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Production animals are often exposed to several oxidative stress conditions, including,
but not limited to, heavy metals, alternative protein sources, environmental stress, disease,
high densities, as well as handling, which may suppress growth performance, animal
health and production, subsequently impacting economic feasibility. Promising research
results have revealed that the administration of natural or synthetic antioxidants in the
diet would be an important nutritional strategy to mitigate the negative influence induced
by oxidative stress conditions. The Special Issue “Antioxidants in animal feed” has been
conceived to set out the knowledge on the effects of dietary antioxidants on host health
and performance of production animals, including livestock, poultry and fish. It provides
various nutritional approaches to improve antioxidant capacity and benefit host health in
animal production. Here, we offer an overview of the contents of this Special Issue, which
collects 17 original articles.

For livestock and poultry, oxidative stress could affect ovarian function. Wang et al.
found that oxidative stress could decrease the laying performance, ovarian function and
influence gut microbiota and body metabolites in the layer model [1]. They then explored
the role of melatonin on ovary oxidative stress, suggesting melatonin could exert an ame-
lioration in ovary oxidative stress through the SIRT1-P53/FoxO1 pathway. Melatonin is
considered as a bio-antioxidant. Peng et al. evaluated the impacts of dietary melatonin
supplementation during pregnancy on reproductive performance, maternal–placental–
fetal redox status, placental inflammatory response and mitochondrial function [2]. They
concluded that melatonin supplementation during gestation could improve maternal–
placental–fetal redox status and reproductive performance by ameliorating placental an-
tioxidant status, inflammatory response and mitochondrial dysfunction. The work from
Xu et al. focused on the potential effects of adding acidifiers to drinking water [3]. The
results showed that supplementing drinking water with an acidifier has potential as an
antioxidant, which was reflected in improvements in growth performance, immunity, an-
tioxidant capacity and intestinal flora. The study by Liu et al. determined the effects and
mechanisms of increased consumption of methionine by sows and piglets on the capacity
of the progeny to counteract lipopolysaccharide (LPS) challenge-induced injury in the liver
and spleen of piglets [4]. The results showed that dietary methionine supplementation
alleviated liver and spleen damage that was induced by the LPS challenge. In addition, the
results indicated that beneficial effects of dietary methionine were potentially due to the
increased antioxidant capacity and inhibition of the TLR4 and NOD signaling pathway.

Various studies focused on the use of antioxidants in ruminates to improve health,
performance and product quality. Wang et al. explored the effects of L-glutamine (L-Gln) on
calves during weaning [5]. They found that a dietary lower-level L-Gln supplementation (1
and 2% of DMI) had higher average daily gain, glutathione peroxidase and IgG concentra-
tion and villus height/crypt depth of the duodenum and jejunum, as well as lower cortisol,
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haptoglobin and interleukin-8 concentration in weaned calves. These results provided
evidence that the addition of L-Gln in the diet improved the negative effects of sudden
weaning in calves. A study from Ma et al. investigated the effects of rumen-protected
glucose (RPG) on the hepatic oxidative/antioxidative status and protein profile [6]. They
showed that RPG supplementation reduced insulin sensitivity but increased the liver
triglyceride concentration and the oxidative stress in early postpartum cows, which may
indicate an increased risk of liver metabolic disorders caused by RPG supplementation.
Wang et al. found that a plant-protein-based milk replacer had a negative effect on calves’
liver function, immunity and antioxidant capacity [7]. In addition, transcriptome analysis
revealed that energy metabolism, immune function and mineral metabolism showed differ-
ences during the pre-weaning period, while during the post-weaning period, osteoclast
differentiation and metabolic pathways showed a difference. Kong et al. studied the
potential of Acremonium terricola culture (ATC) of ATC as a new feed additive in dairy
cow feeding [8]. The results showed that ATC improved milk yield and milk protein
yield. Furthermore, the improvement in milk yield was likely related to improved immune
function and antioxidant capacity.

Regarding fish production, various studies show how to mitigate the oxidative stress
caused by unconditional production conditions using micronutrients. In particular, Wu
et al. explored the effects of vitamin A on the muscle quality, nutritional quality and
antioxidative ability of grass carp [9]. The results highlighted that dietary Vitamin A could
improve flesh quality by increasing antioxidant capacity via the Nrf2/Keap1 signaling
pathway. Similarly, dietary vitamin C can attenuate oxidative damage, inflammation and
acute hypoxia-induced apoptosis in gibel carp via the Nrf2/Keap1 signaling pathway [10].
These findings further suggest that vitamins A and C, as essential micronutrients, could
be powerful antioxidants in the diet to regulate antioxidant capacity via certain potential
signaling pathways, such as Nrf2/Keap1. Further, the work of Xu et al. focused on
docosahexaenoic acid (DHA), as a nutritional modulator, to alleviate palmitic-acid-induced
inflammation of macrophages via the TLR22-MAPK-PPAR/Nrf2 pathway in large yellow
croakers, thereby improving the utilization rate of palm oil in aquafeed [11]. Another
study found that dietary glutamine could regulate immune and antioxidant capacity
to protect against Flavobacterium columnare infection in yellow catfish [12]. The authors
suggest their study firstly demonstrated the regulatory roles of glutamine in the fish
immune and antioxidant system and reported its inhibitory effects on fish apoptosis and
autophagy during pathogenic infection. Furthermore, Shi et al. found that oxidized-
fish-oil diets can cause negative physiological health effects in channel catfish, while
adding taurine can increase growth and antioxidant ability, reduce lipid deposition and
improve intestinal health [13]. These findings could advance the understanding of the
molecular mechanism of oxidative stress and provide nutritional mitigative strategies via
supplemented micronutrients in aquaculture production.

Special attention has also been paid to plant extracts, functional components or al-
ternative protein sources. Starch is necessary as a binder and sweller during extrusion
processing of pelleted aquatic feeds. However, carnivorous fish, for example, largemouth
bass, fed excess starch may induce metabolic liver disease [14]. Liang et al. found that
largemouth bass fed high-starch feed induced oxidative stress and lipid metabolic dis-
order, while dietary olive extract could improve antioxidant capacity, anti-inflammatory
responses and lipid metabolism, but could not completely repair high-starch-diet-induced
lipid metabolic disorder [15]. Xu et al. also reported that probiotic Lactobacillus plantarum
MR1 ameliorated high-carbohydrate-diet-induced hepatic lipid accumulation and oxida-
tive stress by increasing the circulating uridine [16]. Additionally, conventional soybean
meal, replacing fishmeal protein in aquatic feed, could adversely influence the growth
performance and health of the host. Wang et al. showed that the mixture of plant extracts
(thymol and carvacrol) and chelated trace elements (Cu, Mn and Zn) in the diet could
mitigate soymeal-induced adverse effects on growth and disease resistance through the
improvement in antioxidant capacity and regulation of gut microbiota [17]. Interestingly,
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Arthrospira platensis, a blue-green alga, could activate the antioxidant response and alleviate
oxidative stress and pigmentation disorder induced by air exposure in yellow catfish [18].

All the research articles in this Special Issue show that establishing a better under-
standing of oxidative stress is of pivotal importance in production animals. The variety of
subjects treated proves that this is a complex and multifaceted topic, on which researchers
are working from different viewpoints and perspectives. We thank all the authors for their
contributions. We hope that this Special Issue will encourage more scientists to move for-
ward on the path to increasing knowledge on the effect of natural or synthetic antioxidants
on the growth and health of production animals.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Effects of High Starch and Supplementation of an Olive Extract
on the Growth Performance, Hepatic Antioxidant Capacity and
Lipid Metabolism of Largemouth Bass (Micropterus salmoides)

Xiaofang Liang 1, Pei Chen 1, Xiaoliang Wu 1, Shujuan Xing 1, Sofia Morais 2,*, Maolong He 3, Xu Gu 1

and Min Xue 1,*

1 National Aquafeed Safety Assessment Center, Institute of Feed Research, Chinese Academy of Agricultural
Sciences, Beijing 100081, China; liangxiaofang01@caas.cn (X.L.); chen_pei1@ctg.com.cn (P.C.);
82101201182@caas.cn (X.W.); shujuan.xing@wur.nl (S.X.); guxu@caas.cn (X.G.)
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Abstract: An 8-week feeding trial was conducted to investigate the effects of high-starch diets and
the supplementation of an olive extract (OE) on the growth performance, liver health and lipid
metabolism of largemouth bass (Micropterus salmoides). Four isonitrogenous and isolipidic diets
were prepared: two basal diets containing low (9.0%) and high (14.4%) levels of starch (named as
LS and HS), and 0.125% OE was supplemented to each basal diet (named LSOE and HSOE). The
results show that high-starch diets had significant negative effects on growth performance, with
lower FR, SGR and higher FCR, whereas OE significantly lowered FCR, determined by two-way
ANOVA analysis. High-starch diets induced oxidative stress, inflammatory response and liver
function injury, with significant increases in the content of plasmatic AKP, AST, ALT, hepatic SOD
and MDA, and up-regulation of hepatic TNFα, IL1β, and TGFβ1 gene expression. In addition, a
high-starch diet decreased the phosphorylation of AMPK and upregulated the expression of SREBP,
together with higher hepatic liver lipid and HSI. The oxidative stress and lipid metabolism disorders
indicate metabolic liver disease (MLD) of largemouth bass fed high-starch diets. Feeding on OE-
supplemented diets increased the hepatic antioxidant capacity by decreasing the content of MDA
and SOD. Fish fed the HSOE diet had an activated phosphorylation of JNK and decreased expression
of pro-inflammatory IL1β compared with those fed the HS diet, which strongly indicated that the
degree of inflammatory responses was reduced after OE supplementation. Interestingly, this study
demonstrated that OE regulates hepatic lipid metabolism in fish by inhibiting the expression of
hepatic lipogenesis genes (ACC1 and FASN) and promoting lipolysis (ATGL) and β-oxidation (CPT1α)
to prevent TG accumulation. In conclusion, high-starch feed induced oxidative stress and lipid
metabolic disorder of largemouth bass, while supplementation with OE improved its antioxidant
capacity, anti-inflammatory responses and lipid metabolism. However, hepatic histopathological
results suggested that OE supplementation could not completely repair the MLD caused by the high
level of starch in largemouth bass.

Keywords: largemouth bass; high starch; antioxidant; lipid metabolism; metabolic liver disease

1. Introduction

World aquaculture production has increased tremendously over the past years. How-
ever, due to intensive farming practices, metabolic diseases of fish have posed a great
threat to fish production, causing heavy economic losses. Largemouth bass (Micropterus
salmoides) is a North America-native carnivorous species, which has been one of the most
widely cultured and consumed fish species in China because of its rapid growth, good
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flesh quality, and high market value. Its production in 2020 was up to 600 thousand tons
in China. As a typical carnivorous fish, M. salmoides was traditionally fed on chilled fish;
however, with the requirements for sustainable development of aquaculture, more and
more formulated diets are used nowadays. Starch is necessary as a binder and sweller
during extrusion processing of formulated, pelleted feeds [1]. However, excess dietary
starch in carnivorous fish diets can induce hyperglycemia, glycogen and lipid accumulation,
and chronic inflammation response, as well as compromising the immune function and
antioxidant capabilities, eventually resulting in metabolic liver disease (MLD) [2–4].

To develop environmentally friendly aquaculture and ensure food safety, various
non-antibiotic feed additives have been used to improve animal health [5]. Different
plant extracts have been reported to act as immunostimulants and to have antibacterial
and anti-parasitic (virus, protozoans, monogeneans) properties in aquaculture due to the
presence of active molecules such as alkaloids, terpenoids, saponins and flavonoids [6].
Recently, olive extracts (OEs), either the byproduct of olive oil production or leaf extract
(OLE), have been proven as natural products playing very important roles as antimicrobial,
anti-inflammatory, antiviral and anti-tumor compounds, in which particular emphasis is
placed on the antioxidant activity of the extracts [7]. At present, research on the application
of olive extracts in aquaculture is mainly focused on OLE. The main active components of
OLE are polyphenols, in which the most abundant is oleuropein [8]. Dietary OLE alters
some immune gene expression levels and disease resistance to Yersinia ruckeri infection in
rainbow trout (Oncorhynchus mykiss) [9]. Furthermore, dietary supplementation of OLE can
enhance the growth performance of common carp (Cyprinus carpio) by activating digestive
enzyme activity in the intestine and increasing the expression level of several genes (GH and
IGF-I) related to growth in the brain, liver, head kidney and muscle [10]. On the other hand,
the active components of OE derived (as byproduct) from olive oil production also include
triterpenes, such as maslinic acid and oleanolic acid, which are bioactive components
with anti-oxidative, anti-inflammatory and hepatoprotective activities [11]. Triterpenes
are involved in the regulation of oxidative status through the reduction in ROS, raising
SOD and CAT activities, the suppression of nuclear factor-κB (NF-κB), and the prevention
of lipid peroxidation [7,12–14]. OE has been demonstrated as an immunopotentiator in
Black seabream (Acanthopagrus schlegelii) [7]. In addition, research performed in mammals
has established that triterpene-enriched OE is involved in lipid regulation. For example,
OE treatment has been proved to decrease hepatic lipid accumulation by regulating lipid
metabolism in vivo and in vitro in mice [15]. Therefore, we hypothesized that OE has the
potential to prevent or reduce MLD caused by a high-starch diet in aquatic animals. To our
knowledge, information regarding the roles of OE in MLD in largemouth bass have not
been reported yet.

The objective of the present study was to investigate effects of high-starch diets and
the supplementation of OE on the growth performance, hepatic antioxidant capacity and
lipid metabolism of largemouth bass. The results of this study provide insights into the
environmentally friendly prevention of MLD in carnivorous fish.

2. Materials and Methods

2.1. Growth Trial and Sample Collection

Two isonitrogenous and isoenergetic experimental diets with 9.0% (low starch, named
as LS) and 14.4% (high starch, named as HS) starch were prepared, and 0.125% OE (Lucta
S.A., Barcelona, Spain) was added to these two basal diets, respectively (named as LSOE
and HSOE). The OE product was prepared from the olive cake remaining from typical
two-phase olive oil production, with a standardized composition (determined by HPLC) of
minimum 7.5% triterpenes (maslinic acid and oleanolic acid). The product also contains >
2% protein, > 5% fat and > 30% fiber. The feed ingredients were ground into fine powder
through a 247 μm mesh. Each diet was processed into 3 mm-diameter floating pellets
under the following extrusion condition: feeding section (90 ◦C/5 s), compression section
(130 ◦C/5 s), and metering section (150 ◦C/4 s), using a Twin-screwed extruder (EXT50A,
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YangGong Machine, Beijing, China) according to our previous studies [4,16]. All diets were
air-dried at room temperature and stored at −20 ◦C until use. The diet formulations and
analyzed chemical compositions are shown in Table 1.

Table 1. Formulation and composition of experimental diets (%).

Ingredients LS HS LSOE HSOE

Fish meal a 30.0 30.0 30.0 30.0
Cottonseed protein concentrate a 23.5 22.6 23.4 22.5
Microbial protein a 4.0 4.0 4.0 4.0
Tapioca starch 5.0 5.0 5.0 5.0
Wheat flour 9.0 18.0 9.0 18.0
Wheat gluten meal 4.0 4.0 4.0 4.0
Soybean meal a 2.0 - 2.0 -
Spay-dried blood cell powder 4.0 4.0 4.0 4.0
α-cellulose 4.6 - 4.6 -
Ca(H2PO4)2 1.7 1.7 1.7 1.7
Lecithin oil 2.0 2.0 2.0 2.0
Fish oil 3.5 3.5 3.5 3.5
Soybean oil 3.5 3.5 3.5 3.5
Vitamin and mineral premix b 1.4 1.4 1.4 1.4
Kelp powder 1.5 0 1.5 0
L-Thr 0.1 0.1 0.1 0.1
DL-Met 0.2 0.2 0.2 0.2
Olive extract 0 0 0.125 0.125
Total 100 100 100 100
Analyzed chemical composition (dry matter basis %)
Moisture 6.10 7.43 7.25 7.34
Crude protein 50.83 51.15 51.17 51.11
Crude lipid 12.36 12.33 12.44 12.41
Crude ash 10.08 10.04 9.84 9.82
Starch c 9.00 14.40 9.00 14.40
Gross energy (MJ/Kg) 20.45 20.15 20.49 20.27

a Fish meal: crude protein content was 68.8%; cottonseed protein concentrate: crude protein content was 61.5%;
microbial protein: crude protein content was 86.7%; soybean meal: crude protein content was 44.7%. b Vitamin
premix (mg/kg diet): vitamin A 20; vitamin D3 10; vitamin K3 20; vitamin E 400; vitamin B1 10; vitamin B2 15;
vitamin B6 15; vitamin B12 (1%) 8; ascorbic acid (35%) 1000; calcium pantothenate 40; niacinamide 100; inositol
200; biotin (2%) 2; folic acid 10; corn gluten meal 150; choline chloride (50%) 4000. Mineral premix (mg/kg
diet): CuSO4·5H2O 10; FeSO4·H2O 300; ZnSO4·H2O 200; MnSO4·H2O 100; KI (10%) 80; CoCl2·6H2O (10% Co) 5;
Na2SeO3 (10% Se) 10; MgSO4·5H2O 2000; NaCl 100; zeolite 4995; antioxidant 200. c Starch content was estimated
based on the starch content of tapioca starch (72% starch) and wheat flour (60% starch).

Largemouth bass were obtained from a commercial aquafarm (Tangshan, Hebei,
China). All fish were acclimated and fed the control experimental diet (LS diet) for 4 weeks
before the formal feeding trial. After a 24 h fasting period, fish (initial body weight = 35.98
± 0.21 g) were distributed into 12 cylindrical plastic tanks (capacity: 256 L) with three
replicates per treatment and 20 fish per tank, and each diet was randomly assigned to
12 tanks. Fish were fed to apparent satiation twice daily at 08:00 h and 17:00 h. During
the experiment, water temperature was maintained at 21–25 ◦C, pH at 7.2–8.0, dissolved
oxygen > 6.0 mg/L, and ammonia-N < 0.3 mg/L.

Growth performance factors (final body weight (FBW), survival rate (SR), specific
growth rate (SGR), feed conversion ratio (FCR), feeding rate (FR)) were determined by
batch weighing the fish at the end of the 8 weeks after starvation for 24 h. All the sampled
fish were anesthetized with chlorobutanol (300 mg/mL). Individual body weight, body
length, viscera, liver and visceral adipose tissue weight of four fish in each tank were
recorded to calculate the condition factor (CF), viscerosomatic index (VSI), hepatosomatic
index (HSI) and visceral adipose index (VAI). Blood was rapidly drawn from the caudal
vein and centrifuged (4000× g, 10 min, 4 ◦C) to obtain plasma for the analysis of hemato-
logical parameters. Four liver samples from each tank were dissected and immediately
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frozen in liquid nitrogen, and kept at −80 ◦C for mRNA isolation and tissue homogenate
analysis until used. Four liver samples near the bile duct in each tank were fixed in 4%
paraformaldehyde (Solarbio, China) for histology determination. The rest of the livers in
each tank were pooled into zip-lock bags and then stored at −20 ◦C for the assay of crude
lipids.

2.2. Chemical Composition Analysis of Diets

The crude protein, crude lipid, crude ash, moisture, starch, and gross energy contents
of experimental diets and whole body of fish were analyzed according to standard methods
as previously described [4,16].

2.3. Plasma and Hepatic Homogenate Parameters

The content of plasma glucose, triglycerides (TG), total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), total bile
acids (TBA), alkaline phosphatase (AKP), aspartate aminotransferase (AST), alanine amino-
transferase (ALT), and hepatic TG, TC, TBA, HDL-C, LDL-C, malondialdehyde (MDA)
and activities of total antioxidant capacity (T-AOC) and glutathione peroxidase (GSH-Px),
superoxide dismutase (SOD), and catalase (CAT) were determined by commercial assay kits
(Nanjing Jiancheng Co., Nanjing, China) following the manufacturer’s protocols. Reactive
oxygen species (ROS) was determined using a commercial kit (Jiangsu Meimian industrial
Co., Ltd., Yancheng, China).

2.4. Hepatic Histopathological and Immunofluorescence Examination

Liver samples were fixed, dehydrated, embedded, and stained for hematoxylin and
eosin (H&E) as previously described [4,16]. The results of HE staining were observed
using light microscopy (DM2500, Leica, Weztlar, Germany). Immunohistochemistry for
NF-κB was conducted as previously described [16]. Briefly, sections were incubated with
polyclonal NF-κB (#8242, CST, Boston, USA) overnight at 4 ◦C. The results were observed
using a high-resolution living cell imaging system (DeltaVision, GE, Boston, USA).

2.5. Quantitative Real-Time PCR

Total RNA extraction and cDNA synthesis were carried out as described previ-
ously [4,16]. The qPCR analysis was performed using a CFX96TM Real-Time System
(Bio-Rad, CA, USA) using iTaqTM Universal SYBR® Green Supermix (Bio-Rad, CA, USA).
Each sample was run in triplicate and analyzed using the 2−ΔΔCt method. EF1α was used
as an endogenous reference gene. Primer sequences are shown in Table 2.

Table 2. Primer sequences for RT-qPCR.

Genes
Forward Primer

(5′-3′)
Reverse Primer

(5′-3′)
Tm
(◦C)

E-Values
(%)

Accession
Number

EF1α TGCTGCTGGTGTTGGTGAGTT TTCTGGCTGTAAGGGGGCTC 60.4 102.8 119901934
ACC1 ATCCCTCTTTGCCACTGTTG GAGGTGATGTTGCTCGCATA 57.5 102.2 119896388
FASN TGTGGTGCTGAACTCTCTGG CATGCCTAGTGGGGAGTTGT 57.5 102.1 119915567
ATGL CCATGATGCTCCCCTACACT GGCAGATACACTTCGGGAAA 58 99.1 119893301
CPT1α CATGGAAAGCCAGCCTTTAG GAGCACCAGACACGCTAACA 60.0 98.8 119893292
TNFα CTTCGTCTACAGCCAGGCATCG TTTGGCACACCGACCTCACC 63 105.7 119906688
IL1β CGTGACTGACAGCAAAAAGAG GATGCCCAGAGCCACAGTTC 59.4 101.3 119914255

TGFβ1 GCTCAAAGAGAGCGAGGATG TCCTCTACCATTCGCAATCC 59 95.6 119882881
IL10 CGGCACAGAAATCCCAGAGC CAGCAGGCTCACAAAATAAACA 62.1 113.6 119885912

SREBP1 AGTCTGAGCTACAGCGACAAGG TCATCACCAACAGGAGGTCACA 61 98.1 119888831

EF1α, elongation factor-1α; ACC1, acetyl-CoA carboxylase 1; FASN, fatty acid synthase; ATGL, adipose triglyc-
eride lipase; CPT1α, carnitine palmitoyltransferase 1α; TNFα, tumor necrosis factor α; TGFβ1, transforming
growth factor β1. SREBP1, Sterol-regulatory element binding protein 1.
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2.6. Western Blot

Protein extraction of the liver samples was carried out as described previously [4].
Protein concentration was measured using a BCA Protein Quantification Kit (Bio-Rad, CA,
USA). The primary antibodies used were β-tubulin (#2146, CST, Boston, USA), ERK1/2
(#4695, CST, Boston, USA), P-ERK1/2(Thr202/Tyr204) (#4370, CST, Boston, USA), AMPKα

(#A11184, Abclonal, Wuhan, China), P-AMPKα (AMPKα1-Thr-183/AMPKα2-Thr172)
(#AP0432, Abclonal, Wuhan, China), JNK (#9252, CST, Boston, USA), and P-JNK (Thr-
183/Tyr185) (#9252, Genetex, CA, USA). Automated Western blots were performed on
a JessTM system (Protein Simple) using pre-filled plates (12–230 kDa) according to the
manufacturer’s standard instructions.

2.7. Statistical Analysis

All data were presented as the mean value ± standard error of the mean (S.E.M).
Statistical analyses were performed using the SPSS software version 22.0 for Windows
(IBM Inc., New York, USA). All data means were analyzed after homogeneity of variances
were tested. Two-way ANOVA was used to analyze the significant differences among
treatment means based on starch levels (9.0 and 14.4%) and OE levels (0 and 0.125%).
Meanwhile, one-way ANOVA was also performed for the data analysis of four groups in
figures. p < 0.05 was considered significantly different. The graphics were drawn using
GraphPad Prism 7.0 (GraphPad Software Inc., CA, USA).

3. Results

3.1. Growth Performance and Morphometric Parameters

The results of growth performance and morphometric parameters are presented
in Tables 3 and 4. The SR of largemouth bass was the same in all groups (p > 0.05).
According to the two-way ANOVA analysis, high-starch diets significantly reduced the
FBW, SGR, FR and FCR compared with low-starch diets (p < 0.05). There were no significant
differences in FBW, SGR, and FR after adding 0.125% OE to the diets (p > 0.05). However,
supplementation of OE significantly decreased the FCR (p < 0.05). Both a high starch
level and OE supplementation significantly increased the HSI, while OE supplementation
significantly decreased the CF and high starch significantly increased the VSI (p < 0.05).
Both a high starch level and OE supplementation had no effect on the crude protein content
of the whole body (p > 0.05). OE supplementation significantly increased the crude lipid
level of the whole body (p < 0.05) (Table 5).

Table 3. Effects of experimental diets on the growth performance in largemouth bass.

OE (%)
Level of Dietary Starch (%)

OE Level
P Values

9.0 14.4 OE Level Starch Level Interaction

IBW 1 - 35.98 ± 0.21 - - - -

FBW 2
0 99.98 ± 1.68 97.66 ± 1.69 98.82 ± 1.18

0.223 0.002 0.0080.125 109.59 ± 1.77 93.34 ± 2.68 101.46 ± 3.91
starch level 104.78 ± 2.41 B 95.50 ± 1.72 A

SR 3
0 96.67 ± 1.67 96.67 ± 1.67 96.67 ± 1.05

1.000 1.000 1.0000.125 96.67 ± 1.67 96.67 ± 1.67 96.67 ± 1.05
starch level 96.67 ± 1.05 96.67 ± 1.05

SGR 4
0 1.94 ± 0.03 1.91 ± 0.03 1.93 ± 0.02

0.272 0.002 0.0080.125 2.12 ± 0.03 1.82 ± 0.06 1.97 ± 0.07
starch level 2.03 ± 0.44 B 1.86 ± 0.04 A
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Table 3. Cont.

OE (%)
Level of Dietary Starch (%)

OE Level
P Values

9.0 14.4 OE Level Starch Level Interaction

FCR 5
0 1.01 ± 0.01 0.96 ± 0.01 0.98 ± 0.01 b

0.002 0.005 0.3270.125 0.95 ± 0.01 0.93 ± 0.01 0.94 ± 0.01 a

starch level 0.98 ± 0.01B 0.94 ± 0.01 A

FR 6
0 0.44 ± 0.01 0.42 ± 0.01 0.43 ± 0.01

0.108 0.000 0.0100.125 0.46 ± 0.01 0.39 ± 0.01 0.42 ± 0.02
starch level 0.45 ± 0.00 B 0.40 ± 0.01 A

Two-way ANOVA was used to analyze the significant differences among treatment means based on starch level
(9.0 and 14.4%) and OE level (0 and 0.125%). Different superscript lowercase letters “a” or “b” denote significant
differences (p < 0.05) among experimental groups fed different OE levels; different capital letters “A” or “B”
denote significant differences (p < 0.05) between groups with different starch levels. 1 IBW: initial body weight. 2

FBW: final body weight. 3 SR (survival rate, %) = 100 × final fish number/initial fish number. 4 SGR (specific
growth rate, %/d) = 100 × [Ln (FBW)−Ln (IBW)]/days. 5 FCR (feed conversion ratio) = feed intake/(Wf + Wd −
Wi). Wf is the final total weight, Wd is the total weight of dead fish, and Wi is the initial total weight. The same
below. 6 FR (feeding rate, %) = 100 × feed intake/[(Wf + Wi + Wd)/2]/days.

Table 4. Effects of experimental diets on morphometric parameters in largemouth bass.

OE (%)
Level of Dietary Starch (%)

OE Level
P Values

9.0 14.4 OE Level Starch Level Interaction

CF 1
0 1.96 ± 0.10 1.75 ± 0.03 1.85 ± 0.06 b

0.004 0.066 0.0540.125 1.68 ± 0.02 1.68 ± 0.03 1.68 ± 0.02 a

starch level 1.82 ± 0.06 1.72 ± 0.02

VSI 2
0 7.14 ± 0.10 7.60 ± 0.23 7.37 ± 0.13

0.142 0.001 0.1100.125 7.01 ± 0.22 8.30 ± 0.29 7.66 ± 0.22
starch level 7.07 ± 0.12 A 7.95 ± 0.20 B

HIS 3
0 1.72 ± 0.15 2.54 ± 0.14 2.13 ± 0.13 a

0.007 0.000 0.8420.125 2.05 ± 0.12 3.04 ± 0.22 2.57 ± 0.17 b

starch level 1.88 ± 0.10 A 2.79 ± 0.14 B

VAI 4
0 1.46 ± 0.07 1.74 ± 0.20 1.60 ± 0.11

0.115 0.348 0.4890.125 1.85 ± 0.17 1.90 ± 0.21 1.88 ± 0.13
starch level 1.66 ± 0.10 1.82 ± 0.14

Two-way ANOVA was used to analyze the significant differences among treatment means based on starch level
(9.0 and 14.4%) and OE level (0 and 0.125%). Different superscript lowercase letters “a” or “b” denote significant
differences (p < 0.05) among experimental groups fed different OE levels; different capital letters “A” or “B”
denote significant differences (p < 0.05) between groups with different starch levels. 1 CF (condition factor) = 100
× (body weight, g)/(body length, cm)3. 2 VSI (viscerosomatic index, %) = 100 × visceral weight/whole body
weight. 3 HSI (hepatosomatic index, %) = 100 × liver weight/whole body weight. 4 VAI (visceral adipose index,
%) = 100 × visceral adipose weight/whole body weight.

Table 5. Effects of experimental diets on the composition of the whole body in largemouth bass.

OE (%)
Level of Dietary Starch (%)

OE Level
P Values

9.0 14.4 OE Level Starch Level Interaction

Moisture
0 73.39 ± 1.14 70.60 ± 0.18 72.00 ± 0.81 b

0.004 0.066 0.0540.125 69.87 ± 0.49 69.87 ± 0.49 69.74 ± 0.26 a

starch level 71.63 ± 0.96 70.11 ± 0.27

Crude
protein

0 16.58 ± 0.15 16.94 ± 0.06 16.76 ± 0.11
0.142 0.001 0.1100.125 16.70 ± 0.15 16.13 ± 0.05 16.42 ± 0.15

starch level 16.64 ± 0.10 16.54 ± 0.19

Crude lipid
0 5.37 ± 0.84 7.93 ± 0.22 6.65 ± 0.69 a

0.007 0.000 0.8420.125 9.24 ± 0.36 9.16 ± 0.23 9.20 ± 0.19 b

starch level 7.31 ± 0.96 8.54 ± 0.31

Two-way ANOVA was used to analyze the significant differences among treatment means based on starch level
(9.0 and 14.4%) and OE level (0 and 0.125%). Different superscript lowercase letters “a” or “b” denote significant
differences (p < 0.05) among experimental groups fed different OE levels.
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3.2. Hematological and Liver Functions Parameters

The hematological and liver function parameters of largemouth bass are presented
in Tables 6 and 7. No significant differences were observed in plasma glucose, TG, TC,
HDL-C, LDL-C between largemouth bass fed low-starch and high-starch diets (p > 0.05).
OE supplementation significantly increased plasma TC, which was mainly induced by
the increase in HDL-C (p < 0.05), and plasma LDL-C/TC was decreased with 0.125%
OE supplementation (p < 0.05). Moreover, high levels of dietary starch led to abnormal
liver function with significantly higher AST, ALT and AKP, and supplementation with
OE significantly decreased ALT in plasma, which indicated that OE may improve liver
function.

Table 6. Effects of experimental diets on hematological parameters in largemouth bass.

OE(%)
Level of Dietary Starch (%)

OE Level
P Values

9.0 14.4 OE Level Starch Level Interaction

Glucose
(mM/L)

0 4.82 ± 0.40 4.98 ± 0.70 4.90 ± 0.30
0.097 0.053 0.0430.125 5.05 ± 0.37 3.19 ± 0.31 4.12 ± 0.33

Starch level 4.93 ± 0.26 4.08 ± 0.36

TG (mM/L)
0 4.31 ± 0.43 6.59 ± 0.98 5.45 ± 0.60

0.895 0.598 0.0380.125 5.82 ± 0.77 4.68 ± 0.54 5.25 ± 0.48
starch level 5.07 ± 0.47 5.64 ± 0.59

TC (mM/L)
0 6.34 ± 0.29 7.13 ± 0.48 6.74 ± 0.29a

0.000 0.587 0.1670.125 8.73 ± 0.57 8.33 ± 0.40 8.53 ± 0.34b

starch level 7.53 ± 0.44 7.73 ± 0.34

HDL-C
(mM/L)

0 1.47 ± 0.23 1.20 ± 0.21 1.33 ± 0.15a

0.013 0.742 0.5110.125 1.86 ± 0.29 2.05 ± 0.25 1.95 ± 0.18b

starch level 1.66 ± 0.18 1.59 ± 0.19

HDL-C/TC
0 0.23 ± 0.03 0.17 ± 0.03 0.20 ± 0.02

0.363 0.522 0.1900.125 0.21 ± 0.03 0.22 ± 0.03 0.21 ± 0.02
starch level 0.22 ± 0.02 0.19 ± 0.02

LDL-C
(mM/L)

0 1.77 ± 0.22 2.56 ± 0.21 2.16 ± 0.18
0.591 0.059 0.1000.125 2.22 ± 0.20 2.26 ± 0.18 2.24 ± 0.13

starch level 2.00 ± 0.16 2.41 ± 0.14

LDL-C/TC
0 0.28 ± 0.03 0.37 ± 0.03 0.32 ± 0.03b

0.021 0.154 0.1090.125 0.26 ± 0.02 0.25 ± 0.02 0.25 ± 0.01a

starch level 0.27 ± 0.02 0.31 ± 0.02

Two-way ANOVA was used to analyze the significant differences among treatment means based on starch level
(9.0 and 14.4%) and OE level (0 and 0.125%). Different superscript lowercase letters “a” or “b” denote significant
differences (p < 0.05) among experimental groups fed different OE levels.

Table 7. Effects of experimental diets on hematological liver function in largemouth bass.

