
at 1000 µM for 6 h in IPEC-J2 cells, compared with the diquat alone-treated cells. Importantly, stevio-
side pretreatment significantly reduced ROS and MDA production as well as upregulated T-SOD,
CAT, and GSH-Px activity. Moreover, it also decreased cell permeability and improved intestinal
barrier functions by significantly upregulating the tight junction protein abundances of claudin-1,
occludin, and ZO-1. At the same time, stevioside significantly down-regulated the secretion and
gene expression of IL-6, IL-8, and TNF-α and decreased the phosphorylation levels of NF-κB, IκB,
and ERK1/2 compared with the diquat alone group. Taken together, this study demonstrated that
stevioside alleviated diquat-stimulated cytotoxicity, inflammation, and apoptosis in IPEC-J2 cells,
protecting cellular barrier integrity and mitigating oxidative stress by interfering with the NF-κB and
MAPK signaling pathways.

Keywords: stevioside; antioxidant; oxidative stress; inflammation; IPEC-J2 cells; NF-κB/MAPK
signaling pathway

1. Introduction

Oxidative stress (OS) arises as a consequence of an imbalance between oxidation and
antioxidant levels in the body [1]. Oxidative stress refers to the excessive production of
reactive oxygen species (ROS) and reactive nitrogen species (RNS) relative to antioxidant
defense, resulting in the disorder of free radical metabolism in the body [2]. The physio-
logical function of piglets is not fully developed at weaning, and their ability to provide
antioxidant defense is weak [3]. The intestinal tract of pigs is composed of monolayer
intestinal epithelial cells, which play an important role in the digestion and absorption
of nutrients, immune barrier function, and amino acid metabolism [4]. When piglets are
subjected to stress, the degree of the oxidation exceeds the clearance rate of oxides, and
the imbalance of oxidation system and antioxidant system causes oxidative stress and
then leads to intestinal epithelial damage [5]. Oxidative stress causes the intestinal barrier
function of piglets to be damaged, which affects the digestion and absorption of nutrients,
and the immune function is decreased, which leads to the decline of disease resistance and
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even diarrhea [6]. In addition, oxidative stress is common in the intensive production of
pigs, which poses greater risks to animal health and seriously affects the economic benefits
of the pig industry. Therefore, it is very important to develop effective methods to protect
pigs against oxidative injury caused by oxidative stress.

Stevioside is a natural sweetener extracted from Stevia rebaudiana Bertoni that is often
used as a sweetener additive [7]. Natural noncaloric sweeteners that can substitute for su-
crose in the food industry have attracted more and more attention with the rising incidence
of obesity and diabetes [8]. In addition to the application of stevioside as a sweetener in
food, stevioside also has the pharmacological effects of hypoglycemic [9], antioxidant [10],
anti-inflammatory activities [11] and immune regulation [12]. In addition, the abuse of
antibiotics causes antibiotic residues in foodstuffs, which led to the ban of antibiotics as
feed additives in many countries [13]. Stevioside, as a natural feed additive, has attracted
widespread attention from researchers. Previous studies have shown that stevioside as a
feed additive has positive potential to improve goat feed intake [14]. Furthermore, it should
be noted that the administration of stevioside has been shown to yield favorable outcomes
in terms of animal health and growth. This is exemplified by the fact that the provision of
stevioside to maternal subjects resulted in an increase in innate immunity and a notable
improvement in the physiological state of subsequent generations of chicken offspring [15].
Stevioside alleviated the intestinal mucosal damage of broilers caused by lipopolysaccha-
ride (LPS) through its anti-inflammatory and antioxidant activities [16]. At the same time,
supplementary stevioside in cattle diets improved growth performance, carcass traits, meat
quality, and decreased the lipid oxidation of beef during storage [17]. The incorporation
of stevioside into the diet of broiler chickens resulted in improved growth performance.
As such, stevioside may be considered a viable option for use as a growth-promoting
feed additive in broiler chickens [18]. Our previous study showed that 0.5% stevioside in
acidified water improved the GSH activity of weaned piglets and showed an antioxidant
effect [19]. However, the underlying molecular mechanism of how stevioside exerts an
antioxidant effect in pigs remains unknown.

Diquat, as a classical inducer of oxidative stress, is widely used to establish an oxidative
stress model in animals [20]. Intestinal epithelial cells participate in digestion, absorption,
secretion, barrier integrity, and the stress response of the intestine [21]. The IPEC-J2 cell
line was derived from the jejunum epithelium of newborn piglets and is often be used
as an in vitro model of small intestinal epithelial cells in pigs [22]. Despite the potential
benefits attributed to stevioside as an antioxidant, its molecular mechanism of action and
the extent to which it may be applied in the context of oxidative stress remain ambiguous,
particularly within the confines of IPEC-J2 cell lines. Thus, the purposes of this study were
to investigate the antioxidant effects of stevioside against oxidative damage induced by
diquat in IPEC-J2 cells and to explore the underlying molecular mechanism.

2. Materials and Methods
2.1. Chemicals

Diquat (purity ≥ 99.9%) was purchased from TMRM (Tan-Mo Technology Co., Ltd.,
Changzhou, China). Stevioside standards (purity ≥ 98% by high performance liquid
chromatography, CAS: 57817-89-7) were purchased from Shanghai Yuanye Bio-Technology
Co., Ltd. (Shanghai, China). Dulbecco’s modified Eagle’s medium/nutrient mixture F12
(DMEM/F12) medium, fetal bovine serum (FBS), trypsin, and penicillin-streptomycin were
purchased from Gibco (Grand Island, NY, USA). The antibodies used here were obtained
from ABclonal Technology (ABclonal, Wuhan, China).

2.2. Cell Culture and Treatments

The IPEC-J2 cells were kindly provided by Prof. Chunmei Li (Nanjing Agricultural
University, Nanjing, China), cultured in DMEM/F12 medium containing 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin, and maintained at 37 ◦C with a 5% CO2
atmosphere. Cells were processed as follows: control group (CON), stevioside group (ST),
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diquat group (DQ), and stevioside + diquat group (ST + DQ). Specifically, the control cells
were cultivated in normal DMEM/F12 containing 10% FBS (CON). Cells were exposed
to optimum concentration diquat alone for optimum treatment durations in the diquat
treatment group (DQ), while those in the stevioside treatment group (ST) were exposed to
optimum concentration stevioside for optimum treatment durations. Cells were pretreated
with optimum concentration stevioside for optimum treatment durations, followed by
co-incubation with optimum concentration diquat for optimum treatment durations in the
stevioside + diquat treatment group (ST + DQ).

2.3. Cell Viability Assay

IPEC-J2 cells were cultured in 96-well plates (Costar, Corning Inc., Corning, NY,
USA) for diquat or stevioside treatment. Firstly, IPEC-J2 cells were treated with diquat
to establish an oxidative stress model in vitro. The cytotoxicity of diquat was evaluated
using the methyl thiazolyl tetrazolium (MTT) assay (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). IPEC-J2 cells were seeded in 96-well culture plates at 1 × 104

cells/well, and 100 µL of complete culture medium was added to culture overnight. After
4, 6, or 8 h of treatment with diquat at final concentrations of 0, 100, 250, 500, 750, 1000,
1250, and 1500 µM, incubated cells with 1×MTT working solution for 4 h at 37 ◦C. The
absorbance at 570 nm was measured using a microplate reader (Tecan, Austria GmbH,
Grödig, Austria). Using the 50% inhibitory concentration (IC 50) as a standard, we selected
the optimal concentration of diquat to simulate oxidative stress in IPEC-J2 cells.

After growing to 80% confluence in 96-well plates, the cells were pretreated with 0, 50,
100, 250, and 500 µM stevioside for 4, 6, or 8 h. After incubation with optimum stevioside
for optimum treatment durations, cells were treated with stevioside + diquat for optimum
treatment durations. To analyze cell viability, cells were incubated with CCK-8 solution
(Vazyme, Nanjing, China), and the absorbance at 450 nm was measured using a microplate
reader (Tecan, Austria GmbH, Grödig, Austria). Cell viability was shown as a percentage
of viable cells compared to the wells containing control cells not exposed to stevioside
or diquat.

2.4. Measurement of Cell Proliferation

To assess cell proliferation, the Cell-light™ EdU Apollo® 567 In Vitro Imaging Kit
(manufactured by Ribobio, Guangzhou, China) was employed and implemented in accor-
dance with the recommended guidelines. Cellular staining was observed with fluorescence
microscopy (Zeiss, LSM 700; Oberkochen, Germany). Proliferation was quantified and
shown as the percentage of EdU-positive cells.

2.5. Flow Cytometric Determination of Cell Apoptosis

Cells were treated as described above (CON, ST, DQ, and ST + DQ). Apoptosis analysis
was performed using an Annexin V-FITC/PI Apoptosis Detection Kit (Vazyme, Nanjing,
China). In brief, the cells were collected from a 12-well culture plate, and then they were
incubated with 5 µL annexin V-FITC and 5 µL propidium iodide at room temperature for
20 min in the dark. Then, the stained cells were analyzed by a flow cytometer (BD Bio-
sciences, San Jose, CA, USA). Apoptotic cells were expressed as a percentage of total cells.

2.6. Measurement of Intracellular ROS Production

IPEC-J2 cells (104 cells per well) were seeded in 96-well plates with 8 parallel holes in
each group. Intracellular reactive oxygen species (ROS) production was monitored using a
ROS assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). In brief, IPEC-
J2 cells were stained with 10 µM 2′,7′-dichlorohydro-fluorescein diacetate (DCFH-DA) for
30 min at 37 ◦C, then washed with FBS-free media and re-suspended in PBS. Intracellular
ROS production was determined with excitation at 480 nm and emission at 530 nm using a
microplate reader (Tecan, Austria GmbH, Grödig, Austria). Its fluorescence signal intensity
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is proportional to the ROS levels in IPEC-J2 cells. The intracellular ROS levels were
expressed as relative fluorescence signals and then normalized to the control group.

2.7. Determination of Oxidative Stress Parameters

After the IPEC-J2 cells were treated as described above, the cells were carefully washed
twice with PBS and lysed with RIPA Lysis Buffer (containing PMSF) (Solarbio, Beijing,
China) for 10 min. Centrifuge at 1000× g for 10 min at 4 ◦C and collect the supernatants.
Then, the activities of total superoxide dismutase (T-SOD), malondialdehyde (MDA),
catalase (CAT), glutathione peroxidase (GSH-Px) and total antioxidant capacity (T-AOC)
were measured using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer. It is expressed as U/mg protein, and experiments
were performed in triplicate.

2.8. Detection of Cytokines

The IPEC-J2 cells were treated with one of the four treatments previously described
(CON, DQ, ST + DQ, and ST groups). After stimulation, we collected cell supernatants
for the detection of cytokines. The concentrations of tumor necrosis factor-α (TNF-α),
interleukin-6 (IL-6), and interleukin-8 (IL-8) were detected with enzyme-linked immunosor-
bent assay (ELISA) kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) in
accordance with the manufacturer’s instructions. In short, the competitive inhibition ELISA
method was used to detect the content of IL-6, IL-8, and TNF-α in these four groups. Data
were collected by reading optical absorption at 450 nm wavelength using a microplate
reader (Tecan, Austria GmbH, Grödig, Austria).

2.9. Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR)

IPEC-J2 cells were prepared in 12-well culture plates, cultured at a density of 5 × 105 cells
per well and adhered for 24 h. After four treatments (CON, DQ, ST + DQ, ST), total RNA
was extracted using TRIzol total RNA isolation reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. RNA quality and concentration were assessed
using a NanoDrop ND-2000 Spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA). Total RNA integrity was verified by electrophoresis on a 1.5% agarose gel.
Approximately 1 µg total RNA per sample was used to generate cDNA by reverse tran-
scription using the HiScript ® III RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme,
Nanjing, China). Real-time quantitative PCR was conducted using ChamQ Universal SYBR
qPCR Master Mix (Vazyme, Nanjing, China) on a CFX Connect™ Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA) with a total volume of 20 µL per reaction. All the
primers used in this study are listed in Supplementary Table S1. GAPDH was applied as a
housekeeping gene for normalizing gene levels. The RT-qPCR data were analyzed using
the 2−∆∆Ct method [23] to calculate the relative fold changes of target genes.

2.10. Western Blotting

The IPEC-J2 cells treated above were harvested, the total proteins were extracted,
and the concentrations were detected. Loaded an equal amount of protein (30 µg) into
each lane and separated them at 80 V for an initial 30 min, 120 V for 1 h. Then, the gel
was transferred onto a polyvinylidene fluoride membrane (PVDF, Millipore, Merck KgaA,
Darmstadt, Germany) at 330 mA for 1 h at 4 ◦C. After blocking with QuickBlock™ Western
Blot Blocking Buffer (Beyotime, Shanghai, China) for 30 min, the blots were incubated with
primary antibodies overnight at 4 ◦C. After washing three times with Tris-buffered saline
+ 0.1% Tween20 (TBST), they were incubated with secondary antibodies for 1 h at room
temperature. Chemiluminescence detection was performed using a high-sensitivity ECL
chemiluminescence detection kit (Vazyme, Nanjing, China) according to the manufacturer’s
instructions. Immunoreactive bands were imaged using the ChemiDocTM Imaging System
(Bio-Rad, Hercules, CA, USA) and quantified using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).
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2.11. Statistical Analysis

All results are expressed as the mean ± standard error of the mean (SEM). Data
were visualized and statistical analyses were conducted using GraphPad Prism version 9
(GraphPad Software, Inc., San Diego, CA, USA). Means were compared using one-way
analysis of variance (ANOVA), followed by Duncan’s post hoc tests in SPSS (version 26.0,
SPSS Inc., Chicago, IL, USA). The means of the two groups were compared using a two-
tailed Student’s t-test. The 50% inhibitory concentration (IC 50) was calculated using SPSS
26.0. p < 0.05 was considered a significant difference.

3. Results
3.1. Stevioside Attenuated Diquat-Induced Cytotoxicity in IPEC-J2 Cells

To establish a model of oxidative stress in IPEC-J2 cells, we measured the cell viability
of IPEC-J2 cells after treatment with diquat by the MTT method. Compared with the control
group, diquat treatment decreased cell viability in a dose- and time-dependent manner
(Figure 1A). The cell viability of IPEC-J2 was significantly decreased by 50% after 6 h of
treatment with 1000 µM diquat (p < 0.05) as compared with the control group (Figure 1A).
Therefore, diquat was used to induce oxidative stress at a concentration of 1000 µM for 6 h
treatment time in subsequent experiments.
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Figure 1. Effects of stevioside and/or diquat on the viability of IPEC-J2 cells. (A) IPEC-J2 cells
incubated with diquat (0, 100, 250, 500, 750, 1000, 1250, or 1500 µM) for 4, 6, or 8 h. (B) Stevioside
protects against diquat-induced cell damage of IPEC-J2 cells. IPEC-J2 cells were incubated with or
without stevioside at the different concentrations (50, 100, 250, or 500 µM) for 4 h, 6 h, or 8 h, after
which the medium was replaced with fresh medium containing 1000 µM diquat. After incubation
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for 6 h, the cell viability of IPEC-J2 cells was measured by the CCK-8 (Vazyme, Nanjing, China)
assay. All data are presented as the mean ± standard error of the mean (SEM) of three independent
experiments. Differences among multiple groups were compared using one-way ANOVA followed
by Tukey-Kramer’s post hoc tests. Means without a common letter differ, p < 0.05. ** p < 0.01 vs.
nontreated control cells; ## p < 0.01 vs. diquat-treated cells.

As shown in Figure 1B, a 4 h or 6 h pretreatment with stevioside increased IPEC-J2
cell viability after diquat treatment, indicating that short-term stevioside pretreatment at-
tenuates diquat-induced cell damage. Pretreatment with stevioside for 6 h more effectively
protected cell viability than 4 h or 8 h pretreatment. Lower and higher concentrations of
stevioside were less effective after pretreatment for 6 h, while 500 µM stevioside directly
decreased IPEC-J2 cell viability and had no protective effect on diquat-induced injury.
It is worth noting that diquat-attenuated cell viability was significantly reversed by the
pretreatment of 250 µM stevioside for 6 h (p < 0.05) (Figure 1B). So, we selected a 250 µM
stevioside concentration and a 6 h pretreatment time to conduct further research.

3.2. Stevioside Promoted Cell Proliferation in Diquat-Treated IPEC-J2 Cells

IPEC-J2 cell proliferation was first determined using a commercially available Cell-Light
EdU DNA cell proliferation kit. The result revealed that the percentages of EdU-positive
cells in DQ-treated cells were significantly decreased (5.85% ± 1.39% vs. 41.51% ± 0.77%)
(p < 0.05) compared with the control group (Figure 2A,B). In contrast, pre-treatment with
stevioside significantly increased the EdU-positive cells in the ST + DQ treatment group
compared with those exposed only to DQ (40.17 ± 2.20% vs. 5.85 ± 1.39%) (p < 0.05)
(Figure 2A,B). The results of EdU incorporation experiments indicated a profound decline
in fluorescence intensity upon IPEC-J2 cell exposure to diquat (1000 µM, 6h), thus signifying
a noticeable reduction in DNA replication. Meanwhile, significant restoration of the DNA
replication activity following diquat-induced damage was observed with the administration
of stevioside at a concentration of 250 µM. To further verify the effect of stevioside on cell
proliferation, the mRNA expression levels of proliferating cell nuclear antigen (PCNA) and
Cyclin D1 (CCND1) were detected (Figure 2C,D). The mRNA expression levels of PCNA and
CCND1 decreased significantly after the 1000 µM diquat treatment (Figure 2C,D). However,
the expression of PCNA and CCND1 was up-regulated by stevioside pre-treatment in the
IPEC-J2 cells (Figure 2C,D). These results indicated that stevioside could extremely increase
the ratio of cells in the proliferation phase, dramatically promote the expression of cell
proliferation-related genes, and thus promote cell proliferation.

3.3. Stevioside Alleviated Diquat-Induced Apoptosis in IPEC-J2 Cells

The IPEC-J2 cell apoptosis was measured by flow cytometry, as shown in Figure 3.
Compared with the CON group, diquat incubation led to increased apoptosis, which
was rescued by stevioside pretreatment (Figure 3A,B). The expression of the apoptosis-
associated genes, BCL-2, BAX, and BCL-2/BAX ratio, was evaluated by qRT-PCR to further
understand the antiapoptotic effect of the stevioside. qRT-PCR analysis demonstrated
that diquat treatment significantly increased the mRNA abundance of BAX (p < 0.05)
(Figure 3C) and reduced the abundance of BCL-2 (p < 0.05) (Figure 3D) as compared
with the control. Expression of the antiapoptotic factor Bax was decreased by stevioside
pretreatment, whereas no obvious decrease was observed after diquat treatment alone
(Figure 3C). The stevioside pretreatment dramatically increased the mRNA abundance
of BCL-2 and the ratio of BCL-2/BAX compared with the diquat treatment (p < 0.05)
(Figure 3D,E). These results indicated that stevioside pretreatment significantly ameliorated
diquat-induced apoptosis.

3.4. Stevioside Regulated Barrier Function in Diquat-Induced IPEC-J2 Cells

To assess the role of stevioside or diquat on tight junction permeability, we determined
the abundance of tight junction proteins in IPEC-J2 cells. The results showed that diquat
treatment significantly decreased the abundance of tight-junction proteins (Figure 4A) and

168



Antioxidants 2023, 12, 1070

the gene expression levels of claudin-1, occludin, and ZO-1 (Figure 4B–D) as compared
with the control group (p < 0.05). The pretreatment of 250 µM stevioside to the culture
medium enhanced the gene expression abundance of claudin-1, occludin, and ZO-1 as
compared with the diquat treatment (p < 0.05) (Figure 4B–D).
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Figure 2. Effects of stevioside and/or diquat on the cell proliferation of IPEC-J2 cells. IPEC-J2 cells
were incubated for 6 h in the presence or absence of 250 µM stevioside. Replace the medium with a
fresh medium containing 1000 µM diquat and incubate for 6 h. (A) Cell proliferation detection was
determined by the EdU assay. Proliferating cells were stained with EdU positive (red fluorescence),
and cells were stained with Hoechst 33,342 (nuclear blue fluorescence). The red and blue images
were merged to produce images with plink or purple fluorescence. The images were taken under
a fluorescence microscope (magnification 10×, scale bar = 50 µm). (B) Statistical results of the
proportion of EdU-positive cells. The mRNA expression of the proliferating cell nuclear antigen
(PCNA) gene (C) and the Cyclin D1 (CCND1) gene (D) were measured by qRT-PCR. CON, control
group, cells without being treated; DQ, diquat group, cells were only treated by diquat; ST + DQ,
stevioside+diquat group, cells were pretreated with stevioside and were then treated by diquat;
ST, stevioside group, cells were only treated by stevioside; EdU, 5-ethynyl-2′-deoxyuridine. Values
are expressed as the mean ± standard error of the mean (SEM) of three independent experiments.
Differences among multiple groups were compared using one-way ANOVA followed by Tukey-
Kramer’s post hoc tests. Means without a common letter differ, p < 0.05.
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duration of 6 h. Subsequent to this step, the pre-existing medium was replaced with fresh medium
containing 1000 µM of diquat, and the incubation was extended for an additional 6 h. (A) Apoptosis
was determined by flow-cytometric analysis. Q1: dead cells; Q2: late apoptotic cells; Q3: early
apoptotic cells; Q4: live cells. (B) Quantification of apoptotic cells based on flow cytometry data.
Relative mRNA expression levels of BAX (C) and BCL-2 (D) were determined by qRT-PCR analysis.
(E) Relative BCL-2/BAX mRNA expression ratio. CON, control, cells without being treated; DQ,
diquat, cells were only treated by diquat; ST + DQ, stevioside+diquat, cells were pretreated with
stevioside and were then treated by diquat; ST, stevioside, cells were only treated by stevioside;
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glyceraldehyde-3-phosphate dehydrogenase. GAPDH was used as a normalizer. Values are expressed
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hoc tests. Means without a common letter differ, p < 0.05.

3.5. Stevioside Regulated the Cellular Redox State in Diquat-Induced IPEC-J2 Cells

To evaluate the regulatory effect of stevioside on the redox state of diquat-induced
IPEC-J2 cells, we measured intracellular ROS production capacity using a fluorescent
ROS probe (DCFH-DA) (Figure 5A). The results showed that the ROS accumulation level
was significantly increased after exposure to diquat (p < 0.05) (Figure 5A), indicating that
diquat enhances the intracellular ROS burst in IPEC-J2 cells. However, pretreatment with
stevioside significantly suppressed the diquat-induced ROS burst in IPEC-J2 cells.

To further investigate the redox state, the MDA was determined, which can be affected
by diquat-induced ROS release. After diquat treatment alone, the level of MDA was
significantly increased in IPEC-J2 cells (p < 0.05) (Figure 5B), indicating the occurrence of
lipid peroxidation. After stevioside pretreatment, MDA content was significantly decreased
(p < 0.05) (Figure 5B), which indicated significantly inhibited lipid peroxidation in IPEC-J2
cells. Next, we detected the levels of T-SOD, CAT, GSH-Px, and T-AOC, which serve as
important indicators of the cellular redox state. After diquat treatment, intracellular T-SOD
and GSH-Px levels were significantly decreased (p < 0.05) (Figure 5C,E), while the levels of
CAT and T-AOC were decreased by 8.2%, and 4.7%, respectively, compared to the CON
group (Figure 5D,F). However, pretreatment with stevioside markedly increased the T-
SOD, CAT, and GSH-Px levels compared to those in the DQ group (p < 0.05) (Figure 5C–E),
indicating the positive effect of stevioside on the redox state in IPEC-J2 cells.
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Figure 4. Effects of stevioside on the abundances of tight junction proteins in diquat-challenged
IPEC-J2 cells. (A) Immunofluorescence staining localizes the tight-junction protein claudin-1. IPEC-J2
cells were seeded into 12-well plates at a density of 2.5 × 105 cells/well (n = 3). Immunofluorescence
staining of Claudin-1 (red) and DAPI (blue) in IPEC-J2 cells. The red and blue images were merged
to produce images with plink or purple fluorescence. Magnification 20×, and scale bars representing
20 µm. (B) The mRNA expression level of claudin-1. (C) The mRNA expression level of occludin.
(D) The mRNA expression level of ZO-1. CON, control, cells without being treated; DQ, diquat, cells
were only treated by diquat; ST + DQ, stevioside+diquat, cells were pretreated with stevioside and
were then treated by diquat; ST, stevioside, cells were only treated by stevioside. All data are presented
as the mean ± standard error of the mean (SEM) of three independent experiments. Differences
among multiple groups were compared using one-way ANOVA followed by Tukey-Kramer’s post
hoc tests. Means not sharing a common letter are significantly different (p < 0.05).

3.6. Effects of Stevioside on Inflammatory Cytokines

To further verify the protective effects of stevioside against intestinal inflammation,
the secretion and gene expression of several inflammatory cytokines were determined
in the IPEC-J2 cells. Compared with the CON group, diquat treatment caused a signif-
icant increase in the secretion of pro-inflammatory cytokines, including tumor necrosis
factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-8 (IL-8) (p < 0.05) (Figure 6A–C). In
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contrast to the DQ group, stevioside pretreatment dramatically decreased the secretion
of pro-inflammatory cytokines, including TNF-α, IL-6, and IL-8 in the IPEC-J2 cell cul-
ture supernatant (p < 0.05) (Figure 6A–C). In addition, the relative mRNA abundances
of TNF-α, IL-6, and IL-8 were significantly upregulated by diquat alone treatments for
6 h in IPEC-J2 cells (p < 0.05) (Figure 6D,F), compared with the control group. However,
they were dramatically down-regulated by stevioside pretreatment (p < 0.05) (Figure 6D,F).
These results preliminarily inferred that stevioside could alleviate diquat cytotoxicity and
decrease inflammation.
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Figure 5. Stevioside scavenged intracellular ROS and improved the antioxidant capacity of diquat-
treated IPEC-J2 cells. (A) The intracellular ROS content was confirmed by ELISA analysis. IPEC-
J2 cells that were not subjected to DCFH2-DA incubation were utilized as blank controls. The
fluorescence intensity of the cells was calculated relative to that of the control. (B) Cellular MDA
levels; (C) Cellular T-SOD levels; (D) Cellular CAT levels; (E) Cellular GSH-PX levels; and (F) Cellular
T-AOC levels. CON, control, cells without being treated; DQ, diquat, cells were only treated by diquat;
ST + DQ, stevioside + diquat, cells were pretreated with stevioside and were then treated by diquat;
ST, stevioside, cells were only treated by stevioside. All data are presented as the mean ± standard
error of the mean (SEM) of three independent experiments. Differences among multiple groups were
compared using one-way ANOVA followed by Tukey-Kramer’s post hoc tests. Means not sharing a
common letter are significantly different (p < 0.05).

3.7. Stevioside Regulated NF-κB/MAPK Signaling Pathways in IPEC-J2 Cells

To investigate whether the antioxidative effects of stevioside were mediated via in-
hibition of the nuclear factor kappa B (NF-κB)/mitogen-activated protein kinase (MAPK)
signaling pathways, we evaluated the mRNA and protein abundance of NF-κB, p-NF-
κB, IκB, p-IκB, ERK1/2, and p-ERK in IPEC-J2 cells. As shown in Figure 7, the diquat
treatment significantly upregulated the phosphorylation levels of IκB and the mRNA abun-
dance compared with the control and stevioside treatments in the IPEC-J2 cells (p < 0.05)
(Figure 7A,D). In contrast, the phosphorylation levels of IκB were significantly reduced
in the stevioside pretreatment group than in the diquat group (p < 0.05) (Figure 7A,D). In
addition, the abundance level of NF-κB p65 subunit, p-NF-κB and related genes in the
DQ group were significantly higher expressed compared with the CON group (p < 0.05)
(Figure 7B,E), indicating the presence of NF-κB activation. However, stevioside pretreat-
ment significantly reduced the mRNA and protein abundances of phosphorylated IκB
and NF-κB in the diquat-challenged IPEC-J2 cells (p < 0.05) (Figure 7A,B,D,E). Besides,
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stevioside significantly decreased the mRNA and phosphorylation levels of ERK1/2 as
compared with the DQ group (p < 0.05) (Figure 7C,F).
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Figure 6. Effects of stevioside on the secretion and gene expression of inflammatory cytokines in
diquat-challenged IPEC-J2 cells. The levels of TNF-α (A), IL-6 (B), and IL-8 (C) secretion. The gene
expression levels of TNF-α (D), IL-6 (E), and IL-8 (F). CON, control, cells without being treated; DQ,
diquat, cells were only treated by diquat; ST + DQ, stevioside+diquat, cells were pretreated with
stevioside and were then treated by diquat; ST, stevioside, cells were only treated by stevioside. Values
are expressed as the mean ± standard error of the mean (SEM) of three independent experiments.
Differences among multiple groups were compared using one-way ANOVA followed by Tukey-
Kramer’s post hoc tests. Means without a common letter differ, p < 0.05.
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by qRT-PCR. GAPDH was used as a control. Western-blot analysis of the phosphorylation levels
of (D) IκB and (E) NF-κB. (F) The phosphorylation level of extracellular signal-regulated kinase
(ERK) 1/2. CON, control, cells without being treated; DQ, diquat, cells were only treated by diquat;
ST + DQ, stevioside+diquat, cells were pretreated with stevioside and were then treated by diquat;
ST, stevioside, cells were only treated by stevioside. The values presented are the means ± SEM of
three independent experiments. Means without a common letter differ, p < 0.05.

4. Discussion

In pig production, factors such as birth stress [24], weaning stress [25], feed mycotoxin
pollution [26], environment [27] and social factors [28] induce the body to produce a large
number of free radicals, resulting in oxidative stress. Oxidative stress has a negative
impact on the production performance, health, and reproductive performance of pigs,
which seriously affects the economic benefits of the pig industry [29]. Therefore, it is of
great significance for animal and human health to study the prevention and treatment
measures and intervention programs for porcine oxidative stress. Stevioside, a natural
sweet compound from Stevia rebaudiana Bertoni, has been widely used as a non-nutritive
sweetener in food to combat obesity and hyperglycemia [30]. Recently, stevioside has been
widely reported to have antioxidant effects, which can alleviate the damage of oxidative
stress on the intestinal epithelium [31]. However, whether stevioside plays an antioxidant
role in IPEC-J2 cells under oxidative stress and the underlying molecular mechanism remain
unclear. Therefore, this research aimed to detect the toxic effect of diquat on IPEC-J2 cell
line in this study and to investigate the potential protective effect and molecular mechanism
of stevioside in alleviating the oxidative stress injury of the IPEC-J2 cells induced by diquat.

Previous studies have shown that stevioside extract improves neural cell viability and
proliferation [32]. Interestingly, stevioside also has the potential to be an anticancer drug
because it induces a dose-dependent decline in the cell viability of breast cancer cells but
promotes the proliferation of successfully surviving cells [33]. EdU is a thymidine analog
that is incorporated into cells only during the S-phase of the cell cycle and thus can be
used to assess cellular proliferation. Consistent with these results, DQ exposure inhibited
the IPEC-J2 cells viability and proliferation according to the CCK-8 and EdU staining
assays. Similarly, our results showed that stevioside pretreatment attenuated cell damage
by improving cell viability and proliferation in DQ-treated IPEC-J2 cells. We also found
that higher concentrations and a longer treatment time of stevioside directly decreased the
viability of IPEC-J2. The present study suggests that optimal concentration and stimulation
time of stevioside have the ability to enhance the viability of IPEC-J2 cells by promoting
cell proliferation.

Oxidative stress is widely involved in small intestinal epithelium apoptosis [34].
Excessive oxidative stress even induces cell death [35]. A previous study determined that
diquat treatment induced apoptosis and increased the level of intracellular ROS in IPEC-1
cells [36]. Similarly, the results of apoptosis detection indicated that pre-treatment with
stevioside significantly decreased diquat-induced apoptosis rate and increased cell viability
in IPEC-J2 cells. The present results revealed that stevioside alleviated the oxidative
stress in the small intestine by inhibiting intestinal epithelial apoptosis. This indicated
that stevioside is considered an effective antioxidant, which protects IPEC-J2 cells against
oxidative stress-induced apoptosis.

Oxidative stress is caused by an imbalance between pro-oxidants and antioxidants [37],
which often results in the disruption of the intestinal barrier integrity in the small intestinal
epithelium [38]. Oxidative stress leads to impairment of the intestinal epithelial barrier,
affects the digestion and absorption of nutrients, and may lead to various diseases [39]. The
intestinal barrier’s integrity is crucial for maintaining intestinal homeostasis and protecting
the intestinal epithelium from toxins and pathogens [40]. Tight junction proteins, including
claudin-1, occludin, and ZO-1, are markers of intestinal integrity and play a crucial role in
maintaining the intestinal epithelial barrier’s function [41]. Therefore, we evaluated the
effects of diquat and/or stevioside on the integrity and barrier function of small intestinal
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epithelial cells by detecting the expression of claudin-1, occludin, and ZO-1. As expected,
diquat treatment significantly decreased the expression of claudin-1, occludin, and ZO-1
compared with the CON group, while stevioside pretreatment upregulated the expression
of tight junction related genes in the diquat-stimulated IPEC-J2 cells. A previous study
demonstrated that stevioside improved intestinal barrier integrity, protected intestinal
barrier function, and reduced inflammation in mice [42]. Consistent with these findings,
our study demonstrated that stevioside prevented the increase in diquat-induced cell
permeability, maintaining intestinal barrier integrity in pigs.

Reactive oxygen species (ROS) are important markers of oxidative stress, and ox-
idative stress can be directly assessed by measuring ROS levels [43]. A previous study
demonstrated that DQ exposure increased the level of intracellular ROS and induced ox-
idative stress in IPEC-J2 cells [44]. Stevioside extract is recognized as an antioxidant that
scavenges free radicals and exerts antioxidant activity [45]. The present results indicated
that pre-treatment with stevioside significantly inhibited DQ-induced intracellular ROS
accumulation, which proved that it had antioxidant properties in IPEC-J2 cells. As an
indicator of lipid peroxidation [46], MDA showed a similar trend to ROS levels in this
study. Diquat treatment promoted the accumulation of MDA, while stevioside pretreat-
ment inhibited the production of MDA induced by diquat. These results indicated that the
protective effect of stevioside involves antioxidant enzyme activity.

To further investigate the antioxidant mechanisms of stevioside, we evaluated the
activities of some antioxidant-associated enzymes in IPEC-2 cell lysates. T-AOC normally
reflects the capacity of the nonen-zymatic antioxidant defense system and is often used as
a biomarker to investigate oxidative status [47]. The elevation in T-AOC after pretreatment
with stevioside demonstrated that stevioside suppresses oxidative stress at least in part
via the nonenzymatic antioxidant defense system. Catalase (CAT) is one of the main
antioxidant enzymes, which mainly catalyzes the decomposition of hydrogen peroxide in
cells to detoxify, thus playing a functional role in protecting the antioxidant system [48].
Antioxidant enzymes, such as T-SOD and CAT, can detoxify ROS into safe molecules,
thus protecting cells against ROS damage [49]. In the present study, we observed that
stevioside pretreatment increased the activity of T-SOD and CAT compared with diquat
treatment, which also indirectly explains that stevioside could protect IPEC-2 cells against
oxidative damage. GSH-Px is an important antioxidant enzyme in the cellular antioxidant
defense system. The increase in its activity can eliminate the increased reactive oxidative
species [50]. In the present study, we observed inhibition of GSH-Px activity by diquat,
which was counteracted by stevioside pretreatment. Stevioside treatment alone increased
the activity of GSH-Px to increase the antioxidant capacity. Similar results have been
obtained in weaned piglets fed stevia residue extract [51]. These above results confirmed
the antioxidant effect of stevioside in IPEC-2 cells.

Oxidative stress can trigger an inflammatory response, which in turn can directly
induce oxidative stress [52]. The production of pro-inflammatory cytokines, such as IL-6,
IL-8, and TNF-α, which are often representative hallmarks of an inflammatory response [53].
In the present study, the diquat treatment promoted the secretion of IL-6, IL-8, and TNF-α
compared with the CON group and also caused a significant increase in gene expression
(IL-6, IL-8, and TNF-α genes) in the IPEC-J2 cells. However, the stevioside treatment
downregulated pro-inflammatory gene and protein expressions in the diquat-stimulated
IPEC-J2 cells and cell supernatant. These results suggested that stevioside treatment
attenuated the diquat-induced cellular inflammatory response by decreasing the production
of pro-inflammatory cytokines. Consistent with our results, stevioside played an anti-
inflammatory and immunomodulatory role in the human colon carcinoma cell line (Caco-2)
by potentially suppressing lipopolysaccharide-induced pro-inflammatory cytokine TNF-α,
IL-1β, and IL-6 productions [54]. Similarly, the latest research shows that dietary stevioside
supplementation improves immunity in broilers [55]. The above results indicated that
stevioside had certain anti-inflammatory and immunomodulatory effects in IPEC-J2 cells.
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Pro-inflammatory cytokine production is dependent on activation of the transcription
factor nuclear factor kappa B (NF-κB) signaling pathway, which regulates the expression
of genes and proteins involved in the inflammatory response and immune system [56].
Therefore, we next investigated the activation of the NF-κB pathway and found that the
diquat treatment significantly increased the phosphorylation of NF-κB and IκB in the IPEC-
J2 cells, whereas their expression was markedly suppressed in the stevioside pretreatment
group. This attenuated activation of the NF-κB pathway in turn reduced the production
of pro-inflammatory cytokines, which was consistent with the changes in the cytokine
levels in our results. A study has reported that the activation of the NF-κB pathway is
highly correlated with the activation of the mitogen-activated protein kinase (MAPK)
pathway [57]. ERK1/2 is upstream of NF-κB and the ERK1/2 MAPK pathway enhances
NF-κB transcriptional activity [58]. Research suggests that stevioside attenuates LPS-
stimulated inflammation by downregulating the phosphorylation levels of proteins related
to the MAPK signaling pathway in mouse macrophage cell lines [59]. Similarly, our study
also revealed that stevioside pretreatment significantly inhibited diquat-induced ERK1/2
phosphorylation in IPEC-J2 cells. A report demonstrated that inhibition of the MAPK
signaling pathway reduced the production of pro-inflammatory cytokines [60]. Meanwhile,
the NF-κB/MAPK pathway is critical for regulating inflammatory genes [61]. This means
that the decrease in ERK1/2 phosphorylation in the current study may be one of the reasons
for decreased IL-6, IL-8, and TNF-α expression. On the other hand, the activation of the
NF-κB and MAPK signaling pathways decreased the expression of tight junction proteins
in dextran sulphate sodium-induced acute colitis, which increased intestinal permeability
and enhanced the inflammatory response [62]. Therefore, we accordingly speculated that
stevioside improved intestinal barrier integrity and alleviated the inflammatory response
by inhibiting the NF-κB and MAPK pathways in diquat-induced IPEC-J2 cells.

In this study, we confirmed the anti-oxidation and anti-inflammatory effects of ste-
vioside in a piglet-derived cell line. This provides basic experimental data for adding
stevioside to feed to improve animal growth and health. Additionally, the latest research
shows that adding 400 mg/kg stevia residue extract to the diet had no significant effect on
the average daily feed intake but improved the antioxidant capacity of weaned piglets and
increased the relative abundance of beneficial bacteria to improve piglet health [51]. Our
present study found that the pretreatment of IPEC-J2 cells with 250 µM stevioside for 6 h
effectively enhanced antioxidant capacity. However, it is important to note that differences
may exist between in vivo and in vitro studies. Meanwhile, adding high concentrations
of stevia glycosides to feed could potentially alter the feed’s palatability and impact feed
intake, highlighting the need for further research to determine the optimal dosage of stevia
glycosides for use in feed. Furthermore, our findings suggest that steviosides play antioxi-
dant and anti-inflammatory roles in cells. However, since steviosides are metabolized into
steviol alcohols, stevioside metabolites are also active and have anti-inflammatory and
immunomodulatory activities in colonic epithelial cells [54]. Steviosides can also directly
interact with the gut microbiota [63], indicating that their mechanisms of action are mul-
tifaceted, possibly exerting antioxidant effects through multiple synergistic mechanisms.
However, this study has certain limitations, including the need for validation in multiple
cell lines and further in vivo studies to corroborate these findings.

5. Conclusions

Taken together, this is the first study to confirm that stevioside alleviated the inflam-
matory response, apoptosis, and exerted an antioxidant effect to alleviate diquat-induced
oxidative stress through the attenuation of the activation of NF-κB/MAPK pathways. How-
ever, further research is necessary to validate these findings in vivo as well as determine
the optimal percentage of stevioside to be added to pig feed.
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Abstract: Thyme has strong antioxidant properties and, therefore, can reduce the intensity of oxida-
tive processes taking place in the body. The study aimed to assess whether the addition of thyme to
diets for fattening pigs containing extruded flaxseeds, a source of n-3 PUFAs, which are particularly
susceptible to oxidation, would have a positive effect on redox status and lipid metabolism. The
experiment was conducted using 120 weaners (WBP × Neckar crosses) of about 30 kg BW, which
were kept until the end of fattening (about 110 kg BW) and divided into three groups of 40 pigs.
The control group received a diet with 4% extruded flaxseed. In groups T1 and T3, 1% or 3% of
thyme was added to the basal diet. The introduction of 3% thyme resulted in a decrease in the total
cholesterol level in the blood and the loin muscle. Moreover, an increase in SOD and CAT activity
and a decrease in FRAP and LOOH was noted. Following supplementation with 3% thyme, the n-3
PUFA content and n-3/n-6 ratio increased, while the SFA content was significantly reduced. The
results of the studies indicate that thyme has a positive effect on the redox status and lipid profile of
the blood and muscles.

Keywords: thyme additive; flaxseed; pig tissue; antioxidant parameters; fatty acids

1. Introduction

Due to health concerns, consumers are increasingly paying attention not only to the
nutritional value of food products but to their health benefits as well. For this reason, com-
ponents are added to diets for livestock in order to obtain products with health-promoting
properties, e.g., with high content of polyunsaturated fatty acids (PUFA), especially n-3
acids. One ingredient used for this purpose is flaxseed, which improves meat quality due
to increased content of PUFAs, such as α-linolenic (ALA), eicosatrienoic, eicosapentaenoic
acid (EPA), and docosapentaenoic (DPA) acids [1]. This is a positive phenomenon, but
PUFAs are highly susceptible to oxidation, which leads to redox imbalances in the body
and reduces the nutritional value and quality of food [2]. This process leads not only to the
degradation of valuable unsaturated fatty acids but also to losses of some vitamins [3] and
reduced utilization of protein from feed [4]. Furthermore, lipid oxidation results in the for-
mation of harmful metabolites for consumers, such as aldehydes, ketones, or peroxides [5].
Therefore, antioxidants such as tocopherols or selenium must be added in order to protect
fat against oxidation. Although flaxseed contains substances with antioxidant properties
(e.g., lignans and vitamin E), their quantity may not appear sufficient to effectively limit
oxidation processes resulting from the presence of polyunsaturated fatty acids. An effective
solution applied in practice is to supplement animal diets with plant preparations known
as phytobiotics. These include herbs with antioxidant properties, rich in phenols and other
antioxidants. Martini et al. [6] analysed the effect of the combined use of polyphenol-rich
extracts of red grape skin, oregano, and extruded flaxseed on oxidation processes in raw,
grilled, and in vitro-digested pork. The addition of natural antioxidants was shown to
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reduce oxidation processes during cooking and digestion and to be more effective than
the use of synthetic vitamin E and sodium selenite. A significant observation was that
polyphenols are accumulated in the muscle tissue, which most likely determines their
beneficial effects in it.

Herbs of the family Labiatae are particularly rich in antioxidants. These include many
medicinal and seasoning herbs, such as rosemary, thyme, oregano, sage, and mint [7].
Among herbs of the family Labiatae, thyme is worthy of attention. Extracts of thyme
exhibit particularly high antioxidant activity [8] due to its rich and highly diverse chemical
composition. The antioxidant properties of thyme are exhibited not only by oil components
such as thymol and carvacrol but by other phenolic substances as well [9]. By reducing the
oxidative degradation of PUFAs, phytobiotics (e.g., thymol and carvacrol) help to increase
the content of these valuable acids in the muscles [10].

Phenolic compounds and other active plant substances can have beneficial effects on
numerous biochemical processes in the body, including lipid metabolism, which leads to a
decrease in the level of cholesterol and its atherogenic LDL fraction. Herbs with this type of
activity include basil, ginseng, dandelion, and thyme [11,12]. The possibility of including
natural antioxidant sources such as thyme in the diet of pigs in order to improve their
health condition and increase the nutritional and health-promoting value of their meat is
very interesting, especially as no research has yet been conducted on the effect of thyme
herb on the redox and lipid profile of the blood and tissues of fattening pigs.

The aim of the study was to determine the effect of the administration of compound
feed with 4% inclusion of extruded flaxseed in combination with different levels of thyme
herb (1% or 3%) on lipid parameters and redox processes in fattening pigs, as well as on
the oxidative stability and fatty acid profile of the tissues.

2. Materials and Methods

The material for the research was WBP × Neckar crossbred weaners, from a body
weight of about 30.32 ± 0.24 kg (about 84 days of age) until the end of the fattening
period (about 112.2 ± 3.79 kg BW; 168 days of age). The animals were individually tagged,
weighed, and assigned to three feeding groups matched for sex and body weight. Each
group comprised 40 animals, kept in 5 pens with 8 pigs in each (4 gilts and 4 barrows). The
animals received complete Grower and Finisher diets ad libitum. The content of nutrients,
amino acids, phosphorus, and calcium in all groups met the nutritional requirements laid
out in NCR for pigs [13] (Table 1).

Table 1. Composition (g/kg) and nutritive value of growing and finishing pig diets [14].

Item
Grower Finisher

C T1 T3 C T1 T3

Wheat 230 230 230 100 100 100
Rapeseed meal 80 80 80 120 122 125
Soybean meal 100 101 103 0 0 0
Thyme herb 0 10 30 0 10 30

Barley 483 472 450 647 635 612
Extruded flaxseed 40 40 40 40 40 40
Extruded soybean 20 20 20 20 20 20

Soya oil 20 20 20 0 0 0
Wheat bran 0 0 0 50 50 50

Dicalcium phosphate 3 3 3 0 0 0
Limestone 3 3 3 6 6 6

L-lysine chloride 1 1 1 2 2 2
Mineral–vitamin premix (1) 20 20 20 15 15 15

Total 1000 1000 1000 1000 1000 1000

Analysed (g/kg):

Dry matter 893.5 893.6 893.6 893.8 893.7 893.9
Crude protein 169.4 169.3 169.2 150.2 150.1 150.1
Ether extract 56.1 56.1 56.1 38.2 38.1 38.3
Crude fibre 49.3 49.4 49.6 57.4 57.5 57.7
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Table 1. Cont.

Item
Grower Finisher

C T1 T3 C T1 T3

Total lysine 10.3 10.3 10.3 9.06 9.06 9.06
Methionine + cysteine 6.52 6.52 6.52 5.89 5.89 5.89

Total phosphorus 5.57 5.57 5.58 5.17 5.17 5.17
Calcium 7.12 7.12 7.12 6.49 6.49 6.49

ME, MJ (2) 13.07 13.07 13.06 12.56 12.56 12.55

(1) 1 kg of mineral–vitamin premix contained vitamins: A 600,000 IU, D3 60,000 IU, E 3000 mg, K3 120 mg,
B1 120 mg, B2 240 mg, B6 240 mg, nicotinic acid 1600 mg, pantothenic acid 800 mg, folic acid 160 mg, biotin 10 mg,
and B12 1.6 mg; choline chloride 12 g, Mg 0.8 g, Fe 6 g, Zn 5.6 g, Mn 2.4 g, Cu 6.4 g, I 40 mg, Se 16 mg, Co 16 mg.
(2) Metabolizable energy was calculated according to the equation proposed by Kirchgessner and Roth [15].

All experimental procedures used in the study were approved by the Second Local
Ethics Committee on Animal Experimentation of the University of Life Sciences in Lublin,
Poland.

The pigs in the control group received a diet containing extruded flaxseed in the
amount of 4%. This composition was chosen on the basis of previous research [14,16],
which showed the beneficial effects of extruded flaxseed on the lipid profile and redox
processes in pigs, as well as on the oxidative stability and fatty acid profile of raw pork.
Despite these benefits, to additionally enhance antioxidant defense and protect PUFAs
against oxidation, as well as to improve gastrointestinal function, thyme was added to the
basal diet in the amount of 1% (group T1) or 3% (group T3).

The choice of thyme was influenced by a pilot experiment involving observations of
the food preferences of piglets, which were given diets containing herbs with antioxidant
properties: thyme, caraway, coriander, and purple coneflower. The observations showed
that the diet containing thyme was most preferred by the piglets. Dried thyme herb was
purchased from the herb shop Zakład Zielarski KAWON-HURT Nowak (Gostyń, Poland)
and added to the diets when they were being prepared in the feed mixer.

2.1. Experimental Procedures

The feed was sampled three times during the experiment and analysed for the content
of basic nutrients (crude protein, crude fibre, crude fat, lysine, methionine, and cysteine)
and minerals (phosphorus and calcium) according to AOAC [17].

The thyme herb was analysed as well.
The samples were homogenized using a BUCHI mixer B-400 with ceramic blades.
The homogenates were analysed for total phenolic content, total antiradical activity

using DPPH and ABTS radicals, and flavonoid content.
Thyme was extracted by a modification of the method described by Bakowska-Barczak

and Kolodziejczyk [18]. Dry thyme (0.1 g) was extracted twice with 1 mL of 80% aqueous
methanol containing 0.1% formic acid for analysis of total phenolic content and evaluation
of antioxidant capacity. Total phenolic content (TPC) was determined according to Song
et al. [19].

The ABTS•+ assay was carried out according to Re et al. [20]. DPPH• free radical
scavenging activity was measured according to Bocco et al. [21]. Total flavonoid content
was measured according to Dewanto et al. [22]. The content of individual substances was
determined according to Czech et al. [23].

2.1.1. Analysis of Animal Material

Blood was sampled for analysis from 6 barrows from each group at a body weight of
about 70 and 100 kg. The animals had no access to feed for 12 h before blood sampling.
Blood was drawn from the jugular vein into 10 mL heparinized tubes. The pigs chosen for
analysis were matched for body weight. The same animals from which blood was sampled
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were slaughtered at about 110 kg BW, and the material collected from them was used for
further analysis.

2.1.2. Blood Analysis

Plasma was obtained by centrifuging whole blood at 3500 rpm for 15 min in a labo-
ratory centrifuge (MPW-260R, Warsaw, Poland) and stored in Eppendorf tubes at −80 ◦C
until analysis.

2.1.3. Biochemical Parameters

Tests from Cormay (Lublin, Poland) were used to analyse the plasma for selected
biochemical parameters, i.e., total protein (TP; Cor-TOTAL PROTEIN 60, catalogue No.
2-236, Poland), uric acid (UA; Liquick Cor-URIC ACID 120, catalogue No. 2-208, Poland),
urea (UREA; Liquick Cor-UREA 60, catalogue No. 2-206, Poland), creatinine (CREAT;
Liquick Cor- CREATININE 60, catalogue No. 2-233, Poland), phosphorus (P; Liquick
Cor-PHOSPHORUS 120, catalogue No. 2-338, Poland); total cholesterol (CHOL; Liquick
Cor-CHOL 60, catalogue No. 2-204, Poland), triacylglycerols (TG; Liquick Cor-TG 30,
catalogue No. 2-262, Poland), and HDL cholesterol (HDL-C; Liquick Cor-HDL, catalogue
No. 2-053, Poland). LDL cholesterol (LDL-C) was calculated using the formula given by
Friedewald [24]:

LDL-C (mmol/l) = CHOL-HDL-C-TG/2.2

Tests from Cormay (Lublin, Poland) were used to determine the activity of alkaline
phosphatase (ALP; Liquick Cor-ALP 60, catalogue No. 1-212, Poland), alanine amino-
transferase (ALT; Liquick Cor-ALAT 60, catalogue No. 1-216, Poland), and aspartate
aminotransferase (AST; Liquick Cor-ASAT 60, catalogue No. 1-214, Poland).

Ca, Mg, Zn, Cu, and Fe content was determined by atomic absorption spectrometry
(AAS) with a Varian model 720-ES ICP-OES spectrophotometer (Varian, Palo Alto, Santa
Clara, CA, USA).

2.1.4. Redox Parameters

The activity of antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT)
and the concentrations of lipid peroxidation products, i.e., peroxides (LOOH) and mal-
ondialdehyde (MDA), were determined in the plasma and tissues and parameters of the
antioxidant system were measured in the plasma, i.e., ferric reducing antioxidant power
(FRAP) and content of vitamin C, according to methods described by Czech et al. [25].

The contents of fatty acids and cholesterol were analysed following fat extraction with
a chloroform/methanol mixture, according to Folch et al. [26]. The analysis was conducted
according to standards [27,28].

The percentages of fatty acid methyl esters were estimated by gas chromatography on
a Varian CP-3800 chromatograph. The operating conditions for fatty acid separation were
as follows: CP WAX 52CB DF 0.25 mm capillary column 60 m in length, gas carrier–helium,
flow rate 1.4 mL/min, column temperature 120 ◦C gradually increased by 2 ◦C/min to 210
◦C, determination time 127 min, feeder temperature 160 ◦C, detector temperature 160 ◦C,
other gases—hydrogen and oxygen.

The content of fatty acids in the longissimus dorsi muscle was calculated according
to Weihrauch et al. [29]. Lipid quality indicators, i.e., the atherogenicity index (AI) and
thrombogenicity index (TI), were calculated using the following equations [30]:

AI = [(4 × C14:0) + C16:0]/[n-6 PUFA + n-3 PUFA + MUFA]

TI = [C14:0 + C16:0 + C18:0]/[(0.5 ×MUFA) + (0.5 × n-6PUFA) + (3 × n-3PUFA) + n-3/n-6 PUFA]

2.2. Statistical Analysis

All data are expressed as means and SEM (standard error of the mean).
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Data were analysed by ANOVA with treatment as the fixed effect and pig (tissues and
blood analysis) as the experimental unit.

The normality of the data distribution was tested using the Shapiro–Wilk test and
equality of variance was tested by Levene’s test.

Treatment means were compared using Tukey’s HSD (honest significant difference)
test in Statistica 13 [31].

For all tests, a criterion α level of p < 0.05 was used to determine statistical significance.

3. Results

The content of chemical components, including the antioxidant parameters of thyme
herb, is presented in Table 2.

Table 2. Chemical composition of thyme herb (dry weight).

Item Content

Nutrient g/100 g

Dry matter 99.43 ± 0.54

Total protein 5.87 ± 0.143

Crude fat 3.92 ± 0.076

Crude ash 7.51 ± 0.109

Crude fibre 21.22 ± 1.65

Total polyphenols, mg GAE/g 12.32 ± 2.101

Total flavonoids, mg CE/g 1.50 ± 0.15

ABTS•+, mmol Trolox/g 2.11 ± 0.034

DPPH•, mmol Trolox/g 1.76 ± 0.066

DPPH• 2,2-diphenyl-1-picrylhydrazyl radical. ABTS•+ 2,2′-azinobis-(3-ethylbenzthiazolin-6-sulfonic acid) radi-
cal.

The 3% inclusion of thyme in the diets in the grower period caused a significant
decrease in the total cholesterol level compared to the control group (p = 0.003) and in the
finisher period compared to the control group and T1 group (p = 0.001). The plasma of
fatteners in the grower period receiving a diet with 1% thyme had a significantly lower level
of TG than in the control (p = 0.015). In the grower period, the plasma of pigs receiving a
diet with 1% and 3% thyme had a significantly higher content of HDL-C than in the control
(p = 0.046). In the finisher period, the HDL-C content in the plasma of pigs receiving a diet
with 3% thyme (T3) was significantly higher than in the control (p = 0.012). The plasma
of group T3 fatteners had a significantly lower content of LDL-C (p = 0.044 grower and
p = 0.003 finisher) compared to the other groups. The level of thyme significantly influenced
the content of CHOL (p = 0.006 finisher), HDL-C (p = 0.013 finisher), TG (p = 0.013 finisher),
and LDL-C (p = 0.016 grower and p = 0.005 finisher) (Table 3).

Table 3. Lipid profile parameters in the plasma of fattening pigs.

Item 1 Treatment
Feeding Groups 2

SEM 3 p Value

C T1 T3 TRT 4 T 5 D 6

CHOL,
mmol/L

Grower 2.10 a 1.96 ab 1.84 b 0.031 0.003 0.066 0.093
Finisher 2.50 a 2.41 a 2.05 b 0.061 0.001 0.094 0.006

HDL-C,
mmol/L

Grower 1.36 a 1.27 b 1.28 b 0.015 0.046 0.049 0.955
Finisher 1.58 a 1.53 ab 1.39 b 0.029 0.012 0.074 0.013

%HDL
Grower 64.68 64.9 69.44 0.035 0.289 0.094 0.166
Finisher 63.35 63.82 68.17 1.06 0.122 0.404 0.130

TG, mmol/L
Grower 0.681 a 0.576 b 0.633 ab 0.033 0.015 0.074 0.062
Finisher 0.686 ab 0.575 b 0.718 a 0.011 0.039 0.088 0.013
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Table 3. Cont.

Item 1 Treatment
Feeding Groups 2

SEM 3 p Value

C T1 T3 TRT 4 T 5 D 6

LDL-C,
mmol/L

Grower 0.433 a 0.426 a 0.272 b 0.012 0.044 0.018 0.016
Finisher 0.605 a 0.615 a 0.332 b 0.044 0.003 0.234 0.005

CHOL/HDL
Grower 1.62 1.62 1.62 0.033 0.997 0.234 0.965
Finisher 1.64 1.65 1.60 0.034 0.864 0.945 0.629

a–b Means with the same superscript are statistically the same across all 3 treatments (p > 0.05) according to
Tukey’s post hoc test. 1 CHOL–total cholesterol; HDL-C–high-density lipoprotein cholesterol; LDL-C–low-density
lipoprotein cholesterol; TG–triacylglycerols. 2 There were 3 dietary treatments: a control diet (C) and diets T1 and
T3, with 1% or 3% thyme, respectively. 3 SEM–standard error of the means. 4 TRT–p value for overall effect of
dietary treatment (diets C vs. T1 vs. T3). 5 T–p value for thyme effect vs. control (diet C vs. T1 and T3). 6 D–p
value for thyme dose effect (T1 vs. T3).

The levels of uric acid and urea in the plasma of finisher pigs receiving a diet with
3% inclusion of thyme were significantly higher than in the other experimental groups
(p = 0.044 and p = 0.009, respectively). The level of inclusion of thyme also significantly
influenced UA and UREA in the plasma of finisher pigs (p = 0.048 and p = 0.11, respectively)
(Table 4). Alkaline phosphatase activity in the plasma was significantly increased by the
addition of thyme (p < 0.001 grower and p = 0.005 finisher) relative to the control and was
highest in the group receiving a diet with 3% thyme (p = 0.039 grower and p = 0.009 finisher)
(Table 4).

Table 4. Biochemical parameters and enzyme activity in the plasma of fattening pigs.

Item 1 Treatment
Feeding Groups 2

SEM 3 p Value

C T1 T3 TRT 4 T 5 D 6

TP, g/L Grower 65.31 66.53 64.57 6.99 0.664 0.533 0.361
Finisher 64.08 63.05 61.33 1.05 0.587 0.901 0.531

UA, mmol/L
Grower 0.077 0.073 0.082 0.003 0.555 0.927 0.200
Finisher 0.067 b 0.066 b 0.088 a 0.001 0.044 0.927 0.048

UREA,
mmol/L

Grower 4.62 4.96 5.08 0.163 0.524 0.263 0.775
Finisher 4.62 b 4.53 b 5.71 a 0.190 0.009 0.263 0.011

CREAT,
µmol/L

Grower 137.3 140.9 145.7 4.15 0.730 0.51 0.657
Finisher 153.9 156.3 159.2 4.50 0.902 0.51 0.777

ALP, U/L
Grower 171.0 b 184.6 ab 204.8 a 2.17 <0.001 0.045 0.039
Finisher 127.3 b 125.3 b 139.2 a 2.07 0.005 0.004 0.009

ALT, U/L
Grower 35.08 33.99 33.77 1.05 0.876 0.404 0.944
Finisher 28.03 27.58 29.03 1.23 0.898 0.606 0.628

AST, U/L
Grower 33.89 32.31 28.03 1.14 0.187 0.099 0.133
Finisher 24.26 23.87 29.96 1.16 0.054 0.127 0.060

a–b Means with the same superscript are statistically the same across all 3 treatments (p > 0.05) according to Tukey’s
post hoc test. 1 TP–total protein; UA–uric acid; UREA–urea; CREAT–creatinine; ALP-alkaline phosphatase, ALT-
alanine aminotransferase; AST-aspartate aminotransferase. 2 There were 3 dietary treatments: a control diet (C)
and diets T1 and T3, with 1% and 3% thyme, respectively. 3 SEM–standard error of the means 4 TRT–p value for
overall effect of dietary treatment (diets C vs. T1 vs. T3) 5 T–p value for thyme effect vs. control (diet C vs. T1 and
T3) 6 D–p value for thyme dose effect (T1 vs. T3).

Superoxide dismutase activity and vitamin C content were significantly higher in
the plasma of pigs in group T3 than in groups C and T1 (grower period: SOD-p < 0.001,
Vitamin C-p = 0.001; finisher period: SOD–p = 0.047, Vitamin C-p = 0.033). Ferric-reducing
antioxidant power (FRAP) in the plasma of grower pigs from groups C and T3 was higher
than in group T1 (p = 0.001), while in the finisher period, the FRAP value was significantly
higher in the plasma of pigs receiving a diet with thyme (T1 and T3) than in the control
(p = 0.004). LOOH content in the plasma of finisher pigs (p = 0.020) and MDA in grower
(p = 0.001) and finisher (p = 0.009) pigs were significantly lower than in the control (Table 5).
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Table 5. Redox parameters in the plasma of fattening pigs.

Item 1 Treatment
Feeding Groups 2

SEM 3
p Value

C T1 T3 TRT 4 T 5 D 6

SOD,
U/mL

Grower 16.71 b 16.38 b 23.93 a 0.957 <0.001 0.678 <0.001
Finisher 35.67 b 35.54 b 37.98 a 3.19 0.047 0.090 0.050

CAT,
U/mL

Grower 4.71 4.61 5.06 0.014 0.360 0.090 0.214
Finisher 5.06 b 4.19 c 6.19 a 0.263 <0.001 0.678 <0.001

Vitamin C,
mg/L

Grower 0.287 b 0.293 b 0.385 a 0.316 0.001 0.042 0.005
Finisher 0.224 b 0.247 b 0.293 a 0.001 0.033 0.082 0.045

FRAP,
µmol/L

Grower 12.38 a 10.39 b 12.62 a 0.021 0.001 0.204 0.004
Finisher 9.53 b 13.37 a 13.69 a 0.338 0.038 0.004 0.222

LOOH,
µmol/L

Grower 0.622 0.634 0.641 0.040 0.937 0.732 0.893
Finisher 1.36 a 1.04 ab 1.19 b 0.029 0.020 0.732 0.065

MDA,
µmol/L

Grower 1.56 a 1.59 a 1.31 b 0.012 0.001 0.204 0.004
Finisher 1.36 a 1.30 ab 1.14 b 0.033 0.009 0.204 0.058

a–c Means with the same superscript are statistically the same across all 3 treatments (p > 0.05) according to Tukey’s
post hoc test. 1 SOD–superoxide dismutase; CAT–catalase; FRAP–ferric reducing antioxidant power; LOOH–lipid
peroxides; MDA–malondialdehyde. 2 There were 3 dietary treatments: a control diet (C) and diets T1 and T3, with
1% and 3% thyme, respectively. 3 SEM–standard error of the means. 4 TRT–p value for overall effect of dietary
treatment (diets C vs. T1 vs. T3). 5 T–p value for thyme effect vs. control (diet C vs. T1 and T3). 6 D–p value for
thyme dose effect (T1 vs. T3).

SOD and CAT activity was significantly higher in the longissimus dorsi muscle of
pigs from the group receiving a diet with 3% thyme compared to the control (p = 0.016 and
p = 0.039, respectively). The level of inclusion of thyme significantly influenced CAT activity
(p = 0.026). The content of LOOH and MDA in the longissimus dorsi muscle of pigs from
group T3 was significantly lower than in the control (p < 0.001 and p = 0.038, respectively).
The level of thyme significantly influenced the content of both LOOH (p = 0.041) and MDA
(p = 0.049) (Table 6).

Table 6. Redox parameters in the longissimus dorsi muscle.

Item 1 Feeding Groups 2
SEM 3 p Value

C T1 T3 TRT 4 T 5 D 6

SOD, U/g 237.4 b 244.8 ab 267.6 a 2.39 0.016 0.158 0.178
CAT, U/g 25.67 b 26.18 b 32.35 a 2.4 0.039 0.507 0.026
Vitamin C,

mg/g 0.252 0.257 0.251 0.01 0.711 0.825 0.817

LOOH,
µmol/mg 3.16 a 2.65 b 2.10 c 0.146 <0.001 0.031 0.041

MDA,
nmol/mg 0.039 a 0.032 b 0.025 c 0.003 0.038 0.115 0.049

a–c Means with the same superscript are statistically the same across all 3 treatments (p > 0.05) according to
Tukey’s post hoc test. 1 SOD–superoxide dismutase; CAT–catalase; LOOH–peroxides; MDA–malondialdehyde
2 There were 3 dietary treatments: a control diet (C) and diets T1 and T3, with 1% and 3 % thyme, respectively.
3 SEM–standard error of the means 4 TRT–p value for overall effect of dietary treatment (diets C vs. T1 vs. T3)
5 T–p value for thyme effect vs. control (diet C vs. T1 and T3). 6 D–p value for thyme dose effect (T1 vs. T3).

In the case of fatty acids, the inclusion of thyme in diets for fattening pigs significantly
reduced the concentration of 14:0 (p = 0.016) in the longissimus dorsi muscle relative to the
control. The longissimus dorsi muscle of group T3 fatteners had significantly lower content
of 18:0 (p = 0.050) and higher content of 20:1 (p = 0.049), 18:2 (p = 0.023), 18:3 (p = 0.039), and
20:3 (p = 0.045) compared to the other groups. The level of thyme significantly influenced
the levels of 18:0 (T1 > T3, p = 0.046), 20:1 (T1 < T3, p = 0.011), 18:2 (T1 < T3, p = 0.022), 18:3
(T1 < T3, p = 0.048), and 20:3 (T1 > T3, p = 0.022) (Table 7).

187



Antioxidants 2023, 12, 1045

Table 7. Fatty acid profile of total lipids in the longissimus dorsi muscle.

Item 1 Feeding Groups 2
SEM 3 p Value

C T1 T3 TRT 4 T 5 D 6

Individual SFA (g/100 g of TFA)

14:00 3.11 a 2.67 b 2.69 b 0.090 0.044 0.016 0.825
16:00 22.62 22.74 22.65 0.088 0.878 0.714 0.768
18:00 12.79 a 12.51 a 11.43 b 0.090 0.050 0.098 0.046
20:00 0.375 0.341 0.346 0.012 0.485 0.221 0.841

Individual MUFA (g/100 g of TFA)

16:1 n-9 3.60 3.57 3.64 0.020 0.343 0.992 0.166
18:1 n-9 43.22 43.53 43.17 0.068 0.052 0.405 0.071
18:1 n-7 4.68 4.98 4.89 0.086 0.369 0.168 0.571
20:1 n-9 0.047 b 0.040 b 0.177 a 0.013 0.049 0.423 0.011

Individual PUFA (g/100 g of TFA)

18:2 n-6 4.87 b 4.87 b 5.09 a 0.041 0.023 0.222 0.022
22:2 0.301 0.300 0.311 0.004 0.514 0.635 0.392

18:3 n-3 0.846 c 0.978 b 1.51 a 0.014 0.039 0.024 0.048
20:3 n-3 0.782 b 0.735 b 1.34 a 0.007 0.045 0.607 0.022
20:4 n-6 0.411 0.403 0.368 0.016 0.574 0.498 0.136

Other 2.34 2.33 2.26 0.156 0.977 0.907 0.875

SFA 38.88 a 38.25 a 37.11 b 0.187 0.021 0.072 0.041
MUFA 51.56 52.12 51.88 0.125 0.189 0.093 0.331
PUFA 6.43 b 6.55 ab 7.24 a 0.042 0.029 0.051 0.137

n-3 1.62 b 1.71 b 2.85 a 0.023 0.028 0.275 0.027
n-6 5.29 5.28 5.46 0.045 0.194 0.409 0.056

n-3/n-6 0.310 b 0.325 b 0.523 a 0.016 0.046 0.359 0.037

AL 0.600 0.565 0.555 0.007 0.059 0.015 0.813
TI 1.15 a 1.10 ab 0.975 b 0.013 0.043 0.072 0.125

CHOL 111.8 a 102.3 b 99.25 b 2.05 0.013 0.004 0.338
a–c Means with the same superscript are statistically the same across all 3 treatments (p > 0.05) according to
Tukey’s post hoc test. 1 TFA–total fatty acids; SFA–saturated fatty acids; MUFA–monounsaturated fatty acids;
PUFA–polyunsaturated fatty acids; AI–atherogenicity index; TI–thrombogenicity index. 2 There were 3 dietary
treatments: a control diet (C) and diets T1 and T3, with 1% or 3% thyme, respectively. 3 SEM–standard error of the
means. 4 TRT–p value for overall effect of dietary treatment (diets C vs. T1 vs. T3). 5 T–p value for thyme effect vs.
control (diet C vs. T1 and T3). 6 D–p value for thyme dose effect (T1 vs. T3).