OE (%)
Level of Dietary Starch (%)

OE Level
P Values

9.0 14.4 OE Level Starch Level Interaction

AKP (U/L)
0 41.15 ± 3.51 92.49 ± 8.46 66.82 ± 7.97

0.551 0.000 0.0010.125 69.61 ± 9.19 70.34 ± 5.91 69.98 ± 9.86
starch level 55.38 ± 6.01 A 81.42 ± 5.75 B

AST (U/L)
0 4.96 ± 0.58 14.58 ± 2.38 9.86 ± 2.30

0.317 0.000 0.0870.125 6.22 ± 0.85 10.37 ± 1.11 8.87 ± 1.17
starch level 5.33 ± 1.13 A 12.89 ± 1.77 B

ALT (U/L)
0 4.55 ± 0.51 15.86 ± 1.65 9.99 ± 1.85 b

0.022 0.000 0.0000.125 6.98 ± 0.91 8.50 ± 0.74 8.14 ± 1.00 a

starch level 5.73 ± 1.02 A 12.25 ± 1.45 B

Two-way ANOVA was used to analyze the significant differences among treatment means based on starch level
(9.0 and 14.4%) and OE level (0 and 0.125%). Different superscript lowercase letters “a” or “b” denote significant
differences (p < 0.05) among experimental groups fed different OE levels; different capital letters “A” or “B”
denote significant differences (p < 0.05) between groups with different starch levels.
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3.3. Hepatic Antioxidant Responses

The contents of hepatic ROS were significantly higher, and those of SOD and CAT
were lower in the group fed the high-starch diet than those fed the low-starch diet. The
supplementation with OE significantly decreased the contents of hepatic MDA, SOD and
CAT, and SOD/MDA was significantly increased (p < 0.05), which indicated that OE may
improve hepatic antioxidant capacity (Table 8).

Table 8. Effects of experimental diets on hepatic antioxidant parameters in largemouth bass.

OE (%)
Level of Dietary Starch (%)

OE Level
P Values

9.0 14.4 OE Level Starch Level Interaction

ROS
(U/mg prot)

0 64.42 ± 4.61 86.41 ± 4.42 75.41 ± 4.20
0.105 0.000 0.1010.125 64.33 ± 3.73 102.84 ± 6.37 83.59 ± 6.12

starch level 64.37 ± 2.86 A 94.62 ± 4.30 B

T-AOC
(μM/g prot)

0 69.12 ± 5.80 95.70 ± 8.69 82.41 ± 6.10
0.749 0.185 0.0090.125 91.01 ± 7.21 81.60 ± 6.37 86.31 ± 4.80

starch level 80.07 ± 5.29 88.65 ± 5.51

CAT
(U/mg prot)

0 49.61 ± 3.02 47.81 ± 4.39 48.71 ± 2.58 b

0.000 0.000 0.0000.125 49.83 ± 3.70 8.17 ± 1.48 29.00 ± 5.71 a

starch level 49.72 ± 2.31 B 27.99 ± 5.59A

GSH-Px
(U/ug prot)

0 4.14 ± 0.70 4.57 ± 0.74 4.35 ± 0.49
0.137 0.815 0.6420.125 4.87 ± 0.54 5.24 ± 0.42 5.06 ± 0.33

starch level 4.50 ± 0.44 4.90 ± 0.42

SOD
(U/mg prot)

0 195.90 ± 11.13 192.83 ± 11.57 194.37 ± 7.76 b

0.004 0.038 0.1040.125 185.02 ± 9.71 144.04 ± 7.72 164.53 ± 7.99 a

starch level 190.46 ± 7.27 B 168.44 ± 9.21A

MDA
(nM/mg

prot)

0 4.48 ± 0.49 2.70 ± 0.85 3.53 ± 0.54 b

0.125 1.22 ± 0.16 2.17 ± 0.45 1.70 ± 0.26 a 0.002 0.452 0.020
starch level 2.75 ± 0.49 2.43 ± 0.47

SOD/MDA
0 47.5 ± 6.08 103.8 ± 21.79 77.52 ± 13.74a

0.004 0.819 0.0020.125 166.93 ± 19.51 98 ± 23.14 132.47 ± 17.12b

starch level 111.2 ± 19.00 100.90 ± 15.37

Two-way ANOVA was used to analyze the significant differences among treatment means based on starch level
(9.0 and 14.4%) and OE level (0 and 0.125%). Different superscript lowercase letters “a” or “b” denote significant
differences (p < 0.05) among experimental groups fed different OE levels; different capital letters “A” or “B”
denote significant differences (p < 0.05) between groups with different starch levels.

3.4. Hepatic Pathological Examination—Histology

The hepatic histopathological examination results of each group are shown in Fig-
ure 1. Four phenotypes of hepatic histopathological examination were defined, with
symptoms from light to severe, by H&E staining and immunofluorescence signaling for
NF-κB (Figure 1A). Phenotype I showed normal hepatocytes with well-shaped cells and
low expression of NF-κB in the nucleus. Phenotype II defined fatty liver tissues with
enlarged and vacuolated cells and low expression of NF-κB in the nucleus. Phenotype III
defined nuclear dense tissues, which is usually a precursor to liver fibrosis, with unclear
liver cord and low expression of NF-κB in the nucleus. Phenotype IV defined liver fibrosis,
with severe vacuolation along with hepatic fibrosis symptoms and NF-κB mainly expressed
in the nucleus. Twelve samples were observed in each group (except eleven samples in
HS group). There were eight and eleven samples generally normal (phenotype I) in the LS
and LSOE group. However, only five samples were generally normal in the HS and HSOE
group. Fish in the HS and HSOE groups showed a high proportion of fatty liver (five to six
samples) and even a fibrosis (one sample) phenotype (Figure 1B).
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Figure 1. Effects of different diets on hepatic histopathological and inflammatory responses of
largemouth bass. (A) Four phenotypes of hepatic histopathological examination with symptoms
from light to heavy by HE staining for histology examination. Inflammatory response signals of
NF-κB were lower (marked by yellow arrows) and mainly (marked by green arrows) expressed in
the nucleus (marked with DAPI in blue color) (bar = 15 μm), in which (I) no obvious abnormity, (II)
fatty liver, (III) nuclear dense tissue, and (IV) hepatic fibrosis symptoms were observed. (B) Statistical
results of liver phenotypes (n = 12). Since the samples were damaged during the embedding process,
the number of slices was less than 12 of the HS group.

3.5. Hepatic Proliferation and Inflammation Responses

As shown in Figure 2A, the phosphorylated ERK (P-ERK(Thr202/Tyr204)) levels in
liver tissues were significantly higher in the high-starch groups than in the low-starch
groups (p < 0.05). Simultaneously, the P-ERK/ERK ratio showed a tendency towards an
increase in the high-starch groups. Supplementation with OE significantly increased ERK
levels (p < 0.05), but had no significant effect on P-ERK and P-ERK/ERK levels (p > 0.05).
Phosphorylated JNK (P-JNK(Thr183/Tyr185)) levels, and the P-JNK/JNK ratio in liver
tissues, were significantly lower in the high-starch groups than in the low-starch groups
(p < 0.05). Adding OE significantly decreased phosphorylated JNK (P-JNK) levels (p < 0.05),
but had no significant effect on P-JNK(Thr183/Tyr185)/JNK levels (p > 0.05). Moreover,
One-way ANOVA analysis showed that the ratio of P-JNK/JNK was significantly up-
regulated in the HSOE group compared to the HS group (p < 0.05). We also observed a
significant up-regulation of mRNA levels of pro-inflammatory cytokines (TNFα, IL1β)
and anti-inflammatory cytokines (TGFβ1) in the high starch groups (p < 0.05), while
supplementation with OE had no significant effect on the expression of inflammatory
cytokines by two-way ANOVA (p > 0.05). However, one-way ANOVA analysis showed
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that the mRNA level of IL1β was significantly decreased in the HSOE group compared
with the HS group (p < 0.05) (Figure 2B). The results show that high levels of dietary starch
induced inflammatory response in largemouth bass, and that adding OE in the high-starch
diets could reduce the expression of pro-inflammatory factors to a certain extent, which
was achieved by activating the phosphorylation of JNK.

Figure 2. Effects of different diets on hepatic proliferation and inflammatory responses of largemouth
bass, (A) Western blot of P-ERK, ERK, P-JNK and JNK in the liver (n = 3). (B) Effects of different
diets on the transcriptional levels of hepatic pro- and anti-inflammation-related genes (n = 8). Both
one-way ANOVA and two-way ANOVA statistics were analyzed. Differences were regarded as
significant when p < 0.05 (n = 8). Values marked with “a, b and c” are significantly different according
to one-way ANOVA.
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3.6. Hepatic Lipid Metabolism

As shown in Table 9, no significant differences were observed in hepatic TG, TC,
LDL-C and TBA between largemouth bass fed low-starch and high-starch diets (p > 0.05).
High-starch diets induced a higher content of lipid in the liver (p < 0.05). Supplementation
of OE significantly decreased hepatic TG, LDL-C, LDL-C/TC and TBA (p < 0.05). Although
the two-way ANOVA results showed that OE had no significant effect on the level of liver
lipids (p > 0.05), there was a clear reduction in hepatic lipids after adding OE to the low
starch diet.

Table 9. Effects of experimental diets on hepatic lipid metabolism parameters in largemouth bass.

OE (%)
Level of Dietary Starch (%)

OE Level
P Values

9.0 14.4 OE Level Starch Level Interaction

TG
(mM/g prot)

0 0.39 ± 0.06 0.32 ± 0.05 0.36 ± 0.05 b

0.010 0.838 0.1970.125 0.20 ± 0.03 0.25 ± 0.05 0.22 ± 0.03 a

starch level 0.30 ± 0.04 0.29 ± 0.05

TC
(mM/g prot)

0 0.16 ± 0.02 0.15 ± 0.01 0.16 ± 0.01
0.426 0.286 0.0410.125 0.12 ± 0.01 0.17 ± 0.01 0.15 ± 0.01

starch level 0.14 ± 0.01 0.16 ± 0.01

LDL-C
(μM/g prot)

0 38.03 ± 3.01 42.67 ± 3.04 40.35 ± 2.15 b

0.010 0.056 0.4260.125 26.06 ± 2.29 35.20 ± 3.30 30.63 ± 2.27 a

starch level 32.04 ± 2.39 38.94 ± 2.37

LDL-C/TC
0 0.24 ± 0.02 0.21 ± 0.02 0.26 ± 0.17

0.050 0.504 0.2730.125 0.22 ± 0.02 0.21 ± 0.22 0.22 ± 0.13
starch level 0.23 ± 0.02 0.25 ± 0.02

TBA
(μM/g prot)

0 3.14 ± 0.21 3.47 ± 0.91 3.29 ± 0.42 b

0.001 0.917 0.5510.125 1.66 ± 0.14 1.43 ± 0.14 1.54 ± 0.10 a

starch level 2.45 ± 0.24 2.45 ± 0.52

Liver lipid
(%)

0 1.99 ± 0.01 2.01 ± 0.16 2.03 ± 0.06
0.606 0.007 0.0060.125 1.66 ± 0.10 2.27 ± 0.04 1.95 ± 0.15

starch level 1.77 ± 0.10A 2.16 ± 0.07B

Two-way ANOVA was used to analyze the significant differences among treatment means based on starch level
(9.0 and 14.4%) and OE level (0 and 0.125%). Different superscript lowercase letters “a” or “b” denote significant
differences (p < 0.05) among experimental groups fed different OE levels; different capital letters “A” or “B”
denote significant differences (p < 0.05) between groups with different starch levels.

As shown in Figure 3A, a high starch level decreased the phosphorylated AMPKα

(P-AMPKα (AMPKα1 T183/AMPKα2 T172)) and P-AMPKα/AMPKα levels (p < 0.05). In
terms of mRNA levels, high-starch diets significantly increased SREBP1 compared with
diets containing low starch (p < 0.05) (Figure 3B). On the other hand, supplementation with
OE had a great influence on lipid metabolism. In particular, mRNA levels of hepatic fatty
acid synthesis-related genes (ACC1 and FASN) were significantly down-regulated, and
TG hydrolysis (ATGL) and fatty acid β-oxidation (CPT1α)-related genes were significantly
up-regulated by OE supplementation (p < 0.05) (Figure 3C).
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Figure 3. Effects of different diets on the hepatic lipid metabolism of largemouth bass. (A) Western
blot of P-AMPK and AMPK in the liver (n = 3). (B) Transcriptional levels of SREBP1 (n = 8).
(C) Transcriptional levels of hepatic FA synthesis (ACC1 and FASN), TG hydrolysis (ATGL), and
β-oxidation (CPT1α) related genes (n = 8). Both one-way ANOVA and two-way ANOVA statistics
were analyzed. Differences were regarded as significant when p < 0.05 (n = 8). Values marked with
“a, b and c” are significantly different according to one-way ANOVA.

4. Discussion

Starch is typically used as a technical ingredient (stabilizer and swelling agent) in the
manufacture of aquatic feeds, and is sometimes used as a cheap energy source in diets for
some fish species. However, carnivorous fish having a metabolism adapted to diets low
in carbohydrates exhibit symptoms of glucose intolerance after the intake of high-starch
diets [17,18]. Previous studies showed that largemouth bass had poor starch utilization
capacity, and high dietary inclusion of digestible carbohydrate (over 10%) was recognized
as the primary factor inducing MLD [19,20]. Excess dietary starch induced hyperglycemia,
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glycogen and lipid accumulation, chronic inflammation, and reduced immune functions
and antioxidant capabilities, causing MLD in largemouth bass [2,4]. The present study
indicated that, compared with low-starch feed (9.0%), high-starch (14.4%) feed decreased
the growth performance of largemouth bass and induced liver lipid accumulation, inflam-
matory response, oxidative stress, liver function injury and higher hepatosomatic index,
which is similar to the nonalcoholic steatohepatitis symptom (NASH). Matsumoto et al.
developed a NASH model in the ricefish medaka (Oryzias latipes), which is based on feeding
the fish a high-fat diet (HFD). Medaka that are fed a HFD exhibited macrovesicular fat
deposition and liver dysfunction [21]. In aquaculture, various additives are commonly
added to the diets to improve nutrient utilization, growth performance and survival of
cultured fish, such as probiotics, yeast, amino acids, antioxidants, enzymes, plant extracts
and certain organic acids/salts and so on [22–24]. Among these, plants extracts have a
broad utilization for growth promotion and appetite stimulation [25]. For instance, garlic
and ginger increased SGR and WG, and decreased FCR in rainbow trout [26,27]. Similar
effects have been observed in Nile tilapia (Oreochromis niloticus) fed diets including extracts
of ginseng (Ginsana® G115) [28] or limonene and thymol [29], and in juvenile olive flounder
(Paralichthys olivaceus) fed diets including extract of green tea [30]. Growth performance and
expression levels of growth-related genes in common carp (Cyprinus carpio) were enhanced
after feeding diets with 0.10–0.25% OLE, but decreased after feeding diets with high levels
of OLE (0.50–1.00%) [10]. Some studies also demonstrated that dietary supplementation
of 0.00–1.00% of OLE did not affect growth performance and feed utilization in rainbow
trout [9]. In this study, 0.125% OE had no significant effect on the weight gain of large-
mouth bass, but FCR was clearly reduced, leading to decreases in the farming feed cost of
largemouth bass.

To avoid metabolic stress, such as that potentially caused by high carbohydrate,
organisms rely on an antioxidant protection system to prevent oxidative injury. SOD
enzymes control the levels of a variety of ROS and reactive nitrogen, thus limiting the
potential toxicity of these molecules and controlling broad aspects of cellular life that are
regulated by their signaling functions [31]. MDA is the product from the peroxidation
of n-3 and n-6 polyunsaturated fatty acids, and has a strong biotoxicity to cells [32]. Our
study suggested that 14.4% starch in the diet reduced the hepatic antioxidant capacity of
largemouth bass, with higher ROS and lower CAT and SOD levels, which was consistent
with previous studies showing that different starch sources and levels significantly affected
the antioxidant status of largemouth bass [19,33]. Significant reductions in SOD, CAT and
GSH-Px activities, and an increase in MDA content, were detected in the liver of largemouth
bass when dietary corn starch level increased from 0 to 25% [19]. In this study, the increase
in ROS with rising starch level, with no differences observed after supplementation with
OE, may be the main reason for the decrease in SOD. OE inclusion strongly decreased
the hepatic MDA content in both high- and low-starch diets. The lower MDA content
may be attributed to the lower oxidative stress and inflammatory degree, which can be
demonstrated by the decreased SOD activity observed in this study. Moreover, triterpenes
possess anti-inflammatory activity and antioxidant protection properties in vivo [34] and
in vitro [35]. In recent years, more and more studies have proved that triterpenes play
apoptotic roles against tumor cells, but a principal feature of these compounds is their
antioxidant effect [11]. Therefore, triterpene-rich olive extracts are considered a natural
source of antioxidant compounds for the prevention of fish diseases related to cell oxidative
damage.

At present, the most widely reported application of olive extracts in fish is related
to their immunomodulatory effects. Dietary supplementation of 0.1% OLE increased the
expression levels of immune-associated genes (IL-1β in head kidney tissue and TNF-α in
spleen tissue) and enhanced the survival rate of common carp juveniles by inhibiting the
pathogenicity of E. tarda [10]. Adding 0.1% OLE to a rainbow trout’s diet activated the
expression of immune-related genes in the spleen tissue, including TNFα, IL1-β and IL-8,
although the expression levels of these genes decreased with higher doses of OLE, such
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as 0.25, 0.5, and 1.0% [9]. Triterpene-enriched OE acted as an immunopotentiator in Black
Sea bream (Acanthopagrus schlegelii), repairing the hampered immune response induced
by cadmium exposure [7]. Moreover, OLE could be applied in the control and prevention
of white spot virus syndrome in white leg shrimp (Penaeus vannamei) [36]. In this study,
increased expression levels of IL1β, TNFα and TGFβ1 suggested that high starch contents
activated the immune response of largemouth bass, while supplementation with OE in the
diet containing high starch level reduced transcript levels of pro-inflammatory gene IL1β
and expression of anti-inflammatory genes remained at a high level.

Oxidative stress induced by oxidized fish oil activated NF-κB signaling and release
of inflammatory cytokines in Megalobrama amblycephala and Rhynchocypris lagowskii Dy-
bowski [37,38]. In mammals, triterpenes have been shown to promote an anti-inflammatory
status by suppressing nuclear NF-κB activity [39,40]. In fact, NF-κB pathway is a double-
edged sword in the inflammatory response. Once the activity of NF-κB is abnormally
increased or continuously activated, it shows an anti-apoptotic effect by inducing anti-
inflammatory response and promoting the expression of target genes related to cell prolifer-
ation [41]. MAPK family member ERK1/2 plays an important role in cellular proliferation
and differentiation. Protein phosphorylation is a process of protein post-translational
modification. Usually, the ERK1/2 is located in the cytoplasm and quickly passes through
the nuclear membrane once phosphorylated, and then activates transcription factors to
further regulate the transcription of their respective target genes, causing changes in the
expression or activity of specific proteins and ultimately regulating cell biological func-
tion [42]. A high starch level induced liver fibrosis and increased NF-κB in the nucleus, and
the phosphorylation level of ERK1/2 showed an increasing trend, which suggests that the
fish fed high starch diet was under a “self-repair” status. In the study, OE increased the
total ERK1/2 expression, which may be regulated by the post-transcriptional translation
of growth factor receptors from upstream signals (or protein tyrosine kinase receptors);
however, phosphorylation activation is mainly reflected in the starch level rather than
the presence of OE supplementation. In addition, another MAPK family member the
JNK signal transduction pathway has been implicated in cellular stress, inflammation and
apoptosis. The demethylating substance betaine could repair alcoholic and non-alcoholic
fatty liver disease (NAFLD) by inhibiting JNK-mediated signaling [43]. Indeed, JNK plays a
dual role in the development of hepatocellular carcinoma. JNK promotes an inflammatory
hepatic environment that supports tumor development, but JNK deficiency in hepatocytes
increased the tumor burden, and so also functions in hepatocytes to reduce tumor develop-
ment [44]. Our results show that the high starch diet inhibited JNK phosphorylation, which
could protect hepatocytes from apoptosis. On the other hand, the addition of OE to the
high-starch diet promoted the activation (phosphorylation) of the JNK pathway in large-
mouth bass, concomitantly with the decrease in expression level of the proinflammatory
factor IL1β. However, hepatic histopathological analysis did not show significant effects of
OE supplementation on the repair of liver injury induced by the high starch diet, which
may be a result of the short feeding time (eight weeks) in the study.

Hepatic lipid content and HSI are important indicators of liver health in fish. In this
study, we demonstrated that a high-starch diet led to an over-accumulation of lipid and en-
larged liver in largemouth bass, with a higher content of hepatic lipid and HSI. In addition,
our results suggested that both AMPK and SREBP were involved in the over-accumulation
of lipid. Up-regulation of SREBP increases the uptake and absorption of glycerol by hepa-
tocytes and enhances the synthesis of fatty acids and cholesterol [45]. When the contents of
free fatty acids, TG and TC exceed the adaptative capacity of the body, further accumula-
tion in hepatocytes then leads to an overproduction of ROS, cytokines and inflammatory
factors, which is the most common pathogenesis pathway of NAFLD [46]. AMPK, a kinase
directly targeting SREBP-1, inhibits SREBP-1 cleavage and intranuclear translocation, and
suppresses the expression of SREBP-1 target genes in hepatocytes exposed to high levels of
glucose, thus decreasing lipogenesis [47]. In the present study, the high-starch diet activated
AMPK, as observed by a decrease in phosphorylation of AMPK, which further upregulated
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the expression of SREBP-1. OE showed a tendency to decrease SREBP-1 expression in the
HS diet.

In order to determine the functional consequences of activated SREBP1, we further
examined the gene expression levels of several key target enzymes of SREBP1 involved in
fatty acid synthesis, including ACC1 and FASN. Surprisingly, no significant effects of starch
level were observed in the expression of these genes. However, one-way ANOVA analysis
showed that expression of ACC1 was the highest in the HS group, which was similar to the
expression of SREBP1. A significantly lower expression of ACC1 and FASN was observed in
the OE-supplemented diets, strongly indicating that OE decreased lipogenesis. In addition,
OE supplementation increased the expression levels of the lipolysis gene ATGL and β-
oxidation gene CPT1α. These results are consistent with a previous study showing that a
Chinese olive fruit extract improved the metabolic abnormalities of mice associated with
fatty liver under high fat challenge by increasing the protein expression of phosphorylated
AMPK, ACC1, CPT-1, and PPARα, but downregulating the expression of mature SREBP-1c
and FAS [15]. In this study, OE inhibited hepatic lipogenesis and promoted lipolysis and
β-oxidation, leading to significant reductions in the content of hepatic TG and LDL-C.
However, this pathway was not regulated by AMPK, and the key regulatory factors need
to be further identified. Still, our study presents the first report that OE can regulate fat
metabolism in aquatic animals.

At the level tested in this study (0.125%), supplementation with OE was associated
with several beneficial effects. However, it is important to note that the concentration of OE
supplemented into diets should be optimized, as hepatotoxic effects of some triterpenes
have been reported in a dose-dependent manner. For instance, the anti-inflammatory
pentacyclic triterpene oleanolic acid at about 20% caused body weight loss, inflammation,
hepatocellular apoptosis, necrosis, and feathery degeneration (indicative of cholestasis) in
mice [48]. Therefore, it is necessary to clarify the optimal addition level of triterpene-rich
OE in the feed of aquatic animals in future studies.

5. Conclusions

In summary, the intake of high starch diets induced oxidative stress, inflammatory re-
sponse, lipid metabolism disorder and even MLD, which significantly reduced the growth
performance of largemouth bass. Supplementation with 0.125% of an olive extract obtained
as a byproduct of olive oil production significantly reduced FCR, which would result in a
lower farming feed cost of largemouth bass. In addition, our results demonstrate that sup-
plementation with OE in the HS diet increased the hepatic antioxidant capacity, promoted
the activation of JNK signaling pathway and decreased inflammatory responses. In this
study, we present the first evidence that OE regulates hepatic lipid metabolism in fish. The
protective mechanisms induced by the supplementation of OE mainly depend on inhibiting
hepatic lipogenesis and promoting lipolysis and β-oxidation, leading to the prevention of
hepatic TG over-accumulation in fish. A limited effect of OE was observed histologically
on the repair of MLD induced by high starch in largemouth bass, but considering the short
trial period and single doses tested, it would be worthwhile to further investigate the effects
of different OE doses and feeding time on the growth, hepatoprotection and immune status
of fish in future studies.
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Abstract: Aiming to optimize soymeal-based diets for Japanese seabass (Lateolabrax japonicas), a
105-day feeding trial was conducted to evaluate the effects of functional additives, including an-
tioxidants (ethoxyquin, thymol and carvacrol) and chelated trace elements (Cu, Mn and Zn), on the
growth, immunity, antioxidant capacity and disease resistance of fish fed diets with conventional
soybean meal replacing 50% of fishmeal. Three isonitrogenous (45%) and isolipidic (11%) diets
were formulated: (1) standard reference diet (FM, 42% fishmeal); (2) soymeal-based diet (SBM, 21%
fishmeal and 30% conventional soybean meal); (3) SBM diet supplemented 0.0665% functional addi-
tives (FAS). Each experimental diet was randomly fed to quadruplicate groups of forty feed-trained
Japanese seabass (initial average body weight = 125.6 ± 0.6 g) stocked in a saltwater floating cage.
Upon the conclusion of the feeding trial, lower feed intake was observed in fish fed SBM compared to
those fed FM and FAS. Fish fed FM showed the highest growth performance, estimated as the weight
gain rate. Notably, FAS supported faster growth of fish than those fed SBM, indicating the optimal
growth performance of dietary functional additives. The feed conversion rate showed the opposite
trend among dietary treatments, with the highest value in fish fed SBM. Regarding immunity, fish fed
soymeal-based diets suppressed the serum alternative complement pathway activities compared to
FM, whereas the respiratory burst activity in macrophages of head kidneys showed a similar picture,
but no statistical differences were observed. Further, fish fed soymeal-based diets had lower serum
Cu-Zn SOD, CAT and GPx activities as well as liver vitamin E levels and scavenging rates of hydroxyl
radical but higher liver MDA contents compared to the FM-fed group. Fish fed FAS had higher
serum Cu-Zn SOD and GPx activities and liver vitamin E levels than those fed SBM, suggesting
the enhancement of antioxidant capacity of dietary functional additives. For the disease resistance
against Vibrio harveyi infection, fish fed SBM had the highest cumulative mortality, followed by the
FAS and FM groups. Additionally, the biomarkers related to the immune and antioxidant capacities
had a positive correlation with the relative abundance of Paracoccus and Pseudomonas, while liver
MDA levels had a negative correlation with the relative abundance of Pseudomonas and Psychrobac-
ter. Collectively, soymeal replacing 50% of fishmeal suppressed the growth, immunity, antioxidant
capacity and disease resistance of Japanese seabass, while dietary supplementation of antioxidants
and chelated trace elements could mitigate soymeal-induced adverse effects on growth and disease
resistance through the improvement in antioxidant capacity and regulation of gut microbiota.

Keywords: Lateolabrax japonicas; functional additives; conventional soybean meal; growth performance;
immunity; antioxidant capacity; disease resistance
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1. Introduction

Japanese seabass (Lateolabrax japonicus), as one euryhaline and carnivorous species,
has been widely cultured in Eastern Asia due to its commercial value. In recent decades,
the anxieties of unsustainable and costly wild-captured forage fish driven by the expansion
of aquaculture production has driven scientists to find economical and nutritious fishmeal
alternatives. Studies on fishmeal alternatives have been continually conducted in Japanese
seabass, including, but not limited to, defatted black soldier fly larvae meal [1], porcine
meal [2], animal protein blend [3], canola meal [4], corn gluten meal [5] and cottonseed
meal [6] as well as soymeal [7–13]. Among these fishmeal alternatives, conventional soy-
bean meal and its relevant products have received more focus in Japanese seabass due to
its stable production, relatively high digestibility and low market price. However, several
obvious disadvantages in conventional soybean meal, such as a deficiency of essential
nutrients, poor palatability and the existence of anti-nutritional factors, induced enteritis
and metabolic liver disease, have limited its high utilization in aquafeed [6,14,15]. In
general, previous studies in Japanese seabass demonstrated that conventional soybean
meal replacing more than 50% of fishmeal protein could adversely influence the diges-
tive abilities, immune responses and antioxidant abilities and consequently suppress the
growth performance and health of the host [8,9,11,16]. Aiming to optimize soymeal-based
diets for Japanese seabass, a range of processing approaches, such as fermentation and
gamma-irradiation, have been implemented to partially remove anti-nutritional factors, but
replacing more than 50% of fishmeal still induces negative effects on growth performance
and health under certain conditions [10,13,16].

Based on this background, to increase the utilization of conventional soybean meal and
mitigate its negative influence, expanded evaluations of functional additives on the growth
performance and health of fish fed soymeal-based diets are necessary. The administration
of functional additives could be achieved alone or in combination. In general, a mixture
of functional additives rather than a single substance could provide more effective effects
on the growth and health of the host [17–19]. Thus, in the current study, a mixture of
antioxidants, i.e., ethoxyquin and a 1:1 standardized combination of thymol and carvacrol
and chelated trace elements, i.e., Mintrex® Cu, Mn and Zn, was selected to be tested. The
ethoxyquin, as a feed preservative, has been used in aquafeed for many years [20]. The
1:1 standardized combination of thymol and carvacrol are essential oils from thyme and
oregano extracts that can improve the growth performance, digestive abilities, antioxidant
activity and gut microbiota and boost the general health and immune responses of fish
under less desirable conditions, such as lower or non-dietary fishmeal diets, stress or
disease [21]. Regarding the chelated trace elements, Mintrex® Cu, Mn and Zn not only
keep trace elements balanced but could also improve growth performance and antioxidant
ability and balance the requirements of essential amino acids [22]. Further, supplemental
chelated trace elements may become more necessary due to the existence of antagonists in
soybean meal that would bind with divalent cationic trace elements [23,24].

Therefore, this study aimed to evaluate whether functional additives could mitigate
the negative effects on growth, immunity, antioxidant capacity and disease resistance
against Vibrio harveyi infection in Japanese seabass fed diets with conventional soymeal
meal replacing 50% of fishmeal.

2. Materials and Methods

2.1. Fish Husbandry

This experiment was conducted following the Management Rule of Laboratory Ani-
mals (Order No. 676 of the Chinese State Council). The Japanese seabass were purchased
from a commercial producer located in Qinzhou, Guangxi, China. Before the feeding
trial, all fish were stocked and fed a commercial diet for about two weeks to acclimate
to the experimental conditions in floating sea cages (4.0 m × 5.0 m × 5.0 m) in Qinzhou,
Guangxi, China. Subsequently, fish with an initial average body weight of 125.6 ± 0.6 g
were randomly transported into 12 floating sea cages (1.5 m × 3.0 m × 3.0 m) where each
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treatment was split into quadruplicate cages, each containing 40 fish. Fish were hand-fed
continuously to satiation twice daily (06:00 and 18:00) for 105 days. Regarding the water
parameters, the water temperature followed a natural fluctuation ranging from 14 to 26 ◦C,
and the water salinity and dissolved oxygen were above 20‰ and 7 mg L−1, respectively,
for the entire feeding period.

2.2. Diets

Table 1 shows the formulation and nutrient composition of the experimental diets.
Specifically, three isonitrogenous (45% crude protein) and isolipidic (11% crude lipid)
experimental diets were formulated. One standard reference diet, named FM, was formu-
lated based on the commercial diet for Japanese seabass containing 42% fishmeal. Two
experimental diets with (named FAS) and without functional additives (named SBM) were
formulated using conventional soybean meal as the only fishmeal alternative with the
substitution level at 50%. The formulation of the functional additives was the mixture of
ethoxyquin (0.02% Agrado®, Columbia), a 1:1 standardized combination of thymol and
carvacrol (0.006% NE-150®) as well as chelated trace elements (0.0055% Mintrex® Cu, 0.01%
Mintrex® Mn and 0.025% Mintrex® Zn) (Novus International Inc., St. Charles, MO, USA).
Each diet was produced into proper sizes of floating pellets (4- and 5-mm diameter) using
a twin-screwed extruder (EXT50A, Yanggong Machine, Yangzhou, China) and stored at
20 ◦C until used.

Table 1. Formulation and nutrient composition of the experimental diets.

Ingredients (% Dry Matter) FM SBM FAS

Fishmeal 1 42 21 21
Conventional soybean meal 1 12 30 30

Wheat 1 25.8 22.1 22.1
Peanut meal 1 10 10 10
Squid meal 1 2.5 3.5 3.5

Spray blood meal 1 2.8 2.8
Soy protein concentrate 1 2 2

Fish oil 4 5.5 5.5
Vitamin and mineral premix 1 1 1

Lecithin 1 1 1
Vitamin C 0.1 0.1 0.1

Calcium propionic acid 0.1 0.1 0.1
Choline 0.5 0.5 0.5

Monocalcium phosphate 1 1 1
MeraMet 2 0.26 0.26

Threonine 2 0.1 0.1
Ethoxyquin 0.02 0.02 0.02

Functional additives 3 0.0665
Proximate analysis

Crude protein 45.2 45.1 44.9
Crude lipid 11.6 11.4 11.2

Lysine 2.74 2.66 2.68
Methionine 0.96 0.99 1.02

1 These ingredients were purchased from Great Seven Bio-Tech, Qingdao, China. Fish meal: protein 63.90,
lipid 10.15; Squid meal: protein 56.67, lipid 28.85; Peanut meal: protein 55.99, lipid 6.46; Spray blood meal:
protein 98.92, lipid 0.99; Soybean meal: protein 54.51, lipid 1.48; Soy protein concentrate: protein 73.32, lipid 1.04.
2 MeraMet is methionine hydroxy calcium. Methionine, threonine and lysine were satisfied for fish in all the
treatments. 3 The functional additives were from Novus International Inc., St. Charles, MO, USA.

2.3. Sample Collection

At the end of the feeding trial, fish were anesthetized with eugenol (1:10,000) before
tissue sampling. The fork length and body weight of all fish were recorded, and the plasma
samples were obtained from the caudal vein of 3 fish per sea cage, i.e., 12 fish per dietary
treatment. Plasma was collected after centrifugation at 2000× g for 10 min at 4 ◦C and
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frozen in liquid N2 and then stored at −80 ◦C prior to analysis. The livers of fish were
collected from 3 fish per cage, i.e., 12 fish per dietary treatment, and then frozen at −80 ◦C
until analysis.

2.4. Proximate Composition of Diets and the Whole Body of Fish

Duplicate analyses of the moisture, crude protein and crude lipid as well as the ash of
diets and the whole bodies of fish were analyzed according to the standard protocols in our
previous descriptions [6].