The content of SFAs in the longissimus dorsi muscle of pigs from group T3 was
significantly lower than in the other experimental groups (p = 0.021), while the PUFA
content in the longissimus dorsi muscle of pigs from group T3 was significantly higher
than in group C (p = 0.029). Significantly higher content of n-3 acids (p = 0.028) and a
higher n-3/n-6 ratio (p = 0.046) were noted in the muscle of T3 pigs compared to the
other experimental groups (C and T1 groups). The 3% inclusion of thyme in diets for pigs
caused a significant reduction in the TI index (p = 0.043) and the cholesterol level (p = 0.013)
compared to the control. The level of thyme inclusion significantly influenced the content
of SFAs (T1 > T3, p = 0.041), the content of n-3 acids (T1 < T3, p = 0.027), and the n-3/n-6
ratio (T1 < T3, p = 0.037) (Table 7).

4. Discussion

Formulation of diets for pigs presents many challenges associated with the choice of
feed ingredients that will provide adequate amounts of essential nutrients and, at the same
time, ensure that the animal products will meet consumer expectations. Consumers prefer
products with the highest possible levels of substances with health-promoting effects, such
as valuable protein, minerals, and polyunsaturated fatty acids (PUFAs). A valuable source
of PUFAs for animals, especially n-3 PUFAs, is flaxseed, which is increasingly used as a feed

188



Antioxidants 2023, 12, 1045

ingredient for various livestock animals. This strategy results in beneficial modifications of
the fatty acid composition of the meat or other products, such as milk or eggs. Our earlier
research [16] and studies by other researchers [32] have shown that the inclusion of flaxseed
in the diet of pigs increases the content of beneficial omega-3 fatty acids in animal tissues
and also has a positive effect on the lipid profile of the blood. Due to the high susceptibility
of PUFAs to oxidation, whose rate increases with the number of unsaturated bonds in the
molecule [33], the use of antioxidant additives is recommended. Popular additives that
can minimize lipid oxidation and positively affect the lipid profile of the blood include
various phytobiotics, including herbs and their extracts, such as oregano (100, 200 mg/kg)
or thyme essential oils (300, 450 mg/kg) [34,35].

In the present study, the diet containing thyme herb in the amount of 3% had a benefi-
cial effect on the lipid metabolism of fattening pigs, resulting in a reduction in the level of
cholesterol and its LDL fraction, as well as that of TG even in the case of 1% inclusion of
the phytobiotic. Shao et al. [36] used a blend containing carvacrol, thymol, and cinnamalde-
hyde in the diet of early-weaned piglets and found that it caused a decrease in TG, total
cholesterol, and its LDL-C and HDL-C fractions. A reduction in the concentrations of total
cholesterol and triacylglycerols was also noted in calves receiving a diet supplemented
with thyme or oregano essential oils [37]. Similar results have been reported in poultry, e.g.,
quail [38] and chicken broilers [39].

Lipid metabolism is regulated mainly by the active substances in thyme oil, i.e., thymol
and carvacrol. These substances have been shown to exert an inhibitory effect on the activity
of hydroxymethylglutaryl–coenzyme A reductase, a key enzyme regulating endogenous
biosynthesis of cholesterol [40]. The capacity of the active components of thyme to reduce
the TG level in the blood may be linked to the stimulation of lipoprotein lipase activity, as
shown in research using other herbs [41].

There are indications that thyme has hepatoprotective effects in the case of damage
to the liver caused by various factors [42]. The beneficial effect of thyme on liver function
was manifested as a reduction in the activity of indicator enzymes AST and ALT. However,
long-term intake of high doses of formulations containing essential oil components thymol
and carvacrol has been shown to have the opposite hepatotoxic effect [43]. Therefore,
caution and monitoring of liver markers are recommended during the administration of
thymol or carvacrol. Analysis of the effect of the inclusion of thyme in the diet of fattening
pigs in the present study did not reveal changes in the values of these liver indicators (ALT
or AST) or of kidney markers (CREAT, UREA, UA), which suggests that this level of the
phytobiotic does not disturb liver or kidney function. Improvement of kidney and liver
function in rabbits fed diets with aqueous extracts of thyme (50 mg/kg BW) was reported by
Abdel-Gabbar et al. [44]. The researchers noted a decrease in kidney markers, i.e., creatinine,
uric acid, and urea, as well as in the activity of ALT and AST. These effects are mainly
attributed to the antioxidant properties of thyme, which, like other plants of the family
Labiatae, is a rich source of phenolic substances: phenolic acids (primarily rosmarinic acid)
and flavonoids. Apart from their effect on redox status, the active compounds in thyme
may have anti-inflammatory properties and also increase the activity of phase I and II
xenobiotic detoxification enzymes, which also favours hepatoprotection [45].

The results of the present study, in which the effect of thyme herb on redox parameters
of the blood was evaluated, confirmed the antioxidant effects of the plant. The plasma of
pigs receiving a diet with 3% thyme herb showed increased activity of antioxidant enzymes
SOD and CAT, which protect tissues against oxidation, as well as an increased FRAP value
(ferric reducing antioxidant power). The value of this parameter is determined by the
presence of vitamin C (15%), uric acid (60%), bilirubin (5%), and protein (10%) [46]. The
level of low-molecular-weight antioxidants (uric acid, urea, and bilirubin) in the blood of
pigs receiving a diet with 3% thyme was higher than in the control group but was still
within reference values [47]. The content of vitamin C was also significantly higher in the
group receiving 3% thyme. A study using rats with hyperlipidaemia [11] showed that
polyphenol-rich extracts of various varieties of thyme exhibit significant antioxidant activity,
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as indicated by FRAP and RSA (Radical Scavenging Activity) values, owing to which they
can protect organs from oxidative stress. Polyphenols have been shown to exhibit multi-
faceted antioxidant activity, including scavenging of free radicals, inhibition of enzymes
taking part in free radical production, and chelation of metal ions [48]. Furthermore, these
compounds can protect natural antioxidants such as tocopherols or vitamin C against
oxidation [49]. A study by Placha et al. [50] using rabbits confirmed that the addition
of exogenous antioxidants, such as antioxidant-rich thyme oil, can improve the body’s
redox status, increasing the total antioxidant status of the plasma and GPx activity in
the liver. In the present study, enhancement of endogenous antioxidant defense in pigs
receiving a diet supplemented with thyme herb resulted in a reduction in indicators of
lipid peroxidation in the blood, i.e., LOOH and MDA. The results pertaining to the levels
of antioxidants and activity of antioxidant enzymes in the muscle tissue of the pigs indicate
similar tendencies to those noted in the blood. The content of MDA and LOOH at both
levels of thyme supplementation (1% and 3%) was significantly reduced, with a much more
pronounced decrease in the case of 3% inclusion. Therefore, the higher inclusion of thyme
inhibited lipid oxidation to a greater extent and also caused a significant increase in the
activity of enzymes involved in antioxidant processes, i.e., SOD and CAT. Martini et al. [6]
added natural extracts of grape skin and oregano to the diet of pigs receiving feed with
extruded flaxseed. This resulted in a reduction in the amount of lipid oxidation products
(hydroperoxides and TBA-RS) in the grilled pork, as well as in meat digested in vitro. In the
group of pigs receiving synthetic antioxidants, this effect was observed only in the cooked
meat but not in the digested meat. Studies by various authors indicate that supplementation
of animal diets with antioxidant substances such as thymol, carvacrol, or oregano oil can
have a beneficial impact by reducing oxidation phenomena in the meat [51–53]. In the case
of poultry, a reduction in lipid oxidation products during meat storage was obtained by
using thymol or carvacrol as feed additives (150 mg/kg), which proved to be equally as
effective as BHT [51]. Ranucci et al. [52] used a combination of oregano essential oil and
sweet chestnut wood extract (0.2%) to supplement feed for pigs and observed a beneficial
increase in glutathione peroxidase and glutathione reductase activity in the longissimus
lumborum muscle, accompanied by a decrease in lipid oxidation indicators. A trend of
decreasing markers of lipid oxidation in pork following feed supplementation with oregano
oleoresin (0.05%) was reported by Janz et al. [53].

The inclusion of thyme herb in the diet of pigs also modified the fatty acid profile
of the loin meat. Both levels of the additive reduced the content of acids 14:0 and 18:0
and the total amount of saturated fatty acids. The use of 3% thyme herb increased the
content of acids 20:1, 18:2, 18:3, and 20:3, the total PUFA content, and the n-3/n-6 ratio. In
addition, there was a decrease in the thrombogenicity index TI and the cholesterol content.
These changes should be regarded as highly favourable for consumers of pork, as a lower
intake of saturated fatty acids and cholesterol can minimize the risk of atherosclerosis and
other cardiovascular diseases [54]. The inclusion of thyme in the diet (group T3) inhibited
the oxidation of unsaturated fatty acids, especially PUFAs, which are more susceptible to
oxidation in the loin muscle of pigs. This resulted in an increase in the content of PUFAs in
the muscle tissue.

This is also evidenced by the lower levels of lipid peroxidation markers in this group
of pigs. The literature, unfortunately, lacks data on the fatty acid composition of pork from
pigs fed with thyme or thyme oil. Chickens receiving an aqueous extract of thyme (50
and 100 mg/kg of feed) and thyme powder (150 and 250 mg/kg of feed) had reduced
levels of some saturated fatty acids in the breast muscle, accompanied by an increase in
health-promoting unsaturated fatty acids [55]. Results obtained in pigs receiving extracts
from other plants, such as rosemary (1 g/kg), indicate an increase in PUFA content in
the longissimus lumborum muscle, especially linoleic, arachidonic, and docosahexaenoic
acids [56].
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5. Conclusions

The presence of thyme herb in diets with extruded flaxseed has a beneficial effect by
influencing the antioxidant status of the blood and muscle and improving the lipid profile
of tissues.

The study showed that a 3% inclusion of thyme in the diet significantly slows down
oxidant processes, which may be a successful means of protecting meat against spoilage
during storage. Furthermore, the 3% inclusion of thyme herb had a clear beneficial effect on
lipid metabolism, so the levels of cholesterol and HDL cholesterol were reduced in both the
blood and the longissimus dorsi muscle. In addition, the level of n-3 PUFAs in the muscles
increased while the level of SFAs significantly decreased. The results of this study must be
confirmed by further research.
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Abstract: Modifying the composition of a sow’s milk could be a strategy to improve the intestinal
health and growth of her piglet during the first weeks of life. This study evaluated how dietary
supplementation of vitamin E (VE), hydroxytyrosol (HXT) or VE+HXT given to Iberian sows from
late gestation affected the colostrum and milk composition, lipid stability and their relationship
with the piglet’s oxidative status. Colostrum from VE-supplemented sows had greater C18:1n−7
than non-supplemented sows, whereas HXT increased polyunsaturated (∑PUFAs), ∑n−6 and ∑n−3
fatty acids. In 7-day milk, the main effects were induced by VE supplementation that decreased
∑PUFAs, ∑n−6 and ∑n−3 and increased the ∆-6-desaturase activity. The VE+HXT supplementation
resulted in lower desaturase capacity in 20-day milk. Positive correlations were observed between the
estimated mean milk energy output and the desaturation capacity of sows. The lowest concentration
of malondialdehyde (MDA) in milk was observed in VE-supplemented groups, whereas HXT supple-
mentation increased oxidation. Milk lipid oxidation was negatively correlated with the sow’s plasma
oxidative status and to a great extent with the oxidative status of piglets after weaning. Maternal VE
supplementation produced a more beneficial milk composition to improve the oxidative status of
piglets, which could promote gut health and piglet growth during the first weeks, but more research
is needed to clarify this.

Keywords: sow’s lactation; colostrum composition; milk composition; vitamin E; hydroxytyrosol

1. Introduction

Milk is a vital food to guarantee the survival of mammalian animals during the first
weeks of life. In the case of a piglet that is born without hair and with scarce energy
reserves, milk is the main energy vehicle to support thermogenesis [1]. Thus, sow milk is
characterized by containing, compared with other non-ruminant and ruminant species, a
greater proportion of protein, fat and lactose [2,3]. However, milk is not only a nutrient-rich
fluid suitable for growth but its composition can enhance intestinal mucosa development
and promote the growth of certain bacteria in the intestine or limit the growth of others,
thus affecting intestinal health [4].
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Milk components, mainly those that are not synthetized in the mammary gland, can
be modified by factors such as feeding [5]. Hence, some previous research on the effects
of liposoluble micronutrients, such as vitamin E (VE), on milk composition found that
when administered at high doses during the gestation and lactation periods, it increased its
concentration in colostrum and milk and the fat component, and thus, affected the health
status and growth of piglets [6]. This could be a relevant aspect in the case of the Iberian
pig, which was shown to have lower growth rates than those of improved genotypes,
partly due to the limited use of energy and milk protein [3]. The health and productivity
effect of VE-supplementation in piglets [6] was attributed to their potent chain-breaking
antioxidant effect on cells [7], which could also protect the epithelial barrier function [8]. It
is widely documented that supplementation with high doses of VE is an effective strategy
to avoid the important decline of VE plasma concentration post-weaning [9–11] and may
help to counteract the oxidative state of piglets in this critical period [6,9–11]. Moreover, a
study that investigated the effects of supplementation with VE (150 mg/kg) in its different
chemical forms on the fatty acid profile of sow’s milk showed a positive effect on the
proportion of some specific fatty acids [12]. Fatty acids may participate in the oxidative
balance of the body to some extent by promoting or inhibiting lipid oxidation [13], and they
can also be used with different efficiencies for energy production [14] or affect gut health [8].
Therefore, the study of how fatty acids or other milk components can be modified by
antioxidant micronutrient supplementation deserves further attention.

The effect of supplementing diets with phenolic hydrophilic antioxidants on milk
composition was also investigated in other species. In lactating buffaloes, dried stoned
olive pomace supplementation was reported to improve milk tocopherols and retinol [15].
Other antioxidants derived from olive leaves, such as oleuropein or hydroxytyrosol, were
shown to not only have powerful antioxidant effects but also to produce changes in the
metabolic use of fatty acids [16], as well as hypolipidemic and hypoglycemic effects [17].
However, the effect of dietary supplementation on the composition of milk has not been
investigated. There is also a lack of information on the possible combined effects of
different antioxidants (lipophilic and non-lipophilic, such as polyphenols) on sow’s milk
and colostrum composition. Considering that the growth and gut health of nursery piglets
depend largely on the quantity and quality of milk production [18,19], extending knowledge
on how different antioxidants supplementation in diets or their combined administration
affects colostrum and milk composition is a matter of interest.

Furthermore, the post-weaning period is a major challenge for a piglet when trying to
maintain homeostasis by having to deal with numerous pro-oxidant agents [9–11]. This
control of the oxidative stress to which the animal is subjected during the first days of life
plays an important role in the metabolism and health of the adult due to its effects on the
development of inflammation and the immune response [20]. On many occasions, the extra
contribution of antioxidants in order to achieve antioxidant/pro-oxidant balance must be
provided by food, including breast milk [9–11]. In this sense, it is unknown how HXT can
modify the oxidative stability of milk compared with the use of VE.

It is hypothesized that VE, HXT or their combined administration to sows from
gestation could modify the composition and lipid stability of milk in different ways and
then affect the oxidative status.

Thus, the objective of the present research was to study the effects of dietary supple-
mentation of VE (100 mg/kg), hydroxytyrosol (HXT) (1.5 mg/kg) or a combined administra-
tion provided to Iberian sows during late gestation and lactation on the colostrum and milk
composition, lipid stability and their possible relationships with piglets’ oxidative status.

2. Materials and Methods
2.1. Chemicals

All chemicals used were analytical grade and were supplied by Sigma-Aldrich (Al-
cobendas, Madrid, Spain), Panreac (Castellar del Vallès, Barcelona, Spain) or Scharlau
(Sentmenat, Barcelona, Spain).
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2.2. Animals, Experimental Diets and Sample Collection

The experimental procedures used in this study were in compliance with the Spanish
guidelines (RD53/2013) [21] and European Union Directive 2010/63/UE for the care and
use of animals in research [22]. The experimental procedures (report ORCEEA 2019-10)
were approved by the INIA Committee of Ethics in Animal Research.

The study was carried out at the facilities of Dehesón del Encinar (Oropesa, Toledo,
Spain). Fifty pregnant Iberian sows (half primiparous and half multiparous with between
4 and 5 parity) were divided into four experimental groups (each group with equal distri-
bution of primiparous and multiparous), according to the dietary supplementation from
day 85 of gestation (average weight of 126.2 ± 29.3 kg) until weaning (28 days): (1) the
control group received a 30 mg supplementation of α-tocopheryl acetate/kg feed, (2) the
VE group received 100 mg of α-tocopheryl acetate/kg, (3) the HXT group received 30 mg
α-tocopheryl acetate/kg and 1.5 mg hydroxytyrosol/kg, and (4) the VE+HXT group re-
ceived 100 mg of α-tocopheryl acetate/kg + 1.5 mg hydroxytyrosol/kg feed. The basal
level of α-tocopherol in the feed ingredients was 12–14 mg/kg; thus, the total vitamin E
concentration in all groups was in compliance with values recommended for reproductive
sows [23]. The highest VE dose of 100 mg/kg was used after taking into account the
effective antioxidant effect observed in a previous study [16]. During this experimental
period, the feed administration was adjusted to fulfill daily requirements according to the
National Research Council [23] (Table A1, Appendix A), and water was provided ad libitum.
In the pre-experimental period (from the end of natural service to day 85 of pregnancy),
sows were given a standard grain-based diet (g/kg: 888 dry matter, 124.6 protein, 29.9 fat,
49.3 fiber, 62.1 ash; 3050 kcal/kg metabolic energy) (Sanchez Romero Carvajal, Jabugo,
Spain). The α-tocopheryl acetate used in the diets was purchased from DSM Nutritional
Products (Alcalá de Henares, Madrid, Spain) and the hydroxytyrosol extract (Olea europaea
L. dry extract, N20130102) was obtained from Natac (Alcorcón, Madrid, Spain).

Milk and colostrum (5 mL) samples were taken from a representative number of
multiparous sows (n = 7 per treatment) with a homogeneous litter size on the day of
delivery and 7 and 20 days post-partum. Piglets were separated from their mother and milk
was collected from the functional glands by hand-milking after disinfecting the operator’s
hands and nipples with soap and water, and put into plastic tubes of 20 mL. Samples were
kept under refrigeration while handling, and then immediately frozen at −20 ◦C until analysis
(within 2 months after collection). The mean milk energy output (kcal/day) was estimated
according to the following equation: 4.92× mean litter gain (g/day) − (90× litter size) [22].

Blood samples from sows for oxidative status analysis were obtained coinciding with
the taking of milk samples (at the peak of lactation on day 20 after farrowing), which is the
moment when the production is at a maximum and composition could be affected [5,24].
In addition, blood was taken from piglets (1 male piglet was selected from each litter at
weaning). Blood was collected in sterile EDTA vacuum tubes (Vacutainer, BD, Franklin
Lakes, NJ, USA), immediately centrifuged at 2500 rpm for 10 min and plasma samples
were kept at −80 ◦C until analysis (less than 1 month).

2.3. Laboratory Analysis
2.3.1. Lactose Concentrations of the Colostrum and Milk

Lactose was measured according to Beutler [25] with few modifications. For the
sample preparation, milk or colostrum (100 µL) was placed in a 1.5 mL Eppendorf tube
in the presence of distilled water. The mixture was heated in a stirring bath for 15 min at
50 ◦C. For sample clarification, potassium hexacyanoferrate (Carrez I solution), zinc sulfate
(Carrez II solution) and NaOH (100 mM) were then added in a total volume of 1 mL, mixed
and centrifuged at 10,000 r.p.m. (Hermle Z383-K, Wehingen, Germany). The intermediate
phase was collected for lactose determination. Lactose was determined via the addition
of β-galactosidase after shaking and incubating the sample extract at 25 ◦C for 10 min in
the presence of a tamponed solution (pH 8.6), NAD+ and β-galactose dehydrogenase. The
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lactose concentration was measured via the increase in absorbance at 340 nm according to
the commercial kit procedure (K-Lacgar 05/17, Megazyme, Scotland, UK)

2.3.2. Fat Quantifications of the Colostrum and Milk

Fat was quantified according to a modification of the Rose–Gottlieb method (905.02) [26].
Milk was placed in the presence of NAOH (2.5%), and fat was extracted via the addition
of hexane after centrifugation (Hermle Z383-K, Wehingen, Germany). The superior phase
was then collected and evaporated under a nitrogen stream and the residue was weighted
for fat quantification.

2.3.3. Tocopherol and Retinol Quantifications of the Colostrum and Milk

The α-tocopherol and retinol concentrations in colostrum and milk samples were
quantified as described by Rey et al. [27]. Tocopherols were extracted in duplicate sam-
ples via saponification in the presence of KOH (50%) and analyzed via reverse phase
HPLC (HP 1200, equipped with a diode array detector) (Agilent Technologies, Wald-
bronn, Germany). The mobile phase was methanol:water (97:3 v/v) at a flow rate of
2 mL/min and the diode array detector was set at 292 nm. Separation was performed on a
LiChrospher 100 RP-18 column (250-4 column size, 5 µm particle size) (Agilent Technolo-
gies GmbH, Waldbronn, Germany). Identification and quantification were carried out by
means of a standard curve (R2 = 0.999) built using the pure compound (Sigma, Alcobendas,
Madrid, Spain).

2.3.4. Fatty Acid Compositions of the Colostrum and Milk

Lipids from colostrum and milk were determined via the one-step procedure proposed
by Sukhija and Palmquist [28] with modifications. A lyophilized sample (200 mg) was
placed in a test tube and toluene (1 mL) containing internal standard (10 mg C15:0/mL)
(Sigma-Aldrich, Tres Cantos, Madrid, Spain) and 3 mL of freshly made 10% methanolic-
acetyl chloride solution were added. The tubes were vortexed and heated in a shaking
water bath at 70 ◦C for 2 h. Then, potassium carbonate (5%) and toluene were added,
mixed and centrifuged at 600× g for 5 min. The superior layer containing the fatty acid
methyl esters was collected for analysis. Fatty acids were identified and quantified via gas
chromatography as described by Rey et al. [12] using a 6890 Hewlett Packard (Avondale,
PA, USA) gas chromatograph equipped with an automatic injector maintained at 250 ◦C
and a flame ionization detector. The fatty acid methyl esters were separated in a capillary
column (HP-Innowax, 30 m × 0.32 mm id and 0.25 µm cross-linked polyethylene glycol)
(Agilent Technologies GmbH, Waldbronn, Germany) using a temperature program of 170 to
245 ◦C. A split ratio of 1:50 was used. Identification of each fatty acid was carried out via
the use of the mixtures of known standards (Sigma-Aldrich, Tres Cantos, Madrid, Spain).
Fatty acids were expressed as a percentage of the total fatty acids.

Different indices were measured to estimate desaturase or elongase activities [29–31]:
The ∆-9 − desaturase index was calculated as the ratio of the monounsaturated

fatty acid to the sum of the monounsaturated fatty acid plus the saturated fatty acid
of the same number of carbons using the following equation [29,30]: ∆-9 − desaturase
index = (C14:1 n−5 + C16:1 n−7 + C18:1n−9)/(C14:0 + C14:1 n−5+ C16:0 + C16:1 n−7 +
C18:0 + C18:1n−9).

The ∆-5 and ∆-6−desaturase indices are meant for the evaluation of the enzymes that
participate in the desaturation of C18:2 n−6 and C18:3 n−3 to their long-chain fatty acids
and were calculated with the following equations [30,31]:

∆-5-desaturase = (C20:4 n−6)/(C20:3 n−6 + C20:4 n−6)

∆-6-desaturase = (C18:3 n−6 + C18:4 n−3)/(C18:2 n−6 + C18:3 n−3 + C18:3 n−6 + C18:4 n−3)

The elongase indices were calculated as the ratios of C18:0 to C16:0 and C20:0 to C18:0,
whereas the thioesterase index was calculated as the ratio of C16:0 to C14:0 [29,31].
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2.3.5. Oxidative Statuses of the Milk Samples, Sows and Piglets

The susceptibility of milk homogenates to iron-induced lipid oxidation was deter-
mined as described elsewhere [32] with few modifications. Briefly, samples were incubated
at 37 ◦C in the presence of a Tris–malate buffer (pH 7.4) and ascorbic acid in a total vol-
ume of 5 mL. To start the lipid oxidation, 1 mM FeSO4 was added to homogenates. At
fixed time intervals (0, 30, 60 and 90 min), 1 mL aliquots were removed, mixed with
TBA-TCA-HCl reagent in 1:2 proportion and after heating, extract containing thiobarbi-
turic acid-reactive substances (TBARs) were measured spectrophotometrically (532 nm)
(ScanGo, Thermofisher Scientific, Alcobendas, Spain). TBARs were expressed as nM mal-
ondialdehyde (MDA)/mg protein. The protein content was measured via the procedure of
Bradford [33].

The oxidative status of plasma samples from sows (catalase enzyme activity and α-
tocopherol) and piglets (MDA) was evaluated spectrophotometrically (Multiscan ScanGo,
Thermo-Fisher Scientific, Alcobendas, Spain) as described elsewhere [10,11,16]. Analysis of
catalase was carried out according to the kit’s instructions (Arbor Assays, Ann Arbor, MI,
USA). Sow’s plasma (50 µL) was diluted with an assay buffer (1:10) and these dilutions
(25 µL) were mixed with 25 µL of the hydrogen peroxide reagent (H2O2), 25 µL of the
substrate solution and 25 µL of horseradish peroxidase (HRP), and incubated for 15 min
at room temperature. The HRP reacted in the presence of H2O2 to convert the colorless
substrate into a pink-colored product that was read spectrophotometrically at 560 nm. The
catalase activity was expressed as U/mL.

2.4. Statistical Analysis

The experimental unit for analysis of all data was the individual sow. Data were
analyzed following a completely randomized design using the general linear model (GLM)
procedure contained in SAS (version 9.4; SAS Inst. Inc., Cary, NC, USA) that included the
fixed effects of VE and HXT supplementation and their interaction in a factorial model.
A comparative analysis between means was conducted using the Duncan test. Data are
presented as the mean of each group and the root-mean-square error (RMSE), together
with the significance levels (p-value) of the main effects and interaction. The relationship
between the mean milk energy output and the C16:1/C16:0 or C18:1/C18: ratios, milk
MDA concentration and milk fatty acid proportions, milk MDA and sow’s plasma oxida-
tive stability or piglet’s oxidative status were quantified with regression equations using
Statgraphics-19. Differences between means were considered statistically significant at
p < 0.05 and p-values between 0.05 and 0.10 were considered a trend.

3. Results
3.1. General Compositions of the Colostrum and Milk

The composition of colostrum and milk as affected by VE or HXT supplementation is
shown in Table 1. Neither the overall composition of milk nor colostrum (dry matter, lactose,
protein, fat) was affected by the dietary antioxidant supplementation of sows. However, di-
etary VE supplementation tended (p = 0.090) to increase the lactose percentage of colostrum
and decrease the protein percentage of milk on day 7 (p = 0.090) and day 20 (p = 0.081).
Furthermore, the lactose percentage of milk on day 7 (p = 0.056) tended to increase by
sow’s HXT supplementation. Moreover, the sows that received VE at 100 mg/kg during
late gestation and lactation increased α-tocopherol concentrations mainly in colostrum
(p = 0.006), whereas accumulation of this compound was not as marked in day 7 milk
(p = 0.062) and no changes were found on day 20. Dietary supplementation of HXT to
sows from day 85 of pregnancy to day 28 of lactation also tended to increase (p = 0.093) the
α-tocopherol concentration in colostrum and produced a marked increase in the day 7 milk
retinol (vitamin A) concentration (p = 0.010).

No changes were observed by the combined supplementation of both antioxidants,
except for the α-tocopherol concentration of colostrum that tended (p = 0.058) to be the
greatest in the VE+HXT group than when VE was administered individually without HXT.
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Table 1. General composition of colostrum and milk from sows given different levels of α-tocopherol
(VE) or hydroxytyroxol (HXT) from day 85 of gestation.

Control VE HXT VE+HXT RMSE 1 p VE 2 p HXT p VE × HXT

Colostrum
Dry matter, % 21.60 20.64 22.40 22.39 3.981 0.760 0.466 0.793

Lactose, % 3.64 5.04 3.91 4.32 1.437 0.090 0.728 0.399
Fat, % 5.55 5.39 5.98 6.97 2.504 0.938 0.498 0.810

Tocopherol, µg/mL 13.44 b 15.65 ab 12.90 b 25.62 a 5.972 0.006 0.093 0.058
Retinol, µg/mL 0.83 0.80 0.68 1.46 0.589 0.200 0.439 0.169

Milk day 7
Dry matter, % 18.06 16.05 17.33 17.16 3.957 0.445 0.893 0.518

Lactose, % 5.36 ab 5.23 b 6.51 ab 6.48 a 1.696 0.896 0.056 0.942
Fat, % 7.37 6.40 7.49 9.08 2.359 0.721 0.113 0.144

Protein, % 5.59 a 4.89 b 5.00 ab 4.91 b 0.632 0.091 0.226 0.196
Tocopherol, µg/mL 3.49 b 3.95 ab 3.50b 4.25 a 0.888 0.062 0.641 0.641

Retinol, µg/mL 0.25 b 0.33 ab 0.46 ab 0.52 a 0.202 0.346 0.010 0.911
Milk day 20

Dry matter, % 17.37 16.91 17.94 17.10 1.879 0.418 0.637 0.811
Lactose, % 6.05 5.21 7.99 6.06 2.106 0.105 0.101 0.515

Fat, % 7.47 7.57 7.97 7.55 2.257 0.859 0.784 0.773
Protein, mg/mL 5.35 ab 5.11 b 5.87 a 5.30 ab 0.563 0.081 0.125 0.449

Tocopherol, µg/mL 2.90 3.32 2.44 2.84 0.737 0.167 0.117 0.966
Retinol, µg/mL 0.39 0.48 0.48 0.55 0.122 0.415 0.421 0.891

1 RMSE—root-mean-square error (pooled SD) (n = 14 replicates for each main effect, n = 7 replicates for the
interaction); 2 p—differences were statistically different when p < 0.05. a,b Different superscript letters signify a
statistically significant difference.

The estimated mean milk energy output (EMe) increased in the VE-supplemented
groups (p = 0.0005), whereas HXT supplementation did not modify this parameter (Figure 1).
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Figure 1. Estimated mean milk energy output (Kcal/day) (EMe) during lactation from sows given α-
tocopherol (VE: 30 vs. 100 mg/kg) or hydroxytyroxol (HXT: 0 vs. 1.5 mg/kg) from day 85 of gestation
(a); correlations between EMe and desaturase capacity of sows measured as C16:1n−7/C16:0 (b) and
C18:1n−9/C18:0 (c) in colostrum. a,b Different superscript letters signify a statistically significant
difference; p—differences were statistically different when p < 0.05.

3.2. Fatty Acid Composition of Colostrum and Milk

The fatty acid composition of colostrum and milk on days 7 and 20 of lactation are
presented in Tables 2 and 3 and Figure 2.

The colostrum from sows supplemented with 100 mg/kg VE showed a greater pro-
portion of C18:1 n−7 (p = 0.046) and tended to have a greater (p = 0.056) elongase C16 to
C14 index than those groups that received 30 mg/kg VE (Table 2). The colostrum was also
modified to a greater extent by the supplementation of 1.5 mg/kg HXT in the sow’s diets.
Therefore, the HXT-supplemented groups had greater proportions of C18:2 n−6 (p = 0.002),
C18:3 n−3 (p = 0.002), sum of total polyunsaturated fatty acids (∑PUFAs) (p = 0.002),
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∑n−6 PUFAs (p = 0.002) and ∑n−3 PUFAs (p = 0.008) and lesser proportions of C18:1 n−9
(p = 0.027) and C20:1 n−9 (p = 0.044) than those groups without HXT supplementation.

Table 2. Fatty acid composition (%) of colostrum from sows given different levels of α-tocopherol
(VE) or hydroxytyroxol (HXT) from day 85 of gestation.

% Fatty Acids Control VE HXT VE+HXT RMSE 12 p VE 13 p HXT p VE × HXT

C14:0 1.25 1.15 1.27 1.22 0.139 0.180 0.418 0.678
C14:1 0.04 0.03 0.04 0.02 0.021 0.146 0.240 0.796
C16:0 22.01 22.27 22.12 23.37 1.449 0.328 0.470 0.601

C16:1n−9 1.26 1.20 1.30 1.21 0.169 0.446 0.395 0.847
C16:1n−7 3.70 3.89 3.48 3.11 0.873 0.916 0.275 0.636

C17:0 1.10 1.07 1.04 0.96 0.306 0.652 0.495 0.851
C17:1 0.46 0.47 0.49 0.50 0.068 0.982 0.433 0.807
C18:0 6.27 6.43 6.06 6.75 0.972 0.580 0.676 0.889

C18:1n−9 41.44 41.84 39.76 38.70 2.521 0.836 0.027 0.542
C18:1n−7 3.05 3.58 3.14 3.15 0.608 0.046 0.829 0.848
C18:2n−6 15.76 ab 14.58 b 17.52 a 17.53 a 1.643 0.225 0.002 0.529
C18:3n−6 0.23 0.22 0.21 0.17 0.059 0.659 0.481 0.995
C18:3n−3 0.94 ab 0.82 b 1.10 a 1.09 a 0.142 0.100 0.002 0.583
C18:4n−3 0.20 0.18 0.18 0.17 0.063 0.671 0.830 0.732

C20:0 0.09 0.08 0.07 0.05 0.041 0.540 0.494 0.790
C20:1n−9 0.34 0.39 0.29 0.25 0.092 0.466 0.044 0.511

C20:2 0.48 0.50 0.46 0.45 0.079 0.388 0.558 0.938
C20:3n−6 0.24 0.21 0.23 0.23 0.044 0.773 0.490 0.126
C20:4n−6 1.13 1.09 1.22 1.06 0.198 0.611 0.239 0.979

∑SAT 1 30.72 30.99 30.57 32.36 2.276 0.479 0.819 0.691
∑MUFAs 2 50.30 51.41 48.51 46.94 3.410 0.828 0.057 0.535
∑PUFAs 3 18.99 ab 17.60 b 20.92 a 20.70 a 1.783 0.193 0.002 0.496

∑n−6 4 17.37 ab 16.10 b 19.18 a 18.99 a 1.649 0.198 0.002 0.502
∑n−3 5 1.14 ab 1.00 b 1.28 a 1.25 a 0.162 0.109 0.008 0.540

∆-9-desaturase 6 0.61 0.61 0.60 0.57 0.033 0.621 0.199 0.571
∆-5-desaturase 7 0.83 0.84 0.84 0.82 0.019 0.828 0.819 0.056
∆-6-desaturase 8 0.03 0.03 0.02 0.02 0.006 0.923 0.065 0.830

Thioesterase (16-14) 9 0.95 0.95 0.95 0.95 0.006 0.067 0.759 0.943
Elongase (18-16) 10 0.22 0.22 0.21 0.22 0.021 0.816 0.385 0.922
Elongase (20-18) 11 0.01 0.01 0.01 0.01 0.007 0.529 0.757 0.765

1 ∑SAT—sum of total saturated fatty acids; 2 ∑MUFAs—sum of total monounsaturated fatty acids;
3 ∑PUFAs—sum of total polyunsaturated fatty acids; 4 ∑n−6—sum of total n−6 fatty acids; 5 ∑n−3—sum of total
n−3 fatty acids; 6 ∆-9−desaturase index = (C14:1 + C16:1 + C18:1)/C14:0 + C14:1 + C16:0 + C16:1 + C18:0 + C18:1);
7 ∆-5-desaturase = (C20:4n−6)/(C20:4n−6 + C20:3n−6); 8 ∆-6-desaturase = (C18:3n−6 + C18:4n−3)/(C18:2n−6 +
C18:3n−3 + C18:3n−6 + C18:4n−3); 9 thioesterase index = C16:0/C14:0; 10 elongase (18/16) index = C18:0/C16:0;
11 elongase (20/18) index = C20:0/C18:0; 12 RMSE—root-mean-square error (pooled SD) (n = 14 replicates for
each main effect, n = 7 replicates for the interaction); 13 p—differences were statistically different when p < 0.05;
a,b Different superscript letters signify a statistically significant difference.