2.5. Respiratory Burst Activity (RB) Assay

The head kidney macrophages of 3 fish per sea cage, i.e., 12 fish per dietary treatment,
were isolated according to the previous description [25]. Briefly, the head kidney was
collected and cut into small fragments and then washed with Leibovitz-15 medium (L-15,
Sigma, St. Louis, MO, USA) containing 100 IU/mL penicillin, 100 IU/mL streptomycin
and 2% fetal calf serum (Gibco, Invitrogen, New York, NY, USA). Subsequently, the cell
suspensions were prepared by forcing the head kidney to pass through a 100 μ steel mesh.
The resultant cell suspensions were enriched by centrifugation at 400× g for half an hour at
4 ◦C using the 51% (v/v) Percoll density gradient (Pharmacia, St. Louis, MO, USA). The
bands of cells were collected at the 51% interface and then washed twice using the L-15
medium. Cell viability of the head kidney was determined by the trypan blue exclusion
method, and the cell density was measured using the hemocytometer. Finally, the L-15
medium was added to adjust the cell concentration (1 × 107 mL−1) for analysis.

For the respiratory burst activity analysis, the production of intracellular superoxide
anion (O2−) was measured using nitroblue tetrazolium (NBT) reduction (Sigma, Louis,
MO, USA). A 100 μL cell suspension was stained using 100 μL of 0.3% NBT and 100 μL of
1 mg/mL phorbol 12-myristate 13-acetate (Sigma, Louis, MO, USA) for 40 min, and then
the absolute methanol was added to terminate the staining reaction. The 70% methanol
was used to wash the cell suspension three times. Subsequently, 120 μL of 2 M KOH
and 140 μL of DMSO were added, and then the color was measured at 630 nm using a
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) with KOH/DMSO as
the blank.

2.6. Serum Alternative Complement Pathway (ACP) Activities

The serum ACP activities were measured as previously described [26]. Briefly, volumes
of diluted serum ranging from 0.1 to 0.25 mL were dispensed into 5 mL test tubes. The total
reaction volumes were increased up to 0.25 mL using a barbitone buffer with a mixture
of thyleneglycolbis (2-aminoethoxy)-tetraacetic acid and Mg2+, and then 0.1 mL of rabbit
red blood cells were added to each test tube. After incubation for 1.5 h at 22 ◦C, 3.15 mL
of 0.9% sodium chloride was added to each test tube. Subsequently, the test tubes were
centrifuged at 1000× g for 5 min at 4 ◦C to remove unlysed rabbit red blood cells. The
optical density of the supernatant was measured at 414 nm using the spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). The serum reaction volume producing 50%
hemolysis (ACH50) was measured and recorded.

2.7. Serum Antioxidant Enzyme Assay

The serum copper-zinc superoxide dismutase (Cu-Zn SOD) activities were measured
spectrophotochemically by the ferricytochrome C method using xanthine/xanthine oxidase
as the source of superoxide radicals according to the protocol of the commercial assay kit
(No 19160, Sigma, Louis, MO, USA). The results were expressed as Cu-Zn SOD unit mL−1

and the unit was defined as the amount of enzyme necessary to create a 50% inhibition of
the ferricytochrome C reduction rate measured at 550 nm.

The serum catalase (CAT) activities were determined according to the standard proto-
col [27]. The initial rate of hydrogen peroxide decomposition was measured, and one unit of
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serum CAT activity was defined as the amount of enzyme that catalyzes the decomposition
of 1.0 μmol of hydrogen peroxide per second.

The serum glutathione peroxidase (GPX) activities were measured according to the
previous protocol [28]. Briefly, the serum GPX activities were measured by quantifying
the rate of hydrogen-peroxide-induced oxidation of reduced glutathione to oxidized glu-
tathione. The reaction volume of the yellow product had absorbance at 412 nm that could
be formed as glutathione reacted with dithiobisnitrobenzoic acid.

2.8. Liver Malondialdehyde (MDA) Levels

The liver MDA levels were measured using the thiobarbituric acid method according
to the standard protocol of the commercial kit (MDA detection kits, Jincheng Bioengineer-
ing Ltd., Nanjing, China). The MDA could form a red adduct with thiobarbituric acid (TBA)
that could be measured at the wavelength of 532 nm by reacting with TBA to form a stable
chromophoric production. The MDA was calculated in nmol/mg using the calibration
curve of the standard addition method and then expressed as nanomoles per milligram
of protein in the liver (nmol/mg protein). The liver protein levels were measured accord-
ing to the standard protocol of the commercial assay kits (Nanjing Jiancheng Institute,
Nanjing, China).

2.9. Liver Vitamin E Concentrations

The liver vitamin E concentrations were measured using reverse-phase high-performance
liquid chromatography based on the method in one previous study [29]. Briefly, the mobile
phase included a mixture of 95% methanol and 5% water. The solvent was filtered through
a 0.45 μm filter and then degassed. The pump flow rate was 1.0 mL/min. The standard solu-
tion of DL-α-tocopheryl acetate was prepared in high-performance liquid-chromatography-
grade methanol and then stored at 4 ◦C in the dark. Subsequently, 20 microliters of the
prepared sample were injected into the high-performance liquid chromatography system
and then the C18 μ bondapack column was used. The absorbance of the reaction volume
was measured using the UV detector at 280 nm (Waters, Taunton, UK).

2.10. Liver Scavenging Rate of Hydroxyl Radical (SROH)

The liver scavenging rate of •OH was measured according to the 1, 10-phenanthroline-
Fe2+ -Fenton reaction method as previously described [30]. Briefly, a 0.5 mL solution of
phenanthrene anhydrous ethanol (0.75 mmol/L) was added and mixed with 1 mL of
0.2 mol/L phosphate buffer solution (PBS, pH 7.40) and 0.5 mL of distilled water. Next,
the solution was mixed with 0.5 mL of 0.75 mmol/L ferrous sulfate solution (FeSO4) and
then added with 0.5 mL of 0.01% hydrogen peroxide (H2O2). The reaction mixture was
incubated at 37 ◦C for 60 min in a water bath, and its absorbance was measured at 536 nm.
The SROH was expressed as: scavenged rate (%) = (A1 − A0)/(As − A0) ×100, where A1
was the absorbance of the sample, As was the absorbance in the presence of a positive
control using distilled water, and A0 was the absorbance in the presence of a negative
control using H2O2.

2.11. Challenge Test

The Vibrio harveyi strain (reference sequence: NZ-JH720471.1, NCBI) was originally
isolated from infected Japanese seabass. The 10-day LD50 (V. harveyi dose that killed 50% of
the test Japanese seabass) was measured by intraperitoneal injection of 60 fish with graded
doses of V. harveyi (106, 107, 108 and 109 CFU/fish) at 20 ◦C. The results showed that the
LD50 was 108 CFU/fish [31]. At the termination of the feeding experiment, 15 fish from
each cage were collected and transported into 12 tanks with an independent culture system
in an indoor facility and then injected intraperitoneally with 0.2 mL of PBS containing
2 × 108 live V. harveyi from a 24 h culture at 25 ◦C. Subsequently, the cumulative mortality
was calculated for 10 days.
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2.12. Calculations and Statistical Methods

Survival rate (%) = 100 × number of final fish/number of initial fish
Weight gain rate (WG, %) = 100 × ((final body weight − initial body weight)/initial

body weight)
Feed intake (FI, %/day) = 100 × feed consumption/((final body weight + initial body

weight + weight of dead fish)/2)/days
Feed conversion ratio (FCR) = feed consumed (dry weight)/weight gain
Condition factor (CF, g/cm3) = 100 × body weight/body length3

Hepaticsomatic index (HIS, %) = 100 × liver weight/body weight
Viscerasomatic index (VSI, %) = 100 × viscera weight/body weight
Except for the figure balloon plot, all other figures and data analyses were conducted

using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). Data were evaluated
for homogeneity of variances and normality using the Shapiro–Wilk and Barlett’s test,
respectively. A one-way ANOVA followed Tukey–Kramer HSD multiple comparisons
were conducted to compare the mean values among the dietary treatments. All results
were presented as means ± S.E.M (standard errors of the mean). The level of significant
differences was set at p < 0.05.

The Pearson correlation between the gut microbiota and biomarkers in this study from
the same sea cage was analyzed using GraphPad Prism 9. The balloon plot was made
by TBtools [32] based on the statistical results of the Pearson correlation. Values marked
with white symbol “*” are significant correlations (p < 0.05), and “**” are very significant
correlations (p < 0.01).

3. Results

3.1. Growth Performance

In our study, the survival rate of Japanese seabass averaged above 98.75% regardless
of the experimental diets (p > 0.05, Figure 1A). Fish fed FM showed the highest growth
performance, estimated as the final body weight and WG, compared to those fed soymeal-
based diets (p < 0.05, Figure 1B–D), and fish fed FAS had higher growth performance than
those fed SBM (p < 0.05, Figure 1B–D).

Figure 1. Survival rate (A) and growth performance (B–F) of Japanese seabass fed diets using
soybean meal as fishmeal alternative with or without functional additives. Data are presented
as means ± SEM. Bars sharing the same letters are not significantly different (p > 0.05, n = 4).

A lower FI was observed in fish fed SBM compared to those in the FM and FAS groups
(p < 0.05, Figure 1E), and no clear difference was observed the between FM and FAS groups
(p > 0.05, Figure 1E). Regarding FCR, fish fed SBM showed the highest value, followed by
the FAS and FM groups (p < 0.05, Figure 1F).
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3.2. Body Indexes

Similar to the growth performance, the highest CF and VSI values were observed in
fish fed FM compared to those fed soymeal-based diets (p < 0.05, Figure 2A,C) and these
values were not significantly affected by dietary functional additives (p > 0.05, Figure 2A,C).
No clear difference was found in the HSI of fish among the dietary treatments (p > 0.05,
Figure 2B).

Figure 2. Body indexes of Japanese seabass fed diets using soybean meal as fishmeal alternative with
or without functional additives. (A) Condition factor. (B) Hepaticsomatic index. (C) Viscerasomatic
index. Data are presented as means ± SEM. Bars sharing the same letters are not significantly different
(p > 0.05, n = 12).

3.3. Proximate Composition of the Whole Body of Fish

Fish fed FM had significantly lower whole-body moisture than those in fish fed SBM
and FAS (p < 0.05, Table 2), whereas there was not a significant difference in whole-body
moisture between fish fed SBM and FAS (p > 0.05, Table 2). The whole-body crude lipid
showed the opposite trend among dietary treatments, with the highest value in fish fed
FM (p < 0.05, Table 2). Regarding the whole-body crude protein and ash, there were no
significant differences among the dietary treatments (p > 0.05, Table 2).

Table 2. The body composition in Japanese sea bass fed functional additives.

(% Wet Weight) FM SBM FAS

Moisture 67.0 ± 0.9 b 71.6 ± 0.4 a 71.1 ± 0.6 a

Crude lipid 11.2 ± 0.7 a 7.0 ± 0.4 b 8.0 ± 0.3 b

Crude protein 16.9 ± 0.7 16.8 ± 0.1 16.5 ± 0.4
Ash 4.4 ± 0.2 5.2 ± 0.1 5.0 ± 0.2

Note: values are represented as means ± S.E.M (n = 12); values in the same row with the same superscripts are
not significantly different (p > 0.05).

3.4. Immune Parameters

Fish fed FM had higher respiratory burst activities in macrophages of head kidneys
than those fed soymeal-based diets but there was no statistical difference among the
dietary treatments (p > 0.05, Figure 3A). The highest serum ACP activities were observed
in fish fed FM compared to those fed soybean meal diets, i.e., the SBM and FAS groups
(p < 0.05, Figure 3B), whereas the ACP activities were not significantly influenced by dietary
functional additives (p > 0.05, Figure 3B).

3.5. Antioxidant Capacities

The results showed that fish fed FM revealed higher serum Cu-Zn SOD, CAT and
GPx activities than those fed soymeal-based diets (p > 0.05, Figure 4). Of note, fish fed the
soymeal-based diet with functional additives, i.e., the FAS group, had higher serum Cu-Zn
SOD and GPx activities than those fed a similar diet without functional additives, i.e., the
SBM group (p < 0.05, Figure 4A,C).
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Figure 3. Immune responses of Japanese seabass fed diets using soybean meal as fishmeal alternative
with or without functional additives. (A) Respiratory burst activity of the head kidney macrophages.
(B) Serum alternative complement pathway (ACP) activity. Data are presented as means ± SEM. Bars
sharing the same letters are not significantly different (p > 0.05, n = 12).

Figure 4. Antioxidant capacity in serum of Japanese seabass fed diets using soybean meal as fishmeal
alternative with or without functional additives. (A) Serum copper-zinc superoxide dismutase (Cu-Zu
SOD) activity. (B) Serum catalase (CAT) activity. (C) Serum glutathione peroxidase (GPx) activity.
Data are presented as means ± SEM. Bars sharing the same letters are not significantly different
(p > 0.05, n = 12).

Although there was an increasing trend in liver MDA levels from FM to FAS, no
significant statistical difference was observed among the dietary treatments (p > 0.05,
Figure 5A). Like the serum antioxidant capacities, the vitamin E levels and scavenging
rate of •OH in the liver had higher values in fish fed FM compared to fish fed SBM and
FAS (p < 0.05, Figure 5B,C). Regarding the effects of dietary functional additives, fish fed
FAS significantly increased liver vitamin E levels compared to those fed SBM (p < 0.05,
Figure 5B).

Figure 5. Antioxidant capacity in the liver of Japanese seabass fed diets using soybean meal as
fishmeal alternative with or without functional additives. (A) Liver malondialdehyde (MDA) level.
(B) Liver Vitamin E level. (C) Liver scavenging rate of hydroxyl radical (•OH). Data are presented as
means ± SEM. Bars sharing the same letters are not significantly different (p > 0.05, n = 12).

3.6. Challenge Test

After the 10-day challenge test, fish fed the SBM diet had the highest cumulative
mortality rate of V. harveyi infection (80%), followed by fish fed the FAS (66.7%) and FM
(53.3%) diets (p < 0.05, Figure 6).
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Figure 6. Ten-day accumulated mortality in Vibrio harveyi challenge test of Japanese seabass fed diets
using soybean meal as fishmeal alternative with or without functional additives. Data are presented
as means ± SEM. Bars sharing the same letters are not significantly different (p > 0.05, n = 4).

3.7. Pearson Correlation between Gut Microbiota and Host Responses

To help readers to interpret the Pearson correlation results we present here, results of
gut microbiota that have been reported elsewhere [7] are briefly summarized as the follow-
ing: Gut contents from the whole intestine of three fish per sea cage were collected and
pooled for microbiota analysis. Ten genera (Halomonas, Shewanella, Paracoccus, Methylobac-
terium, Ochrobactrum, Stappia, Corynebacterium, Pseudomonas, Acinetobacter and Psychrobacter)
strongly dominated the gut microbiota of Japanese seabass, accounting for about 70% of
total abundance. Further, dietary functional additives could mitigate soymeal-induced
enteritis, whereas the composition of gut microbiota was not clearly affected by dietary
treatments according to the alpha and beta diversity.

For the results of the Pearson correlation analysis, the respiratory burst activity in
macrophages of head kidneys, serum CAT and liver vitamin E had strong positive correla-
tions with the relative abundance of Paracoccus. Moreover, the respiratory burst activity
in macrophages of head kidneys had a positive correlation with the relative abundance
of Methylobacterium. Additionally, weight gain, serum ACP, CAT and GPx as well as liver
SROH had strong positive correlations with the relative abundance of Pseudomonas, while
the liver MDA had a negative correlation with the relative abundance of Pseudomonas and
Psychrobacter (p < 0.05, Figure 7).

Figure 7. The Pearson correlation between gut microbiota and host responses. Circles in the balloon plot
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denoting the direction of the association are colored red (positive) or blue (negative) and are overlaid
with the white symbol “*” indicating a significant correlation. Values marked with a white symbol “*”
are significant correlations (p < 0.05), and “**” are very significant correlations (p < 0.01). WG: weight
gain rate; FCR: feed conversion ratio; RB: respiratory burst activity; ACP: alternative complement
pathway; SOD: copper-zinc superoxide dismutase; CAT: catalase; GPx: glutathione peroxidase; MDA:
malondialdehyde; VE: Vitamin E; SROH: scavenging rate of hydroxyl radical.

4. Discussion

4.1. Growth Performance and Body Composition

Fish fed the soymeal-based diets with or without functional additives, i.e., the SBM
and FAS groups, suppressed the growth performance in the present study, indicating
that Japanese seabass cannot tolerate conventional dietary soybean meal as a fish meal
substitute at 50%. Overall, previous studies concluded that the optimal replacement level
of fishmeal with conventional soybean meal is highly variable for carnivorous fish species.
For example, similar to our findings, the optimal replacement level should be less than
50% in some carnivorous fish species, including, but not limited to, Atlantic salmon, Salmo
salar (30%) [33], Chinese sucker, Myxocyprinus asiaticus (30%) [34], European sea bass,
Dicentrarchus labrax (25%) [35], Japanese flounder, Paralichthys olivaceus (24%) [36], spotted
rose snapper, Lutjanus guttatus (20%) [37], and turbot, Scophthalmus maximus L. (40%) [38].
However, certain carnivorous fish species could tolerate conventional dietary soybean meal
replacing more than 80% of fish meal without negative effects on growth performance, such
as hybrid striped bass, Morone chrysops × M. saxatilis [39], and largemouth bass, Micropterus
salmoides [40].

Regarding Japanese seabass, studies related to the use of conventional soybean meal
as a fishmeal alternative have been widely reported, but the results varied greatly between
studies due to the differences in fish size, feed formulation, feeding strategy and rearing
conditions. Some previous studies supported our findings [8,9,13], while other studies
found that replacing up to 50% of fishmeal did not influence the growth performance [11,12].
Generally, the three causes of soymeal-based diet inducing inferior growth performance
may occur alone or together: (1) low palatability; (2) anti-nutritional factors; and (3) a
shortage of essential nutrients.

In our study, a lower FI was observed in fish fed SBM compared to those fed FM,
indicating a poor palatability of the SBM diet, as the palatability is an important driver of FI.
Further, various anti-nutritional factors in soybean meal, for example, saponin, phytic acid,
lectin and protease inhibitor, have been widely reported to decrease palatability, induce
enteritis and consequently suppress growth performance [15,33], as also supported by
our study reported elsewhere [7]. To eliminate certain anti-nutritional factors of soybean
meal, various processing approaches, such as fermentation and gamma-irradiation, have
been implemented. These processed soybean meal products could successfully replace
more than 50% of fishmeal without an adverse influence on the growth performance and
digestibility of Japanese seabass [13]. Furthermore, lacking essential amino acids, e.g.,
lysine and methionine, and nutrients related to bile acid synthesis, e.g., cholesterol and
taurine, has been reported to limit the growth performance of fish [6,34]. In terms of the
former, methionine hydroxy calcium, blood meal and Mintrex® chelated trace elements
have been supplemented to dietary treatments to ensure the requirement of methionine
and lysine in the present study. The dietary methionine (0.96–1.02% of dry diet) and lysine
(2.66–2.74% of dry diet) were all above the requirement, i.e., 0.9% and 2.6% of the dry
diet, respectively, estimated by Mai et al. [41]. Hence, the deficiency of methionine and
lysine might not be the main reasons for the inferior growth performance in our study.
Regarding the nutrients related to bile acid synthesis, since the level of these nutrients
and bile acid metabolism were not observed in this study, complementary studies warrant
further investigation.
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Notably, fish fed FAS showed an FI similar to those fed FM and higher than those fed
the SBM diet. Meanwhile, a higher growth performance was observed in FAS compared
to the SBM group. These findings suggest that dietary functional additives could increase
FI and improve growth performance. In addition, fish fed the FAS diet exhibited remark-
ably higher growth performance and FCR, possibly suggesting the functional additives
herein might partially eliminate the negative influence on growth performance caused by
antinutritional factors through the improvement in digestibility, immune response and
antioxidant capacity [21,22], as discussed below.

Higher values of CF and VSI as well as whole-body crude lipid content were found
in fish fed FM compared to soymeal-based diets, which is in line with previous studies
in Japanese seabass [11–13,16]. Of note, the increase in VSI and whole-body crude lipid
content could be at least partially responsible for the increase in growth performance,
possibly due to the increase in feed digestibility and digestive enzyme activity [11,13].

4.2. Immunity

Nutritional factors play an important role in immune responses in fish [42]. Previous
studies have found that the administration of high levels of soybean meal suppressed
immune responses in turbot [43] and red sea bream [44] as well as Japanese seabass [16].
Likewise, fish fed soymeal-based diets suppressed the serum ACP activities in the current
study. Further, the respiratory burst activity in macrophages of head kidneys showed
a similar picture as serum ACP but there were no statistical differences. Reductions in
complement activities in soymeal-based diets were also found in one previous study in
Japanese seabass that replaced 80% of fishmeal with soybean meal, causing significant
decreases in complement C3 activities [16]. The suppression of immune responses is likely
to be the result of the presence of anti-nutritional factors and antigens in soybean meal that
damage the immune system in fish [15,16]. On the other hand, fish fed SBM had the highest
cumulative mortality of Vibrio harveyi infection compared to soymeal-based diets. This is in
line with the previous studies in yellowtail, Seriola quinqueradiata, where a high dietary level
of soymeal suppressed immune functions and increased host–pathogen susceptibility [45].

Additionally, in our study, supplementing these functional additives in the SBM group
might boost immune responses of Japanese seabass in the FAS group, as concluded in one
previous review [21]. Results of decreased cumulative mortality in the current study and
induced enteritis [7] in the FAS group could further confirm that these selected functional
dietary additives could partially mitigate the suppression of immunity.

4.3. Antioxidant Capacity

The antioxidant capacity is an important indicator of the health status of fish. Oxidative
stress occurs in fish when the reactive oxygen species (ROS) generation rate exceeds that
of their removal abilities [46]. On one hand, a wide range of antioxidant substances,
such as Vitamin E, play the first line of defense against the adverse effects of oxidative
stress and other free radicals [47]. The FM-fed group was found to increase the level
of liver Vitamin E compared to those fed soymeal-based diets in our study, suggesting
dietary soybean meal reduced the number of antioxidant substances and suppressed the
antioxidant capacity, as further supported by the results of the scavenging rate of •OH
in the present study. This is also consistent with the previous claim that soybean meal
could affect antioxidative defense due to the existence of anti-nutritional components in a
plant-based diet, such as tocopherols [48]. On the other hand, various radical scavenging
antioxidant enzymes, for example, Cu-Zn SOD, CAT and GPx, play the second line of
defense to prevent the cascade of oxidant reactions and serve as significant biomarkers for
the immune and antioxidant status of the host [46]. In our study, soymeal-based groups
exhibited lower levels of these antioxidant enzyme activities in serum compared to the
FM group. These findings are paralleled by previous studies in turbot [43] and Japanese
seabass [16], further suggesting dietary soybean meal suppressed antioxidant capacity.
Moreover, the MDA is the final product of lipid peroxidation, which could be a valuable
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biomarker for endogenous oxidative damage. In this study, high liver MDA levels were
observed in the FM group, but there was no significant statistical difference. Collectively,
these results in our study further support the theory that soybean meal replacing 50% of
fishmeal led to a significant reduction in antioxidant capacities.

One of the key purposes of dietary functional additives, especially natural products,
is to improve the antioxidant capacities of fish. The application of thymol and carvacrol
as natural antioxidant feed additives in aquafeed plays an important role in improving
antioxidant activities and health [21]. Moreover, dietary chelated trace minerals (Cu, Mn
and Zn) rather than inorganic minerals could also improve antioxidant ability, such as Cu-
Zn SOD activities, which have been widely reported in fish and shrimp [22–24]. Likewise,
in our study fish fed FAS had higher serum Cu-Zn SOD and GPx activities as well as liver
vitamin E levels than those fed SBM, indicating that dietary functional additives could
significantly enhance antioxidant capacities via the increase in antioxidant substance levels
and antioxidant enzyme activities. The increase in antioxidant activity could be at least
partially responsible for the improvement in growth performance and disease resistance
against Vibrio harveyi infection in this study.

4.4. Associations between Gut Microbiota and Host Responses

Most fish microbiota studies published so far are descriptive studies on the taxonomic
composition and its changes under different experimental conditions. To identify the major
microbial clades that benefit fish health and welfare, characterizing the associations between
gut microbiota and host responses is a necessary step [49–51]. In the current study, we found
that the relative abundance of the genus Pseudomonas showed a strong positive correlation
with the biomarkers related to the immune and antioxidant capacities, while there was a
negative correlation with liver MDA levels, suggesting dietary treatments could shape key
intestinal microbial clades and thereby regulate host immune and antioxidant functions.
However, the literature reporting gut microbiota and its correlation with immunity and
antioxidant capacities in Japanese seabass is still limited so far, and the mechanisms behind
these correlations remain unknown. Of note, the Pseudomonas has been widely found in the
gut microbiota of Atlantic salmon using the culturing and molecular approaches [51,52],
and it was found that its relative abundance was negatively correlated with the distal
intestine somatic index [51]. These findings call for more investigation to increase the
information on the associations between Pseudomonas, immune responses and antioxidant
capacities in Japanese seabass.

5. Conclusions

The findings in the present study showed that Japanese seabass fed the diet with
conventional soybean meal replacing 50% of fishmeal exhibited suppressed growth per-
formance, immunities, antioxidant capacities and disease resistance against Vibrio harveyi
infection. Moreover, supplementation of a mixture of antioxidants (ethoxyquin, thymol
and carvacrol) and chelated trace elements (Cu, Mn and Zn) in the diet with conventional
soybean meal replacing 50% of fishmeal could mitigate soymeal-induced adverse effects
on growth and disease resistance via improvements in the antioxidant capacities and
gut microbiota.
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Abstract: In aquaculture, fish are often exposed to several stress conditions, which will cause oxidative
disorder and bring about health and quality problems. Arthrospira platensis contains abundant
bioactive ingredients, which are beneficial for animal health. This study was conducted to investigate
the effects of A. platensis on pigmentation, antioxidant capacity, and stress response after air exposure
of fish. A total of 120 yellow catfish Pelteobagrus fulvidraco (initial weight 70.19 ± 0.13 g) were divided
into three tanks per treatment and fed diets supplemented with 0 g kg−1 A. platensis (CON) and
20 g kg −1 A. platensis (AP) for 65 days. The results indicated that dietary A. platensis had no effects
on the growth of yellow catfish. The AP diet significantly reduced lactic acid (LD) and cortisol
levels stimulated by air exposure stress (p < 0.05). Dietary A. platensis significantly increased plasma
superoxide dismutase (SOD) and glutathione peroxidase (GPX) activities and glutathione (GSH)
contents, and the relative expression levels of sod and cat, to protect against oxidative stress caused
by air exposure (p < 0.05). The AP diet significantly improved the relative expression level of nrf2
(nuclear factor erythroid-2 related factor 2), while the relative expression level of keap1 (kelch-like
ECH associated protein 1) was downregulated, and the protein levels of liver Nrf2 were significantly
increased after air exposure stimuli (p < 0.05). Dietary A. platensis significantly increased skin
lutein contents, increased skin redness, yellowness and chroma (p < 0.05), and improved body color
abnormalities after oxidative stress caused by air exposure stimuli. Skin yellowness was associated
with lutein contents and the expression levels of some antioxidant genes to varying degrees. Overall,
dietary A. platensis could be utilized as a feed additive to activate the antioxidant response, as well as
alleviate oxidative stress and pigmentation disorder induced by air exposure.

Keywords: aquaculture; Spirulina; antioxidant; redox enzyme

1. Introduction

Stress is a general term that applies to a situation in which a person or an animal is
subjected to a challenge that may result in real or symbolic danger to its integrity [1]. In
aquaculture, fish are often exposed to several stress conditions due to farming practices
(high densities, transport or handling, or changes in abiotic factors) and environmental
factors (temperature, salinity, biochemical water quality, etc.) [2]. The response to stress in
fish is often characterized as primary, which is the activation of the hypothalamic–pituitary–
interrenal axis that eventually results in a hormonal response to the release of cortisol
and catecholamine; secondary, which includes the changes in metabolic, hematological,
hydromineral, and structural due to the action of cortisol and catecholamine; and tertiary,
which are associated with the performance of the organism, exemplified by inhibited
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growth, hampered reproduction, and immunosuppression [3,4]. Extreme conditions also
produce reactive oxygen species (ROS), which lead to DNA, protein, and lipid damage [5].

Air exposure is a common acute stressor with a subsequent physiological disturbance
in aquaculture since handling procedures during animal husbandry and the production
cycle require exposing fish to air environments [2]. Air exposure always brings a series of
problems to aquatic animals, like exacerbating blood chemical conditions, causing oxidative
and antioxidant responses, and adversely affecting survival [6–9]. In recent years, there
has been increasing interest in using natural compounds as functional nutrients to reduce
stress responses and improve the immunity of aquatic animals [10–12].

Arthrospira platensis, a blue-green alga that is gaining worldwide popularity as a
food supplement, contains high contents of protein, polyunsaturated fatty acids, vitamins,
and minerals [13]. In addition, A. platensis is plenitudinous in antioxidant compounds
such as carotenoids, phycocyanin, and tocopherols [14]. In previous studies, it has been
demonstrated that A. platensis can enhance antioxidant and immunity abilities as well as
ensure skin pigmentation in fish [15–17].

Yellow catfish Pelteobagrus fulvidraco is a commercially important fish species in aqua-
culture in East and South Asia because of its excellent meat quality and perfect flavor [18,19].
However, farmed fish are always influenced by handling, weighing, crowding, grading,
and transporting, which cause fish exposure to air and bring about a stress response. Hence,
the main objectives of the study were to evaluate the antioxidant ability and stress re-
sponses of yellow catfish fed an A. platensis-supplemented diet and exposed to air as an
experimental stressor causing oxidative stress. In addition, we also investigated the effect
of A. platensis on the pigmentation of fish and detected the correlation between skin color
and skin lutein content and oxidative stress. We are expecting that dietary A. platensis can
reduce the stress responses and bring welfare to fish during fish farming.

2. Materials and Methods

2.1. Experimental Diets

Two isonitrogenous (420 g crude protein kg−1 diet) and isolipidic (80 g crude lipid kg−1

diet) diets were designed as practical diets, using white fishmeal, soybean meal, and
rapeseed meal as blended protein sources (Table 1). This study consisted of a control
group (CON-without supplementing A. platensis) and an A. platensis group (AP, 20 g kg−1

A. platensis). All ingredients were completely mixed with appropriate water and then made
into pellets using an SLP-45 laboratory granulator (Fishery Mechanical Facility Research
Institute, Shanghai, China). The diets were oven-dried at 60 ◦C for 12 h and stored at 4 ◦C
until used for experimentation. Moisture, crude protein, crude lipid, and lutein contents of
diets were analyzed following the same procedures as the previous study [20]. Moisture
content was determined by oven drying at 105 ◦C to a constant weight. A 2300 Kjeltec
Analyzer Unit machine (FOSS Tecator, Haganas, Sweden) was used to measure crude
protein content. Crude lipid content was determined by ether extraction in a Soxtec System
HT6 (Tecator Ltd., Haganas, Sweden). Lutein was extracted by mixed extractant (n-Hexane:
acetone: ethanol: toluene = 50:35:30:35, v/v/v/v) and analyzed by HPLC.

Table 1. Diet formulation and chemical compositions of the experimental diets.

Ingredient (g kg−1 Dry Matter) CON AP

White fishmeal 1 300 300
A. platensis 2 0 20

Soybean meal 3 187.8 175.8
Rapeseed meal 3 200 185.5

Wheat flour 150 150
Fish oil 25 25

Soybean oil 25 25
Cellulose 27.2 33.7

Vitamin premix 4 3.9 3.9
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Table 1. Cont.

Ingredient (g kg−1 Dry Matter) CON AP

Mineral premix 5 50 50
CMC 6 30 30

Choline chloride 1.1 1.1

Chemical composition (g kg−1)
Moisture 108.55 108.15

In dry matter (g kg−1)
Crude protein 418.30 416.56

Crude lipid 80.99 75.22
Lutein (μg/g) 4.96 8.08

1 White fishmeal: Seafood white fishmeal imported from the United States. 2 A. platensis: Center for Microalgal
Biotechnology and Biofuels, Wuhan, China. 3 Soybean meal and rapeseed meal were purchased from Wuhan
Gaolong Feed Co., Ltd., Wuhan, Hubei, China. 4 Vitamin premix (mg kg−1 diet): Vitamin B1, 20; Vitamin B2,
20; Vitamin B6, 20; Vitamin B12, 0.02; folic acid, 5; calcium pantothenate, 50; inositol, 100; niacin, 100; biotin,
0.1; cellulose, 3522; Vitamin A, 11; Vitamin D, 2; Vitamin E, 100; Vitamin K, 10. 5 Mineral premixes (mg kg−1

diet): NaCl, 500.0; MgSO4·7H2O, 8155.6; NaH2PO4·2H2O, 12,500.0; KH2PO4, 16,000.0; Ca(H2PO4) 2H2O, 7650.6;
FeSO4·7H2O, 2286.2; C6H10CaO6·5H2O, 1750.0; ZnSO4·7H2O, 178.0; MnSO4·H2O, 61.4; CuSO4·5H2O, 15.5;
CoSO4·7H2O, 0.91; KI, 1.5; Na2SeO3, 0.60; Corn starch, 899.7. 6 CMC: Carboxymethyl cellulose.

2.2. Fish, Experimental Conditions, and Feeding Procedures

All experimental animal care protocols were approved by the ethics committee of the
Institute of Hydrobiology, Chinese Academy of Sciences. Yellow catfish were obtained from
the Dengjia State fish farm (Dengjiazhou, Jiangxia, Wuhan, China). Two weeks before the
feeding trials, all fish were temporarily domesticated in a fiberglass cylinder (1500 L) and
fed twice a day at 08:30 and 16:30. Feeding trials were conducted in an indoor recirculating
system. At the beginning of each trial, the fish fasted for 24 h. Healthy and similarly sized
fish (n = 120, 70.19 ± 0.13 g) were randomly selected, batch weighed, and placed into
6 fiberglass tanks (3 tanks per treatment, 20 individuals per tank, water volume, 400 L,
diameter, 70 cm). The experimental fish were hand-fed to apparent satiation twice daily
(8:30 and 16:30) for 65 days. Each tank was provided with continuous aeration. During
the experiment, the water temperature was maintained at 30.5 ± 1.0 ◦C. Total ammonia-
nitrogen was maintained at <0.1 mg L−1, dissolved oxygen at >6 mg L−1, and residual
chloride at <0.01 mg L−1. The light period was from 8:00 to 20:00, and the light intensity
was approximately 2.20–3.70 μmols−1m−2 (at water surface).