EMe was also positively and linearly correlated with the ratio C18:1n−9/C18:0 of
colostrum (r = 0.62, p = 0.0003), C16:1n−7/C16:0 (r = 0.71, p = 0.0001) (Figure 1), and in
general with the ∆-9 and ∆-6 desaturase capacities (r = 0.52, p = 0.005 and r = 0.48, p = 0.012,
respectively) of the sow.

Changes in the fatty acid proportion of milk on day 7 of lactation were also observed
by dietary antioxidants supplementation, mainly in the VE-supplemented groups (Table 3).
Hence, the administration of 100 mg/kg VE to sows from day 85 of pregnancy (VE effect)
decreased C18:2 n−6 (p = 0.015), C18:3 n−3 (p = 0.011), ∑PUFAs (p = 0.028), ∑n−6 PUFAs
(p = 0.027) and ∑n−3 PUFAs (p = 0.018) but increased C17:1 (p = 0.008), ∆-6-desaturase
(p = 0.016) and ∆-5 + ∆-6-desaturase (p = 0.032) indices when compared with the groups
that received 30 mg/kg VE. Moreover, C20:3 n−6 (p = 0.070), ∑PUFAs (p = 0.093) and ∑n−3
PUFAs (p = 0.062) tended to be lower in milk on day 7 when the sows were given the HXT
supplementation. The combined administration of both antioxidants also modified the
proportion of fatty acids in milk on day 7 of lactation in a different way (interaction effect).
Thus, when VE was supplemented with HXT in the sow’s diets, this produced a significant
decrease in C18:2 n−6 (p = 0.034), C18:3 n−6 (p = 0.018), C20:3 n−6 (p = 0.011), C20:4 n−6
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(p = 0.030), ∑PUFAs (p = 0.013), ∑n−6 (p = 0.018), ∑n−3 (p = 0.014) and ∆-6 desaturase
(p = 0.023) of milk than when VE was administered individually. The desaturase indices
were not statistically affected on day 7 (p > 0.05) when both antioxidants were combined at
high doses in the diets.

Table 3. Fatty acid composition (%) of milk on day 7 of lactation from sows given different levels of
α-tocopherol or hydroxytyroxol from day 85 of gestation.

% Fatty Acids Control VE HXT VE+HXT RMSE 12 p VE 13 p HXT p VE × HXT

C14:0 3.08 2.77 2.96 2.90 0.544 0.370 0.981 0.534
C14:1 0.19 0.15 0.19 0.17 0.058 0.168 0.777 0.763
C16:0 29.81 28.29 28.07 28.55 3.049 0.639 0.507 0.372

C16:1n−9 0.37 0.54 0.42 0.40 0.189 0.294 0.530 0.177
C16:1n−7 7.82 7.01 7.57 7.13 1.653 0.305 0.916 0.756

C17:0 0.71 0.90 0.78 0.72 0.195 0.358 0.417 0.076
C17:1 0.41 b 0.52 ab 0.46 ab 0.56 a 0.096 0.008 0.205 0.896
C18:0 4.62 4.92 4.45 5.35 0.877 0.071 0.694 0.351

C18:1n−9 34.83 35.86 35.78 38.02 3.545 0.212 0.235 0.636
C18:1n−7 1.85 2.44 2.42 2.39 0.515 0.149 0.170 0.111
C18:2n−6 13.55 a 13.35 a 13.97 a 11.19 b 1.594 0.015 0.143 0.034
C18:3n−6 0.10 b 0.15 a 0.13 b 0.12 b 0.028 0.094 0.700 0.018
C18:3n−3 0.97 a 0.94 a 0.99 a 0.78 b 0.120 0.011 0.135 0.054
C18:4n−3 0.18 0.22 0.19 0.18 0.042 0.390 0.343 0.149

C20:0 0.10 0.12 0.10 0.09 0.044 0.573 0.285 0.302
C20:1n−9 0.30 0.38 0.34 0.37 0.108 0.160 0.762 0.576

C20:2 0.35 0.44 0.40 0.40 0.091 0.239 0.916 0.192
C20:3n−6 0.14 b 0.22 a 0.16 b 0.13 b 0.052 0.285 0.071 0.012
C20:4n−6 0.60 b 0.80 a 0.64 ab 0.56 b 0.166 0.288 0.101 0.029

∑SAT 1 38.31 37.01 36.35 37.60 3.300 0.980 0.570 0.293
∑MUFAs 2 45.78 46.89 47.17 49.04 3.128 0.199 0.128 0.740
∑PUFAs 3 15.91 a 16.11 a 16.48 a 13.36 b 1.731 0.028 0.093 0.013

∑n−6 4 14.40 a 14.52 a 14.90 a 12.00 b 1.650 0.027 0.102 0.018
∑n−3 5 1.15 a 1.16 a 1.18 a 0.96 b 0.116 0.018 0.062 0.014

∆-9-desaturase 6 0.53 0.55 0.55 0.55 0.035 0.625 0.326 0.683
∆-5-desaturase 7 0.80 0.79 0.80 0.81 0.048 0.945 0.675 0.498
∆-6-desaturase 8 0.02 b 0.03 a 0.02 ab 0.02 ab 0.005 0.016 0.883 0.427

∆-5+∆-6-desaturase 0.05 b 0.07 a 0.05 b 0.05 ab 0.013 0.032 0.279 0.135
Thioesterase (16-14) 9 0.91 0.91 0.90 0.91 0.011 0.255 0.597 0.959

Elongase (18-16) 10 0.14 0.15 0.14 0.16 0.031 0.096 0.579 0.662
Elongase (20-18) 11 0.02 0.02 0.02 0.02 0.008 0.917 0.173 0.157

1 ∑SAT—sum of total saturated fatty acids; 2 ∑MUFAs—sum of total monounsaturated fatty acids;
3 ∑PUFAs—sum of total polyunsaturated fatty acids; 4 ∑n−6—sum of total n−6 fatty acids; 5 ∑n−3—sum of total
n−3 fatty acids; 6 ∆-9−desaturase index = (C14:1 + C16:1 + C18:1)/C14:0 + C14:1 + C16:0 + C16:1 + C18:0 + C18:1);
7 ∆-5-desaturase = (C20:4n−6)/(C20:4n−6 + C20:3n−6); 8 ∆-6-desaturase = (C18:3n−6 + C18:4n−3)/(C18:2n−6 +
C18:3n−3 + C18:3n−6 + C18:4n−3); 9 thioesterase index = C16:0/C14:0; 10 elongase (18/16) index = C18:0/C16:0;
11 elongase (20/18) index = C20:0/C18:0; 12 RMSE—root-mean-square error (pooled SD) (n = 14 replicates for
each main effect, n = 7 replicates for the interaction); 13 p—differences were statistically different when p < 0.05;
a,b Different superscript letters signify a statistically significant difference.

On day 20 of lactation, changes in the fatty acid profile of the milk were not as
marked as in the milk on day 7. The milk from sows supplemented with HXT tended
(p = 0.096) to have a greater C18:2 n−6 proportion when compared with the milk from
non-HXT-supplemented sows but no significant changes were observed by the individual
administration of VE (p > 0.05).

The combined administration of both antioxidants modified the composition of day
20 milk in a different way than that of day 7 milk. Hence, sows given VE+HXT produced
milk with a greater proportion of C18:2 n−6 (p = 0.024), C18:3 n−3 (p = 0.047), ∑PUFAs
(p = 0.029) and ∑n−6 PUFAs (p = 0.015) than when VE was supplemented individually
in the diet (Figure 2). Moreover, the ∆-5 and ∆-6 desaturase indices were lower in the
VE+HXT group than when VE was supplemented without HXT (p < 0.05).
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Figure 2. Interaction effect of dietary antioxidant α-tocopherol (VE: 30 vs. 100 mg/kg), hydroxy-
tyroxol (HXT: 0 vs. 1.5 mg/kg) or their combination provided to sows from day 85 of gestation
to weaning on the fatty acid composition (%) of milk on day 20 of lactation: (a) % C18:2 n−6;
(b) % C18:3 n−3; (c) % C20:1 n−9; (d) ∑PUFAs—sum of total polyunsaturated fatty acids; (e,f) ∆-5 =
(C20:4n−6)/(C20:4n−6 + C20:3n−6); ∆-6 = (C18:3n−6 + C18:4n−3)/(C18:2n−6 + C18:3n−3 +
C18:3n−6 + C18:4n−3); a,b Different superscript letters signify a statistically significant difference;
p—differences were statistically different when p < 0.05.

3.3. Oxidative Stability of Milk and Oxidative Status of Sows and Piglets

The iron-induced oxidation of milk on days 7 and 20 of lactation is presented in Table 4.
Sows given a VE-supplemented diet at 100 mg/kg produced milk that was less susceptible
to oxidation on days 7 and 20 of lactation. Hence, the milk collected on day 7 of lactation
from the VE-supplemented groups had lower malondialdehyde (MDA) concentrations after
30 min of incubation in the presence of ferrous sulfate and total MDA (p = 0.001) than those
groups that received 30 mg/kg of VE. However, HXT supplementation did not statistically
modify the lipid stability of milk on day 7 of lactation (p > 0.05) but decreased the stability
of milk collected on day 20 (p = 0.028). Thus, milk from these HXT-supplemented groups
had greater MDA concentrations than groups without HXT supplementation.

Moderate linear and positive correlations (Table 5) were found between the total MDA
concentration of milk on day 7 and their composition in unsaturated fatty acids, mainly
C18:2 n−6 (r = 0.39, p = 0.034), C18:3 n−3 (r = 0.42, p = 0.021) and ∑PUFAs (r = 0.36,
p = 0.050). In addition, high linear and positive correlations were also observed between
the MDA of milk on day 20 of lactation and the C18:2 n−6 proportion (r = 0.65, p = 0.001)
and ∑PUFAs (r = 0.59, p = 0.002).

The plasma catalase activity of the sows was not statistically affected (p > 0.05), whereas
the plasma α-tocopherol concentration was increased by the dietary VE supplementation
(p = 0.0001). Moreover, lipid oxidation of the milk on day 20 was negatively correlated
with the sow’s plasma catalase (r = −0.58, p = 0.017) and sow’s plasma α-tocopherol
concentration on day 20 (r = −0.67, p = 0.006) (Table 5). Finally, the MDA concentration
of milk on days 7 and 20 correlated to a great extent with the oxidative status of piglets
(MDA) after weaning (r = 0.72, p = 0.003 and r = 0.73, p = 0.005, respectively) (Table 5).
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Table 4. Iron-induced lipid oxidation (nmols MDA/mg protein) of milk on days 7 and 20 of lactation
from sows given α-tocopherol (VE: 30 vs. 100 mg/kg) or hydroxytyroxol (HXT: 0 vs. 1.5 mg/kg)
from day 85 or gestation.

Control VE HXT VE+HXT RMSE 1 p VE 2 p HXT p VE × HXT

Milk day 7, nmols MDA/mg protein
MDA 0 min 0.15 a,b 0.14 b 0.17 a 0.15 ab 0.024 0.134 0.075 0.263

MDA 30 min 0.14 0.10 0.14 0.12 0.063 0.183 0.713 0.664
MDA 90 min 0.61 a 0.28 b 0.42 ab 0.25 b 0.188 0.001 0.126 0.240
MDA 120 min 0.30 a 0.11 b 0.31 0.16 ab 0.164 0.010 0.592 0.770
Total ∑MDA 3 1.20 a 0.56 c 1.05 ab 0.69 bc 0.368 0.001 0.932 0.298

Milk day 20, nmols MDA/mg protein
MDA 0 min 0.15 0.12 0.14 0.14 0.037 0.317 0.760 0.253

MDA 30 min 0.11 b 0.10 b 0.24 a 0.13 b 0.091 0.097 0.039 0.182
MDA 90 min 0.22 b 0.15 b 0.48 a 0.23 b 0.128 0.005 0.003 0.079
MDA 120 min 0.24 0.10 0.23 0.21 0.167 0.259 0.456 0.394
Total ∑MDA 0.72 ab 0.48 b 1.09 a 0.72 ab 0.328 0.026 0.028 0.604

1 RMSE—root-mean-square error (pooled SD) (n = 14 replicates for each main effect, n = 7 replicates for the
interaction); 2 p—differences were statistically different when p < 0.05. 3 MDA—malondialdehyde concentration;
a,b,c Different superscript letters signify a statistically significant difference.

Table 5. Linear equations between the total MDA concentration (nmols/mg protein) of milk at 7 or
20 days of lactation and milk fatty acid proportion, sow’s plasma oxidative status (catalase and
α-tocopherol concentrations) or piglet’s oxidative status (MDA).

Intercept ±s.d. 1 Slope ±s.d. Variable x r R2 p (Linear) 2

Milk on day 7
Total MDA3 −0.424 ± 0.62 0.107 ± 0.05 % C18:2 n−6 in milk 0.39 0.16 0.034
Total MDA −0.486 ± 0.59 1.593 ± 0.65 % C18:3 n−3 in milk 0.42 0.18 0.021
Total MDA −0.391 ± 0.68 0.088 ± 0.04 ∑PUFAs in milk 4 0.36 0.13 0.050
Total MDA 0.525 ± 0.13 9.133 ± 2.44 MDA in piglets after weaning 0.72 0.52 0.003

Milk on day 20
Total MDA −1.298 ± 0.51 0.189 ± 0.05 % C18:2 n−6 in milk 0.65 0.43 0.001
Total MDA −1.510 ± 0.66 0.173 ± 0.05 ∑PUFAs in milk 0.59 0.35 0.002
Total MDA 2.683 ± 0.73 −0.097 ±0.04 Sow’s plasma catalase on day 20 –0.58 0.34 0.017

Total MDA 1.063 ± 0.13 −0.183 ± 0.06 Sow’s plasma α-tocopherol
(µg/mL) on day 20 –0.67 0.45 0.006

Total MDA 0.344 ± 0.12 7.238 ± 2.06 MDA in piglets after weaning 0.73 0.53 0.005
1 s.d.—standard deviation of mean; 2 p—differences were statistically different when p < 0.05;
3 MDA—malondialdehyde concentration; 4 ∑PUFAs—sum of total polyunsaturated fatty acids.

4. Discussion

Milk is the main source of nutrients for a piglet before weaning and can affect its
gut health and growth rate [4]. Therefore, in the present study, the use of antioxidants
in sows’ diets (vitamin E and/or hydroxytyrosol) that could produce changes at the
metabolic level [12,16] was evaluated in order to know whether their individual or com-
bined dietary administration could modify the composition and lipid stability of the milk
through lactation.

The composition of lactose, fat, and protein of colostrum and milk at different times
of lactation were within the ranges described in the literature for Iberian sows [3] and
pigs with improved genotypes [5,34]. As described by the latter authors, colostrum had
a lower content of lactose and fat than milk, in agreement with the results of the present
study. The evolution in protein composition could not be evaluated because the protein
was not quantified in colostrum due to an insufficient sample. Dietary VE or HXT given
to sows from day 85 of gestation to day 28 of lactation did not hardly modify the gen-
eral composition of colostrum or milk on day 7 or 20. Rosales et al. [35] found that VE
supplementation to ewes during late gestation and early lactation increased the lactose
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concentration of colostrum and fat concentration of milk, although the protein and lactose
in milk did not differ between treatments. Moreover, Wang et al. [6] observed that milk
from sows supplemented with 250 IU VE/kg feed during the last week of gestation and
lactation had a greater content of fat. In contrast, the fat content of milk was not affected
in the present study, which could have been due to the VE supplementation dose that
was half of that used by Wang et al. [6], or in part to a smaller litter size in the case of
the Iberian sow than in the white genotype used in Wang study (11 piglets born alive).
Hence, after supplementing 90 IU/kg of VE to five-parity Landrace × Yorkshire sows,
Chen et al. [36] did not find any effect on the 11-day milk composition. On the other hand, a
concomitant fat increase was observed when milk protein decreased [34]; however, despite
the decreasing trends in protein observed in the present study, no significant increases in
fat content were observed.

Concerning the dietary HXT supplementation, either alone or in combination with VE,
there is a lack of literature reporting the effects on general colostrum and milk composition.
According to our findings, the general composition was not modified by the HXT in
any case.

The concentrations of α-tocopherol and retinol in colostrum or milk were within
the expected values according to dietary intervention [10,11,36–38] and decreased with
lactation length, in agreement with previous research in the literature [11]. Dietary treat-
ments modified the vitamin concentration of milk to different extents. Hence, dietary
VE at 100 mg/kg feed increased the α-tocopherol in colostrum but did not modify the
concentration in milk. In the present study, differences in supplementation dose (30 mg/kg
vs. 100 mg/kg) and consequently VE accumulation were not as marked as in other in-
vestigations in the literature [39], in which the VE content was 2–3-fold above in milk
samples from supplemented sows (200 mg/kg and 400 mg/kg VE) when compared with
those that were non-supplemented (36 mg/kg VE). According to Mahan et al. [40] and
Pinelly-Saavedra et al. [39], colostrum and milk α-tocopherol increased as dietary VE in-
creased. In contrast, dietary HXT supplementation to sows did not modify the concentra-
tion of α-tocopherol of the colostrum or milk but increased retinol concentration on day
7 of lactation. To our knowledge, there were no previous studies on the possible effects
of HXT on the vitamin composition of sow’s milk. In lactating ruminants, Terramoccia
et al. [15] reported increased tocopherols and retinol concentrations in milk from buffaloes
supplemented with dried stoned olive pomace. In addition, it was reported in rats that
olive polyphenols may modify the metabolism of retinol and other lipid components and
consequently have positive effects on some diseases [41].

The supplementation of both antioxidants did not modify the composition of the
colostrum and milk. Bars-Cortina et al. [42] reported that a diet supplemented with some
phenolic compounds of olive and thyme increased α-tocopherol in the tissues of rats. The
combined administration of both antioxidants could produce a protective effect from their
use or provide other antioxidant compounds [42]. However, other studies on pigs did not
find any effect of the combination of VE and an olive-derived extract [16]. Discrepancies
found in the literature can be explained by differences in the antioxidant source and/or
supplementation dose.

The fatty acid proportions of colostrum and milk were within the values reported by
other authors in sows [12,38,43]. Supplementation with VE in a sow’s diet only produced
limited effects on the fatty acid composition of colostrum, as was observed by other authors
in the literature [12]. Moreover, it should be noted that sows supplemented with VE during
pregnancy and lactation allocate high proportions of C18:1n−7 to colostrum. This fatty acid
and those of its n−7 group, such as C16:1 n−7, are easily β-oxidized to obtain energy [14],
which may be an especially interesting aspect during the first hours of the piglet’s life. It
is important to highlight that VE supplementation to sow’s diets produced more marked
effects on milk at day 7 of lactation with a decrease in the C18-polyunsaturated fatty acids
and ∑PUFAs, as well as a marked increase in desaturase indices of the n−6 and n−3 series
that could, in part, explain the observed decrease in polyunsaturated C18 proportions.
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Then, when VE was given to sows independently, milk had the highest proportion of
long PUFAs (C20:3 n−6 and C20:4 n−6) on day 7. A direct relationship between VE
levels and the activity of the desaturase and elongase enzymes was described in the
literature [44,45]. Thus, the lower the VE levels, the lower the activity of these enzymes.
This fact was explained by the possible antioxidant effect of VE on desaturase and elongase
enzymes [12,44,46], although a possible protective antioxidant effect on long-chain fatty
acids was also postulated [46]. The changes in the desaturation index were maintained
throughout lactation and were the highest when VE was given without HXT, although
long PUFAs were not statistically modified at day 20 of lactation. These changes in the
desaturation and, consequently, the different fatty acid classes imply that a piglet can better
use them for metabolic purposes or other functions. Therefore, it was described that fatty
acid is better metabolized when it has a higher number of unsaturations [47]. This is a
relevant aspect in the particular case of the Iberian pig in which a reduced energy efficiency
for growth and higher energy cost of body fat deposition during suckling was found [3,43].
In addition, a different transfer of long-chain fatty acids through milk could affect the
composition of the tissue membrane or intestinal epithelium of the piglet [8] and affect the
membrane fluidity or cell signaling [48] and, consequently, the animal’s health.

HXT supplementation of the sows’ diets also produced interesting changes in the
fatty acid profile of colostrum and, to a lesser extent, in milk. The colostrum from HXT-
supplemented groups had the highest content of ∑n−6 and ∑n−3 PUFAs that resulted in
lower proportions of ∑MUFAs, mainly C18:1 n−9 and C20:1 n−9, and lower desaturase
indices of the n−6 series. According to the results of the present study, the sows supple-
mented with HXT allocated a higher proportion of unsaturated fatty acids on the day of
farrowing than the rest of the groups; however, after farrowing this potent ability to derive
PUFAs to milk would be reduced. It was reported that olive-derived extracts increase
glucose absorption [17] and help to produce faster fatty acid mobilization for different
purposes [16]; in the specific case of a lactating sow, this could be used to address the energy
needs for lactation and colostrum formation. However, it is of interest to observe the fact
that the sows supplemented with HXT allocated many PUFAs to the colostrum, which may
have resulted in a decrease in the desaturation indices and possibly a lower capacity of the
sow to increase long PUFAs. Furthermore, a high proportion of C18-PUFAs in colostrum
might result in a reduced capacity of the piglet to desaturate their long-chain derivatives,
which, as reported before, are better utilized for energy purposes [43,47]; however, more
research is needed. The fact of having less ∆-6 and ∆-5 desaturase activity should be
taken into consideration since alterations of the ∆-5/∆-6 activity have been associated with
several diseases, from inflammation to tumorigenesis [49], and the modulation of ∆-5/∆-6
activity could be considered as a possible therapeutic application [49].

In addition, although no significant change in the general milk composition was
observed, it is interesting to point out that the transfer of nutrients to milk estimated as
EMe output, that is, as a function of the litter size and litter weight, was not affected in
the HXT groups but increased with VE supplementation. The higher desaturase capacity
found in sows supplemented with VE could have preserved the utilization of PUFAs by
the mother. Hence, Lauridsen and Danielsen [38] reported that a higher metabolic use and
mobilization of C18:2 during lactation was related to lower fat and energy in milk, whereas
milk from sows receiving MUFAs or SAT-enriched diets and lower PUFAs contained higher
fat and energy. This fact was also observed in the present study in which analysis of data by
multiple regression procedures indicated that 28% of the variation in EMe was explained
by the proportion of C18:0 in colostrum and, consequently, with the desaturase capacity of
the sow at the initial stage of lactation. Similarly, this would explain the positive correlation
found between the desaturase capacity (C18:1/C18:0 and C16:1/C16:0) and the EMe output
observed in the present research.

The supplementation of these different antioxidants in the diets of sows causes the
mother to use different strategies to be able to promote the development of the piglet by
diverting different fatty acids to the lactating gland. This could imply that the use of one or
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the other may affect gut health or favor the growth of the piglet at different times during
lactation, depending on the specific fatty acid profile or milk composition. However, the
use of the combination of both antioxidants during the first week of lactation did not seem
to have beneficial effects on the fatty acid profile of the colostrum or milk compared with
the independent use of each of them. In particular, the results of the supplementation
with VE+HXT antioxidants implied a decrease in the derivation of unsaturated fatty acids
from the n−6, n−3 or n−9 series toward milk on day 7, as well as a lower activity on
the desaturation or elongation capacity of the sow. However, as lactation progressed and
close to weaning, the combination of both antioxidants in the sows’ diet increased the milk
PUFA content, especially in the C18 n−6 series. It would be expected that PUFA transfer
decreased with the advancing of lactation [50] since C18:2 n−6 followed by the n−7 fatty
acid series could be one of the most easily used for energy utilization by the mother [14].
This increase in PUFA enrichment in milk with the use of both antioxidants in the sow’s
diet could, in part, be related to the decrease in the ability of the sow to desaturate fatty
acids and obtain their long-chain derivatives close to the weaning time, which could also
result in lower efficiency of milk energy for piglet growth [43]. However, more research is
needed to clarify the possible effects on piglet growth or gut health.

The lipid stability of milk was measured in order to evaluate the oxidative capacity of
the tested antioxidants and, consequently, the possible transfer to piglets of derivatives of
the oxidation or other substances that may contribute to the control of oxidative stress. The
groups supplemented with vitamin E had the lowest production of MDA in milk when
compared with the other groups, whereas HXT supplementation resulted in an increase in
oxidative-derived products. The antioxidant effects of vitamin E as a radical scavenger [7]
and its capacity to protect against lipid oxidation were widely documented [7,10,11,32].
However, the higher range of oxidation values in milk from HXT groups could have
been due to the high proportion of PUFAs, mainly on day 20 of lactation. Hence, in the
present study, the total MDA production of milk was mainly explained by their PUFA
content, as confirmed by the significant linear and positive correlation found between these
components. It was reported that the more unsaturated the fatty acid chain, the higher the
degree of oxidation [32]. In addition, it is of interest to point out that milk stability was also
correlated with the oxidative status of the sow and their plasma tocopherol concentration.
Data are only presented for day 20 because the plasma oxidative status of sows was not
measured on day 7 of lactation, but similar results would be expected for the whole period.
This is because, in the present research, a high and positive correlation between the milk
MDA concentration and the piglet’s oxidative status was also detected at different lactation
stages. The fact that the piglet’s plasma MDA concentration (as a derivative of oxidation
and measurement of oxidative stress) was positive and highly correlated with the total
MDA concentration of milk could indicate the high importance of milk as a main vehicle
for different components, not only the antioxidant substances from the mother but also
those resulting from the different metabolic state of the sow that determines a different
proportion of fatty acids during the process of milk synthesis in the sow’s mammary gland.
This is of relevance for those nutrients with limited placental transfer, such as vitamin E [9],
which are very important for not only maintaining the oxidative status but also those that
provide energy during the first weeks of life.

5. Conclusions

In conclusion, the supplementation of sows with VE or HXT slightly modified the
general composition of milk in different ways. The changes were more marked in the fatty
acid profile. VE produced an increase in the n−7 of the colostrum and long PUFAs and
∆-5 and ∆-6 indices of the milk during lactation, as well as the lower production of TBARs
products. Nevertheless, HXT supplementation markedly increased the C18-PUFAs of the
colostrum and moderately so as lactation progressed with the decrease in the sow’s ability
to desaturate. Maternal VE supplementation produced a more beneficial milk composition
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to improve the oxidative status of piglets, which could promote gut health and the piglet’s
growth during the first weeks of life; however, further studies are needed to clarify this.
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Appendix A

Table A1. Major nutrients and fatty acid compositions of the experimental diets.

Major Nutrients 1 Control VE HXT 2 HXT+VE

Dry matter, % 90.8 89.8 91.1 91.2
Crude protein, % 13.1 14.0 15.0 14.5

Fat, % 4.3 3.6 3.8 3.7
Ash, % 6.5 6.4 6.9 6.0
Fiber, % 4.3 4.4 4.3 4.4
Starch,% 49.0 46.1 41.1 43.0

Energy (kcal GE/kg) 4339.6 4251.7 4264.3 4313.3
Vitamin E, mg/kg 70.5 103.6 95.4 114.1

Fatty Acid Composition

C14:0 0.60 0.66 0.56 0.60
C16:0 19.80 21.48 19.10 20.11

C16:1n−9 0.12 0.15 0.12 0.12
C16:1n−7 0.79 0.87 0.73 0.78

C18:0 4.77 4.80 4.45 4.54
C18:1n−9 28.97 25.26 30.33 26.94
C18:1n−7 1.92 1.49 1.57 1.60
C18:2n−6 38.97 40.81 38.97 40.89
C18:3n−3 3.04 3.44 3.15 3.36

C20:0 0.30 0.26 0.30 0.31
C20:1n−9 0.52 0.58 0.55 0.58

∑SAT 25.47 27.20 24.41 25.55
∑MUFAs 32.33 28.35 33.29 30.02
∑PUFAs 42.01 44.25 42.11 44.25

1 Ingredients (%)—corn: 16.03; wheat: 10; barley: 50; soya meal 47: 6.73; wheat bran: 6.54; pork lard: 1; beetroot
pulp: 5; calcium carbonate: 1.98; bicalcium phosphate: 0.54; salt: 0.5; L-lysine: 0.50; methionine: 0.04; threonine:
0.18; choline chloride: 0.03; premix: 0.3 (per kg/diet—vitamin A: 12,000 IU; vitamin D3: 1400 IU; vitamin B1: 1.1
mg; vitamin B2: 6 mg; vitamin B12: 0.08 mg; vitamin B6: 12 mg; nicotinic acid: 21 mg; biotin: 0.12 mg; pantothenic
acid: 12 mg; vitamin K3: 1.1 mg; choline chloride: 225 mg; Fe (ferrous carbonate): 60 mg; Cu (pentahydrate
sulfate): 14.2 mg; Zn (oxide): 100 mg; Mn (monohydrate sulfate): 30 mg; I (potasium iodide): 0.8 mg; Se (sodium
selenite): 0.3 mg; 2 Olea europea extract containing hydroxytyrosol (%): 0.40.
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Abstract: This study investigated intestinal oxidative damage caused by F18+ Escherichia coli and its
amelioration with antibacterial bacitracin fed to nursery pigs. Thirty-six weaned pigs (6.31 ± 0.08 kg
BW) were allotted in a randomized complete block design. Treatments were: NC, not challenged/not
treated; PC, challenged (F18+ E. coli at 5.2 × 109 CFU)/not treated; AGP challenged (F18+ E. coli
at 5.2 × 109 CFU)/treated with bacitracin (30 g/t). Overall, PC reduced (p < 0.05) average daily
gain (ADG), gain to feed ratio (G:F), villus height, and villus height to crypt depth ratio (VH:CD),
whereas AGP increased (p < 0.05) ADG, and G:F. PC increased (p < 0.05) fecal score, F18+ E. coli in
feces, and protein carbonyl in jejunal mucosa. AGP reduced (p < 0.05) fecal score and F18+ E. coli in
jejunal mucosa. PC reduced (p < 0.05) Prevotella stercorea populations in jejunal mucosa, whereas AGP
increased (p < 0.05) Phascolarctobacterium succinatutens and reduced (p < 0.05) Mitsuokella jalaludinii
populations in feces. Collectively, F18+ E. coli challenge increased fecal score and disrupted the
microbiota composition, harming intestinal health by increasing oxidative stress, and damaging the
intestinal epithelium, ultimately impairing growth performance. Dietary bacitracin reduced reduced
F18+ E. coli populations and the oxidative damages they cause, thereby improving intestinal health
and the growth performance of nursery pigs.

Keywords: F18+ E. coli; growth performance; intestinal health; oxidative damages; pigs

1. Introduction

In swine production, the post-weaning period is associated with immunological,
physiological, psychological, and nutritional challenges that can impair the intestinal
immune system and growth performance of pigs [1–3]. The impaired intestinal immune
system increases pigs susceptibility to pathogen invasion [3,4]. Enterotoxigenic Escherichia
coli, which causes post-weaning diarrhea (PWD), is a pathogen of concern for producers
around the world. As a consequence of E. coli infection, changes in intestinal microbiota can
led to increased inflammation and oxidative damage in the intestine, ultimately resulting
in growth retardation [5–7]. According to Duarte and Kim [8], the changes in the intestinal
microbiota in pigs challenged with F18+ E. coli are positively correlated with oxidative
damages in the jejunal mucosa.

Different strategies have been utilized to reduce the susceptibility of pigs to potential
pathogens [9,10]. Since the 1950s, antibiotics have been used in swine feed to promote
growth by improving intestinal health [11,12]. Bacitracin is an antibiotic commonly used
in animal feeds as a growth promoter and to treat and control infections [13]. In the US,
bacitracin use as a growth promoter is not subjected to the veterinary feed directive rule
and, therefore, does not require veterinary prescription [14]. Although the use of bacitracin
has been primarily thought of as effective against Gram-positive pathogens, its use has also
been reported to modulate the intestinal microbiota in nursery pigs [7], rabbits [15], and
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poultry [16,17]. This modulation of microbiota may explain the ability of bacitracin ability
to prevent the deleterious effects of E. coli infection [7].

If the damage caused by F18+ E. coli infection is partially due to alterations in intestinal
microbiota, which led to increased oxidative damage and increased intestinal inflammatory
responses, understanding ways to mediate this is important for improving the efficiency
of swine production. Bacitracin may be a useful tool to minimize the disruption of the
intestinal microbiota due to F18+ E. coli infection, consequently promoting the growth
of challenged pigs. To test this hypothesis, this study evaluated the intestinal oxidative
damages caused by F18+ E. coli and its protection with the antibacterial bacitracin fed to
nursery pigs.

2. Materials and Methods

The Institutional Animal Care and Use Committee at North Carolina State University
approved the experimental protocol used in this study, as stated in the North Carolina State
Animal Care and Use Procedures (REG 10.10.01).

2.1. Animals, Experimental Design, Diets, and Inoculation

An amount of 36 newly weaned pigs (18 barrows and 18 gilts) with 6.31 ± 0.08 kg body
weight (BW) and 21 d of age were allotted to 3 treatments using a randomized complete
block design (RCBD). Sex and initial BW were considered as blocks. The treatments were:
NC, not challenged/not treated; PC, challenged (F18+ E. coli at 5.2 × 109 CFU)/not treated;
AGP, challenged (F18+ E. coli at 5.2 × 109 CFU)/treated with bacitracin (30 g/t). Pigs were
fed diets for 28 d divided into 2 phases (P1 for 14 d, and P2 for 14 d). Basal diets were
formulated to meet the nutrient requirements suggested by NRC [18] (Table 1).

Table 1. Composition of basal diets (Exp. 1; as-fed basis).

Item Phase 1 Phase 2

Ingredient, %
Corn, yellow 40.45 54.47

Soybean meal, 48% CP 22.00 23.50
Whey permeate 20.00 10.00
Blood plasma 6.00 3.00
Poultry meal 5.00 4.00
Poultry fat 3.50 1.80
L-Lys HCl 0.48 0.47

DL-Met 0.22 0.18
L-Thr 0.15 0.13
L-Trp 0.00 0.00

Dicalcium phosphate 0.60 0.85
Limestone 0.95 0.95

Vitamin premix 1 0.03 0.03
Mineral premix 2 0.15 0.15

Salt 0.22 0.22
Zinc oxide 0.25 0.25

Calculated composition:
Dry matter, % 90.8 90.1
ME, kcal/kg 3481 3388

CP, % 23.00 21.60
SID 3 Lys, % 1.50 1.35

SID Met + Cys, % 0.82 0.74
SID Trp, % 0.25 0.22
SID Thr, % 0.88 0.79

Ca, % 0.86 0.81
STTD 4 p, % 0.45 0.40

Total p, % 0.67 0.64
1 The vitamin premix provided the following per kilogram of complete diet: 6613.8 IU of vitamin A as vitamin
A acetate, 992.0 IU of vitamin D3, 19.8 IU of vitamin E, 2.64 mg of vitamin K as menadione sodium bisulfate,
0.03 mg of vitamin B12, 4.63 mg of riboflavin, 18.52 mg of D-pantothenic acid as calcium pantothenate, 24.96 mg
of niacin, and 0.07 mg of biotin. 2 The trace mineral premix provided the following per kilogram of complete diet:
4.0 mg of Mn as manganous oxide, 165 mg of Fe as ferrous sulfate, 165 mg of Zn as zinc sulfate, 16.5 mg of Cu
as copper sulfate, 0.30 mg of I as ethylenediamine di-hydroiodide, and 0.30 mg of Se as sodium selenite. 3 SID,
standardized ileal digestible. 4 STTD, standardized total tract digestible.
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Bacitracin methylene disalicylate (BMD) was added to the diets as a source of baci-
tracin. After 7 d of feeding (pre-challenge period), all pigs on PC and AGP received an oral
dose of F18+ E. coli (5.2 × 109 CFU), and pigs on NC received an oral dose of sterile saline
solution. The F18+ E. coli culture was prepared and inoculated to the challenged pigs, as
previously reported by Duarte and Kim [8] and Xu et al. [7]. The inoculum was produced
by utilizing the F18ac (O147) strain that generates heat-stable toxins A (STa) and B (STb).
The strain stock was tested to confirm the expression of F18ac, STa, and STb.

2.2. Growth Performance and Fecal Score

Body weight and feed intake were measured weekly to calculate the average daily
gain (ADG), average feed intake (ADFI), and the gain to feed ratio (G:F) in order to evaluate
the growth performance of pigs. The fecal scores were recorded every other day using a
scoring system where 1 = very hard and dry stool, 2 = firm stool; 3 = normal stool; 4 = loose
stool; and 5 = watery stool, as previously reported by [19,20]

2.3. Sample Collection and Processing

Fecal and blood samples were collected from all pigs at d 14 and 28. Fecal samples were
freshly collected to evaluate the microbiota composition in the post-challenge period. Blood
(10 mL) was collected from the jugular vein into vacutainer tubes without anticoagulant
to obtain serum to determine the concentration of tumor necrosis-alpha (TNF-α), as an
indicator of inflammatory status [21] and protein carbonyl, as an indicator of oxidative
stress status [22]. Sera were stored at −80 ◦C until analysis.

After 28 d feeding, all pigs were euthanized by penetrating captive bolt followed
by exsanguination. Jejunal tissue and mucosa were collected 3 m distal to the pyloric-
duodenal junction. Jejunal tissue (5 cm) was collected in 10% buffered formalin, and
mucosa was obtained from the next 20 cm of jejunum and snap frozen in liquid nitrogen.
The mucosa samples were used to evaluate the microbiota composition, the inflamma-
tory and the oxidative stress status. Protein extracts from the mucosa were obtained by
homogenization homogenizer (Tissuemiser; Fisher Scientific Inc., Waltham, MA, USA) in
phosphate-buffered saline (PBS). The homogenate was then centrifuged at 10,000× g at
4 ◦C for 15 min, and the supernatant stored at −80 ◦C for further analysis.

2.4. Immune and Oxidative Stress Status

Protein concentration of samples were determined using the Protein Assay Kit (23225#,
Thermo Fisher Scientific Inc., Wilmington, DE, USA). Prior to analysis, the samples were
diluted in PBS at 1:80 and 1:40 for serum and mucosa samples, respectively. Concentrations
of TNF-α in mucosa and protein carbonyl in mucosa and sera were normalized to total
protein content, as previously reported by Cheng et al. [23]. The concentration of TNF-α
was measured in serum and mucosa samples using the Porcine TNF-α Immunoassay Kit
(#PTA00; R&D Systems, Minneapolis, MN, USA) as previously described by Holanda and
Kim [24]. The concentration of protein carbonyl was measured using the OxiSelect Protein
carbonyl ELISA Kit (Cell Biolabs, Inc., San Diego, CA, USA) as previously described by
Jang et al. [25].

2.5. Intestinal Morphology and Crypt Cell Proliferation

Jejunal tissue samples were sent to the North Carolina State University Histology
Laboratory (College of Veterinary Medicine, Raleigh, NC, USA) for Ki-67 staining [21].
Fifteen fields of view at 40× magnification of villi and their respective crypts per pig were
used to measure villi height and width and crypt depth. The villi height to crypt depth
ratio (VH:CD) was then calculated. Fifteen fields of view at 100× magnification were
used to determine the proportion of Ki-67+ to total cells in the crypt as an estimator of cell
proliferation rate in crypts, as previously described by Duarte and Kim [22].
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2.6. Intestinal Microbiota

DNA was extracted (DNA Stool Mini Kit,#51604, Qiagen; Germantown, MD, USA)
from fecal and mucosa samples for 16S rRNA analysis and for quantification of F18+ E. coli
by qPCR. The DNA samples were sent to MAKO laboratories (Raleigh, NC, USA) for 16S
rRNA and qPCR analysis according to their protocol, as reported by Duarte et al. [26]. The
relative abundance of microbiota was calculated, and the OTU (operational taxonomic unit)
with <0.5% relative abundance was combined and reported as “Others”.

The F18+ E. coli in the mucosa and fecal samples was quantified by qPCR following the
protocol used by MAKO laboratories. Briefly, the plasmid containing the F18 fimbriae genes
fedA (NCBI GeneBank, accession no. M61713) was constructed using the GeneArt (Thermo
Fisher Scientific). The synthetic F18 gene was assembled from synthetic oligonucleotides.
The fragment was inserted into the pMK-RQ-Bs vector GeneArt (Thermo Fisher Scientific).
The concentration of plasmid DNA was measured by UV spectroscopy after the purification
from the transformed bacteria. The similarity of sequence within the insertion sites was
100%. A TaqMan probe specific to the fedA gene was provided by Thermo Fisher. For
quantification of F18+ plasmid in the samples, the assembled vector was used as standard.

The standard vector was linearized using the SmaI digestion (#FD0664, Thermo Fisher
Scientific) prior to sequencing using qPCR. The count of the stock standard was calculated
based on the vector size (914 bp). Then, the standard was diluted to 2.86 × 107, 2.86 × 106,
2.86 × 105, 2.86 × 104, and 2.86 × 103. The Taqpath qPCR Master Mix CG (#A15297,
Thermo Fisher Scientific) and the QuantStudio 12K Flex (Thermo Fisher Scientific) were
used for the qPCR of samples and standards following the instructions of the manufacturer.
Based on the count of the plasmid on the standard, linear regression was used to calculate
the concentration of the F18+ plasmid in the samples. Before statistical analysis, the
concentration of F18+ plasmid was Log transformed.

2.7. Statistical Analysis

The Mixed procedure of SAS 9.4 Software (Cary, NC, USA) was used to analyze all
data based on a randomized complete block design. The main effect was the treatments,
and the random effects were sex and initial BW. Pre-planned contrasts were used to test the
effect of the F18+ E. coli challenge (NC vs. PC) and the effect of AGP on challenged pigs (PC
vs. AGP). Statistical differences were considered significant with p < 0.05, and the tendency
was considered when 0.05 ≤ p < 0.10.

3. Results
3.1. Growth Performance and Fecal Score

Prior to challenge (d 0 to 7), the treatments did not affect BW, ADG, ADFI, or G:F
(Table 2). After the E. coli challenge, the PC had lower (p < 0.05) BW at d 14, 21, and 28
when compared with the NC. The AGP-treated pigs had higher (p < 0.05) BW at d 14 and
tended to have higher BW (p = 0.066) at d 28 when compared with PC. The PC reduced
(p < 0.05) the ADG of pigs post-challenge (d7 to 14, d 14 to 21, and d 7 to 28) and over
the entire experiment (d 0 to 28) when compared to the NC. The AGP increased (p < 0.05)
the ADG of pigs post-challenge (d 14 to 21, and d 7 to 28) and over the entire experiment
(d 0 to 28) when compared with PC. During the last week of the experiment, d 21 to 28,
the treatments did not affect the ADG, ADFI, nor the G:F. The PC did not affect the ADFI
during the entire experiment, whereas AGP tended to increase ADFI (p = 0.073) from d 7 to
14. The PC reduced (p < 0.05) the G:F of pigs during the post-challenge (d7 to 14, and d 7 to
28) and the overall experiment (d 0 to 28) when compared with NC. The AGP increased
(p < 0.05) the G:F of pigs, compared to the PC, from d 14 to 21.

Before the E. coli challenge (d 0 to 7), the treatments did not affect the fecal score of pigs
(Figure 1). After the challenge, the PC pigs had higher (p < 0.05) fecal scores during the first-
and second-week post-challenge when compared with NC. The AGP pigs had fecal scores
that were intermediate to the PC and the NC during the first week post-challenge (p < 0.05),
and they were not significantly different than those of the NC during the second week
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post-challenge. There were no significant differences in fecal score among the treatments
during the final week of the experiment.

Table 2. Growth performance of pigs challenged with F18+ Escherichia coli and fed diets with bacitracin
as a growth promoter.

Treatment 1 p Value

Item NC PC AGP SEM NC vs. PC PC vs. AGP

BW, kg
Initial 6.31 6.31 6.30 0.08 0.985 0.912

d 7 6.91 6.90 6.93 0.15 0.958 0.852
d 14 8.64 7.72 8.20 0.28 0.036 0.231
d 21 11.93 10.21 11.88 0.46 0.019 0.018
d 28 16.25 14.19 15.94 0.64 0.040 0.066

ADG, kg
Pre-challenge (d 0 to 7) 0.080 0.084 0.091 0.021 0.980 0.804

Post-challenge (d 7 to 28) 0.445 0.348 0.429 0.026 0.020 0.039
d 7 to 14 0.247 0.118 0.181 0.028 0.005 0.119
d 14 to 21 0.470 0.356 0.526 0.035 0.038 0.003
d 21 to 28 0.617 0.569 0.580 0.042 0.430 0.857
Overall 0.353 0.282 0.344 0.022 0.022 0.046

ADFI, kg
Pre-challenge (d 0 to 7) 0.120 0.149 0.142 0.024 0.415 0.844

Post-challenge (d 7 to 28) 0.643 0.582 0.663 0.048 0.403 0.254
d 7 to 14 0.340 0.303 0.386 0.034 0.436 0.073
d 14 to 21 0.627 0.572 0.681 0.064 0.467 0.149
d 21 to 28 0.972 0.870 0.921 0.071 0.300 0.589
Overall 0.512 0.474 0.532 0.038 0.497 0.285

G:F
Pre-challenge (d 0 to 7) 0.61 0.55 0.57 0.10 0.679 0.845

Post-challenge (d 7 to 28) 0.72 0.56 0.62 0.03 0.001 0.121
d 7 to 14 0.76 0.36 0.46 0.07 0.001 0.276
d 14 to 21 0.77 0.65 0.78 0.04 0.060 0.036
d 21 to 28 0.64 0.67 0.63 0.03 0.634 0.378
Overall 0.71 0.55 0.61 0.03 0.009 0.236

1 NC, not challenged/not treated; PC, challenged (E. coli F18+ at 5.2 × 109 CFU)/not treated; AGP, challenged
(E. coli F18+ at 5.2 × 109 CFU)/treated with bacitracin (30 g/t).
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Figure 1. The fecal score of pigs challenged with F18+ Escherichia coli and fed diets with bacitracin as a
growth promoter. NC, not challenged/not treated; PC, challenged (E. coli F18+ at 5.2 × 109 CFU)/not
treated; AGP, challenged (E. coli F18+ at 5.2 × 109 CFU)/treated with bacitracin (30 g/t). * d 7 to
14: NC vs. PC: (p = 0.001), PC vs. AGP: (p = 0.004); d 14 to 21: NC vs. PC: (p = 0.001), PC vs. AGP:
(p = 0.001).
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3.2. F18+ E. coli Counting

The PC had increased (p < 0.05) copies of fedA, indicating higher populations of F18+

E. coli in the feces of pigs at d 14 when compared with the NC. There are no significant
differences in feces at d 28 (Figure 2). The AGP did not significantly impact the copies of
fedA in the feces on d 14. The PC tended to have greater (p = 0.056) concentrations of fedA
in samples from jejunal mucosa, compared to the NC at d 28, and AGP appeared to have
concentrations that were significantly lower than those of the PC group.
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Figure 2. F18+ E. coli counting in feces and jejunal mucosa of pigs challenged with F18+ Escherichia coli
and fed diets with bacitracin as a growth promoter. NC, not challenged/not treated; PC, challenged
(E. coli F18+ at 5.2 × 109 CFU)/not treated; AGP, challenged (E. coli F18+ at 5.2 × 109 CFU)/treated
with bacitracin (30 g/t).

3.3. Immune and Oxidative Stress Status

The concentration of TNF-α in jejunal mucosa was not affected by the treatments
(Table 3). The PC tended to increase the concentration of TNF-α in sera at d 14 when
compared with NC. The PC increased (p < 0.05) the concentration of protein carbonyl in
serum and jejunal mucosa at d 28 when compared with NC. The AGP tended to reduce
(p < 0.05) the concentration of protein carbonyl in the jejunal mucosa of pigs at d 28 when
compared with PC.

Table 3. Immune and oxidative stress status of pigs challenged with F18+ Escherichia coli and fed
diets with bacitracin as a growth promoter.

Treatment 1 p Value

Item NC PC AGP SEM NC vs. PC PC vs. AGP

Tumor necrosis factor-alpha

d 14 serum, pg/mL 110.4 128.7 119.4 6.3 0.054 0.365
d 28 serum, pg/mL 114.7 107.9 104.8 8.6 0.586 0.796

Jejunal mucosa, pg/mg
protein 1.31 1.66 1.76 0.26 0.361 0.773

Protein carbonyl, nmol/mg protein

d 14 serum 2.20 2.08 2.16 0.11 0.419 0.605
d 28 serum 1.63 2.37 2.32 0.19 0.010 0.851

Jejunal mucosa 2.15 3.61 2.56 0.35 0.012 0.059
1 NC, not challenged/not treated; PC, challenged (E. coli F18+ at 5.2 × 109 CFU)/not treated; AGP, challenged
(E. coli F18+ at 5.2 × 109 CFU)/treated with bacitracin (30 g/t).
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3.4. Intestinal Morphology and Cell Proliferation in Crypt

The PC reduced (p < 0.05) the villus height and the VH:CD in the jejunum of pigs
when compared with NC (Table 4). The villus width, crypt depth, and cell proliferation in
jejunal crypts were not affected by the treatments.

Table 4. Intestinal morphology and cell proliferation in crypts of pigs challenged with F18+ Escherichia
coli and fed diets with bacitracin as a growth promoter.

Treatment 1 p Value

Item NC PC AGP SEM NC vs. PC PC vs. AGP

Villus height, µm 527 394 436 32 0.003 0.296
Villus width, µm 85 91 85 7 0.378 0.419
Crypt depth, µm 245 253 253 12 0.591 0.975

VH:CD 2 2.22 1.58 1.73 0.14 0.002 0.398
Ki-67+, 2 (%) 52.0 47.3 51.6 5.3 0.473 0.511

1 NC, not challenged/not treated; PC, challenged (E. coli F18+ at 5.2 × 109 CFU)/not treated; AGP, challenged
(E. coli F18+ at 5.2 × 109 CFU)/treated with bacitracin (30 g/t). 2 Cell proliferation rate.

3.5. Relative Abundance and Diversity of the Fecal and Mucosa-Associated Microbiota

The PC reduced (p < 0.05) the relative abundance of Tenericutes and tended to reduce
(p = 0.095) the relative abundance of Deferribacteres in the feces of pigs at d 28 when
compared with NC (Table 5). The PC tended to increase (p = 0.072) the relative abundance
of Firmicutes in the feces of pigs at d 28 when compared with NC. The AGP tended to
increase (p = 0.088) the relative abundance of Actinobacteria in the feces of pigs at d 28
when compared with PC. The PC tended to reduce (p = 0.055) the relative abundance of
Bacteroidetes in the jejunal mucosa of pigs when compared with NC.

Table 5. Relative abundance of fecal and mucosa-associated microbiota at the phylum level in pigs
challenged with F18+ Escherichia coli and fed diets with bacitracin as a growth promoter.

Treatment 1 p Value

Item NC PC AGP SEM NC vs. PC PC vs. AGP

d 14 (Feces)
Bacteroidetes 41.3 37.2 39.3 3.3 0.380 0.651

Firmicutes 36.2 42.9 45.6 5.1 0.375 0.705
Proteobacteria 19.6 15.4 11.6 5.9 0.629 0.653
Spirochaetes 2.1 3.2 2.3 1.3 0.571 0.619
Tenericutes 0.4 1.0 0.4 0.3 0.170 0.146

Actinobacteria 0.1 0.1 0.6 0.2 0.878 0.121
Deferribacteres 0.1 0.2 0.1 0.1 0.628 0.337

d 28 (Feces)
Firmicutes 46.1 53.9 55.7 2.8 0.072 0.649

Bacteroidetes 41.2 38.8 37.1 2.2 0.458 0.595
Proteobacteria 10.1 5.8 5.2 2.5 0.234 0.855

Tenericutes 1.4 0.1 0.2 0.4 0.043 0.906
Deferribacteres 0.5 0.0 0.0 0.2 0.095 0.912

Spirochaetes 0.4 0.7 0.6 0.4 0.653 0.865
Actinobacteria 0.1 0.5 1.2 0.3 0.438 0.088

d 28 (Mucosa)
Firmicutes 50.5 46.2 51.0 14.6 0.839 0.821

Proteobacteria 25.9 43.1 39.3 15.6 0.452 0.867
Bacteroidetes 22.0 9.6 8.9 4.3 0.055 0.904

Actinobacteria 0.8 0.8 0.4 0.5 0.946 0.571
Spirochaetes 0.4 0.2 0.3 0.2 0.367 0.463

1 NC, not challenged/not treated; PC, challenged (E. coli F18+ at 5.2 × 109 CFU)/not treated; AGP, challenged
(E. coli F18+ at 5.2 × 109 CFU)/treated with bacitracin (30 g/t).
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The PC increased (p < 0.05) the relative abundance of Lachnospiraceae and tended to
increase (p = 0.072) the relative abundance of Campylobacteraceae in the feces of pigs at d
14 when compared with NC (Table 6). The AGP tended to reduce (p = 0.094) the relative
abundance of Others in the feces of pigs at d 14 when compared with PC. The PC tended to
increase (p = 0.099) the relative abundance of Acidaminococcaceae in the jejunal mucosa of
pigs when compared with NC (Table 7). The AGP did not affect the relative abundance of
mucosa-associated microbiota at the family level in the jejunum of pigs.

Table 6. Relative abundance of fecal microbiota at the family level in pigs challenged with F18+

Escherichia coli and fed diets with bacitracin as a growth promoter.

Treatment 1 p Value

Item NC PC AGP SEM NC vs. PC PC vs. AGP

d 14
Prevotellaceae 29.6 29.0 26.6 3.4 0.874 0.571
Veillonellaceae 10.8 10.9 14.2 4.3 0.989 0.599

Enterobacteriaceae 8.9 6.5 5.8 5.5 0.764 0.926
Ruminococcaceae 7.0 6.1 6.1 2.2 0.767 0.977

Acidaminococcaceae 2.5 4.5 6.2 1.6 0.402 0.480
Porphyromonadaceae 4.4 4.4 7.8 2.1 0.978 0.266

Lactobacillaceae 1.7 4.2 7.3 2.2 0.449 0.339
Lachnospiraceae 3.0 5.1 4.4 0.7 0.049 0.469

Succinivibrionaceae 6.6 3.6 2.9 2.0 0.309 0.825
Eubacteriaceae 2.0 2.8 3.0 0.5 0.301 0.813
Clostridiaceae 2.3 3.3 2.2 1.2 0.576 0.544
Cytophagaceae 3.3 1.3 0.9 1.3 0.302 0.813

Campylobacteraceae 0.6 3.7 1.9 1.2 0.072 0.284
Erysipelotrichaceae 1.2 1.3 1.3 0.6 0.919 0.984

Spirochaetaceae 1.4 1.3 1.4 1.1 0.983 0.967
Rikenellaceae 1.9 0.3 1.5 1.1 0.310 0.453

Peptococcaceae 2.6 0.9 0.1 1.4 0.414 0.709
Bacteroidaceae 0.6 1.4 1.8 0.6 0.368 0.627

Others 9.6 9.6 5.0 1.8 0.995 0.094

d 28
Prevotellaceae 36.6 33.5 30.8 2.5 0.407 0.456
Veillonellaceae 21.0 27.1 21.1 2.8 0.144 0.150

Lactobacillaceae 7.7 4.6 3.6 2.7 0.438 0.793
Ruminococcaceae 4.5 5.0 7.2 0.9 0.737 0.121
Lachnospiraceae 3.5 4.9 6.4 1.4 0.404 0.544

Acidaminococcaceae 3.4 5.1 6.3 1.4 0.390 0.533
Porphyromonadaceae 2.5 2.6 4.5 0.9 0.922 0.189
Succinivibrionaceae 5.2 2.7 2.2 2.3 0.450 0.882

Eubacteriaceae 1.8 2.3 3.3 0.4 0.423 0.132
Streptococcaceae 0.9 1.3 4.2 1.6 0.864 0.226

Clostridiaceae 1.4 1.5 1.5 0.4 0.772 0.949
Campylobacteraceae 2.3 1.1 0.4 0.8 0.312 0.567

Others 9.2 8.2 8.5 1.9 0.703 0.904
1 NC, not challenged/not treated; PC, challenged (E. coli F18+ at 5.2 × 109 CFU)/not treated; AGP, challenged
(E. coli F18+ at 5.2 × 109 CFU)/treated with bacitracin (30 g/t).

The PC tended to reduce (p = 0.079) the relative abundance of Succinivibrio dextrino-
solvens in the feces of pigs at d 14 when compared with NC (Table 8). The PC tended to
reduce (p = 0.065) the relative abundance of Prevotella stercorea and increased the relative
abundance of Mitsuokella jalaludinii in the feces of pigs at d 28 when compared with NC.
The AGP increased (p < 0.05) the relative abundance of Phascolarctobacterium succinatutens
whereas reduced (p < 0.05) the relative abundance of Mitsuokella jalaludinii in feces of pigs
at d 28 when compared with PC.
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Table 7. Relative abundance of mucosa-associated microbiota at the family level in pigs challenged
with F18+ Escherichia coli and fed diets with bacitracin as a growth promoter.

Treatment 1 p Value

Item NC PC AGP SEM NC vs. PC PC vs. AGP

Lactobacillaceae 25.6 23.8 21.4 12.7 0.922 0.893
Helicobacteraceae 14.6 35.6 34.7 15.7 0.365 0.968

Prevotellaceae 19.6 8.9 8.4 4.5 0.117 0.938
Veillonellaceae 7.6 5.38 19.2 5.7 0.763 0.115

Streptococcaceae 9.4 12.1 6.3 6.7 0.778 0.551
Campylobacteraceae 6.5 6.0 2.6 4.7 0.948 0.615
Acidaminococcaceae 2.6 1.0 0.8 0.7 0.099 0.862
Enterobacteriaceae 4.2 1.7 2.2 1.1 0.128 0.766
Lachnospiraceae 2.1 0.8 1.2 0.6 0.151 0.675
Ruminococcaceae 1.2 0.6 0.8 0.3 0.233 0.691

Erysipelotrichaceae 0.4 1.3 0.2 0.6 0.379 0.271
Clostridiaceae 0.4 0.6 0.2 0.2 0.556 0.268

Bifidobacteriaceae 0.6 0.7 0.3 0.4 0.897 0.539
Porphyromonadaceae 1.3 0.4 0.4 0.4 0.129 0.929
Succinivibrionaceae 0.7 0.5 1.0 0.5 0.749 0.479

Others 4.2 1.7 2.2 1.1 0.128 0.766
1 NC, not challenged/not treated; PC, challenged (E. coli F18+ at 5.2 × 109 CFU)/not treated; AGP, challenged
(E. coli F18+ at 5.2 × 109 CFU)/treated with bacitracin (30 g/t).

Table 8. Relative abundance of fecal microbiota at the specie level in pigs challenged with F18+

Escherichia coli and fed diets with bacitracin as a growth promoter.

Treatment 1 p Value

Item NC PC AGP SEM NC vs. PC PC vs. AGP

d 14
Prevotella copri 36.8 29.7 20.1 5.6 0.376 0.238

Phascolarctobacterium succinatutens 4.8 8.8 13.2 3.8 0.468 0.427
Prevotella stercorea 10.2 6.8 9.4 3.4 0.482 0.582

Faecalibacterium prausnitzii 10.1 8.0 9.1 3.2 0.648 0.811
Succinivibrio dextrinosolvens 6.8 3.0 0.7 1.5 0.079 0.288

Dialister succinatiphilus 2.5 1.6 6.3 3.0 0.845 0.290
Roseburia faecis 3.7 3.1 2.1 1.3 0.723 0.598

Campylobacter coli 1.1 4.8 6.0 2.4 0.275 0.720
Prevotella sp. 3.0 1.4 2.7 1.3 0.388 0.495

Mitsuokella jalaludinii 2.8 2.3 3.9 1.2 0.783 0.364
Brachyspira hampsonii 1.8 3.0 2.6 1.5 0.605 0.877
Treponema porcinum 0.9 1.8 3.7 1.2 0.594 0.262

Campylobacter lanienae 0.6 3.0 3.2 1.3 0.214 0.924
Dorea longicatena 0.4 0.9 1.2 0.4 0.410 0.641

Lactobacillus mucosae 0.5 0.4 0.4 1.2 0.939 0.985
Mitsuokella multacida 0.3 1.5 1.8 0.6 0.159 0.675

Lactobacillus kitasatonis 0.3 1.1 0.6 0.5 0.290 0.542
Gemmiger formicilis 1.7 1.2 0.6 0.6 0.585 0.472

Others 12.0 17.9 12.5 3.6 0.261 0.308

d 28
Prevotella copri 39.0 35.2 30.3 6.0 0.656 0.568

Prevotella stercorea 9.3 5.0 8.6 1.6 0.065 0.119
Dialister succinatiphilus 4.2 8.0 3.2 3.2 0.409 0.294

Phascolarctobacterium succinatutens 4.3 3.0 10.0 2.0 0.658 0.024
Faecalibacterium prausnitzii 5.2 4.0 7.3 1.5 0.551 0.121

Mitsuokella jalaludinii 3.3 8.7 2.0 1.6 0.025 0.007
Roseburia faecis 3.1 3.6 3.6 1.1 0.754 0.992
Prevotella sp. 2.2 4.5 2.2 1.4 0.262 0.259

Streptococcus alactolyticus 1.0 1.6 4.5 2.6 0.867 0.435
Succinivibrio dextrinosolvens 4.4 2.3 1.8 2.2 0.502 0.876

Lactobacillus delbrueckii 4.4 1.1 0.5 2.6 0.373 0.873
Lactobacillus kitasatonis 1.7 0.7 0.8 1.5 0.654 0.958

Acidaminococcus fermentans 1.4 3.9 1.4 1.1 0.110 0.108
Gemmiger formicilis 1.1 1.2 1.6 0.8 0.901 0.699

Mitsuokella multacida 0.7 2.3 1.5 0.8 0.194 0.523
Campylobacter coli 2.7 0.8 0.5 0.8 0.127 0.837
Selenomonas bovis 1.6 1.3 2.2 0.9 0.797 0.489

Lactobacillus mucosae 1.4 1.3 0.6 0.7 0.911 0.496
Dorea longicatena 0.2 1.3 4.4 1.5 0.595 0.168

Megasphaera hominis 1.5 0.9 1.3 0.4 0.367 0.568
Selenomonas lipolytica 0.9 1.4 2.2 0.8 0.637 0.476

Others 6.4 7.9 9.5 1.9 0.578 0.574
1 NC, not challenged/not treated; PC, challenged (E. coli F18+ at 5.2 × 109 CFU)/not treated; AGP, challenged
(E. coli F18+ at 5.2 × 109 CFU)/treated with bacitracin (30 g/t).
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The PC tended to reduce the relative abundance of Prevotella copri (p = 0.090), Phas-
colarctobacterium succinatutens (p = 0.053), and Lactobacillus delbrueckii (p = 0.050) in jejunal
mucosa of pigs when compared with NC (Table 9). The AGP did not affect the relative
abundance of mucosa-associated microbiota in pigs challenged with F18+ E. coli.

Table 9. Relative abundance of mucosa-associated microbiota at the specie level in pigs challenged
with F18+ Escherichia coli and fed diets with bacitacin as growth promoter.

Treatment 1 p Value

Item NC PC AGP SEM NC vs. PC PC vs. AGP

Helicobacter rappini 7.3 26.3 14.2 11.1 0.240 0.449
Helicobacter mastomyrinus 7.5 11.2 22.4 7.6 0.732 0.311

Lactobacillus kitasatonis 9.9 10.4 5.4 7.2 0.959 0.631
Lactobacillus mucosae 9.7 4.5 11.3 7.4 0.627 0.526

Prevotella copri 17.8 9.3 12.1 3.4 0.090 0.560
Streptococcus alactolyticus 10.4 10.1 4.7 4.5 0.967 0.408
Campylobacter upsaliensis 2.8 3.8 2.6 5.7 0.905 0.879
Streptococcus infantarius 3.2 5.4 3.9 2.6 0.549 0.679
Dialister succinatiphilus 2.9 1.9 2.9 1.2 0.555 0.568

Prevotella stercorea 5.1 1.5 1.2 1.1 0.036 0.853
Phascolarctobacterium

succinatutens 4.8 1.0 0.8 1.3 0.053 0.937

Lactobacillus salivarius 0.7 0.9 1.2 1.7 0.945 0.906
Faecalibacterium prausnitzii 1.7 0.8 1.4 0.7 0.346 0.524

Lactobacillus delbrueckii 2.2 0.6 0.9 0.6 0.050 0.751
Helicobacter sp. 1.3 0.0 0.0 1.2 0.473 0.992

Mitsuokella jalaludinii 0.7 1.4 1.8 0.9 0.600 0.788
Others 12.0 11.0 13.5 4.6 0.875 0.705

1 NC, not challenged/not treated; PC, challenged (E. coli F18+ at 5.2 × 109 CFU)/not treated; AGP, challenged
(E. coli F18+ at 5.2 × 109 CFU)/treated with bacitracin (30 g/t).

The alpha diversity of fecal microbiota was not affected by the treatments at d 14 and
d 28 (Figures 3 and 4). However, AGP tended to increase (p = 0.052) the alpha diversity of
mucosa-associated microbiota estimated with Chao1 (Figure 5).
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4. Discussion

In this study, direct oral challenge with F18+ E. coli caused PWD, increased oxidative
damage, and reduced the growth performance of weaned pigs, which is in agreement
with previous reports [7,27]. The reduced feed efficiency seen among the E. coli challenged
pigs can be attributed to the impaired intestinal health of challenged pigs as observed by
increased fecal score, increased inflammation and oxidative stress, and the damaged villi
and disrupted microbial community. The health challenged pigs may have had reduced
nutrient absorption and/or altered partitioning of nutrients for immune response and
growth, resulting in reduced feed efficiency [5,28]. However, bacitracin ameliorated many
of the effects of the E. coli challenge, as evidenced by improved fecal scores, reduced
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oxidative damage and improved the feed efficiency. These benefits were seen without a
significant reduction in fecal shedding of E. coli post-challenge.

Changes in diet, environment, social interaction, and the removal of the passive immu-
nity from sow’s milk during a period where the immune system is not fully mature increase
the vulnerability of newly weaned pigs to opportunistic pathogens [1,10,29]. The F18+

E. coli attaches to glycoproteins on the brush border in the intestine mediating resistance to
flushing and promoting colonization [30–32]. In the current study, the increased F18+ E. coli
counting in feces at d 14 matches with the increased fecal score in the period of 7 to 14 d of
the experiment and may be an indicator of proliferation on the intestinal epithelium. At d
28, 21 d after challenge, the F18+ E. coli counting in feces did not differ among treatments,
and fecal scores returned to normal, indicating pigs had controlled the E. coli infection
to a less harmful level. The trend toward increased F18+ E. coli in the jejunal mucosa of
challenged pigs indicates that F18+ E. coli can persist in the gastrointestinal tract for up to
21 d post-challenge. Duarte and Kim [8] reported that F18+ E. coli has a long-lasting effect
in jejunal mucosa when compared with feces.

Interestingly, bacitracin reduced the F18+ E. coli population in jejunal mucosa. An-
tibiotics have been used to overcome or mitigate the challenges associated with health
and nutrition, mainly by impairing the growth of pathogens [11,12]. Bacitracin, produced
by Bacillus licheniformis, is an antibiotic with a narrow spectrum against primarily Gram-
positive bacteria [33]. Bacitracin inhibits the synthesis of peptidoglycan and teichoic acids
in the cell wall of bacteria inhibiting their proliferation [34,35]. Gram-positive bacteria are
the main target for bacitracin due to the thicker peptidoglycan layer [35,36]. However,
Gram-negative bacteria also contain peptidoglycan on the cell wall [37]. Xu et al. [7] demon-
strated that bacitracin can mitigate the effects of PWD caused by F18+ E. coli in nursery
pigs.