2.3. Sample Collection and Air Exposure Stress Challenge

At the end of the feeding trial, the experimental fish were batch-weighed. Three
fish from each tank were randomly selected and anesthetized with 80 mg L−1 MS-222
(Sigma-Aldrich, St. Louis, MO, USA) and then measured coloration and sampled for blood,
liver, kidney, dorsal, and abdominal skin tissues. Blood samples were collected from the
caudal vein with heparinized syringes. After centrifugation (3500× g, 15 min, 4 ◦C), plasma
was collected and stored at −80 ◦C for further analysis. After blood sampling, the liver,
kidney, dorsal, and abdominal skin were dissected on ice and stored at −80 ◦C.

At the end of the trial, three fish were randomly selected from each tank for a stress
challenge. Fish were exposed to air for 5 min and then sampled for blood, liver, and kidney.
The methods of plasma collection and sample storage were the same as those for normal
sampling (without air exposure).

2.4. Fish Skin Color Determination

The dorsal and abdominal skin color parameters of the fish were measured by a Konica
Minolta CR-400 tristimulus colorimeter (Minolta, Osaka, Japan). The L* value represents
lightness (0 for black, 100 for white), a* represents the red/green dimension, and b* repre-
sents the yellow/blue dimension, the value of chroma C is the distance from the lightness
axis (L*) and starts at 0 in the center, in accordance with the recommendations of the
International Commission on Illumination [21]. Chroma is an expression of the saturation
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or intensity of the color and is calculated by the equation C = (a*2 + b*2)1/2 [22]. Fish from
different experimental groups were photographed using a Nikon D5100 camera (Japan).

2.5. Lutein Extraction and Quantification

The extraction of lutein from the skin was determined by following the method
described previously [23]. Skin samples (200–300 mg) were separately mixed into a 0.7 mL
solution consisting of 5% sodium chloride; 1 mL ethanol was added to homogenize the
samples. During homogenization, 2 mL hexane was added. Then, the samples were
centrifuged (4 ◦C, 4600 rpm, 10 min), and the hexane phase was collected. Extraction with
hexane was performed twice, and the combined phase was evaporated under nitrogen to
obtain pigment samples. The analytical conditions of lutein were based on those reported
previously [24,25] with some modifications. The pigment samples were dissolved in
an isocratic solvent system, methanol/methyl-tert-butyl ether = 86/14 (v/v), the lutein
standard (07168, sigma) was diluted into 100, 50, 20, 10, 5, 2, 1, 0.5, 0.1 μg/mL with the
same solvent system. The obtained solution was used for HPLC (Waters e2695, Milford,
Delaware, USA) analyses immediately after passing through a 0.22 μm membrane filter. The
HPLC was equipped with a Waters YMC Carotenoid C30 column (5 μm, 4.6 × 250 mm);
the mobile phase consisted of solvent A (methanol: methyl-tert-butyl ether: H2O = 81:15:4)
and solvent B (methanol: methyl-tert-butyl ether = 600:90). The gradient procedure was
performed at a flow rate of 1 mL/min. The total run time was 40 min, and the injection
volume was 10 μL.

2.6. Plasma LD, Cortisol, Glucose, and Antioxidant Assays

The contents of lactic acid (LD), cortisol, glucose (GLU), malondialdehyde (MDA),
and reduced glutathione (GSH) and the activities of superoxide dismutase (SOD) and
glutathione peroxidase (GPX) were tested using commercial kits (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, Jiangsu, China).

2.7. Quantitative Real-Time PCR Analysis

Total RNA was extracted from the liver and kidney using TRIzol reagent according
to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). The quality of total
RNA was evaluated by 1% agarose gel electrophoresis. The purity and concentration were
assessed by a NanoDrop® ND-2000 UV–Vis Spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). The total RNA was then reverse-transcribed with an M-MLV
FirstStrand Synthesis Kit (Invitrogen, Shanghai, China). The polymerase chain reaction
(PCR) primer sequences for sod, gpx, gr, cat, nrf2, keap1, and the reference gene β-actin,
which were designed based on the cDNA sequences of yellow catfish, are shown in Table 2.
A LightCycler 480 System (Roche, Germany) with SYBR® Green I Master Mix (Roche,
Germany) was used to perform quantitative RT–PCR. Each sample was run in duplicate,
and the relative expression was calculated [26].

Table 2. Sequences of the primers used for qRT-PCR analysis in yellow catfish.

Gene Forward Primer (5′–3′) Reverse Primer (5′–3′) Amplicon
Size (bp)

Tm
(◦C)

PCR
Efficiency a/b Accession No

sod TTGGAGACAATACAAATGGGTG CATCGGAATCGGCAGTCA 129 57 2.007/1.968 XM_027171881
gpx ATCTACATTGGCTTGGAAAC GAAAGTAGGGACTGAGGTGA 257 58 1.966/1.950 XM_027163146
gr CAGTCGCTTTGTTTGTTCTA TCCTCCGATACACTTCTCAC 280 57 1.992/2.050 XM_027152663
cat TCTGTTCCCGTCCTTCATCC ATATCCGTCAGGCAATCCAC 151 58 1.964/2.001 XM_027163801

nrf2 TCTCGCCCAGTTACAGCTTG GTTCCGTGAACGCCACATTC 128 60 1.992/1.952 XM_027164284
keap1 CGCAGCCGGGCTTTTATTTT AGGCAGAAACGGGTTCAAGT 286 59 1.989/1.959 XM_027133478.1

β-actin TTCGCTGGAGATGATGCT CGTGCTCAATGGGGTACT 136 58 2.044/2.003 EU161066

a Liver, b Kidney. sod, superoxide dismutase; gpx, glutathione peroxidase; gr, glutathione reductase; cat, catalase;
nrf2, nuclear factor erythroid-2 related factor 2; keap1, kelch-like ECH associated protein 1.
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2.8. Western Blot Analysis

Liver tissues were lysed with RIPA lysis buffer (Beyotime Biotechnology, China)
containing protease inhibitor cocktail and phosphatase inhibitor cocktail (Roche, Basel,
Switzerland). Equal amounts of protein were separated on sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE) gels and transferred to polyvinylidene
fluoride (PVDF) membranes. The PVDF membranes were blocked for 1 h with 5% milk
in TBST buffer and then incubated overnight at 4 ◦C with Nrf2 (1:1000, ab62352, Abcam)
and β-actin (1:1000, #8457, CST) antibodies. β-actin was used as an internal reference
protein. Horseradish peroxidase-labelled secondary antibodies were used to generate a
chemiluminescent signal that was detected by ImageQuant LAS 4000 mini (GE Healthcare
Life Sciences) and quantified using ImageJ software (National Institutes of Health).

2.9. Statistical Analyses

All data were statistically analyzed with SPSS 19.0 and subjected to one-way ANOVA.
Before any statistical analysis, normality and homoscedasticity assumptions were con-
firmed. Duncan’s multiple range test was used to detect the significance of differences in
mean values among different treatments. The results are presented as the mean ± standard
error (SEM). The Pearson’s correlation coefficient was calculated to analyze the signifi-
cance of linear relationships between skin yellowness (b*) and the studied variables. The
significance difference level was set at p < 0.05.

3. Results

3.1. Growth and Feed Utilization

The survival rate of fish was 100% in both groups during the feeding trial; there were
no significant differences in final body weight (FBW), specific growth rate (SGR), feeding
rate (FR), or feed efficiency (FE) in either the CON or AP groups (Table 3). At the end
of the experimental period, no significant differences were found in the condition factor,
hepatosomatic index, or viscerosomatic index between the CON and AP groups (Table 3).

Table 3. Growth, feed utilization, and morphological indices of yellow catfish fed different experi-
mental diets.

Indices/Diets CON AP

IBW (g) 69.8 ± 0.10 70.23 ± 0.15
FBW (g) 103.23 ± 0.35 105.32 ± 1.07

Survival rate (%) 100 100
FR (%BW d−1) 2.52 ± 0.08 2.63 ± 0.02
SGR (% d−1) 0.68 ± 0.05 0.62 ± 0.02

FE (%) 30.51 ± 3.82 30.69 ± 0.49
Condition indices

Condition factor (g cm−3) 1.89 ± 0.08 1.81 ± 0.04
Hepatosomatic index (%) 1.40 ± 0.17 1.68 ± 0.11
Viscerosomatic index (%) 11.14 ± 0.85 10.8 ± 0.56

IBW: initial body weight. FBW: final body weight. FR: feeding rate (% body weight day −1) = 100 × (feed
intake in dry matter)/[days × (initial body weight + final body weight)/2]. SGR: specific growth rate
(% d −1) = 100 × [ln (final body weight) − ln (initial body weight)]/days. FE: feed efficiency (%) = (final
body weight-initial body weight)/feed intake in dry matter. Condition factor (g cm−3) = whole body
weight/(body length)3 × 100. Hepatosomatic index (%) = liver weight/whole body weight × 100.
Viscerosomatic index (%) = visceral weight/whole body weight × 100. Data are presented as the mean ± SEM
(n = 3). No significant differences were found between two feeding experiments (p > 0.05).

3.2. Stress Response Markers in Plasma

Stress response markers such as LD, cortisol, and glucose were significantly increased
after air exposure stress in fish fed the CON diet (p < 0.05, Figure 1). However, the AP
diet significantly reduced LD and cortisol levels stimulated by air exposure stress (p < 0.05,
Figure 1).
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Figure 1. Plasma stress biomarkers in the two groups before and after air exposure stress. LD (A),
cortisol (B), and glucose (C). Values are represented as the mean ± SEM (n = 6). Bars with different
lowercase letters mean significant differences among groups (p < 0.05).

3.3. Antioxidant-Related Parameters in Plasma

To test whether dietary AP affected fish antioxidant capacity, we analyzed antioxidant-
related parameters in plasma. As shown in Figure 2, the AP diet significantly increased
plasma SOD and GPX activities after air exposure to protect against oxidative stress
(p < 0.05). The contents of plasma GSH were significantly decreased in the CON group
after air exposure stimuli (p < 0.05), while the AP diet significantly improved GSH contents
to protect against oxidative stress caused by air exposure (p < 0.05). The MDA content
showed no obvious changes.

Figure 2. Plasma antioxidant related parameters in the two groups before and after air exposure
stress. SOD (A), GPX (B), GSH (C), and MDA (D). Values are represented as the mean ± SEM (n = 6).
Bars with different lowercase letters mean significant differences among groups (p < 0.05).

3.4. Antioxidant Related Gene Expression and the Nrf2 Signaling Pathway in the Liver

As presented in Figure 3, the relative expression levels of liver sod and gpx were
significantly downregulated in the CON group after air exposure stimulation (p < 0.05),
and there were no obvious differences in the relative expression levels of liver gr and cat
between CON and AP groups after air exposure stimulation.
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Figure 3. sod (A), gpx (B), gr (C), cat (D), nrf2 (E), and keap1 (F) gene relative expressions levels and
Nrf2 (G) protein relative expressions level of liver in the two groups before and after air exposure
stress. Data are indicated as mean ± SEM (n = 6). Bars with different lowercase letters mean
significant differences among groups (p < 0.05).
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The relative expression level of nrf2 in the liver was significantly downregulated in
the CON group after air exposure stimulation (p < 0.01), while the AP diet significantly
improved the relative expression level of nrf2 to protect against oxidative stress caused by
air exposure stimuli (p < 0.05, Figure 3). The relative expression level of keap1 in the liver
was significantly upregulated in the CON group after air exposure stimulation (p < 0.05),
while the AP diet significantly reduced the relative expression level of keap1 to protect
against oxidative stress caused by air exposure (p < 0.05, Figure 3). The protein levels of
liver Nrf2 were significantly higher in the AP group than that in the CON group after air
exposure stimulation (p < 0.01, Figure 3).

3.5. Antioxidant Related Gene Expression in Kidney

The relative expression levels of sod, gpx, and cat were significantly downregulated
in the CON group after air exposure stimulation (p < 0.05, Figure 4); however, the AP
diet significantly improved the relative expression levels of sod and cat to protect against
oxidative stress caused by air exposure (p < 0.05) but did not significantly affect the relative
expression levels of gr in both groups after air exposure stimulation (Figure 4).

Figure 4. sod (A), gpx (B), gr (C), cat (D), nrf2 (E), and keap1 (F) gene relative expressions levels of
kidney in the two groups before and after air exposure stress. Data are indicated as mean ± SEM
(n = 6). Bars with different lowercase letters mean significant differences among groups (p < 0.05).
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The relative expression level of nrf2 in the kidney was significantly downregulated
in the CON group after air exposure stimuli (p < 0.01), while the AP diet significantly
improved the relative expression level of nrf2 to protect against oxidative stress caused by
air exposure stimuli (p < 0.05, Figure 4). The relative expression level of keap1 in the kidney
was significantly upregulated in the CON group after air exposure stimuli (p < 0.05), while
the AP diet significantly reduced the relative expression level of keap1 to protect against
oxidative stress caused by air exposure (p < 0.05, Figure 4).

3.6. Skin Lutein Content and Body Color of Fish

The lutein contents of the Con and SP diets were 4.96 and 8.08 μg g−1, respectively.
At the end of the feeding trial, the abdominal and dorsal skin lutein contents increased
significantly in fish fed the AP diet (p < 0.05, Figure 5A).

Figure 5. The lutein contents in the skin of yellow catfish fed on different experimental diets (A),
color parameters of abdominal (B) and dorsal skin (C), and body color of fish (D) in the two groups
before and after air exposure stress. Data are indicated as mean ± SEM (n = 6). Bars with different
lowercase letters mean significant differences among groups (p < 0.05).

As shown in Figure 5, there was no significant difference in skin lightness (L*) among
all groups. At the end of the experimental period, dietary A. platensis supplementation
significantly increased the abdominal skin redness value (p < 0.05), and air exposure led
to a significantly decreased abdominal skin redness value (p < 0.05). Skin yellowness and
chroma were significantly higher in catfish fed the AP diet at the end of the feeding trial
(p < 0.05). In the CON group, the abdominal skin yellowness and chroma values of fish
were significantly increased after air exposure, while the abdominal skin yellowness and
chroma values of fish were significantly decreased in the AP group after air exposure
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(p < 0.05), and fish fed the AP diet had clearer black spots and saturated yellow coloration
both before and after air exposure.

3.7. Skin Yellowness Correlation Analysis

A positive and strong correlation between skin yellowness and skin lutein contents
was detected (p < 0.05, Table 4). We found a negative but not very strong correlation
between skin yellowness and plasma LD content (p < 0.05, Table 4). Abdominal skin
yellowness presented a positive but not significant correlation with liver sod and gr relative
mRNA levels, while dorsal skin yellowness presented a very positive and significant
correlation with liver sod and gr relative mRNA levels (p < 0.05, Table 4). Positive and
significant correlations were observed between abdominal skin yellowness and kidney
gpx relative mRNA levels (p < 0.05), while positive but nonsignificant correlations were
observed between dorsal skin yellowness and kidney gpx relative mRNA levels (Table 4).
Abdominal skin yellowness presented a positive but not significant correlation with kidney
gr relative mRNA levels, while dorsal skin yellowness presented a strong positive and
significant correlation with kidney gr relative mRNA levels (p < 0.05, Table 4).

Table 4. Correlation coefficients (r) between yellow catfish skin yellowness (b*-values) and skin lutein
and oxidative stress response.

Yellowness (b*)-Values
Abdominal Skin Dorsal Skin

Dorsal skin lutein content 0.82 * 0.87 *
Abdominal skin lutein content 0.90 ** 0.67 *

Plasma LD content −0.59 * −0.66 *
Liver sod relative mRNA level 0.76 0.95 *
Liver gr relative mRNA level 0.91 0.99 **

Kidney gpx relative mRNA level 0.96 * 0.99
Kidney gr relative mRNA level 0.80 0.98 *

* p < 0.05; ** p < 0.01.

4. Discussion

The present study supported that air exposure induced oxidative stress in fish. Ox-
idative stress usually causes health and quality problems in fish. Our previous research
showed that A. platensis can enhance the antioxidant and immune response capacities of
fish [17,20]. In the present study, we focused on investigating whether dietary A. platen-
sis could alleviate oxidative stress and disordered pigmentation caused by air exposure
stimulation in fish.

4.1. A. platensis Did Not Affect the Growth Performance and Feed Utilization of Fish

The yellow catfish is an omnivorous freshwater fish [20], which, when fed on diets
supplemented with A. platensis, did not exhibit differences in growth and feed efficiency.
These results are in agreement with a previous study [17]. The previous study also indicated
that the dietary inclusion of 25 g kg−1 A. platensis did not influence the growth of the great
sturgeon Huso huso; however, higher content of diet A. platensis could effectively improve
growth performance [27]. We demonstrated that A. platensis in the diets of yellow catfish
resulted in an apparent digestibility coefficient (ADC) of dry matter and protein up to
70% and 90%, respectively [20]. The above results further validated that it is acceptable to
supplement A. platensis in yellow catfish diets.

4.2. A. platensis Enhanced Stress Response

Cortisol is regarded as a primary physiological stress response in fish [28], and glucose
and lactic acid will increase during stress responses [29]. In this study, the plasma cortisol
levels increased significantly in yellow catfish due to exposure to the air for 5 min, with
similar increases in plasma glucose and lactic acid levels. Air exposure is a stress factor for
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fish, which is in agreement with the previous studies [30,31]. Notably, the present study
showed that A. platensis supplementation was effective against air exposure-induced stress
responses by reducing plasma cortisol and lactic acid levels. In addition, the reduction of
stress markers was dose-dependent on the A. platensis supplement [14].

4.3. A. platensis Enhanced the Antioxidant Capacity of Fish

The antioxidant enzymes SOD and GPX and the nonenzymatic antioxidant GSH play
important roles in free radical scavenging to protect against oxidative damages [32]. In
our study, dietary A. platensis increased the activities of SOD and GPX and GSH contents
to protect against oxidative stress caused by air exposure stimuli. A. platensis enhanced
antioxidant enzyme activities to protect fish from stress [15,33]. β-carotene, phycocyanin,
algal polysaccharides, and polyphenol from A. platensis might work to activate antioxidant
response [34–37].

Nrf2 plays a critical role in antioxidative defense responses [38]. Usually, nrf2 tran-
scription is inhibited by binding to keap1; when the keap1/nrf2 complex is activated, nrf2
is translocated into antioxidative factors in the nucleus, where it can regulate antioxidant
enzymes, such as sod, cat, and gpx [39–41]. In the present study, the gene and protein
expression levels of nrf2 after air exposure were efficiently upregulated by A. platensis sup-
plementation. Concurrently, the expression levels of sod and cat were obviously activated
to improve the antioxidant status of yellow catfish, which is in accordance with a previous
study [17]. A. platensis involves various proteins, which could have biological activities
to induce nrf2 stabilization and antioxidative enzymes [42]. Additionally, another compo-
nent of A. platensis, polyphenol, has been found to modulate Nrf2-mediated antioxidant
events [43,44]. Hence, A. platensis can activate the Nrf2 signaling pathway and may be
advantageous for its use as an antioxidant nutritional supplement in aquatic animals.

4.4. A. platensis Improved Body Color Disorder Caused by Oxidative Stress

A. platensis supplementation enhanced the body color of fish at the end of the experi-
mental trial in accord with previous studies [45,46]. It is known that fish need carotenoids
to maintain normal body color from feed [47]. A. platensis is considered a carotenoid-
producing organism, and lutein and zeaxanthin are mainly found in A. platensis [48,49].
The carotenoid pigments of A. platensis can also enhance the natural mucus layer, which
is responsible for maintaining the glowing appearance of skin in fish [45]. The present
results are in accordance with previous studies, suggesting that A. platensis is a proper
color enhancer.

In this study, A. platensis addition promoted increased lutein contents in the skin, and
we demonstrated that lutein is mainly deposited in the skin of yellow catfish earlier [50].
This study also confirmed the results. The correlational approach used in this study showed
that skin yellowness (b*) was significantly associated with skin lutein contents. Lutein
belongs to the xanthophylls, which are a type of carotenoid with antitumor and anti-
inflammatory activities. Due to their chemical structure being rich in double bonds that
provide them with antioxidant properties, lutein can protect other molecules from oxidative
stress by turning off singlet oxygen damage through various mechanisms [51].

Skin color change has the potential to be a useful real-time indicator of stress [52].
Our research also found that skin yellowness was associated with plasma lactate. Notably,
stress-induced responses of abnormal body color fish were stronger than those of normal
fish, and the albino European catfish Silurus glanis showed more obvious behavioral and
physiological responses to short-term stress induced by a combination of air exposure and
novel environmental stressors than pigmented fish [53]. In this study, dietary A. platensis
improved body color abnormalities after oxidative stress caused by air exposure stimuli,
and skin yellowness was associated with the expression levels of some antioxidant genes
to varying degrees. The results may suggest that the antioxidant components (such as
lutein) in A. platensis successfully help fish defend against body color disorders caused by
oxidative stress.
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5. Conclusions

Our overall results demonstrated that 20 g kg−1 dietary A. platensis had no negative
effects on the growth of fish but could reduce LD and cortisol levels, increase the activities
of antioxidant enzymes, upregulate the expression levels of certain antioxidant-related
genes, and regulate the Nrf2 signaling pathway, which aimed to protect against oxidative
stress caused by air exposure stimuli. In addition, A. platensis could alleviate body color
disorder caused by air exposure stress by increasing skin lutein contents. In terms of cost-
benefit, the inclusion of 20 g kg−1 dietary A. platensis can enhance the ability of antioxidants
and improve the body color of yellow catfish, as a result, the risk of suffering disease
and farming losses will be reduced and market value will be enhanced. Moreover, in
our previous study, the A. platensis can replace fishmeal in the diets of yellow catfish [20].
With global fisheries approaching unsustainable limits, current fishmeal production will
inadequately support the cost-effective demands of aquafeeds; A. platensis could be a
potential protein source to replace fishmeal in the future.
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Abstract: Previous studies have found that vitamin C (VC) has protective effects in fish. However,
the efficacy of VC on hypoxia-induced liver injury in fish remains unknown. Therefore, to investigate
the protective mechanism of VC on liver injury after acute hypoxic stimulation in fish, gibel carp
were fed a diet containing VC for eight weeks, then were subjected to acute hypoxia stimulation.
The specific growth rate of fish was increased by the supplementation of VC. Plasma stress mark-
ers (glucose, lactic acid, and cortisol) were decreased by the VC supplementation. Moreover, the
levels of the inflammatory cytokines (tnf-α, il-2, il-6, and il-12) were increased by enhancing the
Nrf2/Keap1 signaling pathway. Upregulation of the antioxidant enzymes activity (CAT, SOD, and
GPx); T-AOC; and anti-inflammatory factors (il-4 and tgf-β) highlighted the antioxidant and anti-
inflammatory activities of VC. The results showed that VC reduced the apoptotic index of the fish
hypothalamus. The expression of GRP78 protein in the liver and endoplasmic reticulum stress and
apoptosis induced by hypoxia were inhibited by VC. Taken together, the results indicate that VC can
attenuate oxidative damage, inflammation, and acute hypoxia induced apoptosis in gibel carp via the
Nrf2/Keap1 signaling pathway. The results identify a new defense strategy of gibel carp in response
to hypoxic conditions.

Keywords: hypoxia; vitamin C; Nrf2/Keap1 signaling pathway; oxidative stress; inflammation; apoptosis

1. Introduction

In mammals, oxygen is critical for survival, and it is an indispensable substrate for
cell metabolism, energy balance, and signal transmission. Hypoxia-inducible factor-1α
(HIF-1α), a major regulator of oxygen homeostasis, is highly expressed under hypoxic
conditions [1]. Hypoxic conditions trigger the sharp increase of reactive oxygen species and
oxidative stress, resulting in protein, DNA, and lipid damage, mitochondrial dysfunction,
and apoptosis [2]. HIF can mediate the expression of inflammatory cytokines in brain and
renal ischemic diseases, an important factor in resisting inflammatory infection [3,4].

Reactive oxygen species (ROS) formation can be affected by changes in oxygen con-
centration, causing oxidative stress when the levels exceed the removal ability of defense
mechanisms [5]. ROS have been shown to regulate the active expression of HIF [6]. The liver
is the main site of ROS production and the primary target of injury. ROS are critical in signal
transduction, but excess ROS can trigger oxidative stress and disrupt intracellular home-
ostasis. Increased or decreased activity of antioxidant defense enzymes, such as superoxide
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dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), can be used to main-
tain organism balance and reduce cell damage [7,8]. As one of the most important cellular
defense mechanisms, nuclear factor erythroid 2-related factor (Nrf2) is a key transcription
factor regulating the expression of genes involved in the antioxidant and anti-inflammatory
responses. The key pathway of cellular resistance to oxidative stress was found to be Nrf2
(nuclear factor erythroid 2-related factor 2)/Keap1 (kelch-like ECH-associated protein 1 [9].
The Nrf2/Keap1 pathway has detoxification and neutralization effects, and many an-
tioxidant enzymes regulated by the Nrf2/Keap1 pathway can remove reactive oxygen
species; this not only resists oxidative damage from the external environment but also
enhances the antioxidant capacity of the body [10]. It has been reported that resveratrol
alleviates endoplasmic reticulum (ER) stress and apoptosis in brain tissue induced by
explosion injury in mice through the Nrf2/Keap1 pathway [11]. In lipopolysaccharide-
induced acute lung injury in mice, hispolon inhibited ER stress-mediated apoptosis and
autophagy by regulating the Nrf2/Keap1 pathway [12]. In addition, studies on Wuchang
bream (Megalobrama amblycephala) and gibel carp (Carassius gibelio) showed that emodin can
mediate the Nrf2/Keap1 signaling pathway to improve the body’s antioxidant capacity
and protect it from oxidative stress [13,14]. In recent years, a large amount of evidence has
demonstrated that the Nrf2/Keap1 pathway is activated in various cellular and animal
models of oxidative stress injury and is involved in tissue homeostasis and inflammatory
responses [15].

An anoxic environment is closely related to the ER stress response. The ER has the
structural and functional characteristics of organelles that can trigger stress responses and
activate the unfolded protein (UPR) signaling pathway under hypoxia. It has been reported
that the UPR primarily protects against oxidative stress damage caused by hypoxia through
triggering autophagy. This mechanism attempts to rescue cells from damage from ER stress,
and when this pathway is absent or disabled, cells are more sensitive to hypoxia-induced
death [16]. In human cancer cells, severe hypoxia and ER stress trigger the transcription of
autophagy-related genes by activating transcription factor 4 (ATF4) expression, and this
upregulation is crucial for hypoxia and metabolic stress in tumors [17].

As an essential micronutrient and powerful antioxidant, vitamin C (VC) has been
shown to have multiple biological properties that regulate antioxidant, antiaging, and
anti-inflammatory activities and mediate cell death pathways [18]. Previous studies have
shown that VC protects against chemically induced liver damage in mice [19]. In addition,
VC deficiency can increase the levels of proinflammatory factors in grass carp and reduce
the levels of anti-inflammatory factors, such as interleukin (IL) 10 and transforming growth
factor (TGF) 1β. In addition, VC also promoted the expression of caspase-3, caspase-7, and
caspase-9 and aggravated the apoptosis of grass carp (Ctenopharyngodon idella) cells [20]. It
has been reported that VC can improve the antioxidant, antiapoptotic, and immune abilities
of the abalone Haliotis discus hannai Ino [21].

When aquatic animals are starved of oxygen, they exhibit metabolic disorders and
oxidative damage, ultimately leading to death [22]. Therefore, reducing tissue oxidative
damage caused by hypoxia is the key to improving the survival of aquatic animals. Gibel
carp (Carassius gibelio) is an economically important freshwater fish in China. Gibel carp
may experience hypoxia in intensive culture; this not only harms the ecosystem and
affects the diversity of aquatic resources, but it also causes large-scale asphyxia death of
cultured fish. To date, there are no reports concerning whether VC treatment can alleviate
acute hypoxic stimulation in gibel carp. In addition, the relationship between VC and the
Nrf2/Keap1 pathway in response to acute hypoxia in gibel carp remains unknown. The
purpose of this study was to explore whether dietary VC could alleviate acute hypoxia
stress suffered by gibel carp. To this end, we performed a systematic study of the response
of gibel carp to hypoxia from the aspects of immune response, endoplasmic reticulum
stress, autophagy, and apoptosis, and the regulation of the Nrf2/Keap1 pathway in order
to provide effective strategies for alleviating the fish response to hypoxic stress.
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2. Materials and Methods

2.1. Ethical Statement

Procedures related to animal treatment in this study were approved by the ethics
committee of the Institute of Hydrobiology, Chinese Academy of Sciences. All of the
experiments were strictly in accordance with the Guidelines for the Management and Use
of Laboratory Animals.

2.2. Experimental Diets

White fishmeal, rapeseed meal, and soybean meal were used as the main protein
sources, and fish oil and soybean oil (1:1) were used as lipid sources to prepare two
isonitrogenous and isolipic experimental diets; 1200 mg/kg VC was added to the basal
diet (CON). VC (purity: 35%) was purchased from Guangzhou Liankun Biotechnology
Co., Ltd. (Guangdong, China) and was added to the formula in the form of L-ascorbyl-2
monophosphate. The formulation and basic chemical composition of the diets are listed in
Table 1. All of the ingredients were crushed through a 40-mesh sieve and thoroughly mixed
according to the relevant formula ratio. Finally, oil was added and mixed. After mixing
with water, a granulating machine (SLR-45, Fishery Machinery and Instrument Research
Institute, Chinese Academy of Fishery Sciences, Shanghai, China) was used for granulating
the feed, and the feed was then stored in a refrigerator at 4 ◦C.

Table 1. Ingredients and proximate composition of the experimental diets (% dry matter).

Ingredients CON VC

White fish meal 1 15 15
Rapeseed meal 2 20 20
Soybean meal 2 25 25

Wheat flour 25.6 25.6
Oil mixture 3 5.5 5.5

Vitamin C 0 0.12
Vitamin premix 4 0.39 0.39
Choline chloride 0.11 0.11
Mineral premix 5 5 5

Carboxy methyl cellulose sodium 3 3
Cellulose 0.40 0.28

Proximate analysis (dry matter)
Crude protein (%) 37.21 37.42

Crude lipid (%) 6.77 6.63
Moisture (%) 9.08 9.17

Ash (%) 10.02 10.34
Gross energy (kJ g−1) 19.27 19.22

1 White fish meal: Purchased from American Seafood Company, Seattle, WA, USA. 2 Soybean and rapeseed meal:
Purchased from Coland Feed Co. Ltd., Wuhan, Hubei, China. 3 Oil mixture: soybean oil: fish oil = 1:1. 4 Vitamin
premix (mg kg−1 diet): Vitamin B1, 20; Vitamin B2, 20; Vitamin B6, 20; Vitamin B12, 0.02; folic acid, 5; calcium
pantothenate, 50; inositol, 100; niacin, 100; biotin, 0.1; cellulose, 3522; Vitamin C, 100; Vitamin A, 110; Vitamin D,
20; Vitamin E, 50; Vitamin K, 10. 5 Mineral salt premix (mg kg−1 diet): NaCl, 500.0; MgSO4·7H2O, 8155.6;
NaH2PO4·2H2O, 12500.0; KH2PO4, 16000; Ca(H2PO4)·2H2O, 7650.6; FeSO4·7H2O, 2286.2; C6H10CaO6·5H2O,
1750.0; ZnSO4·7H2O, 178.0; MnSO4·H2O, 61.4; CuSO4·5H2O, 15.5; CoSO4·7H2O, 0.91; KI, 1.5; Na2SeO3, 0.60; Corn
starch, 899.7.

2.3. Experimental Fish and Feeding Management

All of the gibel carp used in this experiment were provided by the Institute of Hydro-
biology, Chinese Academy of Sciences (Wuhan, Hubei). Before the formal experiment, the
experimental fish were temporarily raised in a tank and fed a temporary diet (36% crude
protein and 7% crude lipid) for 14 days to adapt to the experimental conditions. Before
the start of the experiment, the experimental fish were removed after being starved for
24 h, and healthy fish with similar specifications (6.66 ± 0.01 g) were randomly assigned to
indoor fiberglass tanks for the experiment, with three tanks for each treatment and 30 fish
in each tank. During the experiment, the experimental fish were fed to apparent satiety
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at 8:30, 13:30 and 18:30. The water temperature was measured every day; the fluctuation
range was 29–31 ◦C. Dissolved oxygen, ammonia nitrogen, and pH were monitored weekly,
with dissolved oxygen >6.0 mg/L, total ammonia nitrogen <0.1 mg/L, and pH 7.0–7.4. The
aquaculture experiment lasted for 56 days.

2.4. Hypoxia Stress Test

After the eight-week feeding period, fish were randomly assigned to a CON group
(control group), VC group (vitamin C group), HYPO group (hypoxia group), or HYPO + VC
group (hypoxia + vitamin C group). During the hypoxia stress experiment, six healthy and
uniform gibel carp were selected from each treatment and placed in a 1-L transparent plastic
tank. The oxygen concentration of the hypoxia workstation (Ruskinn INVIVO2 400, Beijing
Longfujia Biotechnology Co., Ltd, Beijing, China) was adjusted to 2% to create a closed
hypoxic environment, and the fish were moved into the hypoxia workstation for close
monitoring. Before the stress test began, the oxygen concentration (6.14 ± 0.09 mg/L) in
the fish tank was measured with an LDO101 probe (HQ30D, HACH). After being stressed
in the hypoxic incubator for 3 h, the oxygen concentration in the cylinder was measured
again; the oxygen concentration at this point was 0.08 ± 0.02 mg/L.

2.5. Sampling Procedures

After the feeding period, the fish were starved for 24 h, and the contents of the
digestive tract were emptied. Then, all of the fish in each tank were weighed. Two fish
with similar measurements were selected from each tank to be wiped dry, weighed, and
stored at −20 ◦C for body composition analysis. Then, two fish were randomly chosen
from each cylinder and put into a hypoxia incubator for three hours. Blood was taken from
the caudal vein using a syringe soaked with heparin sodium (concentration: 0.2%), put
into an anticoagulation centrifuge tube, and centrifuged (3000× g at 4 ◦C) for 15 min. The
supernatant plasma was taken and stored in a refrigerator at −80 ◦C for the determination
of plasma glucose, lactic acid, and cortisol. After the blood was drawn, the fish was
dissected, and the liver tissues samples were taken, wrapped in sterilized tin foil paper,
and immediately put into liquid nitrogen for subsequent analyses. In addition, brain tissue
(hypothalamus) was collected and promptly placed in 4% paraformaldehyde fixative for
histological analysis.