During proliferation, E. coli can produce enterotoxins, including STa and STb, that
induce the secretion of fluid in the lumen of the small intestine, causing diarrhea [7,30].
Pigs challenged with F18+ E. coli in this study had increased fecal scores until d 21 of the
experiment. Challenged pigs that received bacitracin showed improved fecal scores at d
14, although they remained higher than those of the unchallenged pigs. By d 21, the fecal
scores of the F18+ E. coli challenged pigs treated with bacitracin were similar to those of the
unchallenged controls. These results demonstrate the efficacy of bacitracin in mitigating
PWD in pigs, as previously reported by Xu et al. [7]. Duarte and Kim [8] reported that,
although the diarrhea symptoms ceased 14 d after an F18+ E. coli-challenge, the effects
of F18+ E. coli on intestinal health lasted for at least 21 d. In addition to diarrhea, F18+

E. coli infections can also result in an inflammatory response [7,8]. A systemic inflammatory
response was seen 14 d after challenge in this study, with a trend toward increased concen-
tration of TNF-α in the serum of challenged pigs. However, there were no differences at d
28 and in TNF-α concentrations in jejunal mucosa. Other studies have reported increased
expression of IL-6 and IL-8 in the jejunal mucosa of F18+ E. coli-challenged pigs without
a significant change in TNF-α expression [7,38]. Due to the complex timing of cytokine
cascades during an immune response, it is not necessarily surprising that TNF-α concentra-
tions in the intestinal mucosa were not elevated at the end of the study. At the completion
of the study, sera and mucosal concentrations of protein carbonyl were increased in the
challenged pigs. These findings are in agreement with previous works that have reported
that a F18+ E. coli challenge increases oxidative stress in nursery pigs [5,7,27]. During in-
fection, ROS, including nitrite, are produced by immune cells to fight the infection [39–41].
The antioxidant enzymes scavenge the ROS maintaining homeostasis [40]. When the pro-
duction of ROS exceeds the antioxidant capacity, products from oxidative stress, including
protein carbonyls, are generated [42]. Protein carbonyl has been reported as an important
biomarker of oxidative stress because it can be produced by all ROS, and it has higher
stability compared with other products of oxidative damage [43]. Protein carbonyls lead
to the dysfunction of cellular proteins, which can induce apoptosis [41,44]. In this study,
bacitracin treatment tended to reduce protein carbonyl concentrations in challenged pigs,
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possibly by altering gut microbiota and reducing the intestinal mucosa’s immunoreaction
in response to the F18+ E. coli or by altering the production of toxins and other antigens by
the E. coli [45].

The altered fluid secretion induced by enterotoxins from E. coli can reduce water
absorption and increase the flux of water from the enterocyte into the lumen of the intes-
tine, causing dehydration and cell apoptosis [46–48]. Previous studies have shown that
the apoptosis induced by cell dehydration and oxidative damage in challenged pigs is
associated with the reduction in villus length [46,49]. In this study, pigs challenged with
F18+ E. coli had the lower villus height in jejunum, confirming the deleterious effects of
the E. coli on the epithelium. Enterocyte damage in the villi can induce cell proliferation in
crypts to provide new enterocytes [49]. Increased cell proliferation can increase crypt depth,
therefore reducing the villus height to crypt depth ratio [50–52], which was seen with E. coli
challenge in this study. According to Pluske et al. [50], the atrophy of villi and the hyper-
plasia of crypts can reduce the digestion and absorption of nutrients, thereby reducing the
feed efficiency of pigs. Additionally, undigested nutrients can further contribute to PWD
due to the increased amount of substrate available for microbial fermentation [6,53].

Increased fluid secretion, products from an immune response, and undigested nutri-
ents can all modulate the microbiome toward a more inflammatory microbiota, such as
increasing the abundance of Proteobacteria [5–8]. This change in the microbiota composi-
tion is associated with the increased production of ROS, including nitrite, released during
the immune response. The nitrite is transformed into nitrate in the lumen favoring the
growth of bacteria expressing nitrate reductase, such as Proteobacteria [5,54]. However,
7 d after the challenge, there was a trend of increasing Firmicutes on the feces of pigs
mainly by increasing Lachnospiraceae while reducing Tenericutes and Deferribacteries. The
environmental changes near the mucosa may have exerted pressure on the microbiota,
moving Lachnospiraceae toward the luminal content, consequently modulating the luminal
and the mucosa-associated microbiota [6,8]. Additionally, it was observed a trend towards
increasing Campylobacteraceae in the feces of challenged pigs. Interestingly, at 21 d after
the challenge, the abundance of was increased in the feces of challenged pigs. According
to Duarte and Kim [17], Mitsuokella spp. and Campylobacter spp. are highly correlated to
inflammatory and oxidative stress in pigs challenged with F18+ E. coli.

According to Belkaid et al. [55], the immune system plays a pivotal role in modulating
the mucosa-associated microbiota, which in turn modulate the luminal microbiota. The
relative abundance of Prevotella spp. and Phascolarctobacterium succinatutens in jejunal
mucosa-associated microbiota was reduced in challenged pigs, possibly due to the oxidative
environment promoted by the immune response against E. coli. Prevotella is a Bacteroidetes
that is associated with health conditions, and its relative abundance increases in pigs
after weaning due to the fiber content in the diet [6,56]. The unbalance in the microbiota
composition by reducing the abundance of fiber-degrading bacteria, in turn, can increase
the immune response in the intestine [5,6]. Interestingly, bacitracin tended to increase
the alpha diversity of mucosa-associated microbiota in the jejunum. Previous studies
have demonstrated that bacitracin can increase microbial diversity [7,17,57], although, in
general, antibiotics are associated with reduced diversity [58]. According to Proctor and
Phillips [17], the bacitracin may have inhibited the proliferation of certain bacteria allowing
the growth of others. These effects were observed in fecal samples at d 28, where the
abundance of P. succinatutens was increased, and M. jalaludinii populations were reduced.
M. jalaludinii are Gram-negative bacteria confirming that bacitracin can also affect bacteria
other than Gram-positive. Phascolarctobacterium succinatutens, a strict anaerobic bacteria
belonging to Firmicutes, are associated with propionate production through the succinate
scavenge [59,60]. Succinate is normally produced by different bacteria within the intestine,
especially from carbohydrate fermentation [60]. It has been reported that succinate exerts
inflammatory [61] and oxidative [62] roles. Therefore, these findings suggest that the
reduction in protein carbonyl reported in the current study can also be associated with the
increased abundance of bacteria associated with fiber utilization, including P. succinatutens.
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5. Conclusions

The F18+ E. coli challenge resulted in increased fecal scores, altered intestinal histology,
increased oxidative damage, all demonstrating reduced intestinal health. This resulted in
impaired growth performance of pigs challenged with F18+ E. coli. Dietary supplementa-
tion with bacitracin ameliorates many of the intestinal health challenges caused by F18+

E. coli, resulting in improved growth performance. Whereas further studies are needed to
elucidate the protective mechanisms of bacitracin on a F18+ E. coli infection, alterations
in the microbiota towards a less harmful milieu may underlay this effect and ultimately
provide greater insight into the role of microbiota on improving growth performance.
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Abstract: In the modern poultry industry, the application of novel phytogenic bioactive compounds
with antioxidant potential aims to enhance productivity and quality and to minimize the stress
of associated diseases. Herein, myricetin, a natural flavonoid, was evaluated for the first time on
broiler chickens’ performance, antioxidants and immune modulating functions, and tackling avian
coccidiosis. A total of 500 one-day-old chicks were divided into five groups. The negative (NC) and
infected control (IC) groups were fed a control diet without additives, and the latter was infected
with Eimeria spp. Groups supplemented with myricetin (Myc) were fed a control diet of Myc (200,
400 and 600 mg/kg diet each). On d 14, all chicks except those in NC were challenged with oocysts
of mixed Eimeria spp. Significant improvements in the overall growth rate and feed conversion
ratio were detected in the group that was fed 600 mg/kg, unlike the IC group. Notably, groups
that were fed 400 and 600 mg/kg showed higher total meat antioxidant capacity with an inverse
reduction in oxidative and lipid peroxidation biomarkers (hydrogen peroxide: H2O2; reactive oxygen
species: ROS; Malondialdehyde: MDA). Of note, the upregulation of glutathione peroxidase; GSH-Px,
catalase; CAT, superoxide dismutase; SOD, heme oxygenase-1; HO-1 and NAD(P)H dehydrogenase
quinone 1 NQO1 genes in jejunum and muscle were prominently observed with increasing levels
of supplemental Myc. At 21 dpi, the severity of coccoidal lesions (p < 0.05) induced by mixed
Eimeria spp. and oocyst excretion were greatly reduced in the group that was fed 600 mg/kg of Myc.
In the IC group, higher serum levels of C-reactive protein; CRP and nitric oxide; and NO and the
upregulated expression of inflammatory biomarkers (interleukin-1β; IL-1β, interleukin-6; IL-6, tumor
necrosis factor-α; TNF-α, chemotactic cytokines; CCL20, stromal cell-derived factor-1; CXCL13, and
avian defensins; AvBD612) were subsided in higher levels in the Myc-fed groups. Taken together,
these findings indicate the promising antioxidant role of Myc in modulating immune responses and
reducing growth depression associated with coccidia challenges.

Keywords: myricetin; flavonoid; performance; antioxidant; inflammation; Eimeria spp.
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1. Introduction

The poultry gastrointestinal tract (GIT) offers a biological environment for nutrient
digestion and absorption, as well as protection from pathogens and toxins. Oxidative
stress in birds’ GIT is derived from nutritional factors, environmental heat stress, and
pathological factors, which alter the overall performance as well as meat quality [1,2].
Biological damage associated with oxidative stress can cause many degenerative health
issues, which have a great impact on the overall performance and productivity of live-
stock [3]. Studies have suggested that the interaction of mucosa with microbes or their
toxins triggers oxidative stress [4–6]. The supplementation of antioxidant-rich diets and
plant extracts having antioxidant properties that scavenge reactive oxygen species (ROS)
are beneficial in mitigating oxidative stress in the GITs of animals [7–9]. Avian coccidiosis
is among the most common parasitic diseases caused by genus Eimeria spp. in the poultry
industry that is responsible for great economic losses, increasing mortality and lowering
growth rates [10]. Eimeria spp., primarily producing proinflammatory mediators together
with oxidative stress, contributes to lipid peroxidation, antioxidant insults, damage of
the intestinal epithelial barrier, inflammatory injury and diarrhea [11]. Following infec-
tion with parasites, particularly with Eimeria spp., the antioxidant systems of chickens
are significantly disrupted. The use of antioxidants is critical in combating the oxidative
stressors caused by the production of ROS and for the maintenance of homeostasis [12].
Under the conditions of ROS overproduction, supplementation with compounds of high
antioxidant potential is immensely valuable [13,14]. Concomitantly, regarding the pro-
longed use of common traditional approaches, such as coccidacidal pharmaceuticals that
are used for controlling avian coccidiosis, these chemotherapeutics have been banned due
to decreased Eimeria spp. sensitivity and developed drug resistance [15,16]. Therefore, the
dietary inclusion of bioactive compounds that have new antioxidant and immunological
prophylactic properties can solve these previous issues by exerting specific coccidiastat
effects [17,18]. Prior studies have recommended that natural phytogenic-derived agents,
such as resveratrol, oregano essential oil and aloe vera, have profound impacts on ame-
liorating oxidative stress for animals [19,20]. Moreover, phytogenic substances, rich in
isoflavones, have been recognized as alternative additives to replace antibiotic usage in
poultry farming via enhancing intestinal integrity and controlling inflammatory signaling
pathways [21]. The anticoccidial properties of several natural herbal products (or their
extracts) is mainly attributed to their ability to lower the impact on the output of oocyst via
the inhibition or suppression of the invasion, replication and expansion of Eimeria ssp. in
chickens’ gastrointestinal tissues [22].

Moreover, the therapeutic potential and defensive role of these phytogenics against
artificially induced coccidiosis in chickens is mainly due to their phenolic compounds that
interact with cytoplasmic membranes, triggering coccidial sporozoite death, attenuating
intestinal lipid peroxidation, facilitating epithelial injury repair and lessening the intestinal
permeability triggered by Eimeria spp. [23]. Phenolic compounds, such as flavones (api-
genin and luteolin), hydroxycinnamic, caffeic and sinapic acids, have been tested for their
inhibitory effective role on the sporulation of coccidian oocysts [24–26]. Thus, searching for
a new bioactive phenolics candidate with anticoccidial efficacy is an important prerequi-
site. Myricetin is a natural flavonoid with known strong antioxidant, anti-inflammatory
and anticancer properties [27,28]. Additionally, the antiparasitic effect of myricetin was
recently documented against Schistosomiasis [29]. The potential antioxidant activity of
myricetin could be related to the presence of three hydroxyl groups on its B ring like other
flavonoids [30]. Furthermore, myricetin has also proved to modify inflammatory diseases
by suppressing pro-inflammatory mediators (inhibition of inflammatory mediators such
as TNF-α, IL-6, IL-12 and iNOS) [31,32]. Myricetin can effectively reduce oxidative stress
via down-stream expression of HO-1 and NQ1 [33]. At present, the impact of myricetin on
combating oxidative stress and avian coccidiosis has not been reported yet in the poultry
industry. Hence, this study was designed to assess the effective role of in-feed myricetin on
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broiler chickens’ performance indices, antioxidant and immune modulation, fecal oocyst
excretion and intestinal lesion score following Eimeria ssp. challenges.

2. Materials and Methods

Husbandry, ethics and guidelines for animal management practices and techniques
were obtained from the Institutional Animal Care and Use Committee of the Faculty of
Veterinary Medicine at Zagazig University (ZU-IACUC/2/F/320/2020).

2.1. Birds, Experimental Design and Growth Monitoring

Five hundred one-day-old male chicks with an initial body weight of 44.2 ± 0.2 g
were delivered by a local hatchery (commercial Ross 308 broiler chicks). Chicks were
weighed and randomly divided into five equal experimental groups, with 5 replicate
pens of 10 birds each. All birds were housed in floor pens with wood shavings (bird
density: 10 broilers/m2) in similar environmental and sanitary circumstances throughout
the experimental time. The room temperature throughout the 1st week was adjusted to
be 33 ◦C and then progressively declined until reaching 23 ◦C. Three diets were offered
during the trial in a crumble form: starter (1 to 10 d), grower (11 to 20 d) and finisher (21 to
42 d) diets, which were formulated to furnish the Ross broilers’ nutrient requirements in
accordance with the nutritional specification of ROSS [34]. All birds were fed and watered
with ad libitum access. Experimental groups were established as follows. There were two
control groups. NC birds received a basal diet without additives and were not challenged.
IC birds received a basal diet without additives and were challenged at d 14 of age with
Eimeria spp. Birds in groups 2, 3 and 4 received a basal diet supplemented with myricetin
(Myc, sigma Aldrich, Product No, 529-44-2) at concentrations of 200 (Myc 200), 400 (Myc
400) and 600 (Myc 600) mg/kg diet, respectively, and were challenged at d 14 of age with
Eimeria spp. The NC group was isolated in a separate area and was checked to be free from
coccidian infection via fecal examination at d 14 and 21 of the experiment.

The levels of feed ingredient and chemical composition of the control diet are listed in
Table 1, formulated according to the Ross broiler guidelines [35]. The proximate analysis of
the feed components was made along with the standard procedures of the Association of
Official Agricultural Chemists [36].

2.2. Experimental Challenge by Eimeria spp.

A potassium dichromate solution (2%) was used for the induction of oocysts sporu-
lation, followed by washing numerous times with tap water for potassium dichromate
removal. At 14 days of age, experimental birds were challenged with Eimeria spp. via
gavaging a 2 mL suspension of sporulated oocysts from E. tenella (5.0 × 103), E. maxima
(7.0 × 103) and E. acervulina (3.5 × 104) into the crop via a plastic syringe that fitted with a
plastic cannula. Before gavaging the birds with sporulated coccidian oocysts, their number
per mL was checked via microscope utilizing a McMaster counting chamber.

2.3. Growth Performance Parameters

The initial individual weights of the chicks were determined on the day of arrival,
and then body weight (BW) and the average daily feed intake (FI) in each replicate pen
were recorded to calculate the body weight gain (BWG) and feed conversion ratio (FCR)
for the entire experimental period (d 1–42), as previously reported by Kishawy et al. [37].
Mortality was noted daily and then calculated for each at the end of the experiment as a
percentage of the total bird number.
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Table 1. Feed ingredients and chemical analysis of the basal diet (as dry matter).

Ingredients g/kg Starter (0–10 Day) Grower (11–24 Day) Finisher (25–42 Day)

Yellow corn grain 57.00 60.60 62.00
Soybean meal, 47.5% 35.00 29.00 25.00

Corn gluten, 60% 2.80 4.50 4.00
Wheat bran – – 1.90
Soybean oil 1.20 2.00 3.66

Calcium carbonate 1.00 1.00 0.90
Dicalciumphosphate 1.96 1.90 1.60

Common salt 0.30 0.30 0.30
Premix * 0.30 0.30 0.30

DL-Methionine, 98% 0.18 0.14 0.11
Lysine, Hcl, 78% 0.16 0.16 0.13
Anti-mycotoxin 0.10 0.10 0.10

Analyzed chemical composition

Metabolic energy, Kcal/Kg 3000.40 3104.52 3202.02
Crude protein, % 23.02 21.44 19.57
Ether extract, % 3.72 4.60 6.24
Crude fiber, % 2.66 2.55 2.63

Calcium, % 1.01 0.98 0.86
Available phosphorus, % 0.50 0.48 0.41

Lysine, % 1.38 1.22 1.10
Methionine, % 0.56 0.52 0.46

* Vitamin and mineral premix supplied per kg of diet, as follows: Vitamin A, 12,500 IU; Vitamin D3, 2300 IU;
Vitamin E, 30 IU; Vitamin K3, 6.00 mg; Vitamin B1, 3.85 mg; Vitamin B2, 6.62 mg; Vitamin B6, 1.6 g; Pantothenic
acid, 20 mg; Vitamin B12, 0.5 mg; Niacin, 40 mg; Folic acid, 1.5 mg; Biotin, 0.7 mg; Fe, 55 mg; Mn, 65 mg; Cu, 7 mg;
I, 0.9 mg; Co, 1.2 mg; Se, 0.30 mg; Zn, 55 mg; and Choline chloride, 600 mg.

2.4. Fecal Oocytes Shedding of Eimeria spp.

For oocyst output determination, at 7-, 14- and 21-days post-infection (dpi), the total
fecal output of each replicate pen was weighed, and fecal samples were collected daily,
homogenized thoroughly, and directly examined for Eimeria spp. oocytes. One gram of a
homogenized fecal sample was diluted 10-fold first with tap water and was then diluted
with a saturated saline solution (1:10), and finally, the oocyst counts were determined
according to [38] and expressed as the number of oocytes for each g of feces.

2.5. Intestinal Lesion Score

Five birds from each group were euthanized and slaughtered via cervical dislocation
at 7 dpi for the determination of the intestinal lesion score. The intestines were directly
removed and segmented into the duodenum, jejunum, ileum and cecum, and then each
segment was opened. The lesion scores were performed according to [39] and ranged
from 0 (no gross lesion) to 4 (most severe gross lesion), as follows: 0 refers to a normal
intestinal sigment with no observed lesions, 1 refers to a small scattered petechiae, 2 refers
to numerous petechiae, 3 refers to extensive hemorrhaging, and 4 refers to extensive
hemorrhaging that causes dark colors in the intestinal sigment.

2.6. Biochemical Measurements

Blood samples were aseptically collected from birds’ wing veins (one bird/replicate)
for immunological analysis. Blood samples were centrifuged for 10 min at 3000 rpm for
serum separation. At 4 days pre-infection and at 14 and 21 dpi post Eimeria spp. challenge,
a clear serum was used for the assessment of myeloperoxidase (MPO), nitric oxide (NO)
and C-reactive protein (CRP) activities utilizing commercial kits (Jiancheng Biotechnology
Institute, Nanjing, China). Serum immunoglobulin G (IgG) levels were quantified via an
enzyme-linked immunosorbent assay (ELISA) as previously described [40].
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2.7. Oxidative and Antioxidant Evaluation

At the end of the experimental period (42 days), intestinal tissue samples and breast
meat were collected and thoroughly homogenized for evaluating the oxidative and an-
tioxidant biomarkers. Lipid oxidation measurements were assessed via a thiobarbituric
acid-reactive assay (TBARS) value, as defined by Ahn, Olson [41], and TBARS values were
expressed as nmol/g of tissue. The total antioxidant capacity (T-AOC) was determined
using a commercial assay kit (Sigma-Aldrich, MAK187). Hydrogen peroxide (H2O2) levels
were assessed according to Loreto and Velikova [42], and their levels were expressed as
µmoL/g of tissue. Moreover, reactive oxygen species (ROS) were assessed in accordance
with the method of LeBel, Ischiropoulos [43].

2.8. Gene Expression by Reverse Transcription Quantitative Real-Time PCR (RT-qPCR)

Intestinal tissues and breast meat samples were collected at the end of the experiment
(42 days of age) for examining the expression levels of genes encoding glutathione peroxi-
dase (GSH-Px), super oxide dismutase (SOD), catalase, NAD(P)H dehydrogenase quinone
1 (NQO1) and heme oxygenase-1 (HO-1), cyclooxygenase-2 (COX-2),. interleukin (IL)-6,
IL-1β and IL-10, tumor necrosis factor-α (TNF-α), (chemokine C–C motif ligand 4, also
known as macrophage inflammatory proteins-1β), (CCL4), chemokine C–C motif ligand 20,
also known as macrophage inflammatory proteins-3 α (CCL20) and stromal cell-derived
factor-1 (CXCL13) Avian β-defensin 6 and 12 (AvBD6 and AvBD612). The isolation of
total RNA was performed utilizing QIAamp RNeasy Mini kit (Qiagen, Hilden, Germany),
and the RNA concentration was quantified at 260 nm via a spectrophotometer. The assay
of one-step RT-qPCR was achieved on the Stratagene MX3005P real-time PCR using a
QuantiTect SYBR Green RT-PCR Kit (Qiagen, Hilden, Germany). All measurements of PCR
were employed in triplicate. The distinction of each PCR amplification assay was validated
via an analysis of the final melting curve. Various transcript levels were then standardized
by using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an endogenous control.
All gene-distinct primer sequences employed in RT-qPCR assay are listed in Table 2. The
results of the relative mRNA expression of the investigated genes were evaluated using the
2−∆∆Ct method [44].

Table 2. Primer sequences employed for reverse transcription quantitative polymerase chain reac-
tion assay.

Specificity/Target Gene Primer Sequence (5′-3′) Accession No.

CAT
F-GGGGAGCTGTTTACTGCAAG

NM_001031215.2R-GGGGAGCTGTTTACTGCAAG

SOD
F-GGCAATGTGACTGCAAAGGG

NM_205064.1R-CCCCTCTACCCAGGTCATCA

GSH-Px
F-AACCAATTCGGGCACCAG

HM590226R-CCGTTCACCTCGCACTTCTC

HO-1
F-AAGAGCCAGGAGAACGGTCA

NM_205344R-AAGAGCCAGGAGAACGGTCA

NQO1 F-TCGCCGAGCAGAAGAAGATTGAAG
NM_001277620.1R-CGGTGGTGAGTGACAGCATGG

COX-2
F-TGTCCTTTCACTGCTTTCCAT

NM_0,011,67718.1R-TTCCATTGCTGTGTTTGAGGT

IL-6
F-AGGACGAGATGTGCAAGAAGTTC

NM_204,628R-TTGGGCAGGTTGAGGTTGTT

IL-1β
GCTCTACATGTCGTGTGTGATGAG

NM_204,524TGTCGATGTCCCGCATGA

TNF-α
F-CCCCTACCCTGTCCCACAA

XM_046900549.1R-ACTGCGGAGGGTTCATTCC
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Table 2. Cont.

Specificity/Target Gene Primer Sequence (5′-3′) Accession No.

CCL4
F: GCAGTTGTTCTCGCTCTTC

NM_204720.1R: GCGCTCCTTCTTTGTGAT

CCL20
F: AGGCAGCGAAGGAGCAC

NM_204438R: GCAGAGAAGCCAAAATCAAAC

CXCL13
F: GCCTGTGCCTGGTGCTC

NM_001348657.1R: TGCCCCCTTCCCCTAAC

AVBD6
F:GCCCTACTTTTCCAGCCCTATT

NM 001001193.1R: GGCCCAGGAATGCAGACA

AVBD12
F:TGTAACCACGACAGGGGATTG

NM 001001607.2R: GGGAGTTGGTGACAGAGGTTT

GAPDH
F: GGTGGTGCTAAGCGTGTTA

NM205518R: CCCTCCACAATGCCAA

Catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), heme oxygenase-1 (HO-1),
NAD(P)H dehydrogenase quinone 1 (NQO1), cycloox-ygenase-2 (COX-2) and interleukin (IL)-6, IL-1β and IL-10, tu-
mor necrosis factor-α (TNF-α), (chemokine C–C motif ligand 4, also known as macrophage inflammatory proteins-
1β), (CCL4), chemokine C–C motif ligand 20, also known as macrophage inflammatory proteins-3 α (CCL20)
and stromal cell-derived factor-1 (CXCL13) Avian β-defensin 6 and 12 (AvBD6 and AvBD12), glyceraldahyde-3-
phosphate dehydrogenase (GAPDH).

2.9. Statistical Analysis

Statistical data analysis was achieved via the general linear method (GLM) of SPSS. The
homogeneity among experimental groups was estimated using Levene’s test, and normality
was assessed using the Shapiro–Wilk test. Tukey’s test was performed to distinguish the
mean values and variations that were significant. Data variation was conveyed as the
standard error of the mean (SEM), and the statistical significance was adjusted at a p value
of less than 0.05. All graphs were created by GraphPad Prism software Version 8.

3. Results
3.1. Growth Performance

The impact of supplementing diets with varying levels of Myc on the growth perfor-
mance parameters in response to Eimeria spp. infection is shown in Table 3. At the end
of the starter period, the BW and BWG were significantly (p < 0.05) improved in groups
supplemented with Myc in a dose-dependent manner compared to the control groups.
Feed intake was also significantly (p < 0.05) increased in the Myc-supplemented groups
compared to the control groups. A superior feed conversion ratio was found (p > 0.05) in
the group that was fed the 600 mg/kg diet of Myc. Regarding the grower period, the most
lowered BW and BWG was (p < 0.05) detected in the IC group. Moreover, Myc supplemen-
tation at higher levels restored the BW and BWG nearly the same as that in the NC group.
Higher feed intake was recorded for the IC group, and then it decreased (p < 0.05) gradually
with Myc inclusion in a dose-dependent manner. The best FCR was noted for the NC group,
and the worst one was recorded for the IC group. Feeding with Myc improved (p < 0.05)
FCR when compared with the IC group in a dose-dependent manner. The performance
parameters at the end of the finisher period were nearly the same as that of the grower
period, as BW and BWG were significantly (p > 0.05) decreased in the IC group compared
with the NC group and then significantly (p > 0.05) increased with higher levels of Myc
supplementation (400 and 600 mg/kg diet). The lowest feed intake during the finisher
period (p < 0.05)) was found in the IC and Myc200 groups, and the NC group exhibited
the highest significant (p < 0.05) feed intake. Moreover, FCR was significantly (p > 0.05)
increased in the IC group, and the NC, Myc 400 and Myc 600 supplemented groups did
not significantly (p > 0.05) differ. Regarding the overall performance parameters, inferior
(p < 0.05) performance parameters were noticed for the IC group, and Myc supplementation
improved all these parameters. Notably, no significant difference (p > 0.05) in FCR was
detected between the infected group fed with Myc 600 and the non-infected group fed with
the basal diet.
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Table 3. Effect of supplementing diets with varying levels of myricetin on growth performance
parameters of broiler Ross chickens.

Myricetin (mg/kg Diet)

Parameters NC IC Myc 200 Myc 400 Myc 600 p-Value SEM

Starter period (0–10 day)
Initial BW (g/bird) 44.40 44.40 44.40 44.20 44.40 0.979 0.11

BW (g/bird) 269.20 d 268.80 d 280.60 c 286.60 b 291.00 a <0.001 1.87
BWG (g/bird) 224.80 d 224.40 d 236.20 c 242.40 b 246.60 a <0.001 1.88

FI (g/bird) 311.60 b 310.80 b 318.40 a 324.00 a 320.40 a <0.001 1.24
FCR 1.39 a 1.39 a 1.35 b 1.34 b 1.30 c <0.001 0.01

Grower period (11–24 day)
BW (g/bird) 1130.40 a 1065.80 d 1083.40 c 1097.00 b 1127.40 a <0.001 5.15

BWG (g/bird) 861.20 a 797.00 d 802.80 d 810.40 c 836.40 b <0.001 4.96
FI (g/bird) 1281.20 cd 1356.40 a 1329.20 b 1286.40 c 1266.40 d <0.001 7.09

FCR 1.49 e 1.70 a 1.66 b 1.59 c 1.51 d <0.001 0.02
Finisher period (25–42 day)

BW (g/bird) 2602.33 a 2145.67 d 2267.33 c 2459.67 b 2496.67 b <0.001 34.00
BWG (g/bird) 1471.93 a 1079.87 d 1183.93 c 1362.67 b 1369.27 b <0.001 29.24

FI (g/bird) 2595.73 a 2360.00 c 2342.67 c 2483.67 b 2416.67 bc <0.001 22.23
FCR 1.76 c 2.19 a 1.98 b 1.82 c 1.76 c <0.001 0.03

Overall performance (0–42 day)
Final BW (g/bird) 2602.33 a 2145.67 d 2267.33 c 2459.67 b 2496.67 b <0.001 34.00

Total BWG (g/bird) 2557.93 a 2101.27 d 2222.93 c 2415.47 b 2452.27 b <0.001 34.01
Total FI (g/bird) 4188.53 a 4027.20 b 3990.27 b 4093.73 ab 4003.47 b <0.001 19.29

Overall FCR 1.64 d 1.92 a 1.80 b 1.69 c 1.63 d <0.001 0.02

BW = body weight; BWG = body weight gain; FI = feed intake; FCR = feed conversion ratio. a,b,c,d,e Means within
a row carrying different superscript letters denote significant differences (p < 0.05). NC (negative control): birds
fed with basal diet; IC (positive control): birds fed with basal diet and challenged with Eimeria spp. at d 14 of age;
Myricetin (Myc) 200, 400 and 600: birds fed with basal diet supplemented with Myc at the levels of 200, 400 and
600 mg/kg.

3.2. Oxidative and Antioxidant Status in Muscle and Intestinal Tissues

As displayed in Table 4, significant higher T-AOC levels (p < 0.05) were detected with
increasing the supplemental level of Myc in both intestinal and muscle tissues. A noticeable
reduction (p < 0.05) in lipid peroxidation biomarkers (MDA) was found in groups fed with
Myc-supplemented diets in a dose-dependent manner in intestinal and muscle tissues. A
remarkable decline (p < 0.05) in ROS production was detected in the muscle tissues of the
group fed with Myc at the level of 600 (mg/kg diet). ROS contents in jejunal tissues were
significantly decreased dose dependently. Groups fed with higher Myc levels exhibited a
remarkable decline in H2O2 in both muscle and intestinal tissues.

3.3. Fecal Oocytes Count, Intestinal Lesion Score and Mortality Percent

The impact of supplementing diets with different Myc levels on oocyte fecal shedding,
intestinal lesion score and mortality percent is demonstrated in Table 5. Eimeria spp. oocytes
were not detected in the feces of the NC group. At 7 dpi, the fecal oocyte count was elevated
(p < 0.05) in the IC and Myc 200 groups compared with the Myc 400 and 600 groups, and at
14 and 21 dpi, the oocyte count decreased (p > 0.05) in the feces of the Myc-supplemented
groups in a dose-dependent manner compared with the IC group. Regarding the intestinal
lesion score, the IC group displayed (p < 0.05) the most severe lesion score in the duodenum,
jejunum, ileum and cecum, and the Myc-600-fed group had (p < 0.05) a reduced lesion score
in all intestinal segments. The highest mortality percent was detected in (p < 0.05) the IC
group. Notably, the highest (p < 0.05) mortality rate was detected at 7 dpi in all infected
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groups. The maximum (p < 0.05) mortality rate was noticed in the infected control group
compared with the other groups; moreover, the mortality rate was significantly (p < 0.05)
decreased with the increase in myricetin level.

Table 4. Effect of supplementing diets with varying levels of myricetin on oxidative/antioxidant
biomarkers in muscle and intestinal tissues.

Myricetin (mg/kg Diet)

Parameters NC IC Myc 200 Myc 400 Myc 600 p-Value SEM

Muscle Tissues
T-AOC (U/mg of protein) 1.79 c 1.62 c 2.46 b 2.98 ab 3.35 a <0.001 0.69

MDA (nmol/g tissue) 19.96 b 21.69 a 19.10 b 18.32 c 16.20 d <0.001 1.29
ROS 63.47 b 86.14 a 64.12 b 63.52 b 57.66 c <0.001 3.03

H2O2 (µmoL/g tissue) 2.69 b 3.85 a 2.31 c 2.21 cd 2.01 d <0.001 0.53
Intestinal Tissues (Jejunum)
T-AOC (U/mg of protein) 1.13 c 0.63 d 1.26 b 1.29 b 1.39 a <0.001 0.022

MDA (nmol/g tissue) 15.32 b 21.69 a 13.55 c 12.90 d 12.11 e <0.001 1.36
ROS (µL/g tissue) 58.17 b 66.10 a 58.18 b 55.12 c 51.60 d <0.001 5.15

H2O2 (µmoL/g tissue) 2.23 b 3.99 a 1.96 c 1.78 cd 1.61 d <0.001 0.50

T-AOC: total antioxidant capacity; MDA: malondialdehyde, ROS: reactive oxygen species, H2O2: hydrogen
peroxide. a,b,c,d,e Mean values with various letters in the same row are significantly different at p < 0.05. Data are
described as means ± SE. NC (negative control): birds fed with basal diet; IC (positive control): birds fed with
basal diet and challenged with Eimeria spp. at d 14 of age; Myricetin (Myc) 200, 400 and 600: birds fed with basal
diet supplemented with Myc at the levels of 200, 400 and 600 mg/kg.

3.4. Serum Inflammatory and Immune-Related Biomarkers

The impact of supplementing diets with varying levels of Myc on the serum immune-
related biomarkers of Ross broiler chickens challenged with Eimeria spp. is presented in
Table 6. At d 4 pre-infection, the supplementation of the broilers’ diets with Myc improved
the birds’ immune-associated parameters via increasing (p < 0.05) the levels of IgG and
decreasing CRP values, especially at higher doses. At 14 dpi, post-coccidial infection, NO,
CRP and MPO were significantly (p < 0.05) elevated in the IC group compared to the NC
group, and supplementation with Myc decreased (p < 0.05) their serum levels, especially
at higher doses. Moreover, the highest serum IgG level was detected in the Myc-600-fed
group (p < 0.05). At 21 dpi, NO, CRP and MPO levels were significantly (p < 0.05) decreased
in groups supplemented with Myc when compared with the IC group. Moreover, serum
IgG levels were significantly (p < 0.05) elevated by Myc supplementation, especially at high
doses compared to the IC group.

3.5. Intestinal and Muscles Antioxidants Gene Expression

The impact of supplementing diets with varying levels of Myc on the expression of
antioxidant-related genes is shown in Figure 1. Intestinal and muscle CAT, SOD, GSH-Px,
HO-1 and NQO1 gene expression were significantly downregulated in the IC group when
compared with the NC group. Moreover, Myc supplementation significantly upregulated
(p < 0.05) their expression with increasing their dose. In contrast, the expression of COX-2
genes was significantly upregulated in the IC group, unlike the NC group. Interestingly,
groups fed with Myc significantly downregulated COX-2 expression (p < 0.05) in a dose-
dependent manner in both muscles and intestines.
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Table 5. Effect of supplementing diets with varying levels of myricetin on fecal oocyte count, intestinal
lesion score and mortality % of broiler Ross chickens.

Myricetin (mg/kg Diet)

Parameters NC IC Myc 200 Myc 400 Myc 600 p-Value SEM

Fecal oocytes count (×103/g feces)
7 dpi ND 355.40 a 352.20 a 340.00 b 339.60 b <0.001 28.36

14 dpi ND 227.60 a 212.80 b 169.60 c 135.20 d <0.001 16.62
21 dpi ND 74.20 a 54.40 b 44.00 c 34.80 d <0.001 5.03

Intestinal lesion score 7 dpi
Duodenal lesion score ND 3.40 a 3.00 b 2.80 b 2.60 c <0.001 0.27

Jujenal lesion score ND 3.80 a 3.60 a 3.20 a 2.20 b <0.001 0.29
Ileal lesion score ND 3.80 a 3.40 a 3.40 a 2.00 b <0.001 0.30

Cecal lesion score ND 3.60 a 3.20 a 3.20 a 2.20 b <0.001 0.28
Mortality % overall the experimental period

Mortality % 7 dpi – e 18.00 a 10.00 b 8.80 c 7.40 d <0.001 1.20
Mortality % 14 dpi 0.80 d 11.00 a 8.00 b 5.00 c 5.00 c <0.001 0.76
Mortality % 21 dpi – e 5.00 a 4.00 b 3.00 c 2.00 d <0.001 0.45

a,b,c,d,e Means within a row carrying different superscript letters denote significant differences (p < 0.05). ND: not
detected; dpi: days post infection; NC (negative control): birds fed with basal diet; IC (positive control): birds fed
with basal diet and challenged with Eimeria spp. at d 14 of age; Myricetin (Myc) 200, 400 and 600: birds fed with
basal diet supplemented with Myc at the levels of 200, 400 and 600 mg/kg.

Table 6. Effect of supplementing diets with varying levels of myricetin on serum inflammatory and
immune-related biomarkers of Ross broiler chickens.

Myricetin (mg/kg Diet)

Parameters NC IC Myc 200 Myc 400 Myc 600 p-Value SEM

Pre infection (4 days pre coccidian infection)
NO (µmol/L) 0.64 0.64 0.63 0.60 0.59 <0.07 0.01
CRP (mg/L) 3.51 a 3.51 a 3.32 b 3.01 c 2.73 d <0.001 0.06

MPO (µmol/L, OD 450 nm) 0.45 0.45 0.42 0.44 0.47 0.013 0.06
IgG (mg/dL) 1.67 c 1.67 c 1.81 b 1.86 b 2.38 a <0.001 0.06

14 days post infection
NO (µmol/L) 0.65 d 1.28 a 0.99 b 0.99 b 0.87 c <0.001 0.04
CRP (mg/L) 3.51 d 10.58 a 8.60 b 8.67 b 6.92 c <0.001 0.49

MPO (µmol/L, OD 450 nm) 0.46 d 1.67 a 1.50 b 1.49 b 1.25 c <0.001 0.09
IgG (mg/dL) 1.70 d 5.50 c 6.67 b 6.78 b 7.46 a <0.001 0.42

21 days post infection
NO (µmol/L) 0.65 e 1.02 a 0.85 b 0.79 c 0.72 d <0.001 0.03
CRP (mg/L) 3.49 d 7.16 a 5.46 b 5.45 b 4.58 c <0.001 0.25

MPO (µmol/L, OD 450 nm) 0.44 d 1.25 a 0.90 b 0.80 b 0.66 c <0.001 0.06
IgG (mg/dL) 1.66 d 6.40 c 7.80 b 7.71 b 8.64 a <0.001 0.51

NO: nitric oxide; CRP: c-reactive protein; MPO: myeloperoxidase; IgG: immunoglobulin-G. a,b,c,d,e Mean values
with various letters in the same row are different significantly at p < 0.05. Data are described as means ± SE. NC
(negative control): birds fed with basal diet; IC (positive control): birds fed with basal diet and challenged with
Eimeria spp. at d 14 of age; Myricetin (Myc) 200, 400 and 600: birds fed with basal diet supplemented with Myc at
the levels of 200, 400 and 600 mg/kg.
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Figure 1. Effect of supplementing diets with varying levels of myricetin on the relative expression of
glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), catalase (CAT), NAD(P)H dehydroge-
nase quinone 1 (NQO1), heme oxygenase-1 (HO-1), and cyclooxygenase-2 (COX-2) genes in intestinal
(a) and muscle tissues (b) of Ross broiler chickens post infection with Eimeria spp. Various letters in
columns point to statistical significance (p < 0.05). Data are described as means ± SE. NC (negative
control): birds fed with basal diet; IC (positive control): birds fed with basal diet and challenged with
Eimeria spp. at d 14 of age; Myricetin (Myc) 200, 400 and 600: birds fed with basal diet supplemented
with Myc at the levels of 200, 400 and 600 mg/kg.

3.6. Cytokines and Chemokines Gene Expression

The impact of supplementing diets with varying levels of Myc on the expression of
cytokine- and chemokine-related genes in intestinal tissues is shown in Figure 2. The highest
expression of proinflammatory cytokine-related genes as IL-1β, IL-6 and TNF-α was detected
(p > 0.05) in the IC group, and Myc supplementation significantly (p < 0.05) downregulated
them in a dose-dependent manner. In contrast, the expression of anti-inflammatory cytokine
IL-10 and the AvBD6 and AvBD612 genes were significantly (p > 0.05) downregulated in
the IC group. Moreover, Myc supplementation prominently (p > 0.05) upregulated their
levels. Regarding the expression of chemokines involving CCL4, CCL20 and CXCL13, their
expression was significantly (p > 0.05) upregulated in the IC group in comparison; moreover,
higher levels of Myc supplementation significantly (p > 0.05) downregulated their expression.
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4. Discussion

The distribution of the oxidative balance that emerges from oxidative stress, owing to
higher free radical production, can trigger cell chain reactions, which in turn results in cell
damage or even death. Invasion by the Eimeria species can evoke the over production of
ROS and free radicals in the host’s cellular immune response and goes beyond the protection
capability of the natural antioxidant defense system, which contributes to tissue damage
and pathological lesions [45]. Oxidative stress can trigger inflammation that modifies gene
expression related to antioxidant status, playing a critical role in the physiological function
of the gastro intestinal tract [46]. Antioxidant-enriched diets are among the most substantial
dietary factors for poultry, which have unique consequences not only for maintaining their
better growth and preventing them from various diseases but also affecting the quality of
their products offered for consumers. Plants or their bioactive principles enriched with
flavonoids are considered an alternative approach to treat coccidiosis [47]. Herein, dietary
myricetin harbors strong antioxidants properties that attenuate the impaired host oxidative
equilibrium resulting from coccidian experimental infection. During the starter stage,
the dietary inclusion of myricetin in broilers’ diets improved body weight gain and the
efficiency of the feed conversion ratio. In accordance, feeding with dietary polyphenol-
enriched grape seeds improves the body weight gain and antioxidant status of broiler
chicks [48]. In many studies, plant-derived flavonoids have been reported to have an
effective role in reducing lipid oxidation, decreasing the pathogenic microbial loads in
birds’ intestines and intestinal pH and improving the histomorphology of the intestine,
leading to maximizing nutrient absorption and promoting growth performance [49,50].
Myricetin is a plant-derived flavonoid that exhibits many activities in animals’ bodies as
a growth promoter with anti-inflammatory, antioxidant and anticancer properties [51].
Before infection, dietary myricetin enhances the immune response and antioxidant status
of birds and consequently enhances their performance, including improving their growth
rate and FCR. Coccidiosis can induce intestinal oxidative stress that greatly impairs the
growth rate and feed efficiency of birds [11]. Remarkably, after Eimeria spp. challenges, the
body gain of birds was greatly impaired in the IC group that was fed with no additives,
and the Myc-supplemented groups, especially at 600 mg/kg, restored these impaired
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growth performance parameters. Similar results were reported by Bozkurt et al. [52], as the
growth performance of broilers and feed conversion ratio worsened after coccidial infection.
Moreover, the main clinical signs of coccidial infection are reductions in body weight gain
and feed intake with high feed conversion and high economic losses. The alleviated
growth performance due to flavonoid supplementation is in agreement with the findings of
Wang et al. [47], who reported improved growth performance of experimentally coccidial-
infected birds fed with diets supplemented by grape seed extract. The improvement of the
birds’ performance may be attributed to the anti-inflammatory effect of flavonoids that
reduces the effect of the coccidial destructive effect on the intestine, ameliorating intestinal
health status and decreasing diarrhea [53]. Moreover, the anticipated mechanism of action
of flavonoids also resulted from their hydroxyl groups, which acted as pro-oxidants that
oxidized via ROS inside cell membranes, in turn delaying the bad consequences (lipid
oxidation and DNA damage) [54].

In the current study, we assessed the efficacy of myricetin against the severity of
coccidian infection via evaluating fecal oocyst counts after infection at 7, 14 and 21 dpi.
Coccidian infection exaggerated oocyst excretion per gram of feces after 7 dpi, especially in
the infected non supplemented control. The rate of oocyst excretion in feces was observed to
decrease as the number of days post infection increased in all groups. Interestingly, the rate
of oocyst excretion was much lower in groups supplemented with higher doses of dietary
myricetin compared to that of the infected control. In correlation, the intestinal lesion
score in all segments of the intestine was reduced with increasing the supplementation
levels of myricetin. Phytochemicals as herbal plant extracts or their active substances with
antioxidant functions have been developed to be used as anti-parasitic agents, especially
coccidiosis such as garlic extract [55], cinnamaldhyde [56], Chinese herbs [57] and a mixture
of thyme, oregano and garlic [58]. The effective role of flavonoids and polyphenols in
reducing oocyst shedding in the feces of broilers was in accordance with the findings
of [16,59], in which it was found that the addition of herbal extract enriched with flavonoids
reduces coccidial oocyst shedding in feces simultaneously with decreasing the severity of
infection. Moreover, our findings are in accordance with Wang et al. [47], who observed
decreased fecal oocysts and intestinal lesion scores with increased levels of grape seed
extract in broiler chickens. In line with our findings, Liu et al. [53] reported that chlorogenic
acid, which is an antioxidant and anti-inflammatory substance that reduces oocyst count
in feces, intestinal lesion score and bloody diarrhea, indicates the inhibition of coccidial
infection in broiler chickens. The coccidiocidal or coccidiostatic role of flavonoids could
be attributed to interrupting the parasitic life cycle via inhibiting its sporulation [60].
Additionally, the main role of flavonoids and polyphenols as anti-coccidials may be due
to its mode of action as anti-inflammatory and antioxidant substances that improve gut
health through maintaining mucus secretion, increasing gut epithelial integrity, reducing
the colonization of pathogenic microbes and improving local intestinal and body immune
defense [61,62].

Dietary polyphenolic supplementation can improve the immune systems of the birds
via several ways: binding to the immune cells’ receptors and changing the signaling path-
way of the cell, causing the regulation and modulation of the immune response of the host
against invasive microorganisms; and enhancing the release of anti-inflammatory cytokines
that improve the birds’ resistance against infection [63]. The enhanced immunity that
decreased fecal oocyst shedding, intestinal lesions and bloody diarrhea due to myricetin
supplementation, from our point of view, is the main cause of the decreased mortality
percent compared to the IC group. In accordance, reduction in mortality due to coccidial in-
fection was also observed in broiler chickens supplemented with grape seed extract, which
is rich in flavonoids and polyphenol compounds [47]. Moreover, Ageratum conyzoides,
enriched with flavonoids at the level of 500–1000 mg/kg, revealed a considerable decrease
in the oxidative stress produced by E. tenella, improving broiler chickens’ performance and
reducing mortality [64].
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Under normal management conditions of broiler chickens, the dietary supplementa-
tion of polyphenols and flavonoids has a crucial role in protecting birds from oxidative
stressors and neutralizing the free radicals produced in body cells such as ROS and reactive
nitrogen species (RNS) [65]. Plant-derived polyphenolics compounds have been proven to
play an important role in the stimulation of immunity, either through cellular immunity
through the modulation of the function of immune cells by binding to immune cells recep-
tors, altering their signaling pathway and stimulating their proliferation [66]; or humoral
immunity through the elevation of an antibody titer, increasing lysozyme activity and
increasing serum immune globulins [67]. Herein, the role of myricetin (400 and 600 mg/kg)
in stimulating the immune status of broiler chickens before infection was clear through
boosting IgG and lowering CRP levels.

Parasitic infection such as by Eimeria spp. can induce inflammatory responses of the
host [53]. In our results, after coccidial challenge on day 14, the NO, CRP and MPO levels
were significantly elevated in the IC group compared to the non-infected one, and myricetin
addition significantly decreased their levels. Eimeria spp. infection has been reported to
induce plasma NO levels that may be involved in their pathogenesis, as follows; NO is
considered to be a toxic substance to sporulated oocysts [68], and the ingestion of NOS in-
hibitors increases oocyst output [69]. Also, Yan et al. [68] proved that exogenous NO causes
the egress of E. tenella sporozite from primary chicken kidney cell cultures before parasite
replication. However, the high production of NO by the host cell above the host cell’s
tolerance due to coccidian infection can cause tissue damage and cell cytotoxicity, which can
induce the inflammation and development of clinical signs such as diarrhea, mortality and
intestinal lesions [70]. C-reactive protein, considered an acute inflammatory protein that
lowers inflammation levels and is highly produced at the site of inflammation or infection
by many cells, such as macrophages, lymphocytes and endothelial cells, is considered
potential marker of decreased body inflammation and cells damage [71]. Moreover, CRP
plays a crucial role in response to the host’s infection through NO release, phagocytosis,
apoptosis and cytokine production, particularly IL-6 and TNF-α [72]. Myeloperoxidase
is a pro-inflammatory enzyme generated from neutrophilic granulocytes, and it plays an
important role in innate cellular immune responses through its potential effect to injure
healthy tissue, thus contributing to disease initiation in poultry [73]. Flavonoid supple-
mentation, such as with curcumin, resveratrol and thymol, have been proven to have an
immunostimulatory effect through inhibiting the generation of ROS and NOS by supress-
ing MPO and reducing MPO mRNA expression in neutrophiles [74,75]. Additionally, the
hummoral immune response of the host has been reported to be activated through an
increased antibody titer, espcially the protective IgG titer, after coccidial infection in laying
hens [76]. Our results indicate a high titer of IgG in infected birds supplemented with
myricetin, escially at higher dosese. Similarly, Liu et al. [53], who reported an improved
antibody titer in Eimeria spp. challenged birds, fed birds a diet supplemented with antioxi-
dant chlorogenic acid. Notably, at 21 dpi, the excessive inflammatory response in the IC
group subsided in myricetin-supplemented groups, which indicates its potent role against
coccidial challenges.

The protective consequence of dietary myricetin against coccidian infection in our
study was also achieved through the downregulation of proinflammatory cytokines (IL-1β,
IL-6 and TNF-α) and chemokines (CCL4, CCL20 and CXCL13) and the upregulation of
anti-inflammatory cytokines (IL-10) and AvBD6 and AvBD612 mRNA gene expression. In
agreement with our observations, flavonoids such as resveratrol have been proven to have
a role in the generation and modulation of cytokines and chemokines in different immune
cells [77]. The essential role of proinflammatory cytokines such as interleukin 1 (IL-1), IL-6
and TNF-α have a responsibility in the acute-phase inflammation that is associated with
general and metabolic changes [78]. Moreover, these proinflammatory cytokines have a
crucial role in modulating the host immune response during infection [79]. Moreover, the
anti-inflammatory cytokine IL-10 has been reported to have a role in controlling the host’s
immune response by limiting the target cell damage during inflammation [80]. Parasite
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invasion can use IL-10 to downregulate host immunity and reduce pathogen-damaging
inflammatory reactions [81].

Macrophage inflammatory proteins are also known as chemotactic cytokines that
comprise CCL4 and CCL20, which play an important role in coordinating the host’s immune
responses against infection [82]. Furthermore, CCL4 acts as chemoattractant for important
immune cells such as monocytes, macrophages, T-lymphocytes, dendritic cells and natural
killer cells [83]. Moreover, CCL4 secretion from neutrophils participates in inflammation
by attracting other leukocytic cells to the area of inflammation, resulting in resolving the
inflammation by macrophage-mediated cells and developing chronic inflammation [84].
Regarding the CCL20 chemokine, it plays a vital role in the initiation of chronic intestinal
inflammation in broiler chickens [85]. CXCL13, which is also recognized as stromal cell-
derived factor-1, has a high chemotactic impact on lymphocytes that are involved in
inflammatory responses of the host against infections [86]. Moreover, resveratrol was
found to improve phagocytes’ killing capability, and the inhibition of TNF-α and NF-kB
was found to relieve inflammation in damaged livers with hydrogen peroxide [87]. In the
same vein, the immune responses of tilapia have been reported to be improved by the
upregulation of IL-10 and TGF-β and the downregulation of IL-1β, IL-8 and TNF-α mRNA
levels after supplementation with quercetin nano particles [88].

Defensin is an indispensable peptide for the host’s defense mechanism, giving it instant
defense against microbial invasion. However, the particular role of defensin proteins in
local resistance against the infection of Eimeria ssp. has not been well explored [89]. Avian
β-defensin 6 and 12 exhibit a chemotactic effect and lipopolysaccharide-neutralizing effect
for chicken macrophages. In addition, AvBD12 has been proven to be involved in the
induction of murine immature dendritic cell migration to the site of inflammation [90].
Herein, increasing the expression of AvBD6 and 12, following dietary supplementation
with Myc, indicates its protective role against coccidia infection.

Additionally, COX-2 is an enzyme whose intermediate, arachidonic acid, undergoes
bioconversion to inflammatory prostaglandin with consequential cytokine release [91].

Invasion of host cells with Eimeria spp. is known to produce oxidative stress through
releasing high amounts of free radicals that play a crucial role in the host’s defense mecha-
nism against parasite infection [92]. The concentration of those free radicals may increase
cell tolerance and cause cell cytotoxicity and death, cascading the pathogenesis of the
disease. Moreover, the production of this massive amount of ROS and NOS in parasitic
diseases can exhaust both low molecular antioxidants such as vitamin A, E and C [70]
and metal-dependent antioxidants such as GPX, SOD and CAT [93]. In the current study,
it seemed that, after coccidia invasion, higher free radical release and high levels of NO
and MDA production were the most important factors impairing the natural antioxidant
defense system, which comes in agreement with Georgieva, Koinarski [14].

As evidenced in our study of post coccidia challenge, ROS production decreased, and
the expression of the COX-2 gene in the group that was fed with higher Myc levels was
downregulated, which are the main messengers that modify the expression of numerous
genes implicated in inflammation [94]. Furthermore, coccidia infection greatly downreg-
ulated the expression of antioxidant-related genes such as GPX, SOD, CAT, HO-1 and
NQO1 in both intestinal and muscle tissues, and the supplementation of strong flavanol
compounds such as myricetin alleviated oxidative stress and improved the expression of
these antioxidants. Herein, the contents of MDA and ROS and H2O2 levels in intestinal
and breast muscle tissues were significantly reduced after the inclusion of elevated levels
of Myc. In contrast, higher T-AOC in intestinal and muscle tissues following supplementa-
tion with Myc indicated decreased free radical production and lipid peroxidation. These
findings suggest that feeding with myricetin strengthens the oxidative stability of birds via
activating antioxidant mediators. The role of plant extracts in protection against coccidiosis
may be related to their ability to control the impact on lipid peroxidation in intestinal
mucosa and decreasing ROS and NOS production and consequently their destructive
effects [95]. The same results were obtained by Idris et al. [96], who described that the
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inclusion of antioxidant-enriched essential oils can alleviate the oxidative stress caused
by the invasion of Eimeria spp. In agreement with our results, Tsiouris et al. [16] reported
improved antioxidant markers and the alleviation of coccidian infection occurring after the
addition of high-polyphenol herbal extract.

5. Conclusions

The great benefits of natural antioxidant-rich flavonoids encourage the application
of novel ones to tackle the stressors that face the modern poultry industry. Considered
together, our findings recommend that the dietary inclusion of Myc can reduce the intestinal
sporulation and fecal oocyst shedding of Eimeria spp. of infected birds. These beneficial
outcomes of Myc could be related to its unique antioxidant and immunomodulatory prop-
erties that invoke protection against avian coccidiosis with consequences of superior broiler
chicken growth. After dietary supplementation with Myc, its ability to maintain good
antioxidant capacity for both intestinal tissues and meat, even after coccidia experimen-
tal infection, proves its role as a powerful antioxidant additive. Finally, evaluating the
proposed mechanisms beyond Myc’s beneficial effects and modifying the immune and
antioxidant responses of birds have prospective future applications in poultry farming.
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Abstract: The poultry industry is looking for the most effective sources of selenium (Se) for com-
mercial use. Over the past five years, nano-Se has attracted a great deal of attention in terms of
its production, characterisation and possible application in poultry production. The objective of
this study was to evaluate the effects of dietary levels of inorganic and organic Se, selenised yeast
and nano forms of selenium on breast meat quality, liver and blood markers of antioxidants, the
ultrastructure of tissue and the health status of chickens. A total of 300 one-day-old chicks Ross
308 were divided into 4 experimental groups, in 5 replications, with 15 birds per replication. Birds
were fed the following treatments: a standard commercial diet containing inorganic Se in the form
of inorganic Se at the level of 0.3 mg/kg diet and an experimental diet with an increased level of
Se (0.5 mg/kg diet). The use of other forms of Se (nano-Se) versus sodium selenate significantly
influences (p ≤ 0.05) a higher collagen content and does not impair physico-chemical properties in
the breast muscle or the growth performance of the chickens. In addition, the use of other forms of
selenium at an increased dose versus sodium selenate affected (p ≤ 0.01) the elongation of sarcomeres
in the pectoral muscle while reducing (p ≤ 0.01) mitochondrial damage in hepatocytes and improving
(p ≤ 0.05) oxidative indices. The use of nano-Se at a dose of 0.5 mg/kg feed has high bioavailability
and low toxicity without negatively affecting the growth performance and while improving breast
muscle quality parameters and the health status of the chickens.

Keywords: chickens; selenium; nanoparticles; quality of meat; liver; ultrastructure; antioxidant
potential; health status

1. Introduction

Selenium is an essential mineral element with important biological functions for the
whole body, through incorporation into at least 30 selenoproteins [1–4]. The effect of
selenium on the health of birds depends on the form in which it is supplied to the diet.
Therefore, the poultry industry is currently searching for the most effective sources of
Se for commercial use [5]. In animal nutrition, Se is most commonly used in two forms:
inorganic, as sodium selenite (Na2SeO3) or sodium selenate (Na2SeO4), and organic, as
selenomethionine (SeMet) or selenocysteine (SeCys) [6–9]. Se is an essential bio-element
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that, together with other micronutrients such as zinc and iodine, plays a key role in the
proper functioning, development and growth of various organisms [10]. The effect of
selenium on the health of birds depends on the form in which it is supplied to the diet.
Inorganic Se is passively absorbed from the intestine through a simple diffusion process
and competes with many mineral elements for absorption pathways, and organic Se is
actively absorbed through amino acid transport mechanism and has a higher bioavailability
than the inorganic form [11]. The combination of SeMet + sodium selenite is more efficient
than their individual treatments for Se deposition in egg and chicken embryo tissues.
Although many studies have shown that organic Se is easier to absorb than inorganic Se, the
reduction of competitive absorption leads to higher absorption efficiency and production
performance of the combination of the two Se sources [12]. A thorough understanding of
this mechanism requires further research and analysis. Se alleviates oxidative stress and
peroxidative damage to unsaturated fatty acids and influences the efficiency of fatty acid
biosynthesis in animal tissues [13,14]. Dietary selenium deficiency can adversely affect
the fatty acid profile and the conversion of linolenic acid (ALA) to eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), resulting in an unfavourable n − 6/n − 3 ratio
in tissue lipids [15–19]. Se supplementation has been found to stimulate the immune
response, improve growth and reproductive performance and increase disease resistance.
Se deficiency, on the other hand, increases the risk of myopathy, muscular dystrophy, causes
immune declines and reduces poultry performance [20,21]. European Union regulations
(list of authorised feed additives published in application of Article 9t (b) of Council
Directive 70/524/EEC concerning additives in feeding stuffs (2004/C 50/01)) specify that
the maximum level of Se in chicken feed must not exceed 0.5 mg/kg to ensure safe use of
the feed. The requirement for Se ranges from 0.1 to 0.15 mg/kg in various poultry diets. In
contrast, other authors [22,23] recommend increasing this dose to 0.3–0.75 mg/kg feed.

One of the most rapidly developing fields of science today is nanobiotechnology. The
last 10 years have seen a breakthrough in research into the use of nanoparticles in poultry
husbandry. Current research is mainly focused on the use of elements in nanometric form
as replacements for their traditional sources [24]. Over the past five years, nano-Se has
attracted a great deal of attention in terms of its production, characterisation and possible
application in poultry production and other livestock species and medical science [25–31].
Nano-Se supplementation has variable effects compared to classical Se sources on the
production performance of chickens, probably due to the variable amount of Se in the
feed. However, nano-Se has significant effects on Se retention in tissues, GPx activity, or
modification of the fatty acid profile in poultry, with less toxic effects. The authors of this
study [32] found that the addition of nano-Se at doses up to 30 mg/kg had a significant
effect on ma-weight gain and lower FCR. Comparing nanoparticles with Na2SeO3 in
broiler chickens, it was found that the addition of nanoparticles in amounts of 0.2 and
0.5 mg/kg and the addition of sodium selenite (0.2 mg/kg) relative to the control group
improved body weight gain and FCR, but the form of Se used had no significant effect
on improving the aforementioned parameters. In a similar study, where the same Se
sources were compared at four doses (0.15, 0.30, 0.60 and 1.2 mg/kg) in broiler chickens,
Hu et al. [33] found that chickens had better weight gain using a dose of up to 30 mg/kg,
which, however, deteriorated in later stages of rearing. With nano-Se, average daily gains
and FCR improved already at a dose of 0.15 mg/kg with no change over time as with
the application of Na2SeO4. The application of nano-Se at 0.5 mg/kg of feed to broiler
chickens has a significant effect on the higher PUFA (polyunsaturated fatty acid) content
and the protection of lipids against the action of reactive oxygen species, with its high
bioavailability and low toxicity for the chicken organism. The use of higher doses of Se in
feed (than the recommended 0.3 mg/kg) is a response to the increasingly rapid growth
rate of the chicken body. This will provide consumers with a high-quality product rich
in good-quality fats [34]. Nano-Se at a dose higher than 2 mg/kg appears to be toxic to
the organisms of birds, as when studying the effects of nano-Se at a dose of 0.30 mg/kg
versus 2 mg/kg, deterioration of glutathione peroxidase (GPx) activity, concentration of
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immunoglobulin M (the main antibodies produced during first contact of the organism
with an antigen), glutathione, malondialdehyde and thus deterioration of the free radical
scavenging capacity in the serum, liver, and muscle of birds was found for a dose of
2 mg/kg. Studies conducted to date [22,33] suggest that nano-Se has a higher absorption
rate and antioxidant capacity at a wide range between nutritional and toxic dose compared
to sodium selenite. This allows for the conclusion that the toxicity of nano-Se is even lower
than even selenomethionine.

Given the steadily increasing growth performance of broiler chickens, it seems appro-
priate to determine the effect of increased dietary supplementation with Se, especially Se in
the form of nanoparticles. However, there is an urgent need to address issues related to the
absorption, assimilation and metabolism of nano-Se in animals/poultry before it can find
its way into animal/poultry production as a feed supplement [35]. The aim of this study
was to compare the effects of different forms of Se, including nano-Se, on the health status,
antioxidant potential and ultrastructural changes of breast muscle and liver in chickens.

2. Materials and Methods
2.1. Animals and Diets

The experiment was carried out with 300 Ross 308 chicken broilers randomly allocated
to 4 experimental groups, in 5 replications, 15 birds per replication. Chickens were reared
under standard conditions for 6 weeks (from hatching day until 42 days of life). They
had free access to water and were kept under a controlled light cycle (according to the
Aviagen Ross 308: Broiler Performance Objectives. Aviagen Inc., Huntsville, AL, USA. 2019,
1–15). For the first 10 days, all birds were fed the same starter diet balanced to meet their
nutritional demands. On day 11 of life, birds started to receive respective diets. Chicken
diets are presented in our previous manuscript [34]. Experimental groups differed in terms
of Se form implemented in the diet, for example:

CON (control group)—diet meeting nutritional demands of Ross 308 broilers with the
basic (recommended) dose of inorganic Se (SS, 0.3 mg/kg feed),

T1 (SS)—diet with upper dose of inorganic Se (sodium selenate, 0.5 mg/kg feed),
T2 (SY)—diet with upper dose of Se in the organic form (selenised yeast, commercial

preparation) (0.5 mg/kg feed),
T3 (nano-Se)—diet with upper dose of Se in the form of nanoparticles (commercial

preparation) (0.5 mg/kg feed).

2.2. Selenium Forms Used in the Diets

In the CON treatment, a sodium selenate form was used, which was provided in the
diet with a vitamin–mineral premix. This form of Se is commonly used in the formulation of
diets for broiler chicken [36]. In the treatment of T2, a premix-provided Se was substituted
by the Se-enriched yeast provided in the form of commercial product (SelPlex 1000, Alltech,
Nicholasville, KY, USA) according to manufacturer declaration. In the treatment T3, Se
was provided with the premix in the form of nanoparticles. Briefly, nano-Se in the form of
nano-powder was obtained by chemical synthesis. According to manufacturer declaration
(American Elements, Los Angeles, CA, USA), average particle size was 10–45 nm, specific
surface area was approximately 30–50 m2/g, and purity was 99.9%.

2.3. Sampling Procedures

Forty cockerels were chosen (10 birds from each treatment; 2 birds for each replicate)
for slaughter at the age of 42 days of life that had a body weight similar to the group
mean. The pectoral muscle, liver, and blood samples were taken for analysis: chemical
composition, physico-chemical properties, selenium content determination, indicators of
health status and antioxidant potential and analysis of ultrastructure.
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2.4. Assessment of Slaughter Efficiency, Chemical Composition, and Physico-Chemical Properties

Upon completion of the feeding experiment, 10 cockerels (n = 10) per experimental
group were randomly selected and weighed before slaughter. After slaughter and cooling
of the carcasses, the slaughter efficiency of the chickens was assessed based on a previous
report by Michalczuk et al. [37], determining the percentages of the pectoral muscle, legs,
and giblets. The basic chemical composition was determined for the collected samples of
pectoral muscles: dry weight, crude fat, crude protein, and ash. The determinations were
made using the NIR method [37]. The pH value, drip loss, WHC and colour parameter (L*,
a*, b*) were analysed according to the method by Michalczuk et al. [38] and ∆E parameter
by the method described by Bendowski et al. [39].

2.5. Selenium Content Determination

Determination of Se content in breast muscle and liver (n = 10) was performed accord-
ing to the PB-28/LF method in an accredited laboratory (PCA Accreditation Certificate No.
AB 1095, Issue No. 19, dated 1 January 2022). A full description of the method can be found
in our previous manuscript [34].

2.6. Indicators of Health Status and Antioxidant Potential

On the day of slaughter, ten birds (n = 10) per experimental group were randomly
chosen to collect blood post-mortem in the amount of 1.5 mL per bird. Laboratory analysis
aimed to also determine the activity of selected enzymes and antioxidant compounds by
analysing blood samples and 5 g fragments of breast muscle and liver tissue.

In order to determine the effect of the different sources and levels of Se on the health
of the chickens, the activity of the following hydrolytic enzymes from the blood, liver
and pectoral muscles of the chickens was determined: alanine aminopeptidase (AlaAP,
EC 3.4.11.2), leucine aminopeptidase (LeuAP, EC 3.4.11.1), and arginine aminopeptidase
(ArgAP, EC 3.4.11.6), which are all responsible for limiting harmful metabolism and ac-
celerating protein circulation in the body, which translates into better weight gain. The
following compounds were also determined: the activity of acid phosphatase (AcP, EC
3.1.3.2), beta-glucuronidase (BGRD, EC 3.2.1.31), beta-galactosidase (BGAL, EC 3.2.1.23),
beta-glucosidase (BGLU, EC 3.2.1.21), alpha-glucosidase (aGlu, EC 3.2.1.20), mannosidase
(MAN, EC 3.2.1.25), and N-acetyl-BD-hexosaminidase (HEX, EC 3.2.1.52). These com-
pounds are responsible for breaking down complex sugars into simple sugars and for the
removal of harmful metabolites formed inside the cell [39].

The activity of aminopeptidases was measured as Fast Blue BB salt derivatives at
540 nm by the method of [40], whereas the activity of AcP, BGRD, BGAL, BGLU, aGLU,
aMAN, and HEX was measured as 4-nitrophenyl derivatives at 420 nm according to [41].
All determinations were performed with use of Varian Cary 50 Bio UV–VIS spectropho-
tometer (Santa Clara, CA, USA). The enzyme activity was expressed in nmol/mg protein/h.

The effect of Se type and dose on the oxidative status in analysed tissues of broiler
chickens was tested using the following determinations: vitamin C, glutathione (GSH),
and 2,2-diphenyl-1-picrylhydrazyl (DPPH). The concentration of vitamin C in the collected
tissues was determined using a LambdaBio-20 spectrophotometer (Perkin Elmer, Waltham,
MA, USA), whereas the level of GSH was determined by means of the OxisReasearch™
Bioxytech® GSH/GSSG—412™ test (Foster City, CA, USA) according to the methods
described by [42]. Measuring the radical scavenging activity was carried out using a
routine test procedure employing the synthetic radical DPPH [42,43].