2.6. Biochemical Parameters

In this experiment, the determination of basic composition of all of the feed and fish
body end samples was strictly in accordance with the AOAC (2003) standard methods [23].
The specific operation process was carried out according to Li et al. (2019) [24]. The moisture
content was determined by the weight loss method. The ash content was determined
after calcination in a muffle furnace (Hubei, China) at 550 ◦C for 3 h. Crude protein
was determined by the Kjeldahl method (FOSS Tecator, Haganas, Sweden). Crude lipid
was extracted and determined by a Soxtec system (Soxtec System HT6, Tecator, Haganas,
Sweden). Gross energy was measured using an oxygen bomb calorimeter (Calorimeter,
Parr instrument Company, Moline, IL, USA).

The liver enzyme activity needed to be measured before the experimental treatment.
Physiological saline was added to liver samples according to the ratio of weight (g): vol-
ume (mL) = 1:9. After centrifugation, the supernatant was removed for later enzyme
activity analysis. Protein concentration in a liver homogenate was determined by the
Coomassie bright blue method (Bradford, P0006, Beyotime, Shanghai, China). Plasma lactic
acid (LD) and total anti-oxidant capacity (T-AOC), superoxide dismutase (SOD), catalase
(CAT), reduced glutathione (GSH), glutathione peroxidase (GPX), and the concentration
of malondialdehyde (MDA) were determined using commercial kits (Nanjing Jiancheng
Bioengineering Institute, Catalog: A019-2-1, A015-2, A001-3-2, A007-1-1, A006-2-1, and
A005-1-2 and A003-1-2). The activities of Caspase 3 (C1116) and Caspase 9 (C1158) in the
liver were detected using commercial kits (Beytime Biotechnology, Shanghai, China). The
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content of plasma cortisol was detected by enzyme linked immunosorbent assay (ELISA)
(H094) provided by the Nanjing Jiancheng Bioengineering Research Institute. The principle
of the method is to detect the content of cortisol in the sample by competition, i.e., adding
the sample to the enzyme-labeled wells containing antibodies, then adding biotin-labeled
recognition antigens that competed with the solid antibodies to form an immune complex,
then adding avidin-HRP after washing, thus producing a yellow color under the action of
acid with an absorption peak at a wavelength of 450 nm. Plasma glucose was determined
using commercial kits (Fujifilm, Wako Pure Chemical Corporation, Osaka, Japan). The
plasma samples were placed on ice, and a 96-well microenzyme assay was used. The
plasma samples of 2 μL and different standard liquid concentrations were added into
the 300-μL reaction mixture and mixed evenly. The plasma samples were placed in an
incubator at 37 ◦C for 5 min away from light, and then the absorbance was read at 505 nm
with a microenzyme reader.

2.7. Tissue Total RNA Extraction and Real-Time Fluorescence Quantitative PCR

In this experiment, the mRNA expression level of the liver tissue was analyzed, and the
total RNA was extracted using the Trizol reagent (Invitrogen, Carlsbad, CA, USA). The detec-
tion of total RNA integrity primarily relied on 1.0% agarose electrophoresis, and then, 1 μL
was taken to detect the purity and concentration of the sample by NanoDrop®ND-2000 ultra-
micro spectrophotometry (NanoDrop Technologies, Wilmington, DE, USA). The reverse
transcription was performed using an M-MLV First-Strand Synthesis System according to
the manufacturer’s instructions. Real-time fluorescence quantification was performed on
a LightCycle 480 II (Roche Diagnostics, Basel, Switzerland) instrument to determine the
amplification efficiency in a pre-experiment and to make standard curves using internal
reference and target genes. SYBR Green I Master Mix (Roche Diagnostics, Indianapolis, IN,
USA) fluorescent staining was used to determine the expression levels of all of the target
genes. The calculation method of the relative expression refers to Pfaffl [25]. In this study,
three housekeeping genes were employed initially: β-actin, tubulin, and ef-1α. After the
analysis, it was determined that ef-1α had the highest stability, and thus, it was selected as
a housekeeping gene. The target gene primers used in the experiment refer to a previous
study [14], and the other primers are listed in Table 2.

Table 2. Sequences of primers applied for quantitative real-time PCR analysis in gibel carp.

Gene Name Sense and Antisense Primer (5’–3’)
Gene Bank Product Length

Accession No. (bp)

Tumor necrosis factor-α (tnf-α) TTGAGCAGGAGATGGGAACCG XM_026282152.1 115
AGAGCCTCAGGGCAACGGAAA

Interleukin-2 (il-2) GACCACAAAGGTAGACCCATCC MN338056 212
GAGGTTTGTGCGGAATGGAC

Interleukin-6 (il-6) TGTTCTCAGGGCATTCGCTT XM_026289280.1 161
GGAGTTGTAGTGCCCTTGGT

Interleukin-12 (il-12) CTTCAGAAGCAGCTTTGTTGTTG LN592213.1 77
CAGTTTTTGAGAGCTCACCAATATC

Interleukin-1β (il-1β) TTTGTGAAGATGCGCTGCTC AB757758.1 133
CCAATCTCGACCTTCCTGGTG

Interleukin-4 (il-4) CGATTGTAGCCGTTACTGGGT KX574595 166
TGGCAAATGTGTTCCTCCG

Transforming growth factorβ (tgf-β) ATGAGGGTGGAGAGTTTAT EU086521.1 155
AGTCGTAGTTTGCTGAGAA

Nuclear factor of kappa light polypeptide gene TTGCGAATCCAAAGGGGACA XM_026291433.1 196
enhancer in B-cells inhibitor, alpha (iκbα) TCTGTGATGACGGCGAGATG

2.8. TUNEL Staining

Fresh brain tissue (hypothalamus) was immobilized in 4% paraformaldehyde solution
and then made into paraffin sections. The sections were repaired and permeated with
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protease K (2 mg/mL) and Trition-X-100/PBS (0.2%) solutions, and the TUNEL reagent was
mixed with appropriate reagents 1 (TdT) and 2 (dUTP) at a ratio of 2:29 according to the
tissue size, then incubated at 37 ◦C for 2 h. Slices were washed with PBS three times, each
time for 5 min, and then DAPI dye solution (4′,6-diamidino-2-phenylindole, 0.3 mmol/L)
was added and incubated at room temperature in the dark for 10 min. The sections were
examined under a fluorescence microscope, and images were collected. Three fields were
randomly selected for each section to be photographed. Image-Pro Plus 4.1 software was
used to count and analyze the apoptosis rate calculated as follows:

Apoptosis rate (%) = The number of apoptotic nuclei/The number of observed nuclei × 100%.

2.9. Western Blot Analysis

The protein levels of HIF-1α, Nrf2, Keap1, and BiP/GRP78 in the liver tissue after
hypoxic stress were detected by Western blotting. The liver samples were weighed and
put into 1.5-mL centrifuge tubes, and protein lysate was added in proportion. The lysate
consisted of a protease inhibitor, phosphatase inhibitor (Roche, Basel, Switzerland), and
RIPA cleavage buffer (Beyotime Biotechnology, Shanghai, China). Then, ultrasonic crushing
homogenization was carried out on ice, followed by centrifugation at 4 ◦C for 10 min at
13,000× g, and the supernatant was taken for later use. The sample protein concentration
was measured according to the instructions of a BCA protein quantitative kit (Beyotime
Biotechnology, Shanghai, China), and 50% RIPA lysate was used to adjust the protein
concentration of all of the liver tissue samples to be consistent. The protein samples were
then separated and transferred to polyvinylidene fluoride (PVDF) membranes after sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). TBST was prepared with
5% skim milk powder at room temperature, and the PVDF membranes were sealed for
1 h. The specific primary antibody was then incubated at 4 ◦C for 12 h, followed by
shaking cleaning with a TBST room temperature shaker three times for 20 min each time.
Specific antibodies HIF-1α, Nrf2, BiP/GRP78, and GAPDH refer to a previous study [14].
Keap1 antibody (ab119403, Abcam) was incubated with a secondary antibody at room
temperature for 2 h. The signal intensity was measured using an imager, and protein
bands were obtained. The optical density of the protein bands was quantified using
ImageJ software (National Institutes of Health, Bethesda, MD, USA). All of the values were
normalized to the internal control (GAPDH) values.

2.10. Statistical Analysis

All of the data were verified for normality and homogeneity of variance before analysis
using SPSS (SPSS Inc., Chicago, IL, USA) software. Data were expressed as the mean ± SE
(standard error), and p-values < 0.05 or <0.01 were considered to be significant and ex-
tremely significant differences, respectively. The one-way ANOVA used in this experiment
targeted the CON and the HYPO groups, as well as the HYPO + VC group.

3. Results

3.1. Growth Results and Body Composition

The results of the growth performance of gibel carp are shown in Table 3. The final
body weight and specific growth rate of gibel carp fed the VC diet were significantly higher
than those of the control group after eight weeks. Compared with the control group, no
significant differences in feed utilization rate or feed efficiency were found in the VC group.
Similarly, no significant differences were found in the crude protein, crude lipid, ash, or
moisture content between the control group and the VC group.

58



Antioxidants 2022, 11, 935

Table 3. Effects of dietary VC on growth performance and body composition of gibel carp.

Category Parameter
Group

CON VC

Growth performance

Initial body weight (g) 6.60 ± 0.00 6.67 ± 0.03
Final body weight (g) 26.40 ± 0.21 a 31.40 ± 1.36 b

WGR 1 (%) 219.80 ± 12.98 261.38 ± 17.86
FE 2 (%) 44.19 ± 0.42 50.79 ± 2.81

SGR 3 (% d−1) 4.93 ± 0.03 a 5.54 ± 0.16 b

Body composition

Crude protein (%) 15.18 ± 0.16 14.91 ± 0.1
Crude lipid (%) 7.35 ± 0.19 7.22 ± 0.04

Ash (%) 2.68 ± 0.12 2.60 ± 0.13
Moisture (%) 71.95 ± 0.54 71.81 ± 0.27

The data listed in the table are all expressed as the means ± SEM, and the superscripts (a or b) of different letters
in the same row indicate significant differences (p < 0.05). 1 WGR: Feeding rate (%) = [(final weight (g) − initial
weight (g))/initial weight (g)] × 100]. 2 FE: Feeding efficiency (%) = (100 × fresh body weight gain)/dry feed
intake. 3 SGR: Specific growth rate (% d−1) = 100 × [ln (final weight) - ln (initial weight)]/day.

3.2. Plasma Metabolites

The plasma metabolite levels of gibel carp after acute hypoxia stimulation are shown
in Figure 1. The plasma glucose, lactic acid, and cortisol levels were increased significantly
by acute hypoxia. However, all of the levels were significantly decreased in the VC-
supplemented group.

Figure 1. Plasma metabolites of gibel carp in the control and normal groups and hypoxia groups after
feeding with VC for 56 days. The * or ** at the top of the bar chart indicates significant differences
between treatments; * indicates a significant difference (p < 0.05), and ** indicates an extremely
significant difference (p < 0.01). All of the data are presented as the mean ± standard error (n = 6).

3.3. Changes of HIF-1α Protein in the Liver

Expression of the HIF-1α protein in the liver tissue is illustrated in Figure 2. The
expression of HIF-1α protein in the liver tissue of gibel carp increased significantly after
the hypoxia treatment. However, the HIF-1α levels were significantly decreased after VC
supplementation.

3.4. Expression of Nrf2/Keap1 Signaling Pathway and Antioxidant-Related Genes in the Liver

As shown in Figure 3, the protein levels of Nrf2 and Keap1 increased significantly in
the liver after acute hypoxia stimulation. Moreover, acute hypoxia induced a significant
increase in the expression level of hsp70 in the liver and significantly decreased the expres-
sion of antioxidant-related genes, such as sod and gpx, while there was no significant effect
on the expression of cat. Meanwhile, in the HYPO + VC group, Nrf2 protein expression
was further activated, and Keap1 protein expression was decreased. In terms of genes, VC
supplementation significantly reduced the expression of hsp70 and increased the expression
of sod, but it had no significant effect on the expression of gpx or cat.
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Figure 2. Changes in HIF-1α protein expression in the liver of gibel carp in normal and hypoxia
groups after 56 days of feeding with VC. The * at the top of the bar chart indicates significant
differences between treatments, * indicates a significant difference (p < 0.05). All of the data are
presented as the mean ± standard error (n = 6).

Figure 3. Cont.
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Figure 3. After 56 days of diet supplemented with VC, the expression levels of Nrf2 and Keap1 protein
(A) and the expression of related genes (B) involved in antioxidant the Nrf2/Keap1 pathway in the
liver of gibel carp were altered between the normal and hypoxia groups. The * or ** at the top of
the bar chart indicate significant differences between treatments; * indicates a significant difference
(p < 0.05), and ** indicates an extremely significant difference (p < 0.01). All of the data are presented
as the mean ± standard error (n = 6). hsp70—heat shock protein 70; cat—catalase; sod—superoxide
dismutase; gpx—glutathione peroxidase.

3.5. Antioxidant Enzyme Parameters in the Liver

The results of the antioxidant enzyme parameters in the liver are shown in Figure 4.
The activities of the antioxidant enzymes CAT, SOD, and GPx in fish liver were significantly
decreased after acute hypoxia treatment. T-AOC was also decreased, while the content of
MDA was significantly increased. However, the antioxidant parameters were significantly
enhanced, while the MDA content was significantly reduced in the HYPO + VC group.
However, no change in the GSH content was found in this group.

3.6. Expression of Inflammation-Related Genes in the Liver

Changes of the inflammation-related genes in the liver are shown in Figure 5. Gene
expression levels of proinflammatory cytokines tnf-α, il-2, and il-6 in gibel carp liver were
significantly increased in the acute hypoxia group compared with the control group. The
VC treatment significantly decreased the gene expression levels of tnf-α, il-2, il-6, and il-12.
The transcript levels of anti-inflammatory cytokines il-4 and tgf-β were inhibited by acute
hypoxia. The gene expression levels of il-4 and tgf-β were significantly increased in the
VC-fed group after acute hypoxic stress. The mRNA levels of il-1β and iкbα were unaltered
after the hypoxia treatment in all of the groups.
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Figure 4. Changes in antioxidant enzyme parameters in the liver of gibel carp in the normal and
hypoxia groups after 56 days of feeding with VC. The * or ** at the top of the bar chart indicates a
significant difference between treatments; * indicates a significant difference (p < 0.05), and ** indicates
an extremely significant difference (p < 0.01). All of the data are presented as mean ± standard
error (n = 6). T-AOC—Total antioxidant capacity; CAT—Catalase; SOD—Superoxide dismutase;
GP—Glutathione peroxidase; MDA—Malondialdehyde; GSH—Reduced glutathione.

Figure 5. Changes of inflammation-related genes in the liver of gibel carp in the normal and hypoxia
groups after 56 days of feeding with VC. The * or ** at the top of the bar chart indicates significant
differences between treatments; * indicates a significant difference (p < 0.05), and ** indicates the
extremely significant difference (p < 0.01). All of the data are presented as the mean ± standard error
(n = 6). tnf-α—tumor necrosis factor-α; il-2—interleukin 2; il-6—interleukin 6; il-12—interleukin 12;
il-1β—interleukin 1β; tgf-β—transforming growth factor-β; il-4—interleukin 4; iκbα—nf-κb inhibitorα.
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3.7. Expression of ER Stress Key Proteins and Related Genes in the Liver

As shown in Figure 6A, the expression levels of GRP78 protein in gibel carp liver were
significantly increased after acute hypoxia stimulation. However, the GRP78 protein levels
were significantly decreased in fish fed the VC diet. The transcript levels of ire1, perk, atf6,
bip, atf6, and chop were significantly higher in the hypoxia group compared with the control
group (Figure 6B). However, xbp1 and eif2a mRNA levels were not affected by hypoxic
stress. In the HYPO + VC group, the expression of the ER stress-related GRP78 protein and
ire1, perk, and bip genes was significantly decreased. There were no significant differences
in atf4, atf6, or chop mRNA levels. In addition, the gene expression levels of xbp1 and eif2a
were unaltered among all of the treatments.

 

Figure 6. Changes in the expression levels of endoplasmic reticulum stress key protein, (A) and
related genes (B) in the liver of gibel carp in normal and hypoxia groups after 56 days of feeding
with VC. The * or ** at the top of the bar chart indicates significant differences between treatments;
* indicates a significant difference (p < 0.05), and ** indicates an extremely significant difference
(p < 0.01). All of the data are presented as the mean ± standard error (n = 6). GRP78—glucose-
regulated protein 78; ire1—inositol-requiring protein-1a; perk—eukaryotic translation initiation factor
2-alpha kinase 3; atf6—activating transcription factor 6; bip—binding immunoglobulin protein;
xbp1—X-box-binding protein 1; ei2fa—eukaryotic translation initiation factor 2A; atf4—activating
transcription factor 4; chop—DNA damage-inducible transcript 3 protein.
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3.8. Expression of Autophagy and Apoptosis-Related Genes in the Liver

The changes of autophagy-related genes, including atg12, p62, beclin1, lc3b, and atg5,
in gibel carp liver after acute hypoxia stimulation are presented in Figure 7A. In the liver,
the expression levels of beclin1, lc3b, and atg5 were significantly increased after the acute
hypoxia stimulation compared with the control group. The opposite change was found
in the p62 mRNA levels. Dietary supplementation with VC significantly inhibited the
gene expression levels of lc3b and atg5, while there were no significant differences in the
gene expression levels of p62 or beclin1. In addition, the expression levels of atg12 were
unchanged, irrespective of treatment.

Figure 7. Changes of the expression levels of autophagy (A) and apoptosis (B)-related genes in the
liver of gibel carp in the normal group and hypoxia group after 56 days of feeding with VC. The
* or ** at the top of the bar chart indicates significant difference between treatments; * indicates a
significant difference (p < 0.05), and ** indicates an extremely significant difference (p < 0.01). All of
the data are presented as the mean ± standard error (n = 6).

The relative expression of apoptosis-related genes in the liver tissue is shown in
Figure 7B. The gene expression of bcl2 was decreased significantly after acute hypoxia. The
expression levels of proapoptotic genes bax and casp3, casp9 and ero1α were significantly
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induced by hypoxia. However, the expression levels of bcl2 and casp9 were significantly
increased after VC supplementation, while the bax and ero1α transcript levels were signifi-
cantly decreased.

3.9. Determination of Casp 3 and 9 Activities in the Liver

Activities of Casp 3 and Casp 9 in the liver are shown in Figure 8. Acute hypoxia
induced the activities of Casp 3 and Casp 9 compared with the control group. However, VC
treatment significantly decreased the activities of Casp 3 and Casp 9 in the liver of gibel carp.

Figure 8. Changes of Casp 3 and Casp 9 activities in the livers of gibel carp in normal group and
hypoxia group after 56 days of feeding with VC. The * or ** at the top of the bar chart indicates signif-
icant differences between treatments; * indicates a significant difference (p < 0.05), and ** indicates
an extremely significant difference (p < 0.01). All of the data are presented as the mean ± standard
error (n = 6).

3.10. TUNEL Observations

The results of TUNEL and DAPI staining in the hypothalamus are presented in Figure 9.
Apoptosis signals were increased significantly after acute hypoxia stimulation, and these
were decreased in fish fed with VC diet after hypoxia.

Figure 9. Changes of DAPI and TUNEL staining from representative sections in the hypothalamus
of gibel carp in the normal group and hypoxia group after 56 days of feeding with VC. Positive
apoptotic nuclei in green and normal nuclei are shown in blue. The magnification and scale of the
microscope were 200× and 100 μm, respectively. The ** at the top of the bar chart indicates significant
differences between treatments; ** indicates an extremely significant difference (p < 0.01). All of the
data are presented as the mean ± standard error (n = 6).
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4. Discussion

Vitamin C is extremely critical to maintaining normal growth and the antistress abil-
ity of fish. VC participates in a variety of physiological processes in the body, such
as growth, development, and stress response, and it can protect the important func-
tions of the immune system from oxidative damage. High doses of VC significantly
improved the growth performance of Asian catfish (Clarias batrachus) and Wuchang bream
(Megalobrama amblycephala) [26,27]. In line with this, a higher specific growth rate was
found in fish fed the VC diet, indicating that VC improves the growth of gibel carp. How-
ever, no effect of supplementation with VC was found on the growth of large yellow croaker
(Pseudosciaena crocea) [28]. The differences in the effects of VC may be related to the fish
species and supplemental VC concentration.

As an energy substance metabolized by various tissues, the concentration of glucose
in the blood is essential to maintaining life activities of fish. Normally, glycemia can be
induced by stress in fish [29]. Consistent with this, glycemia was induced by hypoxia in
gibel carp. As a metabolite, lactate content increases rapidly under hypoxic conditions [30].
In biochemical tests, the cortisol level is used as a characteristic index of fish stress intensity.
It is one of the hormones secreted by the adrenal gland and can enter the blood directly [31].
The levels of cortisol in the hypoxia group were significantly increased, suggesting that
hypoxia could induce a severe stress response in gibel carp. However, in the treatment
group fed the VC supplemented diet, the levels of glucose, lactate, and cortisol in the
plasma were significantly decreased, indicating that VC alleviated the hypoxic stimulation
of gibel carp.

Hypoxia inducible factors (HIFs) are the most important transcription factor family
that can regulate a variety of genes in response to decreases of intracellular oxygen concen-
tration. HIF-1α overexpression can inhibit the apoptosis of K562 cells induced by reactive
oxygen species [32]. In the present study, HIF-1α protein expression in the liver was sig-
nificantly upregulated after acute hypoxic stimulation. Interestingly, VC supplementation
alleviated the induction of HIF-1α protein expression by hypoxia, indicating a decreased
response of fish to hypoxic stress. Additionally, VC has antioxidant and anti-inflammatory
activities [18]. CAT and SOD activities were significantly downregulated after 12 h of acute
hypoxia in the liver of largemouth bass (Micropterus salmoides) [33]. In the present study,
compared with the control group, the activities of CAT, SOD, and GPx in the liver of gibel
carp in the hypoxia group were downregulated, together with decreased T-AOC, implying
that hypoxia leads to an excessive accumulation of ROS and the body possible severe ox-
idative damage. In hypoxia/reoxygenated rats, SOD and GSH activities in the brain were
significantly downregulated, and the MDA content was significantly upregulated after
stress [34]. CAT and GPx activities in the brain were induced by hypoxia in common carp
(Cyprinus carpio); however, no significant difference in CAT activity in the liver or muscle
was found, and GPx activity was significantly downregulated after hypoxia treatment [35].
Thus, the response of antioxidant levels may differ among tissues. In addition, excessive
oxidative stress can cause hepatocyte apoptosis or necrosis, thereby indirectly initiating
liver injury [36]. In the present study, oxidative stress was effectively inhibited by VC,
consistent with previous reports [37,38]. The increases of ROS and oxidative stress are
positively correlated with hypoxia, both of which are considered to be the main etiological
factors leading to body dysfunction and damage and are important parts of the series of
events leading to proinflammatory mediators and cell apoptosis. Hypoxia causes a massive
accumulation of ROS that directly or indirectly oxidizes or damages DNA, proteins, and
lipids; induces the formation of lipid peroxidation; and damages cell membranes [39].
Lipid peroxidation was the most sensitive indicator respond to hypoxia in goldfish [35].
MDA was significantly upregulated by hypoxia in gibel carp. MDA concentration was
increased in largemouth bass after 24 h of acute hypoxia exposure [33]. The MDA content
in the liver tissue was downregulated in VC-fed fish, indicating that VC plays a potential
protective role in alleviating acute hypoxia-induced oxidative stress.
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Nrf2 is a common regulator of the antioxidant system and immune inflammatory
responses. The protein dissociates from Keap1 into the nucleus and plays a key role
in antioxidant capacity, anti-inflammation, and anti-apoptosis when oxidative stress oc-
curs [40–42]. The antioxidant capacity was improved through Nrf2/Keap1 signaling by a
VC-supplemented diet in abalone [21]. In the present study, the Nrf2/Keap1 pathway was
activated by acute hypoxia, as indicated by increased protein levels of Nrf2. Since increased
protein expression of Nrf2 and decreased protein expression of Keap1 were found in VC-
supplemented group, this indicated that VC was involved in the Nrf2/Keap1 pathway
regulation of hypoxia. Inflammation is an important immune defense mechanism of the
body, a state of self-protection or damage repair initiated when tissues are subjected to
environmental stress or bacterial infection. In macrophages, Nrf2 activation prevents the
onset of inflammatory responses [43]. In the present study, the expression levels of pro-
inflammatory genes tnf-α, il-2, and il-6 were upregulated in the hypoxia group, while the
expression levels of anti-inflammatory genes il-4 and tgf-β were downregulated, suggesting
that acute hypoxia stimulated an inflammatory response in gibel carp. Upregulated expres-
sion of tnf-α, il-2, il-6, and il-12 and downregulated expression of anti-inflammatory genes
il-4 and tgf-β induced by VC suggested that VC attenuated the expression of proinflamma-
tory factors [44]. Thus, oxidative stress, inflammation, and apoptosis were attenuated by
VC via the Nrf2/Keap1 pathway in gibel carp.

Various endogenous and exogenous stresses can destroy protein homeostasis in or-
ganelles, leading to ER damage and activating the UPR response [45]. UPR activation is
closely related to pathological processes, such as inflammation and autophagy [46–48].
Protein kinase RNA-activated-like ER kinase (PERK), inositol-requiring enzyme 1α (IRE1α),
and activated transcription factor 6 (ATF6) act as ER-located protein stress markers that
can coordinate the response to harmful accumulation of unfolded or misfolded proteins.
In the present study, VC treatment reduced the expression of GRP78, a marker protein
of ER stress induced by acute hypoxia. Similarly, chrysophanol treatment also reduced
hypoxia/reoxygenation-induced GRP78 protein expression [49]. Molecular chaperone
binding immunoglobulin (BiP) is recognized as one of the most sensitive markers of ER
stress, as it facilitates tumor growth through a variety of mechanisms such as promoting
the maturation and secretion of growth factors, inhibiting apoptosis, and stimulating angio-
genesis. In mice, VC treatment reduced ER stress induced by perfluorooctane sulfonate and
downregulated the expression of ATF6 and GRP78 proteins [44]. Herein, the expression lev-
els of ire1, perk, atf6, bip, atf4, and chop in the liver were significantly upregulated after acute
hypoxia, indicating that acute hypoxia stimulation induced the activation of hepatic ER
stress in gibel carp. However, ire1, perk, and bip genes in the liver tissue were significantly
downregulated by VC supplementation. Therefore, VC may exert its pharmacological
protective effect in the liver by inhibiting ER stress in fish.

Autophagy is a process by which eukaryotic cells utilize lysosomes to degrade cy-
tosolic proteins and damaged organelles under the regulation of autophagy-related genes.
Hypoxia can induce autophagy, and autophagy has dual functions in tissue damage caused
by hypoxia. Under hypoxia, autophagy or autophagy-related proteins induce apoptosis by
activating Caspase or by reducing endogenous apoptosis inhibitors, ultimately aggravating
cell injury [50]. Under severe hypoxia, the PERK pathway upregulates the expression of lc3b
by activating the expression of atf4 and chop [51]. In myocytes, hypoxia causes upregulation
of beclin1 expression that simultaneously prompts the conversion of LC3B-I to LC3B-II
and is recruited to the autophagosome outer membrane [52]. In the process of autophagy,
LC3B-II extends throughout the autophagic process and is a currently recognized marker
of autophagy. In the present study, beclin1, lc3b, and atg5 mRNA levels were significantly
upregulated in the hypoxia group, indicating that the autophagy process was initiated.
However, the gene expression levels of lc3b and atg5 were significantly downregulated
in the VC-diet-fed group, implying that VC attenuated autophagic process induced by
hypoxia in gibel carp. Severe autophagy induces apoptosis, and caspase is an essential part
of the apoptosis mechanism that can reflect whether apoptosis occurs in the body [53]. Bax
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and Bcl2 play regulatory roles in apoptosis; both belong to the Bcl family, and they ulti-
mately mediate apoptosis by controlling the permeability of mitochondria and sequentially
activating caspase 9 and caspase 3 [54,55]. In the present study, apoptosis was activated by
hypoxia, as indicated by increased expression levels of bax and ero1α. Increased expression
levels of bcl2, concurrent with inhibited activities of Casp3 and Casp9 together with down-
regulated casp9 expression induced by VC indicated that VC inhibited apoptosis induced by
hypoxia in gibel carp, consistent with results in abalone [21]. Additionally, TUNEL-positive
cells were significantly reduced in gibel carp fed a VC diet under hypoxia compared with
fish in the control group, verifying the anti-apoptosis effects of VC. Taken together, the
results suggest that VC enhanced the anti-apoptotic ability of gibel carp through inhibiting
ER stress and caspase-dependent pathways.

5. Conclusions

Acute hypoxia stimulates oxidative damage, inflammation, and ER stress, resulting
in apoptosis in gibel carp. VC protected fish from acute hypoxia injury by enhancing
Nrf2/Keap1 signaling and downregulating the level of HIF-1α protein, thereby leading
to inhibition of oxidative stress, inflammation, and apoptosis. This study provides new
evidence for the hypothesis that VC supplementation can effectively alleviate oxidative
stress and inflammation induced by acute hypoxia in fish.
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Abstract: Palmitic acid (PA) is a saturated fatty acid (SFA) that can cause an inflammatory re-
sponse, while docosahexaenoic acid (DHA) is always used as a nutritional modulator due to its
anti-inflammatory properties. However, the potential molecular mechanism is still not completely
elucidated in fish. Herein, the PA treatment induced an inflammatory response in macrophages
of large yellow croaker (Larimichthys crocea). Meanwhile, the mRNA expression of Toll-like recep-
tor (TLR)-related genes, especially tlr22, and the phosphorylation of the mitogen-activated protein
kinase (MAPK) pathway were significantly upregulated by PA. Further investigation found that
the PA-induced inflammatory response was suppressed by tlr22 knockdown and MAPK inhibitors.
Moreover, the results of the peroxisome proliferator-activated receptor γ (PPARγ) agonist and in-
hibitor treatment proved that PPARγ was involved in the PA-induced inflammation. PA treatment
decreased the protein expression of PPARγ, while tlr22 knockdown and MAPK inhibitors recovered
the decreased expression. Besides, the PA-induced activation of Nrf2 was regulated by p38 MAPK.
Furthermore, DHA-executed anti-inflammatory effects by regulating the phosphorylation of the
MAPK pathway and expressions of PPARγ and Nrf2. Overall, the present study revealed that DHA
alleviated PA-induced inflammation in macrophages via the TLR22-MAPK-PPARγ/Nrf2 pathway.
These results could advance the understanding of the molecular mechanism of the SFA-induced
inflammatory response and provide nutritional mitigative strategies.

Keywords: palmitic acid; inflammatory response; Toll-like receptor; docosahexaenoic acid;
Larimichthys crocea

1. Introduction

Palmitic acid (PA), one of the most common saturated fatty acids (SFAs), can be
transported in cells and converted into phospholipids, diacylglycerol and ceramides [1–3].
PA has been reported to induce an inflammatory response of macrophages in mammals,
which triggers the activation of various signaling pathways and induces the production
of cytokines [4]. Palm oil (PO), enriched with PA, is increasingly used as an alternative
to fish oil in aquaculture [5]. Although partially replacing fish oil with PO in diets has
no significant effects on the growth performance of cultured fish, the overuse of PO often
induces an inflammatory response and suppresses the antioxidant capacity [6,7]. Moreover,
PA has been proven to induce an inflammatory response in fish [8]. However, the molecular
mechanism of the inflammatory response induced by PA is still not completely understood.
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As a family of pattern recognition receptors (PRRs), Toll-like receptors (TLRs) play an
essential role in initiating and regulating innate immunity both in mammals and fish [9,10].
The activation of TLRs recruits its adaptor proteins, such as the myeloid differentiation
factor 88 (MyD88) and TIR domain containing adaptor-inducing interferon-β (TRIF). Then,
downstream signaling cascades are triggered and activated, which could induce the expres-
sion of inflammatory genes [11,12]. Mitogen-activated protein kinase (MAPK) and nuclear
transcription factor kappa-B (NF-κβ) are the widely studied downstream pathways of TLR.
In mammals, PA could act as a strong agonist of TLR2 and TLR4 and activate downstream
inflammatory signaling pathways [13,14]. However, the composition of the TLR family
in teleost is different from that in mammals, which has some members considered to be
fish-specific TLRs. Among all the fish-specific TLRs, TLR22 is widely explored as the typical
member in many fish species [15–18]. Previous studies on large yellow croaker (Larimichthys
crocea) have revealed that TLR22 could respond to fatty acids [19,20]. However, the role and
downstream regulation mechanism of TLR22 in the PA-induced inflammatory response
remain unclear in fish.

N-3 polyunsaturated fatty acids (PUFAs), such as docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA), can inhibit inflammation by regulating the activity of in-
flammatory signaling pathways and influencing the production of lipid mediators [21,22].
PUFAs could inhibit SFA-induced cyclooxygenase-2 expression by mediating a common
signaling pathway derived from TLR [23]. Moreover, PUFA supplementation in diets re-
sults in a lower incidence of metabolic disease [24]. Previous studies on large yellow croaker
have revealed that DHA supplementation in diets significantly improved fish health, and
the anti-inflammatory effect of DHA was much stronger than EPA [25,26]. However, the
anti-inflammatory molecular mechanism of DHA in fish needs further investigation.

Large yellow croaker is an important mariculture fish in China. In large yellow croaker
feed, PO is widely used as a promising alternative to fish oil. However, it is still limited
in the mechanism of inflammatory response induced by PA. Nutritional regulation of
the immune system provides a potentially powerful strategy for improving fish health
and quality. Studies on nutritional regulation in large yellow croaker have been inten-
sively explored [27,28]. Large yellow croaker can be used as a good model animal in
nutrition research. Therefore, this study aimed to investigate the molecular mechanism of
PA-induced inflammation and its mitigative strategy mediated by DHA in macrophages
of large yellow croaker. These results could advance the understanding of the molecu-
lar mechanism of the inflammatory response induced by SFAs and provide nutritional
strategies against inflammation.

2. Materials and Methods

2.1. Macrophages Culture and Treatment

Large yellow croaker (weight 500 ± 50.26 g) was purchased from a commercial fish
farm in Ningbo, China. All experimental procedures performed on fish were in strict accor-
dance with the Management Rule of Laboratory Animals (Chinese Order No. 676 of the
State Council, revised 1 March 2017). Macrophages were isolated from fish head kidneys
and maintained according to the previous procedure with some modifications [29]. The
primary macrophage was cultured in DMEM/F12 medium supplemented with 10% fetal
bovine serum (FBS; Gibco, Carlsbad, CA, USA), 100-U/mL penicillin and 100-mg/mL strep-
tomycin at 28 ◦C. Before stimulation, macrophages were seeded in six-well plates (Corning,
Corning, NY, USA) at 2.0 × 106 cells per well. PA (Sigma-Aldrich, St. Louis, MO, USA)
was combined with 1% fatty acid-free bovine serum albumin (BSA; Equitech-Bio, Kerrville,
TX, USA) to reach a final concentration at 1 mm. Before the fatty acids treatment, cells
were starved with DMEM/F12 alone for 1 h. Macrophages were incubated with different
concentration of PA at 250 or 500 μM for 12 h. Cells treated with 1% fatty acid-free BSA
were considered as the control group.

To confirm the role of the MAPK pathway in PA-induced inflammation, SB203580 (p38
inhibitor; MCE, Jersey City, NJ, USA) and SP600125 (JNK inhibitor; MCE) were used at a
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final concentration of 10 μm for 2 h before PA treatment. Furthermore, to confirm the role
of PPARγ in PA-induced inflammation, troglitazone (PPARγ agonist; MCE) and GW9662
(PPARγ inhibitor; MCE) were incubated at a final concentration of 10 μm for 12 h before
PA treatment. The control group was incubated with the same concentration of dimethyl
sulfoxide (DMSO; Solarbio, Beijing, China).

To investigate the effect of DHA (Sigma-Aldrich, St. Louis, MO, USA) on PA-induced
inflammation, macrophages were incubated with 200-μm DHA for 12 h before PA stimula-
tion. After culturing, the macrophages were harvested for further analysis.

2.2. RNA Isolation and Quantitative Real-Time PCR (RT-qPCR)

Total RNA was extracted from macrophages by RNAiso Plus (Takara, Tokyo, Japan)
according to the manufacturer’s instructions. The 1.5% denaturing agarose gel was used to
measure the integrity of the RNA. The concentration and quality of extracted total RNA
were confirmed by a NanoDrop®2000 spectrophotometer (Thermo Scientific, Waltham,
MA, USA). Then, complementary DNA (cDNA) was reverse-transcribed from the extracted
RNA with the PrimeScript™ RT reagent kit (Takara, Tokyo, Japan).

The RT-qPCR primers used in this study are shown in Table 1 according to the nu-
cleotide sequences of target genes in large yellow croaker. β-actin was used as the house-
keeping gene. RT-qPCR was performed on a CFX96 Touch real-time PCR detection system
(Bio-Rad, Hercules, CA, USA) using the SYBR Premix Ex Taq kit (Takara, Tokyo, Japan).
The amplification was performed in a total volume of 20 μL, containing 10 μL of SYBR
qPCR Master Mix, 6 μL of DEPC water, 2 μL of cDNA and 1 μL of F/R primer. The PCR
temperature profile was performed at 95 ◦C for 2 min and, afterward, 39 cycles of 95 ◦C for
10 s, 58 ◦C for 15 s and 72 ◦C for 10 s. The gene expression levels were calculated via the
2−ΔΔCT method [30].

Table 1. Primers used for RT-qPCR and the gene accession number.

Gene Forward (5′-3′) Reverse (5′-3′) Accession Number

β-actin GACCTGACAGACTACCTCATG AGTTGAAGGTGGTCTCGTGGA GU584189
tnf α ACACCTCTCAGCCACAGGAT CCGTGTCCCACTCCATAGTT NM_001303385
il1β CATAGGGATGGGGACAACGA AGGGGACGGACACAAGGGTA XM_010736551
il6 CGACACACCCACTATTTACAAC TCCCATTTTCTGAACTGCCTC XM_010734753

cox2 CTGGAAAGGCAACACAAGC CGGTGAGAGTCAGGGACAT XM_010734489
arg1 AACCACCCGCAGGATTACG AAACTCACTGGCATCACCTCA XM_19269015
il10 AGTCGGTTACTTTCTGTGGTG TGTATGACGCAATATGGTCTG XM_010738826
cd68 GCAGGGCTTCAATCTGACCAA AGGATGAGCACCAGCAATGTC NM_001319937
cd86 TGTGCGTCTTAGTCTACCTTCT AAACTCTTCCGTCATCTTGC XM_010756962
cd209 GATGGGTGTATTTCAGCGGTAG TGTTGATAATCACCAGGTCTGC XM_027278935
tlr1 TGTGCCACCGTTTGGATA TTCAGGGCGAACTTGTCG KF318376
tlr2 TCTGCTGGTGTCAGAGGTCA GGTGAATCCGCCATAGGA XM_027287556
tlr3 ACTTAGCCCGTTTGTGGAAG CCAGGCTTAGTTCACGGAGG XM_019274877
tlr7 ATGCAATGAGCCAAAGTCT CATGTGAGTCAATCCCTCC XM_010743042
tlr13 CCTCCTGTTTATGGTAGTGTCC GCTCGTCATGGGTGTTGTAG XM_010743101
tlr21 CTTTGCCTACATCACAGGGACT GAAACACGAGCAGGAGAACATC KY025428
tlr22 TATGCGAGCAGGAAGACC CAGAAACACCAGGATCAGC GU324977

myd88 TACGAAGCGACCAATAACCC ATCAATCAAAGGCCGAAGAT EU978950
trif TACAATACTGTTATCCCTCTGCTGC TCTCTTCTGTTTTCTAATCCTCGCG MK863372

pparγ TGTCCGAGCTGGAAGACAAC TGGGGTCATAGGGCATACCA XM_010731330
nrf2 GATGGAAATGGAGGTGATGC CATGTTCTTTCTGTCGGTGG XM_010737768

sitlr22 GCAAGUUUGGUGGUGCUUUTT AAAGCACCACCAAACUUGCTT GU324977

2.3. Flow Cytometry Analysis

Macrophages treated with PA and BSA (the control group) were harvested and in-
cubated with CD68 or CD209 antibodies at 37 ◦C for 1 h. CD68 and CD209 antibodies
were produced by immunizing rabbits with synthetic recombinant proteins according to
sequences from large yellow croaker, and the specificity was verified in previous stud-
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ies [31]. Alexa Flour 488 goat anti-rabbit IgG (Beyotime Biotechnology, Shanghai, China)
was incubated for 45 min at 37 ◦C to combine with primary antibodies. The percentage of
positive cells was detected, and the data was analyzed by a flow cytometer (BD AccuriTM

C6, Franklin Lakes, NJ, USA). Gated represent macrophages (R1) were selected. M1 and M2
represented CD68+ and CD209+ populations compared with the control group, respectively.

2.4. Western Blotting

RIPA reagent (Solarbio, Beijing, China) with a supplementation of protease and phos-
phatase inhibitors (Thermo Fisher Scientific, USA) was used to obtain the proteins of
macrophages. Protein concentrations were measured by the BCA Protein Assay Kit (Bey-
otime Biotechnology, Shanghai, China). All protein concentrations were adjusted to the
same level before heating. Western blot experiments were performed as follows: 20 μg
of proteins were loaded on 10% SDS-PAGE and then transferred to polyvinylidene diflu-
oride (PVDF) membranes (Merck Millipore, Berlin, Germany). The PVDF membranes
were incubated with 5% skim milk for 2 h at room temperature and then incubated with
the targeting antibody overnight at 4 ◦C. The primary antibodies against ERK1/2 (Cat.
No. 4695), phospho-ERK1/2 (Cat. No. 4370), JNK1/2 (Cat. No. 9252), phospho-JNK1/2
(Cat. No. 4668), p38 (Cat. No. 8690), phospho-p38 (Cat. No. 9215), IKKβ (Cat. No. 2678),
phospho-IKKα/β (Cat. No. 2697) and PPARγ (Cat. No. 2443) were obtained from Cell
Signaling Technology (Boston, MA, USA). Anti-GAPDH antibody (Cat. No. TA-08; Golden
Bridge Biotechnology, Beijing, China) was used as the reference. Then, the membrane
was incubated with the secondary antibody (HRP-labeled Goat Anti-Rabbit IgG (H + L))
for 2 h at room temperature and then was visualized by an electrochemiluminescence kit
(Beyotime Biotechnology, Shanghai, China). The target proteins were quantified using
ImageJ software (National Institutes of Health, Bethesda, MD, USA).

2.5. RNA Interference

Large yellow croaker TLR22-specific small interfering RNA (siRNA; sense and an-
tisense sequences of siRNA are shown in Table 1; Gene Pharma, Shanghai, China) was
transfected into cells using the Xfect™ RNA Transfection Reagent (Takara, Tokyo, Japan)
according to the manufacture’s protocol for 36 h to knock down the expression of tlr22
in macrophages. The RNAi negative control (NC) was used as the control group. After
transfection for 36 h, cells were treated with PA for another 12 h.

2.6. Statistical Analysis

SPSS 22.0 (IBM, Armonk, NY, USA) was used to perform the statistical analysis, and
the results were presented as means ± standard error of the mean (S.E.M.). All data were
subjected to independent sample t-tests or one-way analysis of variance (ANOVA) followed
by Tukey’s multiple range test. A value of p < 0.05 was considered statistically significant.

3. Results

3.1. PA-Induced Inflammatory Response in Macrophages of Large Yellow Croaker

The PA treatment significantly upregulated the mRNA expression levels of proin-
flammatory genes, including tnfα, il1β, il6 and cox2 (p < 0.05) (Figure 1A–D). The mRNA
expression level of anti-inflammatory gene arg1 was significantly decreased in the PA
treatment compared with that in the control group (p < 0.05), while the mRNA expres-
sion of il10 showed no significant differences (p > 0.05) (Figure 1E,F). Moreover, mRNA
expression levels of cd68 and cd86, markers of proinflammatory phenotype macrophages,
were significantly increased after PA treatment, whereas the mRNA expression of cd209,
a marker of the anti-inflammatory phenotype macrophage, was significantly decreased
(p < 0.05) (Figure 1G–I). Gated macrophages (R1) in forward and side scatter (FS-SS) dot
plots and combined fluorescence histograms were shown (Figure 1J). The flow cytome-
try analysis showed that the PA treatment significantly increased the CD68+ population
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(Figure 1K,L). These results demonstrated that PA treatment induced an inflammatory
response in macrophages of large yellow croaker.

Figure 1. PA induced inflammatory response in macrophages of large yellow croaker. (A–I) mRNA
expression levels of inflammatory genes (tnfα, il1β, il6, cox2, arg1 and il10) and macrophage markers
(cd68, cd86 and cd209) after PA treatment (n = 6). (J–L) Fluorescence histograms of CD68+ (K) and
CD209+ (L) populations after PA treatment (scale of M1). Represent macrophages gated (R1) on a
forward scatter (FSC) versus side scatter (SSC) dot plot. Data are presented as the means ± SEM and
are analyzed using one-way ANOVA, followed by Tukey’s test. Bars labeled with the same letters are
not significantly different (p > 0.05).
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3.2. PA Activated the TLR-Related Genes Expression and MAPK Signaling Pathway
in Macrophages

To investigate whether the TLR signaling pathway was activated by PA, TLR-related
genes expression and downstream signaling pathways were detected in macrophages after
PA treatment. PA treatment significantly upregulated the mRNA expression levels of tlr3,
tlr7, tlr13, tlr22, myd88 and trif (p < 0.05), while the mRNA expression levels of tlr1, tlr2
and tlr21 had no significant changes (p > 0.05) (Figure 2A). As a typical specific TLR, the
increased expression level of tlr22 was more conspicuous than the others. Moreover, the
phosphorylation level of MAPK, including JNK and p38, was significantly increased after
the PA treatment (p < 0.05), while the phosphorylation levels of ERK and IKK showed
no significant differences (p > 0.05) (Figure 2B). These results revealed that the PA treat-
ment induced TLRs gene expressions, especially tlr22, and activated the MAPK pathway
in macrophages.

Figure 2. PA activated the TLR-related genes expression and MAPK signaling pathway in
macrophages. (A) The mRNA expression level of TLR-related genes after PA treatment. (B) Western
blot analysis of MAPK signaling activation after PA treatment. The ratios of p-ERK to ERK, p-p38 to
p38, p-JNK to JNK and p-IKK to IKK were determined. The data are presented as the means ± SEM
(n = 6) and are analyzed using independent t-tests. * p < 0.05 and ** p < 0.01 indicate significant
differences compared with the control group.

3.3. Effects of TLR22-MAPK Signaling Pathway on PA-Induced Inflammation in Macrophages

To confirm whether the TLR22-MAPK pathway participated in PA-induced inflamma-
tion, TLR22 siRNA was transfected, and MAPK inhibitors were incubated in macrophages.
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The transfection of siRNA into macrophages significantly inhibited the tlr22 mRNA ex-
pression (p < 0.05) (Figure 3A). Meanwhile, tlr22 knockdown significantly suppressed the
PA-induced mRNA expression levels of proinflammatory genes, including il1β, il6 and
cox2 (p < 0.05), while the mRNA expression level of arg1 showed no significant differences
(p > 0.05) (Figure 3B). As the downstream pathway of TLR, the change of MAPK was de-
tected after tlr22 knockdown under PA treatment. The results showed that the PA-induced
phosphorylation levels of JNK and p38 were significantly inhibited after tlr22 knockdown
(p < 0.05) (Figure 3C). Furthermore, JNK and p38 inhibitor incubation significantly sup-
pressed the PA-induced mRNA expression levels of proinflammatory genes, including
il1β, il6 and cox2 (p < 0.05) (Figure 4). These results demonstrated that PA induced an
inflammatory response of macrophages via the TLR22-MAPK signaling pathway.

Figure 3. Effects of tlr22 knockdown on PA-induced inflammation in macrophages. (A) The mRNA
expression of tlr22 after tlr22 knockdown. (B) Effects of tlr22 knockdown on the mRNA expression
levels of inflammatory genes induced by PA. (C) Effects of tlr22 knockdown on the phosphorylation
of the MAPK pathway induced by PA. The ratios of p-p38 to p38 and p-JNK to JNK were determined.
The data are presented as the means ± SEM (n = 3) and are analyzed using independent t-tests.
* p < 0.05 and ** p < 0.01 indicate significant differences compared with the control group.

3.4. PPARγ Participated in PA-Induced Inflammation via TLR22-MAPK Pathway

As an integral part of inflammatory responses, we further investigated whether PPARγ
was involved in regulating PA-induced inflammation. The PA treatment significantly
decreased the protein expression level of PPARγ (p < 0.05), while the mRNA expression
level of pparγ showed no significant differences (p > 0.05) (Figure 5A,B). The PPARγ agonist
and inhibitor were used to explore the role of PPARγ in PA-induced inflammation. The
activation of PPARγ significantly suppressed the PA-induced mRNA expression levels of
proinflammatory genes, including tnfα, il1β, il6 and cox2 (p < 0.05) (Figure 5C). Meanwhile,
the inhibition of PPARγ significantly enhanced the mRNA expression levels of il1β and
il6 (p < 0.05) (Figure 5C). Moreover, tlr22 knockdown significantly enhanced the mRNA
expression level of pparγ induced by PA (p < 0.05) but was not significantly different in the
protein expression (p > 0.05) (Figure 6A,B). However, p38 and JNK inhibitor incubation
significantly enhanced the protein expression level of PPARγ induced by PA (p < 0.05)
(Figure 6C). These results revealed that PPARγ participated in PA-induced inflammation
via the TLR22-MAPK pathway.
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Figure 4. Effects of p38 (SB203580) and JNK (SP600125) inhibitors on the mRNA expression levels of
inflammatory genes induced by PA. Data are presented as the means ± SEM (n = 6) and are analyzed
using Tukey’s test. Bars labeled with the same letters are not significantly different (p > 0.05).

Figure 5. PPARγ was involved in PA-induced inflammation. (A,B) mRNA and protein expression
levels of PPARγ after PA treatment (n = 6). The ratio of PPARγ to GAPDH was determined. (C) Effects
of the PPARγ activator (troglitazone) and inhibitor (GW9662) on the mRNA expression levels of the
inflammatory genes induced by PA (n = 3). Data are presented as the means ± SEM and analyzed
using independent t-tests. # p < 0.05 indicates significant differences compared with the BSA group
as the negative control. * p < 0.05 and ** p < 0.01 indicate significant differences compared with the
control group.
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Figure 6. PPARγ participated in PA-induced inflammation via the TLR22-MAPK pathway. (A,B) Ef-
fects of tlr22 knockdown on the protein and mRNA expression levels of PPARγ induced by PA
(n = 3). (C) Effects of the p38 (SB203580) and JNK (SP600125) inhibitors on the protein expression
level of PPARγ induced by PA (n = 3). Data are presented as the means ± SEM and analyzed using
independent t-tests. * p < 0.05 and ** p < 0.01 indicate significant differences compared with the
control group.

3.5. p38 MAPK Regulated the PA-Induced Activation of Nrf2

Nrf2, which was widely known to be the major regulation of antioxidant processes,
also played a role in regulating inflammation. The PA treatment significantly upregulated
the mRNA expression level of nrf2 (p < 0.05) (Figure 7A). p38 inhibitor incubation signifi-
cantly suppressed the PA-induced mRNA expression level of nrf2 (p < 0.05), while the JNK
inhibitor had no effects (Figure 7B). These results showed that p38 MAPK regulated the
PA-induced activation of Nrf2.

Figure 7. p38 MAPK regulated the PA-induced activation of Nrf2. (A) The mRNA expression level
of nrf2 after PA treatment. (B) Effects of the p38 (SB203580) and JNK (SP600125) inhibitors on the
mRNA expression level of nrf2 induced by PA. Data are presented as the means ± SEM (n = 6) and
analyzed using one-way ANOVA, followed by Tukey’s test and independent t-tests. Bars labeled
with the same letters are not significantly different (p > 0.05 and ** p < 0.01).

3.6. The Protective Effect of DHA against PA-Induced Inflammation

N-3 PUFAs are widely known to exert anti-inflammatory effects. Hence, the protec-
tive effect of DHA against PA-induced inflammation in macrophages was investigated.
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DHA treatment significantly suppressed the PA-induced mRNA expression levels of proin-
flammatory genes, including tnfα, il1β, il6 and cox2 (p < 0.05), while the mRNA expres-
sion of anti-inflammatory gene arg1 was significantly upregulated (p < 0.05) (Figure 8A).
However, the mRNA expression level of tlr22 had no significant differences after DHA
treatment (p > 0.05) (Figure 8B). Furthermore, the DHA treatment significantly reduced the
PA-induced phosphorylation levels of JNK and p38 (p < 0.05) (Figure 8C). Moreover, DHA
significantly recovered the decrease of PPARγ protein expression caused by PA (p < 0.05)
(Figure 8C). DHA also significantly inhibited the increase of nrf2 mRNA expression in-
duced by PA (p < 0.05) (Figure 8D). These results demonstrated that the protective effect of
DHA against the PA-induced inflammatory response could perform via the TLR22-MAPK-
PPARγ/Nrf2 signaling pathway.

Figure 8. The protective effect of DHA against PA-induced inflammation. (A) mRNA expression
levels of inflammatory genes after DHA treatment (n = 4). (B) The mRNA expression level of tlr22
after DHA treatment (n = 4). (C) Western blot analysis of MAPK signaling activation and the PPARγ
protein level after DHA treatment (n = 3). The ratios of p-p38 to p38, p-JNK to JNK and PPARγ to
GAPDH were determined. (D) The mRNA expression level of nrf2 after DHA treatment (n = 4). Data
are presented as the means ± SEM and analyzed using one-way ANOVA, followed by Tukey’s test.
Bars labeled with the same letters are not significantly different (p > 0.05).
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4. Discussion

This study utilized the primary head kidney macrophages, an important immune cell
in fish, to investigate the potential molecular mechanism of the PA-induced inflammatory
response. In the present study, we found that PA induced proinflammatory gene expres-
sions and promoted proinflammatory macrophage polarization, which was consistent with
the observations in mammals [32,33].

Fish rely more on their innate immune system to resist the invasion of bacteria be-
cause of their evolutionarily less well-developed adaptive immune system [34]. One of
mechanisms by which the innate immune system senses stimulation is through TLR sig-
naling. As the TLR family in teleost was different from that in mammals, the change of
TLR-related genes in large yellow croaker was detected according to a previous study [19].
The results showed that PA significantly activated the expressions of TLRs and adaptor
proteins. Among them, TLR22 may act as the main response receptor to PA. However,
TLR22 orthologs in humans serve as nonfunctional pseudogenes [35]. Furthermore, TLR22
knockdown suppressed PA-induced inflammation in macrophages. The current study,
for the first time, revealed the role of TLR22 in PA-induced inflammation in fish. Further
investigation found that PA induced the activation of JNK and p38 pathways. Although, a
previous study in large yellow croaker showed that PO and PA could activate the NF-κβ
pathway in the liver and hepatocytes, the present study found that PA activated MAPK but
not NF-κβ in macrophages [36,37]. Meanwhile, the transcriptome analysis in the spleen of
large yellow croaker revealed multiple signaling pathways were involved in the antiviral
response, including the MAPK, NF-β and JAK pathways [38,39]. Hence, previous studies
do not have uniform results on the changes of downstream signaling in response to differ-
ent stimulations [40–42]. These inconsistent results may be due to the fact that different
tissues had different regulation mechanisms of TLRs in response to different stimulations.
Therefore, the signaling pathways regulated by TLR22 in different stimulations remain to
be further explored in fish.

Since PPARγ could be modulated by TLRs and perform an anti-inflammatory effect,
we further confirmed whether PPARγ was involved in PA-induced inflammation. The
results showed that PA decreased the PPARγ expression at the translation level. The effects
of the agonist and inhibitor of PPARγ on inflammatory gene expressions indicated that it
presented an anti-inflammatory effect in regulating PA-induced inflammation, which was
consistent with previous studies in mammals [43]. Previous studies in large yellow croaker
revealed that PPARγ could negatively regulate the expression of inflammatory genes
by affecting the promoter activity of genes [44]. Furthermore, the tlr22 knockdown and
MAPK inhibitors recovered the decrease of PPARγ expression caused by PA. These results
demonstrated that PPARγ participated in PA-induced inflammation via the TLR22-MAPK
pathway in macrophages of large yellow croaker.

There is a complex interaction between the inflammatory response and antioxidant
systems. Nrf2 is an important transcriptional regulator regulating the expression of varieties
of anti-inflammatory and antioxidant genes and plays a central role in the response to
stimulation [45]. In the current study, Nrf2 could be activated by PA, and p38 regulated
the PA-induced activation of Nrf2. The results in mammals have reported that Nrf2
could participate in the alleviation of chronic inflammation by the MAPK pathway [46,47].
Therefore, the PA-induced activation of Nrf2 in the present study may be to compete and
suppress the inflammatory response induced by PA.

N-3 PUFAs perform anti-inflammatory and antioxidant properties through various
mechanisms and are always used as nutritional regulation strategies in mammals [48,49].
After understanding the molecular mechanism of PA in regulating inflammation, we
further investigated whether DHA could alleviate PA-induced inflammation. The results
showed that DHA inhibited the effect of PA on the mRNA expression of proinflammatory
genes and the phosphorylation of JNK and p38, which was consistent with the results in
mammals [50,51]. However, the mRNA expression of tlr22 showed no differences. Previous
studies in mammals suggested that the effect of PUFAs on impacting TLR activation might
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perform by regulating the lipid and protein compositions of the raft membrane, not directly
affecting the TLR mRNA expression [52,53]. The results in our lab also found that DHA
might regulate the activation of TLR22 by changing the biophysical properties of the cell
membrane (unpublished data). Furthermore, DHA recovered the decrease of PPARγ
protein expression induced by PA. DHA may affect PPARγ expression by regulating the
signaling pathways or directly activating PPARγ as a ligand [54]. Together, these results
revealed that the protective effect of DHA against PA-induced inflammation was executed
through the TLR22-MAPK-PPARγ/Nrf2 signaling pathway.

5. Conclusions

In conclusion, the present study indicated the PA-induced inflammatory response of
macrophages via the TLR22-MAPK-PPARγ/Nrf2 signaling pathway in large yellow croaker.
Meanwhile, DHA was found to alleviate the PA-induced inflammation, thereby performing
anti-inflammatory and antioxidation properties (Figure 9). These results could advance the
understanding of the molecular mechanism of the inflammatory response induced by SFAs
and provide nutritional strategies against inflammation, thereby improving the utilization
rate of PO in aquafeed.

Figure 9. A working model showed the molecular mechanism of the PA-induced inflammatory
response and the protective effect of DHA against the inflammation in macrophages of large
yellow croaker.
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Abstract: Fish is an important animal-source food for humans. However, the oxidative stress-induced
by intensive aquaculture usually causes deterioration of fish meat quality. The nutritional way
has been considered to be a useful method for improving fish flesh quality. This study using the
same growth experiment as our previous study was conducted to investigate whether vitamin A
could improve flesh quality by enhancing antioxidative ability via Nrf2/Keap1 signaling in fish
muscle. Six diets with different levels of vitamin A were fed to grass carp (Ctenopharyngodon idella)
(262.02 ± 0.45 g) for 10 weeks. Dietary vitamin A significantly improved flesh sensory appeal and
nutritional value, as evident by higher pH24h value, water-holding capacity, shear force, contents
of protein, lipid, four indispensable amino acids (lysine, methionine, threonine, and arginine) and
total polyunsaturated fatty acid in the muscle. Furthermore, dietary vitamin A reduced oxidative
damage, as evident by decreased levels of muscle reactive oxygen species, malondialdehyde, and
protein carbonyl, enhanced activities of antioxidative enzyme (catalase, copper/zinc superoxide
dismutase (CuZnSOD), MnSOD, glutathione peroxidase, and glutathione reductase), as well as
increased content of glutathione, which was probably in relation to the activation of nuclear factor
erythroid 2-related factor 2 (Nrf2) signaling. These findings demonstrated that dietary vitamin A
improved flesh quality probably by enhancing antioxidant ability through Nrf2/Keap 1a signaling in
fish.

Keywords: vitamin A; flesh quality; grass carp; antioxidant; Nrf2 signaling

1. Introduction

Vitamin A, which is an unsaturated monohydric alcohol with β-ionone ring, is an
essential nutrient for fish and capable of scavenging peroxyl radicals thus inhibiting lipid
peroxidation in vitro [1]. Our previous study showed that vitamin A reduced the oxidative
damage of lipid and protein in grass carp intestine [2]. To our knowledge, fish is an
important animal-source food providing essential nutrients with high bioavailability, such
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as balanced amino acid and omega 3 long-chain polyunsaturated fatty acids (n-3 LC PUFA)
for humans [3]. However, fish meat quality could be deteriorated by oxidative stress that is
usually caused by intensive aquaculture. The nutritional way has been considered to be a
useful method for enhancing fish flesh quality. Whether vitamin A could enhance fish flesh
quality via its antioxidative benefits is not known so far.

It is well known that sensory property is one of the main sets of characteristics that
make up fish flesh quality as perceived by the consumer [4]. Sensory acceptability of meat
is primarily determined by water-holding capacity (WHC) and tenderness, which can be
affected by pH value [5]. However, muscle pH value and WHC were reduced by oxidative
stress in common carp (Cyprinus carpio) [6]. To date, no report has shown the effect of
vitamin A on sensory appeal of fish flesh in relation to antioxidant capacity. In terrestrial
animals, dietary vitamin A improved the juiciness and tenderness of longissimus thoracis
from Holstein bulls and steers [7], the tenderness of longissimus lumborum from Angus
crossbred steers [8], and increased the shear force, and decreased the pH24h and drip loss
of breast muscle in broiler [9]. Accordingly, dietary vitamin A might change the sensory
appeal of fish flesh via antioxidation, which warrants further investigate.

In addition, nutritional value is another main characteristic of fish flesh quality [4].
A safe food supply provides nutritional benefit while posing minimal risks to consumers’
health [10]. However, protein oxidative change induces loss of essential amino acids and
decrease in digestibility, ultimately reducing the nutritional quality of muscle [11], while
lipid oxidation results in loss of nutrient value, off-flavor development, and accumulation
of toxic compounds, which may be detrimental to the health of consumers [12]. Yet, little is
known about whether vitamin A regulated nutritional value of fish flesh via antioxidant
capacity. Studies have found that certain levels of dietary vitamin A enhanced the body
crude protein content of juvenile hybrid tilapia (Oreochromis niloticus × O. aureus) [13], and
enhanced the perirenal fat in finishing pigs [14]. Furthermore, certain contents of dietary
vitamin A up-regulated fatty acid synthase mRNA level and enzyme activity in the liver
of orange spotted grouper (Epinephelus coioides) [15]. Thus, vitamin A might affect the
nutritional value of fish flesh, which awaits further characterization.

The present study used the same animal trial as our previous study, which reported
that vitamin A deficiency depressed the growth and intestinal immunity of on-growing
grass carp [16]. The present study aimed to investigate the effects of vitamin A on the flesh
sensory appeal, nutritional quality, antioxidative ability, and the possible mechanisms in
grass carp, which may be useful for elucidating the mechanisms whereby dietary vitamin
A influenced muscle quality in fish. Additionally, the dietary vitamin A requirements for
on-growing grass carp based on the muscle antioxidative parameters were also evaluated.

2. Materials and Methods

2.1. Animals, Diets, and Experimental Design

Healthy grass carp were procured from a commercial farm (Sichuan, China) and
acclimatized to experimental conditions for four weeks in cages (1.4 m × 1.4 m × 1.4 m).
Following another two weeks of vitamin A depletion period, 540 similarly-sized fish
(262.02 ± 0.45 g) were randomly allocated into eighteen cages (three cages per treatment)
and fed with six experimental diets differing in vitamin A content (18.69 (un-supplemented
control), 606.8, 1209, 1798, 2805, and 3796 IU/kg), respectively. The experimental diets
were formulated by supplementing retinyl acetate (500,000 IU/g) at concentrations of 0 (un-
supplemented control), 600, 1200, 1800, 2800, and 3800 IU/kg into the basal diet (Table 1),
which contained 30% crude protein according to the study of Khan et al. [17]. The dietary
vitamin A contents were assayed by high-performance liquid chromatographic (HPLC) as
described by Moren et al. [18]. During the 70 days experimental period, the fish were kept
in natural light and dark cycle, and fed four times daily to apparent satiation. Uneaten
feed was removed by using a disc equipped in the bottom of cage. Water temperature was
28 ± 2 ◦C, pH 7.0 ± 0.2, and dissolved oxygen ≥ 6.0 mg/L.
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Table 1. Formulation and nutrient content of the basal diet.

Ingredients % Nutrients Content %

Fish meal 15.55 Crude protein 4 29.71
Soybean protein

concentrate 26.25 Crude lipid 4 3.58

Gelatin 3.13 n-3 5 0.50
α-starch 24.00 n-6 5 1.00

Maize starch 16.32 Available phosphorus 5 0.84
Soybean oil 1.93

Cellulose 5.00
L-Met (98%) 0.40
Ca(H2PO4)2 2.87

Vitamin premix 1 1.00
Mineral premix 2 2.00

Vitamin A premix 3 1.00
Choline chloride (60%) 0.50

Ethoxyquin (30%) 0.05
1 Per kilogram of vitamin premix (g/kg): cholecalciferol (172 mg/g), 0.40; DL-α-tocopherol acetate (50%), 12.58;
menadione (22.9%), 0.83; cyanocobalamin (1%), 0.94; D-biotin (2%), 0.75; folic acid (95%), 0.42; thiamine nitrate
(98%), 0.11; ascorbic acetate (95%), 4.31; niacin (99%), 2.58; meso-inositol (98%), 19.39; calcium-D-pantothenate
(98%), 2.56; riboflavin (80%), 0.63; pyridoxine hydrochloride (98%), 0.62. All ingredients were diluted with maize
starch to 1 kg. 2 Per kilogram of mineral premix (g/kg): MnSO4·H2O (31.8% Mn), 1.8900; MgSO4·H2O (15.0% Mg),
200.0000; FeSO4·H2O (30.0% Fe), 24.5700; ZnSO4·H2O (34.5% Zn), 8.2500; CuSO4·5H2O (25.0% Cu), 0.9600; KI
(76.9% I), 0.0668; Na2SeO3 (44.7% Se), 0.0168. All ingredients were diluted with maize starch to 1 kg. 3 Vitamin A
premix: premix was added to obtain graded level of vitamin A and the amount of maize starch was reduced to
compensate. 4 Crude protein and crude lipid contents were measured value. 5 Available phosphorus, n-3, and n-6
contents were calculated according to NRC [19].

2.2. Sample Collection and Biochemical Analysis

Fishes were anaesthetized with benzocaine before sampling, following procedures
from Chen et al. [20]. After sacrifice, the left-side muscle of two fish in each cage were
quickly manually filleted, frozen, and preserved at −80 ◦C until needed for analysis,
while the right-side muscle was used for analysis of sensory appeal parameters. Parts
of the muscle were fixed in 10% neutral formalin for morphological observation, similar
to the previous study from our laboratory [2]. pH value, cooking loss, and shear force
of fish muscle were assayed according to Brinker and Reiter [21]. Briefly, muscle pH
value was detected using a calibrated pH probe (Testo AG Company, Lenzkirch, Germany)
after slaughter and then at 24 h post-mortem (pH24h). Cooking loss was determined by
weight changes before and after cooking (sealed in PE-bag and heated at 70 ◦C for 20 min).
Flesh shear force was assayed using an Instron 4411 material testing instrument (Instron
Corporation, Canton, MI, USA). Proximate composition, free amino acids, and fatty acids
contents of muscle were analyzed according to the method of AOAC [22], using a L-8800
amino acid analyzer (Hitachi Ltd., Tokyo, Japan) and gas chromatography method similar
to Carbonera et al. [23], respectively.

For antioxidant-related parameters assay, muscle tissue homogenates were prepared
according to the kit instructions. Reactive oxygen species (ROS), malondialdehyde (MDA),
protein carbonyl (PC), anti-superoxide anion (ASA) and anti-hydroxyl radical (AHR),
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione-S-
transferase (GST), and glutathione reductase (GR), as well as reduced glutathione (GSH)
were determined using the commercial detection kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). Activities of cathepsin B and L were assayed by the method
described by Bahuaud et al. [24]. Measurement of hydroxyproline, lactic acid, and carnosine
contents in muscle followed Periago et al. [25], Hultmann et al. [26], and Elbarbary et al. [27],
respectively. Muscle vitamin A contents were measured by HPLC method.
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2.3. Histology Observation

Histological observation of muscle was performed as described in our previous
study [28]. In brief, the fixed muscle tissues were dehydrated in alcohol and embed-
ded in paraffin wax. Afterwards, the tissues were serially sectioned to 4 mm, and stained
with hematoxylin and eosin (H & E). The muscle morphological was observed using a
Nikon TS100 light microscope (Nikon, Tokyo, Japan).