2.7. Analysis of Ultrastructure

Immediately after chicken slaughter, small fragments of the pectoral muscle and liver
were taken and cut into properly sized pieces (2 mm3) and fixed by immersion in buffered
3% glutaraldehyde in cacodylate buffer (pH 7.2) for at least 2 h at 4 ◦C. The tissue specimens
were then post-fixed in 2% osmium tetroxide in cacodylate buffer (pH 7.2) for 1 h at 4 ◦C.
Dehydration of the fixed tissues was performed using an ascending series of ethanol and
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then transferred into epoxy resin via propylene oxide [44]. Finally, the liver samples were
embedded in a mixture of DDSA/NMA/EMbed-812 (Agar Scientific Ltd., London, UK).
Ultra-thin sections (40–60 nm) were cut on a Reichert–Jung ultramicrotome and double
stained with uranyl acetate and lead citrate. Evaluation of ultrastructure was performed
using a transmission electron microscope TESLA BS-500 with Frame Transfer-1K-CCD-
Camera (TRS, Mannheim, Germany).

2.8. Statistical Evaluation

Mean values in the analysed samples were processed using the PS IMAGO PRO 8.0
statistical package employing one-way analysis of variance (ANOVA). The normality of
the data was checked with the Shapiro–Wilk test. The homogeneity of variance was also
checked with the help of Levene’s test for homogeneity of variance. Tukey’s test was used
to determine the significance of differences between the examined groups. The results were
considered statistically significant when associated with a probability lower than 5%. The
results with a probability lower than 1% were considered highly significant.

3. Results

The use of different forms of Se in the chickens’ diets at increased doses did not
significantly (p > 0.05) affect the birds’ growth performance (Table 1). The results obtained
are representative and do not differ from the expected performance for chicken [45].

Table 1. Chicken growing results.

Indices
Group

SEM p Value
CON T1 T2 T3

Body weight (BW), g:
1 day 37.32 37.87 38.24 38.18 0.167 0.415
42 day 3012.22 2999.30 3037.50 2989.70 22.728 0.554

FCR, kg kg−1 1.63 1.55 1.57 1.53 0.023 0.130
Mortality, % 2.66 1.33 2.66 1.33 0.012 0.479

Data are given as mean ± SEM (n = 10); CON—control group; T1—diet with upper dose of inorganic Se
(0.5 mg/kg feed); T2—diet with upper dose of Se in the organic form (0.5 mg/kg feed); T3—diet with upper dose
of Se in the form of nanoparticles (0.5 mg/kg feed).

The form of Se at the increased dose had no significant effect on the results of the
slaughter analysis of chickens (Table 2). Final weight and carcass weight, slaughter yield
and proportion of individual internal organs relative to BW were not significantly different
from the CON group (p > 0.05).

In the present study, neither the supplemental form of Se nor the different doses of Se
were found to have a negative effect on selected parameters of the chemical composition of
the pectoral muscles (BM) of cockerels (p > 0.05) (Table 3). Only the total collagen content of
the BM differed significantly (p ≤ 0.01). T2 pectoral muscles had the highest concentration
of collagen in the muscle tissue, nearly 40% more collagen relative to CON. The addition of
nano-Se did not significantly affect (p > 0.05) the collagen content of the BM with respect to
the application of SS at 0.5 mg/kg feed.

The highest Se concentration (Figure 1A) in the pectoral muscles (CON = 0.27;
T1 = 0.37; T2 = 0.42; T3 = 0.12 mg/kg) was determined in the chickens of the T2 group
(p ≤ 0.01). For the liver (Figure 1B), the highest Se concentration in these tissues was found
(p ≤ 0.01) in the CON group (CON = 3.79; T1 = 2.90; T2 = 0.86; T3 = 0.49 mg/kg).

The use of different forms of Se in the diet of chickens at a dose of 0.5 mg/kg feed had
a significant effect (p ≤ 0.05) on the physico-chemical properties of breast muscle (Table 4).
The BM of cockerels fed with SS (0.5 mg/kg feed) had the lowest pH24 (5.53) and the
highest drip loss (3.01%) and WHC (3.11 cm2/g) relative to the analysed groups. Increasing
the dose of Se in the form of other sources relative to CON significantly (p ≤ 0.05) affected
WHC and drip loss parameters. However, the use of a dose of 0.5 mg/kg SS in the chickens’
diet had a significant effect on the deterioration of parameters related to the suitability
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of the meat for use in a specified product. The addition of SS at an increased dose had a
significant effect (p ≤ 0.01) on higher levels of L* and b* parameters relative to the other
test groups. This was also confirmed by analysis of the ∆E parameter. The muscles from
cockerels with the increased dose of SS supplementation in the diet had the highest and
visually apparent colour deviation (∆E = 4.53) relative to the muscles from the CON.

Table 2. Results of male broiler chicken slaughter analysis.

Indices
Group

SEM p Value
CON T1 T2 T3

Body weight, g 3343.75 3235.44 3251.76 3236.00 19.964 0.166
Carcass weight, g 2525.60 2446.22 2438.46 2417.74 17.626 0.143
Dressing percentage, g per 100 g BW 75.56 75.60 75.00 74.71 3.293 0.738
Breast muscles, g per 100 g BW 28.19 28.42 28.00 28.20 1.484 0.811
Leg muscles, g per 100 g BW 19.38 19.77 18.94 19.78 3.212 0.785
Gizzard, g per 100 g BW 0.82 0.83 0.83 0.83 0.023 0.710
Heart, g per 100 g BW 0.75 0.79 0.80 0.80 0.014 0.620
Liver, g per 100 g BW 2.16 2.29 2.29 2.33 0.042 0.380
Abdominal fat, g per 100 g BW 1.48 1.49 1.51 1.54 0.023 0.810

Data are given as mean ± SEM (n = 10); CON—control group; T1—diet with upper dose of inorganic Se
(0.5 mg/kg feed); T2—diet with upper dose of Se in the organic form (0.5 mg/kg feed); T3—diet with upper dose
of Se in the form of nanoparticles (0.5 mg/kg feed).

Table 3. Selected chemical components of breast muscles of male broiler chickens.

Indices, %
Group

SEM p Value
CON T1 T2 T3

Moisture 75.32 76.41 75.46 74.86 0.254 0.065
Total fat 0.87 0.89 1.48 1.10 0.243 0.121
Total protein 23.53 23.32 22.85 23.35 0.194 0.383
Total ash 1.40 1.41 1.44 1.50 0.198 0.175
Total collagen 0.37 A 0.44 AB 0.93 C 0.75 BC 0.129 <0.001

Data are given as mean ± SEM (n = 10); A, B, C—values denoted with various letters differ significantly at p ≤ 0.01;
CON—control group; T1—diet with upper dose of inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se in
the organic form (0.5 mg/kg feed); T3—diet with upper dose of Se in the form of nanoparticles (0.5 mg/kg feed).
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Figure 1. The effect of using increased doses of various forms of Se on Se content in tissues:
(A) breast muscle; (B) liver. Data are given as mean ± SEM (n = 10). A, B, C, D—values denoted
with various letters differ significantly at p ≤ 0.01; CON—control group; T1—diet with upper dose of
inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se in the organic form (0.5 mg/kg feed);
T3—diet with upper dose of Se in the form of nanoparticles (0.5 mg/kg feed).
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Table 4. Physico-chemical properties of breast muscles of male broiler chickens.

Indices
Group

EM p Value
CON T1 T2 T3

pH24 5.64 A 5.53 C 5.73 B 5.72 AB 0.017 <0.001
Drip loss, % 2.81 A 3.01 B 2.57 A 2.51 A 0.212 0.023
WHC, cm2/g 2.34 A 3.11 B 2.70 A 2.54 A 0.123 0.016
L* lightness 63.70 A 67.46 B 61.61 A 60.71 A 0.572 <0.001
a* redness 12.50 12.71 12.73 12.53 0.161 0.943
b* yellowness 9.69 A 12.20 B 9.16 AC 8.11 C 0.294 <0.001
∆E CON: T1–T3 0.00 4.53 2.17 3.38 - -

Data are given as mean ± SEM (n = 10). A, B, C—values denoted with various letters differ significantly at p ≤ 0.01;
parameter L* (colour brightness) can have values from 0 to 100. Parameters a* (redness) and b*(yellowness)
are tri-chromaticity coordinates and can have positive and negative values: +a* corresponds to red, +b* to
yellow. ∆E—absolute colour difference; A, B, C—values denoted with various letters differ significantly at p ≤ 0.01;
CON—control group; T1—diet with upper dose of inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se in
the organic form (0.5 mg/kg feed); T3—diet with upper dose of Se in the form of nanoparticles (0.5 mg/kg feed).

Additionally, tissue sections of chicken livers and pectoral muscles from all four
experimental groups were examined by transmission electron microscopy to determine
the ultrastructural changes that correlate with the effects of the Se diet. The comparison of
ultrastructural changes in pectoral muscle fibres is shown in Figure 2.

Ultrastructural analysis of the muscle fibres of broiler chickens fed a standard com-
mercial diet containing inorganic Se at a level of 0.3 mg/kg BW of diet (CON) showed
myofibrils with an irregular arrangement, becoming constricted and disrupted in places.
Myofibrils are separated by sarcoplasm with visible mitochondria with slightly damaged
structure. Sarcomeres showed regular organization of actin and myosin fibrils (Figure 2A,B).
More ultrastructural changes in muscle fibres were found after supplementation with inor-
ganic Se at a dose of 0.5 mg/kg BW. Irregularly arranged, markedly constricted myofibrils
with a loose structure, patchy in places, separated by puffy sarcoplasm were seen. Also
shown are swollen mitochondria with damaged cristae. Of note are sarcomeres with a
significantly narrowed profile and damaged structure (Figure 2C,D). Figure 2E,F shows the
ultrastructure of myofibrils of broiler chickens remaining dieting with an upper dose of Se
in the organic form at a dose of 0.5 mg/kg feed. Normal parallel-running myofibrils with a
compact regular structure are visible. The sarcomere structure with regular organization of
actin and myosin filaments is well preserved. Mitochondria have the correct structure. The
ultrastructure of the pectoral muscle of broiler chickens from the T3 group shows normal,
parallel-running myofibrils with a compact, regular structure. Sarcomeres showed a regular
organization of actin and myosin filaments. A proper mitochondrial profile with a slightly
translucent mitochondrial matrix is shown (Figure 2G,H).

The ultrastructural analysis also showed statistically significant differences in sarcom-
ere lengths (p ≤ 0.01). The shortest sarcomeres were found after supplementation with
inorganic Se at a dose of 0.5 mg/kg BW, which was 1.64 µm compared to the control. The
length of sarcomeres increased significantly in both groups of birds (T2 and T3) remaining
on diets containing organic Se and nano-Se (Figure 3). In birds fed from the T2 group, the
length of sarcomeres was 1.79 µm, and in birds from the T3 group, it was 1.81 µm.

The hepatocytes of broilers fed the diet containing inorganic Se at the level of
0.3 mg/kg feed (CON) show almost normal morphology (Figure 4A,B). Inside hepatocytes,
a centrally located single nucleus of varying shape, usually spherical or oval, is visible. It
is characterized by a conventional pattern of nuclear architecture: euchromatin is located
mostly in the nuclear centre, whereas heterochromatin tends to be found in perinucleolar
and perinuclear positions (the rim of heterochromatin typically lines the nuclear periphery)
as well as forming random clumps throughout the nucleoplasm. The double membrane of
the nuclear envelope (including perinuclear space and nuclear pores), is well visualized,
and it is not affected (Figure 4A,B).
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Figure 2. Ultrastructure of representative myofibers of the pectoral muscle of cockerels: CON—con-
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Figure 2. Ultrastructure of representative myofibers of the pectoral muscle of cockerels:
CON—control group (A,B), T1—diet with upper dose of inorganic Se (C,D), T2—diet with up-
per dose of Se in the organic form (E,F), T3—diet with upper dose of Se in the form of nanoparticles
(G,H). Scale bar 1000 nm (A,C,E,G) and 250 nm (B,D,F,H). S—sarcomere; A—A band; Z—Z band;
*—indicates the disruption of myofibers.
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and perinuclear positions (the rim of heterochromatin typically lines the nuclear periph-
ery) as well as forming random clumps throughout the nucleoplasm. The double 

Figure 3. Length of sarcomeres in the pectoral muscle of cockerels. Data are given as mean ± SEM
(n = 10); A, B—values denoted with various letters differ significantly at p ≤ 0.01; CON—control
group; T1—diet with upper dose of inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se
in the organic form (0.5 mg/kg feed); T3—diet with upper dose of Se in the form of nanoparticle
s (0.5 mg/kg feed).

The cytoplasm is rich in normal, double-membraned mitochondria, whose inner
membrane periodically invaginates into laminar cristae and surrounds a mitochondrial
matrix of normal density (Figure 4B). The vast majority of mitochondria appear normal or
show only little changes. In a few mitochondria, the presence of spherical electron-dense
inclusions in the mitochondrial matrix is noteworthy (Figure 4A). A moderate amount
of rough endoplasmic reticulum of normal organization forms a membrane network that
surrounds mitochondria and extends across the entire cytoplasm. Ribosomes are bound to
the cytoplasmic surfaces of cisternae in a more or less regular pattern. The characteristic
lamellar membranous structure of the Golgi apparatus (ribbon-like shape) and its typical
location near the nucleus can be seen. In addition, few primary lysosomes are visible
near the nucleus (Figure 4A). Figure 4C,D presents the hepatocytes of the chicken fed the
diet in the T1 group. Their morphology differs significantly from that described above.
Although the cell nuclei have the correct structure, cytoplasmic organelles, especially mito-
chondria, are significantly altered. As shown in Figure 4C, almost all mitochondria exhibit
varying degrees of hydropic degeneration; they have a vacuolated matrix and damaged
inner membrane, including a high degree of cristae disorganization. In addition, the mi-
tochondrial matrix of numerous mitochondria contains clusters of osmiophilic spherical
deposits/inclusions (Figure 4D). Damaged mitochondria (p ≤ 0.01) represent 91.83% of the
total amount in the cell (Figure 5).

There is a noticeable reduction in the number of cisternae of the rough endoplasmic
reticulum while maintaining its unique structure. The appearance of autophagic vacuoles
(Figure 4C) and the reduction of primary lysosome numbers are noteworthy.

The ultrastructure of hepatocytes of the chicken fed the diet with an upper dose of Se
in the organic form (SY) at the level of 0.5 mg/kg feed (T2) appears normal (Figure 4E,F)
and is similar to that observed in chickens fed the recommended diet. Mitochondria
show no significant abnormalities in their morphology. However, some mitochondria are
swollen and have damaged cristae. They account for 25.43% of the total amount in the cell
(Figure 5). This is noteworthy that they do not contain any electron-dense material in the
matrix. Instead, numerous primary lysosomes appeared (Figure 4F). They are distributed
randomly within the cytoplasm. A nearly identical picture of hepatocytes was also observed
in the chicken in group T3 (Figure 4G,H). Swollen mitochondria with damaged cristae also
occur. They account for 26.96% of the total amount in the cell (Figure 5).
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lum; L—lysosomes; AV—autophagic vacuole; CM—cell membrane; arrow—electron dense deposits
in mitochondria.
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Figure 5. Mitochondrial damage in the liver. Data are given as mean ± SEM (n = 10); A, B, C—values
denoted with various letters differ significantly at p ≤ 0.01; CON—control group; T1—diet with
upper dose of inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se in the organic form
(0.5 mg/kg feed); T3—diet with upper dose of Se in the form of nanoparticles (0.5 mg/kg feed).

The use of inorganic Se (CON and T1) in the chickens’ diet significantly (p ≤ 0.01)
decreased AcP in pectoral muscle tissue. At the same time, HEX activity increased sig-
nificantly (p ≤ 0.05) using SS in the chickens’ diet at an increased dose. The activity of
aminopeptidases including AlaAP, LeuAP, ArgAP decreased in the breast muscle (p ≤ 0.01)
when inorganic sources of Se were used (Table 5). The addition of other Se sources in
the chickens’ diet other than SS influenced (p ≤ 0.05) the reduction of BGAL, BGLU and
MAN activities. Nano-Se significantly (p ≤ 0.01) influenced the increase in aminopeptidase
activity. In addition, AcP, HEX and aGlu activities increased significantly (p ≤ 0.05).

Exposure of chicken to a diet with the upper dose of inorganic Se (T1) significantly
(p ≤ 0.01) reduced the activity of AcP and HEX in the liver compared to the control group
(CON). In contrast, BGRD and BGAL activities increased (p ≤ 0.01). As for aminopeptidase
activity, LeuAP activity increased significantly, while AlaAP and ArgAP activity decreased
(p ≤ 0.05). In general, in the liver, a decline in activity prevailed. Exposure of chicken
to a diet with organic Se (T2) significantly increased AcP, BGAL and HEX activities and
reduced BGRD activity (p ≤ 0.01). As for the activity of aminopeptidases, there was an
increase in the activity of all of them. In general, in the liver of chickens in T2, the increase
in activity prevailed. In the group of chickens fed a diet with nano-Se (T3), the activities of
AcP, BGAL, HEX and all three estimated aminopeptidases increased significantly (p ≤ 0.01).
Only BGRD activity decreased in this group of chickens (p ≤ 0.05). Overall, an increase in
degradative activity prevailed, and changes in enzyme activity followed a similar pattern
to the previous group, T2, fed a diet with organic Se. In blood serum, of all the enzymes
analysed, only the activity of aminopeptidases changed statistically significantly in all
the groups of chickens studied (p ≤ 0.01). A diet with the upper dose of inorganic Se
significantly increased the activity of all aminopeptidases in serum, while feeding a diet
with organic Se (T2) and nano-Se (T3) significantly decreased it.
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The effect of Se type on the oxidative status in analysed tissues of broiler chick-
ens was tested using the following determinations: vitamin C, glutathione (GSH), and
2,2-diphenyl-1-picrylhydrazyl (DPPH). In the pectoral muscle of chickens fed the upper
dose of inorganic Se (T1 group), all indicators decreased, while in fed organic Se (T2 group)
and nano-Se (T3), all indicators increased significantly. In the liver, both groups of chickens:
T2 and T3, obtained significantly higher vitamin C, DPPH and glutathione results than
the group considered a control. In contrast, the T1 group had statistically significantly
lower vitamin C and glutathione levels and a higher result for DPPH than the CON group.
Analysis of serum antioxidant potential in the T1 group showed a statistically significant
reduction in vitamin C and DPPH levels (p ≤ 0.05), while glutathione level increased
(p ≤ 0.05). Serum levels of all analysed factors decreased in chickens fed a diet supple-
mented with organic Se. The addition of nano-Se to the diet decreased the levels of vitamin
C and GSH and increased the level of DPPH (p ≤ 0.05).

4. Discussion

Food can be supplemented with selenium (Se) in various forms, such as inorganic,
organic, and nanoparticle forms. The metabolism of these forms is different in birds. The
chemical form and concentration of Se have significant roles in the rate of absorption,
retention, and metabolism. Most inorganic Se is excreted in the urine, while nano-Se
particles are excreted in faeces [46]. It has been shown that the inorganic form of Se has
low bioavailability, accelerates oxidation processes and can be toxic, especially at high
concentrations. In contrast, organic-Se and nano-Se exhibit low toxicity, high adsorption ca-
pacity, high bioavailability and high catalytic efficiency in chickens, sheep and goats [46–48].
Selenium is an important trace element that upregulates a vital component of the antiox-
idant defiance mechanism by controlling the body’s glutathione pool and Se-dependent
antioxidant enzymes such as superoxide dismutase and glutathione peroxidase [49,50].
These enzymes can help in reducing the concentration of hydrogen peroxide and lipid
peroxides and enhance the immune response in numerous species of animals [51]. Several
studies have illustrated that the dietary Se form influences growth performance, meat
quality characteristics and antioxidative properties in chickens [52,53].

Based on the study, the different forms of Se in the feed at an increased dose
(0.5 mg/kg) were not found to negatively affect the growth performance of the chick-
ens. Our results showed that the addition of nanoparticle Se did not adversely impact
the growth performance of chickens, indicating that nano-Se has high bioavailability and
low toxicity compared to inorganic forms of Se such as SS [54]. The results obtained in
this study are consistent with those of Yoon et al. [55], which found that the source of
Se in the feed did not affect the growth performance of chickens. In contrast, groups of
chickens fed a lower dose of 0.2 mg/kg of dietary organic Se or nano-Se had similar growth
performance compared to a group supplemented with the same level of Se in the form of
selenite [56]. In a study by Ahmad et al. [36], it was found that the application of increased
Se intake (0.4 mg/kg feed) in the SY form and nano-Se was able to cover the requirement
of this element by the birds and provide optimal growth conditions with no differences
between the application of SY and nano-Se. There are known reports where Se influences
the growth performance of birds, which is related to the expression of selenoprotein P
and type I selenoenzymes, which play a key role in the synthesis of thyroid hormones
and Se transport, both of which contribute to the proper functioning and growth of avian
organisms [57].

The use of different sources of Se at an increased dose, as in the case of chicken
growth performance, had no significant effect (p ≥ 0.05) on the slaughter analysis results
of cockerels at day 42 of rearing. Higher slaughter and BM performance was found in
broilers that received SY in the feed. In contrast, Payne and Southern [58], in an experiment
conducted on chickens receiving SS and SY, found that slaughter performance was not
dependent on the form of Se in the feed. Downs et al. [52,58] found a similar relationship in
their study on the use of SY in broiler feeding. The non-significant difference in body weight
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and other slaughter parameters in the present study may be due to feeding a balanced diet
with appropriate practice [59] and optimal microclimate conditions with the welfare of the
birds unaffected by, among other things, heat stress or other factors that may negatively
affect the rearing performance of the chickens.

The highest concentration of Se was found in the BM of T2 cockerels, whereas the
highest concentration of Se was found in the liver of the T1 group (SS, 0.5 mg/kg). This
result is different from what was reported in [60]. Studies have indicated that nano-Se
has a higher bioavailability and a lower risk of toxicity than other forms of Se [61]. Based
on the results of the present study, it seems reasonable to recommend that broilers take
nano-Se at a dose of 0.3–0.5 mg/kg [22]. The organic form of Se is accumulated to a greater
extent than the inorganic form [62,63]; presumably, this may be related to differences
in metabolic pathways between the inorganic and organic forms of Se. Inorganic Se is
absorbed through the intestine through a passive diffusion process, with organic Se through
an active transport mechanism [62]. A final product with increased nutritional value can be
achieved by adequate supplementation of nano-Se at an increased dose (0.5 mg/kg). Our
study confirms that nano-Se and liver enriched with nano-Se in this way are safe and can
provide a valuable source of Se [34].

The post-mortem transformation of chicken muscle leads to an accumulation of lactic
acid, which directly leads to a reduction in tissue pH. The delayed reduction in pH post-
mortem results in reduced protein denaturation, which translates into an improved ability
of skeletal muscle to retain its own water [64]. In the present study, a significant effect of
Se application at an increased dose on pH24 was found. BM of cockerels in which SS was
used in the diet at a dose of 0.5 mg/kg feed had the lowest pH24 and thus higher drip
loss (3.01) and WHC (3.11), while the differences between CON, SY and nano-Se were not
significant. This helps to conclude that the use of other forms of Se in chicken feed versus
SS at an increased ration has a positive effect on the physico-chemical properties related
to water retention in BM. Meat colour is dependent on a number of factors, including pH,
myoglobin concentration, nitrite, etc. [65]. Se can significantly improve serum glutathione
peroxidase activity, increase the resistance to oxidation of myoglobin or oxymyoglobin,
among others, and deepen the colour of meat [22,66]. In this study, an increased dose of Se
SS increases lightness (L*) and yellowness (b*), which directly affect the consumer’s visual
assessment of the pectoral muscle (∆E).

Ultrastructural studies conducted showed the most significant changes in the muscle
fibres of broiler chickens after supplementation of the inorganic Se at a dose of 0.5 mg/kg
diet (Figure 2C,D). We showed a change in the profile of myofibrils and damage to sarcom-
eres and mitochondria. Furthermore, measurements of sarcomere size showed a reduction
in length to 1.64 µm, which may suggest reduced elasticity of muscle tissue. This may
be due to the weaker uptake of Se, which is more difficult to bind to glutathione peroxi-
dase, which is responsible for scavenging oxygen free radicals and preventing oxidative
stress [67–69]. In contrast, chickens that were fed Se in organic form (T2) and Se in nano
form (T3) showed a slightly different picture of ultrastructural changes (Figure 2E–H). In
this case, a stable structure of myofibrils with sarcomeres with a regular profile of actin
and myosin fibres was demonstrated. No significant changes in mitochondrial structure
were shown. However, measurements of the size of the sarcomeres showed an increase
in length to 1.79 µm after organic Se (T2), and an increase to 1.81 µm after nanoparticles,
the opposite of the group receiving inorganic Se. According to data [70], the length of
sarcomeres can influence the better elasticity of muscle tissue and thus the quality of broiler
chicken meat. To reveal the effect of different sources of Se supplementation on the ultra-
structure of hepatocytes, the ultra-thin sections of the liver of chicken from all experimental
groups (CON, T1, T2, T3) were also analysed by transmission electron microscopy (TEM).
Our research has shown that the primary effect of Se at the ultrastructural level of the
liver was the appearance of clusters of electron-dense (osmiophilic) inclusions within the
mitochondrial matrix. However, these pathological changes were mainly observed in the
hepatocytes of the chickens from the T1 group (Figure 4C,D) and to a minor extent in
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the mitochondria of the chickens fed the recommended diet containing SS at the level of
0.3 mg/kg feed (Figure 4A,B). Inclusions were not observed in the hepatocytes of chickens
(T1) of the other groups, T2 and T3. In addition, almost all mitochondria in hepatocytes
of chickens from the T1 group exhibit varying degrees of hydropic degeneration. They
were swollen and had damaged inner membranes, including a high degree of cristae dis-
organization. The inclusions mentioned early on were found in the mitochondrial matrix
that was transparent due to the influx of water. Abundant, spherical shape electron-dense
deposits in the mitochondrial matrix were seen in numerous mitochondria of chicken
fed with the upper dose of inorganic Se (Figure 4D). Abnormal mitochondria represent
91.83% of the total amount (Figure 5). In our opinion, hepatocyte mitochondria of chicken
from the T1 group show features of a toxic response to excess inorganic Se in the feed.
The effect of changes in the matrix volume in the physiological range is to stimulate the
electron transfer chain and oxidative phosphorylation in order to satisfy the metabolic
requirements of the cell. However, excessive matrix swelling caused by the continued
opening of mitochondrial permeability transition pores (pTP) and other PTP-independent
mechanisms makes mitochondrial function and integrity less efficient and leads to cell
death [71]. Similar observations regarding the accumulation of electron-dense inclusions
in the mitochondrial matrix were made by Medina et al. [72], who studied the effects
of Se (Na2SeO3; SS) on the growth of three cell lines cultured in vitro. They performed
analyses by transmission electron microscopy to determine any ultrastructural changes
which correlated with the effects of Se treatment. They observed that the vast majority of
the mitochondrial matrices were filled with dense osmophilic deposits. The accumulation
was dependent on the dose of Se in the culture medium, the time of exposure, and the
cell line. However, Se did not alter cytoplasmic microtubules or intermediate filament
networks because they obtained abundant desmosomes [72]. Furthermore, they examined
the chemical nature of the electron-dense material in the mitochondrial matrix by X-ray
microanalysis of sections of studied cells. They obtained, as a result, an increased level
of calcium, iron, and Se in the mitochondrial matrix [72]. There was some speculation
about the nature of the material accumulated, as the nature of the mitochondrial inclusion
was generally unknown, although it could be protein complexed by Se since Se reacts
easily with mercapto groups of organic compounds [72,73]. Medina et al. [72] suggested
that whereas high doses of Se inhibit the growth of cells, low doses stimulate the growth
of some cell populations. They speculated that one of the early reasons of Se-mediated
growth inhibition may be a modulation of mitochondrial function [72]. Klug et al. [73]
found that succinic dehydrogenase was inhibited in vivo by sodium selenite. Liu et al. [74]
used TEM to detect the accumulation of lentinan (LNT)-functionalized nano-Se in the
mitochondria of tumour cells, and furthermore, they investigated the mechanism of selene
targeting mitochondria. Analysis of ultra-thin sections showed that Se enters the cells
through the caveolae-mediated endocytosis pathway and then enters the mitochondria via
mitochondrial membrane fusion [74]. Zahedi et al. [75] analysed the effects of Se tetrachlo-
ride (SeCl4) on the mitochondria of lung A549 cells. Analysis of mitochondrial morphology
showed a significant increase in the swollen phenotype and a decrease in mitochondrial
motility in Se treated cells [75]. Furthermore, they performed double staining of the cells
with autophagy marker GFP-LC3 and MitoTracker. The results of this staining showed
that the swollen mitochondria co-labeled with autophagosomes, indicating their targeted
degradation via mitophagy [75]. Noteworthy in our study is the simultaneous appearance
of damaged mitochondria and autophagic vacuoles, as well as a reduction in the number
of primary lysosomes in hepatocytes of chickens treated with a high dose of inorganic
Se (T1). In hepatocytes from chickens fed the upper dose of organic Se (T2) and nano-Se
(T3), in contrast to the T2 group, only some mitochondria were swollen and had damaged
cristae (accounting for 25.43% and 26.96% of the total amount in the cell, respectively). In
contrast, numerous primary lysosomes appeared (Figure 4F). Overall, in the groups of
chickens (CON, T2 and T3), in contrast to the T1 group, no significant pathological changes
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were observed in the ultrastructure of hepatocytes, either with respect to mitochondria or
other organelles.

Parallel to morphological analysis, the activity of degradative enzymes was estimated.
Morphological images correlate with the results of degradative enzyme activity (Table 5). In
the liver of chickens exposed to a diet with an upper dose of inorganic Se, a decrease in the
activity of the analysed enzymes prevailed. This indicates that the enzymes were involved
in intracellular digestion processes, as evidenced by the presence of autophagic vacuoles
and depletion of primary lysosomes, which are a cellular reservoir of acid hydrolases
(Figure 4C,D). In contrast, an increase in the activity of the analysed enzymes in the liver
prevailed in the other two groups of chickens (exposed to a diet with organic Se—T2, and
nano-Se—T3), indicating a reduction in the level of lysosomal degradation. The ultrastruc-
ture of hepatocytes of both groups showed numerous primary lysosomes, presumably due
to low lysosome consumption. The decrease in enzyme activity in the T1 group may indi-
cate an increase in the degradation of organelles damaged by an excessive dietary supply
of inorganic Se. According to Marzella et al. [76], initially, the enzyme activity increases in
parallel with the induction of degradation, but it later decreases with the advanced stage of
the sequestered cell organelle degradation [77,78]. With more advanced stages of lysosomal
degradation, the activity seems to decline due to enzyme reserves consumption [76,77] and
possibly insufficient synthesis. According to Kalamida et al. [79], the increase in lysosome
accumulation, presumably due to a low rate of lysosome consumption, is accompanied
by an increase in cathepsin D expression. Zahedi et al. [75], analysing the effects of Se
tetrachloride on the mitochondria of lung A549 cells, obtained a significant dose-dependent
increase in mitochondrial protein oxidation [75]. Several research teams confirm that Se
(SS, selene-lentinan-functionalized, nano-Se) has been implicated in mitochondrial toxicity,
with reactive oxygen species playing an important role [74,75,80,81]. They confirmed that
after Se treatment, mitochondria become the main organelles of ROS production. Sun
et al. [81] showed that excessive Se can enhance the toxicity of other metals (such as arsenic)
by reacting with S–adenosylmethionine and glutathione. Mitochondria are very dynamic
structures and have been used to study a variety of biological problems such as stress and
drug response [75]. Environmental toxicants can have a negative impact on mitochondria
and alter their morphology [75,82]. It is well known that mitochondrial dysfunction is a
prominent phenomenon in the pathogenesis of a variety of diseases. In summary, mito-
chondria appear to be the main targets of the upper dose of Se, and changes in the structure
and function of this organelle are commonly observed in Se-treated cells [72,74,75,83].

The influence of Se on the oxidative status in the analysed tissues of broiler chick-
ens was tested using the following determinations: vitamin C, glutathione (GSH), and
2,2-diphenyl-1-picrylhydrazyl (DPPH). Both groups of chickens in T2 and T3 obtained
significantly higher vitamin C, DPPH and glutathione results in muscle and liver tissues
than in the group considered a control. In contrast, group T1 obtained significantly lower
results in these tissues. The increase in the levels of antioxidant indicators in the muscle
and liver tissues of chickens from the T2 and T3 groups indicates better oxidative stability
of the organism, in contrast to the T1 group, where we obtained lower parameters. Visha
et al. [84] obtained very similar results; namely, birds supplemented with the nano- and
organic Se showed higher total antioxidant capacity in the serum and tissues compared to
the inorganic Se supplemented group. Se is known to play an essential role in protecting
cells from oxidative damage by affecting the antioxidant levels and activities of selenoen-
zymes [85]. Nano-Se is capable of scavenging free radicals by improving the activity of
seleno-enzymes [85,86] and growth improvement along with the status of serum oxidants
and retention of selenium in vivo. In comparison with other selenium species such as
SeMet, SeCys, and SY, nano-Se showed lower acute toxicity but increased the activities of
selenoenzymes. The antioxidant effect of nano-Se is mainly associated with glutathione
peroxidase family (GPXs) and thioredoxin reductase (TR). The GPXs have a capacity to
detoxify an extended range of peroxides, such as H2O2, phospholipid hydroperoxide, fatty
acid hydroperoxides, and hydroperoxyl groups of thymine [87]. In conclusion, the study
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concluded that the use of nano-Se in the diet can be effective in increasing the antioxidant
potential in the organisms of chickens, thereby increasing the ability to detoxify a wide
range of peroxides.

5. Conclusions

Based on this study, the use of different forms of Se in broiler chicken diet besides
commonly used sodium selenate had a positive effect on the physico-chemical properties
of the breast muscle and on the health status, antioxidant potential and ultrastructure of the
breast muscle and liver. It also improved quality parameters of the pectoral muscle, such
as the length of the sarcomeres, which resulted in better elasticity of the muscle tissue and
thus in meat quality. In addition, the use of nano-Se at an increased dose was confirmed to
protect against mitochondrial damage in hepatocytes and increased antioxidant potential.
Nano-Se did not show degenerative and toxic effects similar to sodium selenite at a dose of
0.5 mg/kg feed. The use of nano-Se at a dose higher than the recommended dose had high
bioavailability and low toxicity without negatively affecting the growth performance of
chickens.
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