2.4. Quantitative Real-Time PCR Analysis

Procedures of total RNA isolation, reverse transcription, and quantitative real-time
PCR (qPCR) were similar to our previous study [16]. In brief, an RNAiso Plus kit (Takara,
Dalian, China) was used to isolate total RNA from muscle. One percent agarose gel
electrophoresis and spectrophotometric analysis (A260: 280 nm) were used to assay RNA
purity and concentration, respectively. After this, cDNA synthesis was performed using
a PrimeScriptTM RT reagent Kit (Takara, Dalian, China). Finally, qPCR was performed
using a CFX96TM Real-Time PCR System (Bio-Rad, Hercules, CA, USA) with SYBR Green
(Takara, Dalian, China). According to the preliminary experiment, β-actin was chosen
as the reference gene (data not shown). Specific primers for qPCR were listed in Table 2.
The amplification efficiencies of all primers were verified to be approximately 100%. The
relative gene expressions were analyzed using the 2−ΔΔCT method as described by Livak
and Schmittgen [29].

Table 2. Real-time PCR primer sequences.

Genes Forward (5′→3′) Reverse (5′→3′) Temperature (◦C) Accession Number

CuZnSOD CGCACTTCAACCCTTACA ACTTTCCTCATTGCCTCC 61.5 GU901214
MnSOD ACGACCCAAGTCTCCCTA ACCCTGTGGTTCTCCTCC 60.4 GU218534

CAT GAAGTTCTACACCGATGAGG CCAGAAATCCCAAACCAT 58.7 FJ560431
GPx1a GGGCTGGTTATTCTGGGC AGGCGATGTCATTCCTGTTC 61.5 EU828796
GPx1b TTTTGTCCTTGAAGTATGTCCGTC GGGTCGTTCATAAAGGGCATT 60.3 KT757315
GPx4a TACGCTGAGAGAGGTTTACACAT CTTTTCCATTGGGTTGTTCC 60.4 KU255598
GPx4b CTGGAGAAATACAGGGGTTACG CTCCTGCTTTCCGAACTGGT 60.3 KU255599
GSTr TCTCAAGGAACCCGTCTG CCAAGTATCCGTCCCACA 58.4 EU107283

GSTp1 ACAGTTGCCCAAGTTCCAG CCTCACAGTCGTTTTTTCCA 59.3 KM112099
GSTp2 TGCCTTGAAGATTATGCTGG GCTGGCTTTTATTTCACCCT 59.3 KP125490

GR GTGTCCAACTTCTCCTGTG ACTCTGGGGTCCAAAACG 59.4 JX854448
Nrf2 CTGGACGAGGAGACTGGA ATCTGTGGTAGGTGGAAC 62.5 KF733814

keap1a TTCCACGCCCTCCTCAA TGTACCCTCCCGCTATG 63.0 KF811013
keap1b TCTGCTGTATGCGGTGGGC CTCCTCCATTCATCTTTCTCG 57.9 KJ729125
TOR TCCCACTTTCCACCAACT ACACCTCCACCTTCTCCA 61.4 JX854449
S6K1 TGGAGGAGGTAATGGACG ACATAAAGCAGCCTGACG 54.0 EF373673

β-actin GGCTGTGCTGTCCCTGTA GGGCATAACCCTCGTAGAT 61.4 M25013

CuZnSOD = copper/zinc superoxide dismutase; MnSOD = manganese superoxide dismutase; CAT = catalase;
GPx1a = glutathione peroxidase 1a; GPx1b = glutathione peroxidase 1b; GPx4a = glutathione peroxidase 4a;
GPx4b = glutathione peroxidase 4b; GSTr = glutathione-S-transferase r; GSTp1 = glutathione-S-transferase p1;
GSTp2 = glutathione-S-transferase p2; GR = glutathione reductase; Nrf2 = nuclear factor erythroid 2-related
factor 2; Keap1a = Kelch-like ECH-associated protein 1a; Keap1b = Kelch-like ECH-associated protein 1b; TOR =
target of rapamycin; S6K1 = ribosomal protein s6 kinase polypeptide 1.

2.5. Western Blotting Measurement

The procedure of Western blotting was the same as previous study from our labora-
tory [30]. Shortly thereafter, extracted total and nuclear protein concentrations from muscle
were measured using a protein quantification kit (Bio-Rad, Hercules, CA, USA). After this,
protein samples with equal amounts were separated by SDS-PAGE and transferred to a
PVDF membrane. Membranes were blocked at room temperature for 1 h, incubated with
primary antibody at 4 ◦C overnight, and then with HRP-conjugated secondary antibodies
for 2 h. Anti-Nrf2, total TOR (T-TOR), phospho-TOR Ser2448 (p-TOR), β-actin, and lamin
B1 antibodies were the same as previous studies from our laboratory [31,32]. Finally, the
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bands were visualized and quantified by using an ECL kit (Millipore, Billerica, MA, USA)
and Image J software (NIH, Bethesda, MD, USA), respectively. Protein levels in vitamin A
supplemented groups were expressed relative to those in the vitamin A-deficient group.
The analysis was repeated three times, and similar results were obtained each time.

2.6. Statistical Analysis

Data were treated by using Excel 2019 (Microsoft Inc., Redmond, WA, USA). The
data from the individual fish in the same replicate were averaged, and then this mean
for the replicate was used in the analysis. Prior to any statistical analysis, normality and
homoscedasticity assumptions were confirmed. One-way ANOVA followed by Tukey’s
HSD test was used for vitamin A effects statistical analyses with SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA). p-value < 0.05 was considered as statistically significant. The linear and
quadratic effect of vitamin A were assayed by orthogonal polynomial contrasts in SAS 9.4.
The results are presented as mean and SEM. Data visualization was performed by using
the GraphPad Prim 8.0 (GraphPad Inc., La Jolla, CA, USA) and Excel 2019 (Microsoft Inc.,
Redmond, WA, USA).

3. Results

3.1. Proximate Compositions and Physicochemical Characteristics of Muscle

As presented in Table 3, contents of crude protein and crude lipid in muscle were
linearly (p < 0.05) and quadratically (p < 0.05) enhanced by increase in dietary VA, and
the highest in the group with 1798 IU/kg VA, while muscle moisture content was linearly
(p < 0.05) and quadratically (p < 0.05) reduced with increase in dietary VA contents, and the
lowest in the group with 1798 IU/kg VA. Compared to the VA deficiency group, increased
levels of dietary VA linearly (p < 0.05) and quadratically (p < 0.05) enhanced shear force,
pH24h, as well as carnosine content in grass carp muscle, while linearly (p < 0.05) and
quadratically (p < 0.05) reduced cooking loss, lactic acid content, and cathepsin B and L
activities in muscle. Meanwhile, muscle hydroxyproline content showed a quadratically
(p < 0.05) increase as dietary VA levels increased, and were the highest in the groups with
1209 and 1798 IU/kg VA.

3.2. Free Amino Acid Contents and Fatty Acid Profile in Muscle

In order to determine the effects of VA on flesh flavor, we focused on the free amino
acid contents in grass carp muscle. The results showed that the free lysine, methionine,
glutamic acid, threonine, and arginine contents in muscle were linearly (p < 0.05) and
quadratically (p < 0.05) increased as dietary VA levels increased. As for lysine and argi-
nine contents, they were significantly increased with increase in dietary VA levels up
to 1209 IU/kg (p < 0.05), and then plateaued. Methionine content in group with 1798
IU/kg VA was significantly higher than that in the VA deficiency group (p < 0.05). Threo-
nine content was significantly improved with the increasing VA levels up to 606.8 IU/kg
(p < 0.05), and plateaued thereafter. Glutamic acid content was significantly enhanced
by 606.8–3796 IU/kg VA (p < 0.05), and the highest in the group with 1798 IU/kg VA.
However, the other amino acids contents were not significantly affected by dietary VA
(Table 4).

Fatty acids are important precursors of flesh flavor. Accordingly, we also evaluated the
muscle fatty acids profile. We observed that dietary VA linearly (p < 0.05) enhanced the C18:
3n − 3, C20: 3n − 3, C22: 6 (docosahexaenoic acid, DHA) and total polyunsaturated fatty
acid (PUFA) contents in muscle, linearly (p < 0.05) and quadratically (p < 0.05) enhanced the
total unsaturated fatty acid content in muscle, whereas linearly (p < 0.05) reduced muscle
C160 content, and linearly (p < 0.05) and quadratically (p < 0.05) decreased the C16:1 and
total saturated fatty acid contents in muscle (Table 5). C16:1 content significantly decreased
with increase in dietary VA levels up to 1209 IU/kg, and plateaued thereafter. Compared
to the VA deficiency group, C18: 3n − 3 was significantly higher in groups with 2805
and 3796 IU/kg VA (p < 0.05), and C20: 3n − 3, C22: 6, ΣUFA and ΣPUFA contents were
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significantly higher in group with 2805 and 1798 IU/kg VA (p < 0.05), respectively, while
ΣSFA content was significantly lower in group with 1798 IU/kg VA (p < 0.05).

Table 3. Effects of dietary vitamin A on muscle proximate composition and physicochemical charac-
teristics of on-growing grass carp 1.

Dietary VA Levels, IU/kg Diet
SEM

p-Values

18.69 606.8 1209 1798 2805 3796 Linear Quadratic

Moisture, % 79.67 a 78.16 b 77.75 bc 77.15 c 77.93 bc 78.04 bc 0.20 0.0001 <0.0001
Protein, % 15.20 d 16.51 c 17.11 b 17.78 a 17.00 b 17.02 b 0.06 <0.0001 <0.0001
Lipids, % 10.06 b 10.92 ab 12.07 a 12.17 a 11.94 a 11.15 ab 0.31 0.01 <0.01

Cooking loss, % 16.03 a 12.56 b 10.12 c 10.25 c 12.25 b 13.85 b 0.39 <0.01 <0.0001
Shear force, N 1.18 d 1.30 c 1.53 a 1.51 a 1.42 b 1.31 c 0.02 <0.0001 <0.0001

pH24h 6.43 b 6.54 b 6.72 a 6.79 a 6.77 a 6.53 b 0.04 <0.01 <0.0001
Hydroxyproline,

mg/g tissue 0.38 d 0.46 b 0.58 a 0.57 a 0.43 bc 0.42 c 0.01 0.09 <0.0001

Carnosine,
ng/g tissue 348.51 c 409.53 bc 485.00 a 485.22 a 489.94 a 431.10 ab 14.96 0.0002 <0.0001

Lactic acid,
mmol/g
protein

2.58 a 2.16 b 2.09 b 1.63 d 1.86 c 1.85 c 0.04 <0.0001 <0.0001

Cathepsin B,
U/g protein 3.98 a 3.57 b 2.90 c 2.89 c 3.23 bc 3.29 b 0.08 <0.0001 <0.0001

Cathepsin L,
U/g protein 1.85 a 1.72 b 1.53 cd 1.44 d 1.54 cd 1.58 c 0.03 <0.0001 <0.0001

1 Data are means of three replicate groups, two fish for each replicate (n = 3), SEM = standard error of the mean.
a,b,c,d within a row, means without a common lowercase superscript differ (p < 0.05).

Table 4. Effects of dietary vitamin A on muscle amino acid composition (mg/100 g dry) of on-growing
grass carp 1.

Dietary VA Levels, IU/kg Diet
SEM

p-Values

18.69 606.8 1209 1798 2805 3796 Linear Quadratic

Glu 3.89 d 4.13 c 4.34 ab 4.52 a 4.20 bc 4.20 bc 0.04 0.0001 <0.0001
Asp 2.10 2.05 2.11 2.07 2.08 2.08 0.04 0.96 0.89
Gly 25.27 24.80 24.88 24.93 25.36 25.46 0.63 0.62 0.48
Ser 3.66 3.74 3.79 3.70 3.68 3.71 0.09 0.98 0.53
Ala 11.74 11.37 11.54 11.43 11.68 11.59 0.27 0.98 0.50
Met 5.13 b 5.49 b 5.82 ab 6.26 a 5.73 ab 5.76 ab 0.15 <0.01 <0.01
Thr 9.46 b 10.84 a 11.51 a 11.76 a 11.40 a 11.42 a 0.25 <0.01 <0.01
Lys 31.19 c 34.91 bc 38.82 ab 40.19 a 38.32 ab 37.83 ab 0.95 0.0001 0.0003
Arg 19.56 c 21.15 bc 23.76 a 23.61 a 22.13 ab 22.11 ab 0.49 <0.01 0.0002
His 169.71 173.39 177.13 174.86 173.25 172.57 2.62 0.61 0.10
Val 6.17 6.29 6.22 6.28 6.31 6.32 0.15 0.52 0.92
Ile 2.14 2.20 2.26 2.22 2.16 2.19 0.05 0.77 0.24

Leu 3.09 3.06 3.13 3.10 3.14 3.12 0.07 0.55 0.89
Phe 3.34 3.25 3.30 3.24 3.23 3.28 0.07 0.50 0.53
Tyr 5.21 5.21 5.24 5.23 5.24 5.20 0.11 0.95 0.80

1 Data are means of three replicate groups, two fish for each replicate (n = 3), SEM = standard error of the mean.
a,b,c,d within a row, means without a common lowercase superscript differ (p < 0.05).
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Table 5. Effect of dietary vitamin A on the fillet fatty acid (FA) profile (% of total FA methyl esters) of
on-growing grass carp 1.

Dietary VA Levels, IU/kg Diet
SEM

p-Values

18.69 606.8 1209 1798 2805 3796 Linear Quadratic

C14: 0 4.56 4.56 4.64 4.54 4.74 4.91 0.12 0.05 0.25
C15: 0 0.26 0.26 0.27 0.26 0.26 0.27 0.01 0.60 0.49
C16: 0 23.00 ab 23.22 a 22.61 ab 21.23 b 21.22 b 22.05 ab 0.39 <0.01 0.15
C17: 0 0.24 0.25 0.24 0.24 0.25 0.25 0.02 0.85 0.85
C18: 0 5.59 5.63 5.42 5.07 5.39 5.61 0.13 0.36 <0.05
C20: 0 0.23 0.23 0.23 0.22 0.23 0.22 0.01 0.49 0.91
C23: 0 0.28 0.29 0.29 0.28 0.29 0.31 0.02 0.28 0.72
C24: 0 0.77 0.78 0.75 0.74 0.82 0.82 0.04 0.29 0.24
C14: 1 0.21 0.22 0.21 0.22 0.26 0.25 0.02 0.10 0.86
C16: 1 14.02 a 12.94 ab 12.27 bc 11.69 bc 11.70 bc 11.55 c 0.28 <0.0001 <0.05
C17: 1 0.38 0.35 0.37 0.34 0.33 0.38 0.02 0.73 0.11

C18: 1c + t 22.51 23.20 23.70 24.37 24.57 23.52 0.54 0.05 0.07
C20: 1 1.88 1.82 1.80 1.84 1.76 1.70 0.05 <0.05 0.59
C22: 1 0.20 0.19 0.20 0.21 0.21 0.19 0.01 0.98 0.32

C18: 2c + t 7.83 7.78 7.99 8.50 8.52 8.03 0.18 <0.05 0.09
C20: 2 0.43 0.43 0.40 0.40 0.41 0.38 0.02 0.06 0.97

C18: 3n − 6 0.67 0.65 0.67 0.66 0.66 0.64 0.02 0.53 0.63
C18: 3n − 3 4.60 b 5.00 ab 5.03 ab 5.40 ab 5.56 a 5.54 a 0.19 <0.01 0.37

C20: 3n − 6 +
C21: 0 0.37 0.39 0.37 0.38 0.38 0.35 0.02 0.38 0.41

C20: 3n-3 1.06 b 1.10 ab 1.19 ab 1.20 ab 1.25 a 1.21 ab 0.04 <0.01 0.13
C20: 4 0.41 0.42 0.40 0.40 0.40 0.39 0.02 0.25 0.93

C20: 5 + C22: 0 1.11 1.08 1.04 1.03 1.06 1.00 0.04 0.13 0.79
C22: 6 9.39 b 9.20 b 9.92 ab 10.78 a 10.14 ab 10.42 ab 0.27 <0.01 0.24
ΣSFA 34.94 a 35.22 a 34.46 ab 32.58 b 33.19 ab 34.45 ab 0.48 <0.05 <0.05
ΣUFA 64.65 b 64.36 b 65.15 ab 67.02 a 66.41 ab 65.17 ab 0.48 <0.05 <0.05

ΣMUFA 39.19 38.73 38.53 38.66 38.83 37.59 0.49 0.09 0.59
ΣPUFA 25.87 b 26.04 b 27.01 ab 28.76 a 27.98 ab 27.97 ab 0.45 <0.01 0.08

1 Data are means of three replicate groups, two fish for each replicate (n = 3), SEM = standard error of the mean.
a,b,c within a row, means without a common lowercase superscript differ (p < 0.05). ΣSFA = Total saturated
fatty acid; ΣUFA = Total unsaturated fatty acid; ΣMUFA = Total monounsaturated fatty acid; ΣPUFA = Total
polyunsaturated fatty acid.

3.3. Antioxidant Related Parameters in Muscle

To test whether dietary VA affected muscle antioxidant capacity, we analyzed an-
tioxidant related parameters in muscle. The histological results indicated that an obvious
rupture in the muscle fiber occurred in the dietary VA deficiency group, but was not ob-
served in other groups (Figure 1). Furthermore, muscle MDA, PC, and ROS contents were
linearly (p < 0.05) and quadratically (p < 0.05) reduced by the enhanced levels of dietary
VA (Figure 2). Muscle CAT, CuZnSOD, GPx and GR activities, as well as GSH and VA
content were linearly (p < 0.05) and quadratically (p < 0.05) improved by the increase in
dietary VA levels, while ASA, AHR capacities, and MnSOD activity showed a quadratically
(p < 0.05) enhancement as dietary VA increased (Table 6). However, GST activity in muscle
was not significantly affected by dietary VA. Muscle ROS, MDA, and PC contents were
significantly reduced by dietary VA supplementation in comparison with the VA deficiency
group (p < 0.05), and was the lowest in the group with 1798 IU/kg VA. Compared to the
VA deficiency group, supplementation of 1209 and 1798 IU/kg VA significantly enhanced
the ASA and AHR capacities in muscle (p < 0.05). MnSOD and GR activities in group with
1798 IU/kg VA (p < 0.05) was significantly higher than those in the VA deficiency group
(p < 0.05). CuZnSOD, CAT, and GPx activities, and GSH content in muscle, significantly
increased with the increase in dietary VA levels up to 1209 IU/kg (p < 0.05), and plateaued
thereafter. Muscle VA content was the highest in the group with 3796 IU/kg VA (p < 0.05).
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Figure 1. The histology of on-growing grass carp muscle (H&E 100×): (A) The vitamin A-deficient
group. Arrowhead showed the rupture in muscle fiber. (B) The group with vitamin A at 606.8 IU/kg.
(C) The group with vitamin A at 1209 IU/kg. (D) The group with vitamin A at 1798 IU/kg. (E) The
group with vitamin A at 2805 IU/kg. (F) The group with vitamin A at 3796 IU/kg.

To fully characterize the effects of dietary VA on antioxidative enzymes, we tested
the relative expressions of antioxidant enzymes genes in muscle. As presented in Figure 3,
dietary VA linearly (p < 0.05) and quadratically (p < 0.05) up-regulated the relative gene
expressions of CAT and GPx1b in muscle, linearly (p < 0.05) improved the relative mRNA
levels of CuZnSOD, GPx4a, GPx4b, and GSTr in muscle, and quadratically (p < 0.05) in-
creased the relative gene expressions of MnSOD and GPx1a, but did not significantly affect
the relative mRNA levels of GSTp1, GSTp2 and GR. Compared to the VA deficiency group,
the relative mRNA levels of CuZnSOD, GPx4a, and GSTr were significantly higher in groups
with 2805 and 3796 IU/kg VA (p < 0.05), the relative mRNA levels of MnSOD and GPx1a
were significantly higher in groups with 1209 and/or 1798 IU/kg VA (p < 0.05). The relative
mRNA levels of CAT in muscle significantly increased with increase in dietary VA levels
up to 1209 IU/kg (p < 0.05), and then plateaued.
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Figure 2. Effects of dietary vitamin A on contents of ROS (A), MDA and PC (B) in muscle of on-
growing grass carp. Data are means ± SEM of three replicate groups, two fish for each replicate
(n = 3). a,b,c,d within a column, means without a common lowercase superscript differ (p < 0.05).
p-values underlined with a solid line indicate a linear and quadratic response to dietary vitamin A
levels. SEM = standard error of the mean; L = linear; Q = quadratic; ROS = reactive oxygen species,
%DCF florescence; MDA = malondialdehyde, nmol/mg prot; PC = protein carbonyl, nmol/mg prot.

95



Antioxidants 2022, 11, 148

Table 6. Effect of dietary vitamin A on antioxidant parameters in muscle of on-growing grass carp 1.

Dietary VA Levels, IU/kg Diet
SEM

p-Values

18.69 606.8 1209 1798 2805 3796 Linear Quadratic

ASA, U/g
protein 75.76 c 83.48 bc 96.85 a 92.20 ab 82.36 bc 82.68 bc 2.33 0.20 <0.0001

AHR, U/mg
protein 89.54 c 94.78 abc 99.75 ab 101.54 a 91.49 bc 90.89 c 1.83 0.93 0.0002

CuZnSOD,
U/mg protein 2.83 c 2.96 bc 3.36 ab 3.65 a 3.46 a 3.30 ab 0.09 0.0001 0.0005

MnSOD, U/mg
protein 3.82 b 4.30 ab 4.35 ab 4.48 a 4.20 ab 4.17 ab 0.12 0.14 <0.01

CAT, U/mg
protein 1.06 c 1.28 b 1.48 a 1.64 a 1.61 a 1.62 a 0.04 <0.0001 <0.0001

GPx, U/mg
protein 84.96 b 93.14 ab 103.73 a 104.63 a 104.43 a 103.25 a 2.92 0.0002 <0.01

GST, U/mg
protein 49.17 50.11 51.64 51.14 50.11 50.19 1.38 0.70 0.27

GR, U/g
protein 17.44 b 19.64 ab 19.70 ab 22.06 a 21.35 ab 20.54 ab 0.83 <0.01 <0.05

GSH, mg/g
protein 1.33 b 1.50 ab 1.63 a 1.62 a 1.62 a 1.60 a 0.04 0.0003 <0.01

Vitamin A,
μg/kg tissue 1.63 c 5.43 b 6.74 ab 5.84 ab 6.56 ab 8.29 a 0.52 <0.0001 <0.05

1 Data are means of three replicate groups, two fish for each replicate (n = 3), SEM = standard error of the mean.
a,b,c within a row, means without a common lowercase superscript differ (p < 0.05). AHR = anti-hydroxyl radical;
ASA = anti-superoxide anion; CuZnSOD = copper/zinc superoxide dismutase; MnSOD = manganese superoxide
dismutase; CAT = catalase; GPx = glutathione peroxidase; GST = glutathione-S-transferase; GR = glutathione
reductase; GSH = glutathione.

 
Figure 3. Effects of dietary vitamin A on relative mRNA levels of antioxidant enzymes genes in muscle
of on-growing grass carp. Data are means ± SEM of three replicate groups, two fish for each replicate
(n = 3). a, b, c within a column, means without a common lowercase superscript differ (p < 0.05).
p-values underlined with a solid line indicate a linear and quadratic response to dietary vitamin
A levels. SEM = standard error of the mean; L = linear; Q = quadratic; CuZnSOD = copper/zinc
superoxide dismutase; MnSOD = manganese superoxide dismutase; CAT = catalase; GPx1a =
glutathione peroxidase 1a; GPx1b = glutathione peroxidase 1b; GPx4a = glutathione peroxidase
4a; GPx4b = glutathione peroxidase 4b; GSTr = glutathione-S-transferase r; GSTp1 = glutathione-S-
transferase p1; GSTp2 = glutathione-S-transferase p2; GR = glutathione reductase.
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3.4. Nrf2 and TOR Signaling in Muscle

To clarify the signaling involved in VA-regulated antioxidant capacity, we studied the
TOR and Nrf2 signaling in muscle. For Nrf2 signaling pathway, as dietary VA increased,
Nrf2 gene expressions in the muscle were quadratically (p < 0.05) increased, while Kelch-like
ECH-associating protein a (Keap1a) gene expression was quadratically (p < 0.05) down-
regulated (Figure 4A). However, the relative mRNA levels of Keap1b in muscle were not
significantly changed by dietary VA (Figure 4A). Furthermore, the total Nrf2 protein level
in muscle was linearly (p < 0.05) and quadratically (p < 0.05) increased by increasing levels
of dietary VA, and the nuclear Nrf2 level in muscle was quadratically (p < 0.05) enhanced
by increase in dietary VA (Figure 4B). Compared to the VA deficiency group, the relative
mRNA levels of Nrf2, protein levels of nuclear Nrf2 and total Nrf2 were significantly higher
in groups with 606.8, 1209, and/or 1798 IU/kg VA (p < 0.05), while the relative mRNA
levels of Keap1a was significantly lower in group with 1209 IU/kg VA (p < 0.05).

As presented in Figure 5A, dietary vitamin A quadratically (p < 0.05) and linearly
(p < 0.05) up-regulated the relative gene expressions of TOR and S6K1 in muscle, respec-
tively. Meanwhile, the protein levels of T-TOR and p-TORser2448 in muscle were linearly
(p < 0.05) and quadratically (p < 0.05) enhanced by dietary VA, respectively. Muscle p-
TOR/T-TOR was linearly (p < 0.05) and quadratically (p < 0.05) changed by dietary VA
(Figure 5B). Compared to the VA deficiency group, the relative gene expressions of TOR
and S6K1 in muscle were significantly up-regulated by 606.8-3796 and 2805-3796 IU/kg
VA (p < 0.05), respectively, the protein levels of T-TOR and p-TORser2448 were significantly
higher in groups with 1798-3796 and 1209-1798 IU/kg VA (p < 0.05), respectively.

3.5. Dietary Vitamin A Requirements for On-Growing Grass Carp

As presented in Figure 6, based on muscle shear force and ROS contents, the dietary
VA requirements for on-growing grass carp (262.02–996.67 g) were determined to be 2080
and 2244 IU/kg diet, respectively.
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Figure 4. Effects of dietary vitamin A on relative mRNA levels of Nrf2, keap1a, and keap1b (A); total
and nuclear levels of Nrf2 protein (B) in muscle of on-growing grass carp. Data are means ± SEM of
three replicate groups, two fish for each replicate (n = 3). a,b,c,d within a column, means without a
common lowercase superscript differ (p < 0.05). p-values underlined with a solid line indicate a linear
and quadratic response to dietary vitamin A levels. SEM = standard error of the mean; L = linear;
Q = quadratic; Nrf2 = nuclear factor erythroid 2-related factor 2; Keap1a = Kelch-like ECH-associated
protein 1a; Keap1b = Kelch-like ECH-associated protein 1b.
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Figure 5. Effects of dietary vitamin A on relative mRNA levels of TOR and S6K1 (A), total and
phosphorylation levels of TOR protein (B) in muscle of on-growing grass carp. Data are means ± SEM
of three replicate groups, two fish for each replicate (n = 3). a,b,c,d within a column, means without a
common lowercase superscript differ (p < 0.05). p-values underlined with a solid line indicate a linear
and quadratic response to dietary vitamin A levels. SEM = standard error of the mean; L = linear;
Q = quadratic; TOR = target of rapamycin; S6K1 = ribosomal protein s6 kinase polypeptide 1.
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Figure 6. The dietary vitamin A requirements for on-growing grass carp based on muscle shear force
(A) and contents of reactive oxygen species (ROS, (B)).

4. Discussion

This present study used the same growth experiment as our previous research [2,16],
which indicated that VA deficiency induced poor growth, impaired intestinal antioxidant
capacity, induced apoptosis, and depressed intestinal immunity of on-growing grass carp.
Oxidant damage usually can cause deterioration of fish flesh quality. Therefore, the present
study focused on clarifying whether dietary VA could improve fish flesh quality through
increasing antioxidative capacity.

4.1. Vitamin A Improved Fish Flesh Quality

One of the main sets of flesh quality characteristics is sensory appeal, which can be
reflected by WHC, tenderness, and pH value [5]. In the present study, dietary VA deficiency
induced a drop of shear force and pH24h value, as well as an increase in cooking loss in grass
carp muscle; however, optimal levels of dietary VA reversed these undesirable changes,
indicating that VA is helpful for the improvement of fish flesh quality. Although no more
information about the effects of VA on sensory appeal was found in fish, our results were
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similar to studies in terrestrial animals, which indicated that dietary VA improved juiciness
and tenderness of longissimus thoracis from Holstein bulls and steers [7], tenderness
of longissimus lumborum from Angus crossbred steers [8], and the sensory appeal of
breast muscle in broiler [9]. In fish, the decrease in muscle pH value is closely related to
the lactic acid production [33]. The present study found that lactic acid content in grass
carp muscle was reduced by dietary VA. Meanwhile, correlation analysis showed that
muscle pH24h value was negative in relation to lactic acid content (Table 7), indicating
that VA-increased muscle pH24h value was partly ascribed to the lactic acid reduction
in muscle. Muscle firmness is positively associated with collagen content (reflected by
hydroxyproline content) [34], and negatively associated with activities of cathepsins B
and L, which play important roles in post-mortem degradation of tissue proteins [35] and
are positively correlated to detachments in the muscle structure in fish [26]. In this study,
dietary VA enhanced the hydroxyproline content and decreased the cathepsin B and L
activities in grass carp muscle. Further analysis indicated that muscle shear force was
positively related to hydroxyproline content and negatively related to cathepsin B and
L activities (Table 7), suggesting that VA increased fish muscle firmness partly through
enhancing collagen content and decreasing cathepsin B and L activities.

Table 7. Correlations of different indices in the muscle of on-growing grass carp.

Dependent Parameters Independent Parameters r p

pH24h Lactic acid content −0.758 =0.08
Shear force Hydroxyproline content +0.894 <0.05

Cathepsin B activity −0.964 <0.01
Cathepsin L activity −0.906 <0.05

MnSOD activity MnSOD mRNA level +0.928 <0.01
CAT activity CAT mRNA level +0.980 <0.01

GPx activity GPx4a mRNA level +0.999 <0.01
GPx4b mRNA level +0.936 <0.01

MnSOD mRNA Nrf2 mRNA level +0.938 <0.01
GPx1a mRNA +0.842 <0.05

MnSOD = manganese superoxide dismutase; CAT = catalase; GPx = glutathione peroxidase; Nrf2 = nuclear factor
erythroid 2-related factor 2.

The nutritional composition of muscle is another major quality aspect in fresh fish.
Meanwhile, muscle free amino acids and fatty acids are major flavor contributors and
important flavor precursors in fish, respectively [4]. Data in this study showed that contents
of muscle protein, lipid, some free amino acids (Lys, Met, Thr, Arg, and Glu), DHA, and
total PUFA were decreased by the VA deficiency and increased by optimal levels of dietary
VA, suggesting that VA improved muscle nutritional composition of fish. These results
were similar to studies that indicated that dietary VA increased body crude protein content
of juvenile hybrid tilapia [13], and perirenal fat in finishing pigs [14]. However, information
available on the effects of VA on amino acids and fatty acids contents in fish is scarce.
Elongases of very long-chain fatty acid (Elovl) are involved in LC-PUFA biosynthesis by
catalyzing the rate-limiting condensation step in elongation process [36]. Study found
that VA upregulated fatty acid elongase-4 (Elovl4) mRNA levels in WNIN/Ob obese rat
retina [37]. This might partially explain the VA-increased muscle DHA and PUFA contents
in the present study.

4.2. Vitamin A Enhanced the Muscle Antioxidant Capacity of Fish

Lipid and protein oxidation, not only is one of the major causes of meat quality
deterioration [12], but it also leads to damage of the structural integrity of cells [38]. High
unsaturated lipid levels in fish flesh make it more susceptible to oxidative deterioration,
which is mainly caused by an imbalance between ROS production and antioxidative
defense [12]. MDA and PC are good biomarkers of protein oxidation and lipid peroxidation
in animal tissues [39]. In the present study, dietary VA deficiency-induced rupture in the
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muscle fiber, while VA supplementation groups did not show this change. Furthermore,
compared with the VA-deficient group, optimal levels of VA reduced ROS, MDA, and PC
contents in grass carp muscle, showing that VA depressed the oxidative damage of fish
muscle. Superoxide anion (O2

•−) and hydroxyl radical (•OH−) are two important toxic
ROS involving in oxidative damage [40]. Antioxidant enzymes (like SOD and GPx) and
non-enzymatic antioxidant (like GSH) play important roles in free radicals scavenging.
SOD is the main element of the first level of antioxidant defense against superoxide radical,
CAT, and GPx play important roles in detoxifying the hydrogen peroxide, GST, and GR are
also important glutathione-dependent enzymes and able to counteract the peroxidative
damage [39]. Meanwhile, GSH is a low-molecular-mass thiol that involves in scavenging
peroxyl radicals in cells [39]. In this study, VA deficiency decreased superoxide anion and
hydroxyl radical scavenging capacities (ASA and AHR, respectively), CAT, CuZnSOD,
MnSOD, GPx, and GR activities, as well as GSH and VA contents in grass carp muscle, while
optimal levels of vitamin A reversed these changes, indicating that vitamin A decreased
ROS content possibly via improving the antioxidant defense in fish muscle. However, GST
activity in muscle was not significantly affected by dietary VA in this study. This result
was different from the previous study from our laboratory, which found that VA deficiency
reduced intestinal GST activity in grass carp [2]. The different results between muscle
and intestine might be partly related to the tissue distribution of GST. In river pufferfish
(Takifugu obscurus), the GST genes expressions in intestine were higher than those in muscle,
which is associated with the fact that intestine is more susceptible to oxidant damage than
muscle [41]. However, further investigation is necessary to clarify the exact mechanisms
behind these findings.

As we know, activities of antioxidative enzymes were partly relied on their gene
expression. In the current study, dietary VA deficiency resulted in a decrease in CAT,
CuZnSOD, MnSOD, GPx1a, GPx4a and GSTr mRNA levels in muscle, which might partly
explain the decrease in CAT, CuZnSOD, MnSOD, and GPx activities in the VA-deficient
group. However, GSTp1, GSTp2, and GR mRNA levels in muscle showed no difference
among groups. The difference change pattern of GST isoforms in muscle might be partly
related to their tissue-specifically expression. In bighead carp (Aristichthys nobilis), the
relative gene expression of GST rho was higher than that of GST pi in muscle [42]. The
higher expression of GSTr in muscle might lead to the more sensitive response to VA;
however, this needs further characterization. In mammal, the expression of antioxidative
enzymes genes (such as CAT and CuZnSOD) can be modulated by Nrf2 signaling [43]. The
present study observed that dietary VA deficiency decreased mRNA levels of Nrf2, protein
levels of total Nrf2, and nuclear Nrf2, while enhancing the mRNA levels of Keap1a in
grass carp muscle. These results demonstrated that VA deficiency-decreased antioxidative
capacity might partly be attributed to the down-regulated Nrf2 levels. However, the muscle
Keap1b mRNA level was not influenced by VA. This is similar with our previous studies,
which found that VA deficiency upregulated Keap 1a gene expressions rather than Keap 1b
in intestine, head kidney, and spleen of grass carp [2,44], demonstrating that VA regulated
antioxidant gene expressions mainly via Nrf2/Keap 1a signaling in fish with unknown
mechanisms. Additionally, in vitro study showed that inhibition of TOR reduced total Nrf2
expression in human hepatic carcinoma cells [45]. Our current results indicated that dietary
VA enhanced the mRNA levels of TOR and S6K1, and total protein and phosphorylation
levels of TOR in muscle of grass carp, which showed similar change patterns as total Nrf2
and nuclear Nrf2 levels, implying that VA-activated Nrf2 signaling might partly be due to
the activation of TOR in muscle.

4.3. Vitamin A Requirement for On-Growing Grass Carp

As demonstrated by the above data, VA deficiency could lead to the deteriorated
muscle quality of on-growing grass carp probably via depressing antioxidant ability in
muscle. Accordingly, it is valuable to estimate the VA requirements for grass carp based
on the muscle quality indices. Based on muscle shear force, contents of ROS, the VA
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requirements for on-growing grass carp (262.02–996.67 g) were determined to be 2080 and
2244 IU/kg diet, respectively, which were higher than that based on growth (1929 IU/kg
diet), suggesting that more VA might be required for improving fish muscle quality. It is
consistent with the study that showed that on-growing grass carp had higher folic acid
requirements based on flesh quality [46]. Meanwhile, the VA requirements for on-growing
grass carp based on healthy indices of intestine, head kidney, and spleen were higher than
that based on growth [16,44]. These results demonstrated that higher dietary intake of
nutrients is often necessary to satisfy physiology functions other than growth in fish.

5. Conclusions

The present study demonstrated that dietary VA depressed deterioration of sensory
appeal, nutrition value, as well as flavor quality of fish flesh probably through improving
antioxidant capacity, as shown by increased activities and gene expressions of SOD, CAT,
and GPx, which was closely related to Nrf2/Keap 1a (rather than Keap 1b) signaling in
muscle. However, VA showed different impacts on GST and GST isoforms in muscle
with unknown mechanisms. In addition, the dietary VA requirements for improving flesh
quality of on-growing grass carp were determined to be 2080–2244 IU/kg, which was
slightly higher than that based on growth (1929 IU/kg).
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Abstract: The susceptibility of animals to pathogenic infection is significantly affected by nutritional
status. The present study took yellow catfish (Pelteobagrus fulvidraco) as a model to test the hypothesis
that the protective roles of glutamine during bacterial infection are largely related to its regulation on
the immune and antioxidant system, apoptosis and autophagy. Dietary glutamine supplementation
significantly improved fish growth performance and feed utilization. After a challenge with Flavobac-
terium columnare, glutamine supplementation promoted il-8 and il-1β expression via NF-κB signaling
in the head kidney and spleen, but inhibited the over-inflammation in the gut and gills. Additionally,
dietary glutamine inclusion also enhanced the systematic antioxidant capacity. Histological analysis
showed the protective role of glutamine in gill structures. Further study indicated that glutamine
alleviated apoptosis during bacterial infection, along with the reduced protein levels of caspase-3
and the reduced expression of apoptosis-related genes. Moreover, glutamine also showed an in-
hibitory role in autophagy which was due to the increased activation of the mTOR signaling pathway.
Thus, our study for the first time illustrated the regulatory roles of glutamine in the fish immune
and antioxidant system, and reported its inhibitory effects on fish apoptosis and autophagy during
bacterial infection.

Keywords: antioxidant; apoptosis; autophagy; glutamine; immunity; mTOR signaling

1. Introduction

Unlike mammals, teleosts live in aquatic environments which are more conducive to
bacterial growth [1,2], therefore potential pathogens could enter the bodies of fish across
their mucosal epithelial barriers including the gills, gastrointestinal system or skin le-
sions [3–5]. Bacterial infection is one of the most common causes for animal diseases, both
in mammals and other animals [6]. During infection, animals would firstly activate the
innate immune system to defend against the invaders, and some animal species, mainly
vertebrates, could further activate the adaptive immune system to efficiently clearing in-
vading pathogens with a prolonged infecting period [7]. In particular, fish represent the
earliest bony vertebrate to develop both innate and adaptive immune responses during
evolution [8]. Reactive oxygen species (ROS) would also be induced by bacterial infec-
tion, however, the over-production of O2− would cause oxidative damage to proteins,
nucleic acids, and lipids [9]. Fish, like other animals, develop a cellular antioxidant de-
fenses system to function in multiple situations including ROS scavenging, oxidative stress
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protection, and attenuation of membrane lipid peroxidation [10]. The major front-line
antioxidant enzymes, such as superoxide dismutase (SOD, neutralizes superoxide radicals
to H2O2), catalase (CAT) and glutathione peroxidase (GPx, neutralizes H2O2 to water),
and small non-protein antioxidants (scavenges all active oxygen species directly) work
in a cascade to protect cells from oxidative stress [11]. Moreover, the programmed cell
death including autophagy and apoptosis are also related to an early evolution of defense
against bacterial infection, for example, successful autophagic contributes to the clearance
of the invading microbe and cell survival [12] while apoptosis helps to preserve the whole
organism or the species from the spread of infection [13]. Autophagy is a fundamental
eukaryotic process with multiple cytoplasmic homeostatic roles, recently expanded to
include unique stand-alone immunological functions and interactions with nearly all parts
of the immune system [14]. Autophagy has been identified to function as the effector or
regulatory functions downstream of systems sensing danger signals/alarmins, also known
as damage-associated molecular patterns (DAMP), such as ATP and self-DNA-containing
complexes [15]. The contribution of autophagy is complicated by the fact that autophagy
can be either protective or harmful, depending on the biological context [16]. Besides au-
tophagy, apoptosis could also be induced upon endogenous receptor/ligand systems on the
surface of the pathogen-infected cell via the activation of several pro-apoptotic proteins, e.g.,
caspases, and the inactivation of anti-apoptotic proteins, e.g., NF-κB or MAP-kinases [17].
In particular, the induction of apoptosis in epithelial or endothelial cells might break the
epithelia/endothelial cell barrier and permit the bacteria to reach the sub-mucosa [18].

The immune responses, antioxidant capacity and programmed cell death of animals
would be significantly affected by their nutritional status [19]. Normally, functional nu-
trients could perform a substrate role in the initial development of the immune cells and
during an actual immune response so that the responding cells can divide and synthesize
effector molecules [20]. Nutrients may perform direct regulatory actions on the leukocytes
that respond to infectious challenges, and also perform indirect effects during bacterial in-
fection via the modulation of the endocrine system [21,22]. Moreover, antioxidant nutrients
could act as the safeguard against the accumulation of ROS and their elimination from the
system to ensure redox homeostasis [23] via preventing lipid peroxidation, stopping the
oxidative chain reaction in membranes and lipoproteins [24], and promoting the synthesis
of antioxidant enzymes [25]. Additionally, nutrient starvation and specific nutrients have
also been reported to regulate the apoptosis and autophagy in multiple kinds of cells [26,27].
Among all nutrients, amino acids are traditionally considered to compose proteins, and
recently have been reported to function as direct signals to activate several signaling path-
ways and further play multiple functions [28]. Glutamine (Gln) is an abundant amino acid
in blood which also functions as the most important fuel for intestinal tissue to support gut
protein synthesis [29,30], regulate antioxidant [31] and immune system [32,33], promote
cell proliferation [34], and delay apoptosis [35,36]. Glutamine has also been reported to
activate several cell signaling-related kinases to play multiple functions [37]. For example,
glutamine enhances intestinal cells proliferation via activating MAPKs [38], promotes
protein synthesis by activating mTOR signaling [39,40], and improves cell survival by
regulating heat shock proteins in the intestine [41,42]. In particular, glutamine functions
in maintaining gut integrity in both humans and terrestrial animals by serving as a major
energy substrate for the rapid development of enterocytes [43,44]. Approximately 70%
of glutamine is degraded by rat and pig small intestines during the first pass [45,46] and
glutamine deprivation induces autophagy and alters the mTOR and MAPK signaling
pathways in porcine intestinal epithelial cells [47].

In fish, glutamine has also been reported to promote growth, enhance antioxidant
capacity, promote intestinal function, improve healthcare function and even muscle fla-
vor [48,49], however, there is little information about the regulatory mechanism. Unlike
the normally twice duplicated genome during the evolution of vertebrates, a third genome
duplication occurs in teleosts, i.e., fish-specific genome duplication (FSGD), which makes
the teleost a research model to illustrate novel mechanism [50,51]. Recent studies have
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identified the FSGD in yellow catfish (Pelteobagrus fulvidraco) [52] and also the regulatory
roles of apoptosis and autophagy in lipid metabolism of yellow catfish, for example, the
apoptosis signaling pathways is reported to mediate Met-induced changes of hepatic lipid
deposition and metabolism [53] and autophagy is involved in FA-induced TG accumulation
and lipotoxicity in yellow catfish [54]. However, the apoptosis and autophagy responses
during bacterial infection are rarely evaluated in teleosts, including yellow catfish. The
columnaris disease, induced by Flavobacterium columnare (F. columnare) infection [55], is
common in yellow catfish which exhibits skin lesions, fin erosion and gill necrosis with
a high degree of mortality [56]. During F. columnare infection, yellow catfish could acti-
vate both innate immunity, such as the increased release of pro-inflammatory cytokines
and reactive oxygen species (ROS) and adaptive immunity such as the secretion of im-
munoglobulins [56,57]. However, unlike most teleosts, no IgT/IgZ which is the executor of
fish mucosal immunity exists in the genome of yellow catfish, and its mucosal immunity
is far from knowledgeable [57,58]. Thus, the yellow catfish is a good experimental model
to study the regulatory mechanism of immune and antioxidant systems, apoptosis and
autophagy in teleost after bacterial infection. Accordingly, glutamine was supplemented to
the diet of the yellow catfish for an 8-week rearing experiment in the present study, which
was then infected with F. columnare to systematically evaluate the regulatory mechanism.
This study made the first attempt to evaluate the influence of dietary glutamine inclusion
on the apoptosis and autophagy responses in fish during bacterial infection.

2. Materials and Methods

2.1. Fish Husbandry

Yellow catfish of approximately 4.0 g, bought from a fish farm in Wuhan (Hubei,
China), were maintained in independent circular fiberglass tanks (80 cm in diameter, 100 cm
in column height) at the wet lab of Huazhong Agricultural University. The temperature of
all water tanks was maintained at 24 ± 1 ◦C, and the peripheral speed of water was 8 L/min.
Fish were fed twice per day with a commercial diet. All animal proceeding procedures were
approved by the Institutional Animal Care and Use Committee of Huazhong Agricultural
University.

2.2. Experimental Diet Preparation and Feeding

The composition of the basal diet is shown in Table 1. In the experimental diet,
glutamine (1%) was added to the basal diet. At the beginning of the fish rearing experiment,
yellow catfish were randomly assigned to 10 fish tanks, with 30 fish per tank. Fish in
five tanks fed with the basal diet were set as the control group, while fish in another five
tanks fed with the experimental diet were set as the experimental group. All other feeding
and domestication conditions were the same in the two groups. After 60 days of the
rearing experiment, fish within each tank were weighed and the diet used in each tank was
calculated. Then fish growth performance and feed utilization were calculated, including
final body weight (FBW), weight gain rate (WGR), specific growth rate (SGR) and feed
conversion ratio (FCR). The parameters were calculated as the following equations which
were determined according to previous reported methods [56]:

Table 1. Formulation and proximate composition of the basal diet (% dry matter).

Ingredient % Ingredient %

Fish meal 5 Vitamin premix a 1
Wheat gluten meal 8 Mineral premix b 1.5
Corn gluten meal 14 Monocalcium phosphate 1.5

Soybean meal 29 Choline chloride 0.5
Fish oil 2.5 Ethoxy quinoline 0.05

Soybean oil 2.5 Sodium alginate 2
Soy lecithin 1
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Table 1. Cont.

Ingredient % Ingredient %

Wheat meal 31.45
Proximate composition (%)

Crude protein 39.62
Crude lipid 7.49

a Vitamin premix (mg/kg dry diet): vitamin A 10, vitamin D 0.05, vitamin E 400, vitamin K 40, vitamin B1
50, vitamin B2 200, niacin 500, vitamin B6 50, biotin 5, folic acid 15, vitamin B12 0.1, vitamin C 1000, inositol
2000, choline 5000. b Mineral premix (mg/kg dry diet): FeSO4·7H2O 372, CuSO4·5H2O 25, ZnSO4·7H2O 120,
MnSO4·H2O 5, MgSO4 2475, NaCl 1875, KH2PO4 1000, Ca(H2PO4)2 2500.

Weight gain rate (WGR, %) = 100 × [final body weight (g)-initial body weight
(g)]/initial body weight (g);

Specific growth rate (SGR, %/day) = 100 × [ln (final body weight (g)) − ln (initial
body weight (g))]/rearing period (days);

Feed conversion ratio (FCR) = dry feed intake (g)/[final body weight (g) − initial body
weight (g)].

2.3. Bacterial Challenge Experiment

After the calculation of growth parameters, bacterial challenge test was conducted for
fish in two groups. The water height of all 10 fish tanks was reduced to 20 cm, and then F.
columnare medium was poured into tank at a final concentration of 5 × 105 CFU/mL which
was kept for 2 h to perform bacterial infection [56]. After bacterial challenge experiment,
fresh water was added to all tanks and fish were reared under the same conditions. Fish
in the first two tanks per group were sampled on days 0, 1 and 30 after exposure. During
sampling, fish were first anesthetized via MS222 exposure (1:10,000), and blood was drawn
from the tail vein. Serum was obtained after centrifugation at 3000× g for 20 min at 4 ◦C
and stored at −80 ◦C until further analyses. Then the head kidney (HK), spleen, gill, gut,
and liver were removed. Partial gills were stored in paraformaldehyde, and other tissue
samples (gill, gut, spleen, liver, HK, and serum) were immediately frozen in liquid nitrogen
and stored at −80 ◦C before analysis. Fish in the other three tanks per group were not
sampled and calculated at the end of 30 days to determine mortality.

2.4. Histopathological Structure

The gill samples were shaped and then fixed with paraformaldehyde for 24 h. Each
tissue was cut into an appropriate size and set into the embedding box. Then tissues were
transferred to gradient ethanol for dehydration, xylene for transparent treatment, and then
paraffin wax for embedding. The embedded tissue was trimmed and then installed on
a microtome for sectioning. The 5 μm-thick tissue sections were used for hematoxylin-
eosin (H.E.) staining following the manufacturer’s instructions. Stained glass slides were
examined under an optical microscope (Olympus, DP72, Tokyo, Japan) equipped with a
camera (Nikon E600, Nikon, Melville, NY, USA) and CellSens Standard Software (Olympus)
to acquire images.

2.5. Enzyme Activity Assay

Total antioxidant capacity (T-AOC) and the activities of superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GPx) in serum were analyzed with commer-
cially available assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
T-AOC was assayed as the equal amount (mM) of trolox solution that could stop the ox-
idization of 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS) to green ABTS+

by reactive oxygen species (ROS). SOD activity (units per milliliter serum) was measured
spectrophotochemically with each unit defined as the amount of enzyme necessary to
inhibit the reduction of water-soluble tetrazolium salt by 50%. CAT activity (units per
milliliter serum) was measured with one unit defined as the amount of activity required to
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transform 1 μmol of H2O2 per min. GPx activity was measured with one unit defined as
the amount of GPx required to consumed 1 μmol of glutathione per min.

2.6. RNA Extraction and cDNA Preparation

Total RNA was extracted from gill, gut, head kidney, and spleen samples using Trizol
(Invitrogen, Carlsbad, CA, USA) as described by the manufacturer. Briefly, samples were
mechanically disrupted in 1 mL of Trizol using a homogenizer. Then, 200 mL of chloroform
was added, and the suspension was centrifuged at 12,500 r/pm for 15 min. The clear upper
phase was recovered, and mixed with an equal volume of isopropanol. The mixture was
allowed to stand sufficiently to precipitate, and then centrifuged. The pellet was washed
with ethanol, and added with appropriate DEPC-treated water to dissolve the precipitate.
The spectrophotometer was used to determine the concentration and purity of RNA sample,
controlling the its absorbance range with OD260/280 values between 1.8–2.2. RNA integrity
was then checked by 1.0% agarose gel electrophoresis. DNase treatment was performed
with 5× gDNA Digester Mix (Yeasen, China) according to the manufacturer’s instructions
and cDNA was synthesized from 1 μg of total RNA using 4× Hifair® III SuperMix plus
(Yeasen, China). The synthesized cDNA was stored at −20 ◦C until use.

2.7. Quantitative Real-Time Polymerase Chain Reaction (PCR) Analysis

To assess the transcription levels of multiple genes, real-time quantitative PCR was
performed on a 7500 Real-time PCR System (Applied Biosystems) using EvaGreen 2× qPCR
Master Mix (Abm) with a 10 μL reaction volume containing 5 μL of 2× qPCR MasterMix,
1 μL of template (200 ng/μL), 0.15 μL of each forward and reverse primer (10 μM), and
3.7 μL of H2O. The cycling conditions for all samples were: 95 ◦C for 30 s, then 40 cycles at
95 ◦C for 1 s and 58 ◦C for 10 s. Melt curve analysis was performed after the amplification
cycle to confirm the accuracy of each amplicon. The expression of the target gene was
calculated using the 2−ΔΔCt method after normalized relative to the relative expression of
ef-1α, which has been tested to be stable under the current experimental conditions. Table 2
lists the primer information used in this study.

Table 2. Primer used in the present study.

Gene Name
AN

Accession No. Forward Sequence Reverse Sequence

Inflammatory cytokines
il-8 KY218792.1 CACCACGATGAAGGCTGCAACTC TGTCCTTGGTTTCCTTCTGG

il-1β MF770571.1 CGGCAGATGTGACCTGCACA CAGAGTAAAAGCCAGCAGAAG
p65nf κb KY751029.1 ACTACGTGGGTCATGCTCGG TGCTGCAGGTTCCGTTCTCA
myd88 MH778540.1 GAGGTGTAAGAGGATGGTGGTT TGTGGAGGGTCTGGTGTAGTCA

Apoptosis-related genes
caspase3 KY072821 TCTACGGCACAGATGGATCC TGTGTGCCTTCTGACTCACT
caspase9 KY053837 TTCTGTCGAGGGGCATCTTT AGGAACGGGTACAGGAACAG

apaf1 KY053839 ACCGCCAAATAGCAACCTG CTGCTCCTCGTGCTCAACAT
p53 HQ419002.1 TGGGAAAACGAAGAGCAAAT ATCGGAGGTGACAGGGACA
baxa KY072819 TCGGAGACGAACTGGACAAC TCGACAAGCAAAGTAGAAAAGC
bcl2 KY053838.1 TTTCACCGCCGTGATCG CCAACTTGCTATGTTGTCCACC

JAK-STAT signaling
jak1 XM_027146298.1 CGGAACCTCTGAAAACAAGTC TGTCCCCGAGAAAAGAGATAG
stat3 KP342389.1 ACTCCGGTTGCCAAATCACT CCTCATTCCACAGAGCCAGTAT
stat5 KP342392.1 ATCACCAGACCACAGGCACC CACCACGACAGGCAAAGACAG

Autophagy
becn1 KY062770 CTCAACTGGACCGCCTGAAGAAA CACTCCACAGGAACGCTGGGTAAT
ulk1a KY404999 GCGATTAAACAGGGCAAACTCTATCC GCTGTGATGTTGTTCATTCGGTCC
atg5 KY062771 CAGAACCGTTTTATCTTCTCCTACCG CGTCTACATCTTCAGCTTTCACGACTT
lc3β KY062774 CCTGACCACGTCAACATGAGCGAACT GGAAATGGCGGCAGACACGGAGA
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Table 2. Cont.

Gene Name
AN

Accession No. Forward Sequence Reverse Sequence

Antioxidant enzymes

cat NW0208479561
1 TCTGTTCCCGTCCTTCATCC ATATCCGTCAGGCAATCCAC

gpx XR_003438442.1 ATCTACATTGGCTTGGAAAC GAAAGTAGGGACTGAGGTGA
Cu/Zn-

sododDsod KT751173.1 GGCGGAGATGATGAAAGT GAAAGGAAGCGGTGAAAC

Mn-sod KT751172.1 TGGTGCTTGCTATGGTGA GGCTTGAATCCCTTGCTG

ef1α KR061492.1 GTCTGGAGATGCTGCCATTG AGCCTTCTTCTCAACGCTCT

il-8, interleukin8; il-1β, interleukin 1 beta; p65nfκb, p65-nuclear factor kappa b; myd88, myeloid differentiation
primary response 88; caspase3, cysteine-aspartic acid protease 3; caspase9, cysteine-aspartic acid protease 9;
apaf1, apoptotic protease-activating factor 1; p53, tumor protein 53; baxa, bcl2 associated X protein; bcl2, b-cell
cll/lymphoma 2; jak1, janus kinase 1; stat3, signal transducer and activator of transcription 3; stat5, signal
transducer and activator of transcription 5; becn1, beclin1; ulk1a, unc-51 like autophagy activating kinase 1a; atg5,
autophagy related 5; lc3β, light chain 3 beta; cat, catalase; gpx, glutathione peroxidas; Cu/Zn-sod, Cu/Zn-superoxide
dismutase; Mn-sod, Mn-superoxide dismutase; ef-1α, elongation factor 1 alpha.

2.8. TdT-Mediated dUTP Nick-End Labeling (TUNEL) Assays

TdT-mediated dUTP nick-end labeling (TUNEL) assay was conducted to precisely
detect apoptotic cells with the one-step TUNEL Apoptosis Assay kit (C1088, Beyotime,
Nanjing, China) following the manufacturer’s instructions. Briefly, gills were dewaxed in
xylene for 5–10 min, and then changed to fresh xylene for another 5–10 min. Then, tissues
were immersed into anhydrous ethanol for 5 min, 90% ethanol for 2 min, 70% ethanol
for 2 min, and distilled water for 2 min. Tissues were treated with DNase-free proteinase
K (Beyotime ST535, 20 μg/mL) at 20–37 ◦C for 15–30 min and then washed with PBS
3 times to remove excess proteinase K. Afterwards, the labelling reaction was performed
using a labelling solution containing terminal deoxynucleotidyl transferase, buffer, and
fluorescein dUTP at 37 ◦C for 60 min in a humidity chamber. Following incubation, excess
labelling solution was washed off smears with PBS, and then cell smears were mounted
with fluorescent microscopy mounting solution. Images were captured and analyzed using
a CCD camera (Olympus CKX41, Tokyo, Japan).

2.9. Western Blotting Analysis

Tissues was homogenated with RIPA buffer which has been added with proteinase
inhibitor and phosphorylated-protease inhibitor to extract protein. Protein concentration
in all groups were calculated with an enhanced BCA Protein Assay Kit (P0010, Beyotime
Tech, Shanghai, China) and then adjusted to same level. The same amounts of protein in
each group were separated on SDS-PAGE, and then transferred to PVDF membranes. The
membranes were blocked in 6% skim milk at room temperature for 2 h and then incubated
at 4 ◦C with the relevant primary antibodies overnight. Then, membranes were incubated
with the appropriate HRP-labeled secondary antibodies for 1 h at room temperature.
Immunoreactive bands were visualized using ECL reagent under GE Amersham Imager
600 Imaging System (GE Healthcare, Boston, MA, USA) and protein levels were digitized
using ImageQuant TL software (GE Healthcare). Primary antibodies for phospho-S6 (Ser
235) and LC3B-II were purchased from Cell Signaling Technology (Beverly, MA, USA). The
primary antibody for caspase-3 was purchased from Abcam (Cambridge, UK). Primary
antibody for β-actin was purchased from ABClonal Biotechnology (Wuhan, China).

2.10. Statistical Analysis

All statistical analyses were performed using SPSS 17.0. Data about fish growth
performance and feed utilization was analyzed using student’s t-test [56,59]. All gene-
expression and histological calculation results were tested for normality using the Shapiro–
Wilk-W’s test, and normally distributed data were analyzed by factorial (two-way) analysis
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of variance (ANOVA) to determine the main effects of sampling days (D) and feeding
treatment (T), and their interactions (D*T). When significant D*T were observed, data
were analyzed by one-way ANOVA followed by Tukey’s multiple range tests to inspect
differences among all the data. When the significance is only with the main effects of D or
T, the data were analyzed by the two-way ANOVA followed by Tukey’s multiple range
tests to assess the main effects of D or T only. Differences were considered significant when
p < 0.05. All data were expressed as mean ± standard deviation of the mean (SD), except
the specific statement.

3. Results

3.1. Dietary Glutamine Significantly Increased Growth Performance, Feed Utilization and the
Disease Resistance of Yellow Catfish

In the present study, dietary glutamine inclusion showed a significant promoting
effect on the growth performance of yellow catfish, with higher final body weight (Table 3).
The weight gain rate and specific growth rate of yellow catfish in the glutamine group
(530.44 ± 2.29% & 1.43 ± 0.01%/day, respectively) were significantly higher than those
in the control group (507.74 ± 6.84% & 1.40 ± 0.01%/day, respectively), while the feed
conversion rate in the glutamine group (0.94 ± 0.04) was significantly lower than that in
the control group (1.07 ± 0.01).

Table 3. Effects of glutamine on weight gain rate, specific growth rate, feed conversion rate of yellow
catfish, and its survival rate after challenge with Flavobacterium columnare. All data were analyzed
using student’s t-test [56,59].

IBW (g) FBW (g) WGR (%)
SGR

(%/day)
FCR SR (%)

Con 4.61 ± 0.02 28.04 ± 0.30 507.74 ± 6.84 1.40 ± 0.01 1.07 ± 0.01 73 ± 4
Gln 4.66 ± 0.02 29.38 ± 0.09 530.44 ± 2.29 1.43 ± 0.00 0.94 ± 0.04 92 ± 4

p 0.159 0.012 0.035 0.036 0.042 0.033

In order to detect the disease resistance ability of yellow catfish after dietary glutamine
supplementation, fish in two groups were challenged with F. columnare. After the immersed
infection of F. columnare, yellow catfish fed with glutamine supplementation showed a
significantly higher survival rate (92%) than fish fed with control diet (74%) (Table 3).

3.2. Glutamine Differentially Regulated Cytokines Expression in Multiple Fish Tissues after
Bacterial Infection

The expression levels of cytokines along with genes involved in NF-κB/MyD88 sig-
naling pathway were evaluated in both systematic (Figure 1a) and mucosal-associated
immune tissues (Figure 1b). In the systematic immune organ, the expression of il-8 and
il-1β in the head kidney and spleen were significantly increased at 30 d after infection.
Accordingly, the expression of nf-κb and myd88 was also increased in the head kidney at
30 d. Moreover, compared to control group, dietary glutamine promoted the expression
of il-8 and il-1β in the head kidney, and also increased the expression of nf-κb and myd88
at 1 d. In the spleen, interactions between sampling days (D) and dietary treatment (T)
were found on the expression of il-8 and il-1β. In the control group, il-8 expression was
increased at 30 d, and il-1β expression was increased at both 1d and 30 d. Dietary glutamine
supplementation further promoted the expression of il-8 and il-1β at 1 d and 30 d in the
spleen. The expression of nf-κb and myd88 significantly increased with prolonged infection
period, while dietary glutamine further promoted the expression of nf-κb in the spleen.
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Figure 1. The effects of dietary glutamine on the inflammatory responses in systematic and mucosal
immune tissues of yellow catfish during F. columnare infection. The relative mRNA expression levels
of pro-inflammatory cytokines (il-8, il-1β) and genes involved in NF-κB signaling pathway (nf-κb,
myd88) in the head kidney, spleen (a), and gill, gut (b) of yellow catfish fed with control diet (Con)
and glutamine supplementation diet (Gln) at 0 d, 1 d and 30 d after F. columnare infection. All data
was analyzed with two-way ANOVA and data are means ± SD (n = 3). When significant D*T were
observed (p < 0.05), data were analyzed by one-way ANOVA followed by Tukey’s multiple range
tests to inspect differences among all the data, with “a–e” to indicate the significant difference. When
the significance is only with the main effects of D or T, “a–e” and “x–z” were labeled to indicate the
significant difference among groups in D or T, respectively.

In the mucosal-associated immune tissues, there was also a significant interactive effect
of sampling days and dietary treatment were found on the expression of il-8 (p < 0.001)
and il-1β (p = 0.002) in the gill, and the expression of il-8 in the gut (p < 0.001). In the
control group, the expression of il-8 was upregulated at 1 d in the gill and gut, but only
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upregulated at 30 d in the gut. Dietary glutamine significantly decreased the expression
of il-8 in the gill at 1 d and its expression in the gut at 1d and 30 d. In the control group,
the expression of il-1β in the gill and gut significantly increased at 30 d, and the inhibitory
effects of dietary glutamine was detected at 30 d. The expression of nf-κb in the gill and
gut was significantly upregulated at 1d and 30 d compared to that at 0 d. Similarly, the
expression of myd88 in the gut was significantly upregulated at 30 d compared to that at
0 d, and dietary glutamine exhibited inhibitory effects on myd88 expression in the gill at
30 d.

3.3. Glutamine Enhanced Fish Antioxidant Capacity against F. columnare Infection

Fish antioxidant capacity during F. columnare infection was also significantly affected
by dietary glutamine inclusion. As shown in Figure 2a, dietary glutamine inclusion
significantly enhanced serum CAT activity. Moreover, serum GPx activity at 1d and 30 d
was also increased after dietary glutamine inclusion. Serum SOD activity was only affected
by sampling days but not by dietary treatment. In all, the serum total antioxidant capacity
(T-AOC) showed a significant increase at 30 d after glutamine inclusion.

Figure 2. The effects of dietary glutamine on the antioxidant system of yellow catfish during F.
columnare infection. (a) The enzyme activities of catalase (CAT), glutathione peroxidase (GPx),
superoxide dismutase (SOD) along with total antioxidant capacity in serum of yellow catfish in
both control group (Con) and glutamine supplementation group (Gln) at 0 d, 1 d and 30 d after
F. columnare infection (n = 6). (b) The relative mRNA expression level of cat, gpx, Cu/Zn-sod and
Mn-sod in head kidney and gill of yellow catfish in all treatments (n = 3). All data was analyzed
with two-way analysis of variance (ANOVA) and data are means ± SD. When significant D*T were
observed (p < 0.05), data were analyzed by one-way ANOVA followed by Tukey’s multiple range
tests to inspect differences among all the data, with “a–e” to indicate the significant difference. When
the significance is only with the main effects of D or T, “a–e” and “x–z” were labeled to indicate the
significant difference among groups in D or T, respectively.

3.4. Glutamine Protected Fish Gill Structures against F. columnare Infection

The gill plays an important role in the respiration, ion exchange and immune responses
of fish, and the gill is the main infecting target tissue of F. columnare. In the present study,
F. columnare infection significantly affected the histological structures of gill and the space
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between adjacent gill lamellae was occluded at 1 d (Figure 3). Moreover, the ratio of
secondary lamellae length (SL) to secondary lamellae width (SW) and the ratio of SL to (SL
and primary lamina length (PL)) were also significantly decreased after bacterial infection
at both 1 d and 30 d. Dietary glutamine supplementation significantly alleviated the gill’s
structure induced by F. columnare infection, with an integrated structure of gill lamellar in
glutamine supplementation group fish at 1d and 30 d. Moreover, the ratio of SL to SW and
the ratio of SL to (SL+PL) were also significantly higher in the gill of yellow catfish with
dietary glutamine supplementation than fish fed with the control diet at 30 d.

Figure 3. The effects of dietary glutamine on gill histological structures of yellow catfish during
F. columnare infection. (a) The H.E. staining results of yellow catfish gill before and after F. columnare
infection. Scale bars, 100 μm. (b) The ratio of secondary lamellae length (SL) to secondary lamellae
width (SW) and the ratio of secondary lamellae length (SL) to the sum of primary lamellae length
(PL) and SL. All data were analyzed with two-way ANOVA and data are means ± SD (n = 12).
When significant D*T were observed (p < 0.05), data were analyzed by one-way ANOVA followed
by Tukey’s multiple range tests to inspect differences among all the data, with “a–e” to indicate the
significant difference. When the significance is only with the main effects of D or T, “a–e” and “x–z”
were labeled to indicate the significant difference among groups in D or T, respectively.

3.5. Glutamine Inhibited the Apoptosis of Fish Gill during Bacterial Infection

TUNEL analysis was adopted to determine the effects on the apoptosis in fish gills and
results indicated that the apoptosis within fish gill significantly increased at 1d but then
decreased at 30 d after bacterial infection (Figure 4a,b). Dietary glutamine supplementation
showed a significant inhibitory role on the apoptosis of the gill. Considering that apoptosis
was executed by caspase-family member proteins and regulated by different regulators,
both the protein level and gene expression level of caspase-3 were evaluated, along with
the expression of other related genes. As shown in Figure 4c,d, the protein levels of
caspase-3 significantly increased at 30 d after bacterial infection, while dietary glutamine
supplementation significantly decreased the caspase-3 protein level at both 1 d and 30 d.
However, the ratio of cleaved caspase-3/caspase-3 was not increased but even decreased at
30 d after infection. Dietary glutamine increased the ratio of cleaved caspase-3/caspase-3 at
0 d but decreased this ratio after infection both at 1 d and 30 d. Additionally, the expression
levels of caspase-3, caspase-9, apaf1 and baxa were upregulated at 30 d in the control group
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(Figure 5a). Dietary glutamine supplementation showed significant inhibitory roles on the
expression of caspase-3, caspase-9, apaf1 and baxa at 30 d, while it increased the expression of
caspase-3 at 1 d.

Figure 4. The effects of dietary glutamine on the gill apoptosis of yellow catfish during F. columnare
infection. (a) TUNEL assay of apoptotic cells in the gill of yellow catfish in both the control group
(Con) and glutamine supplementation group (Gln) at 0 d, 1 d and 30 d after F. columnare infection.
Stained for apoptosis cells (green), nuclei are stained with DAPI (blue). Scale bar, 100 μm. (b) The
apoptotic index of gill cells in yellow catfish among all treatments (n = 12). (c) The Western blotting
analysis of caspase-3 and cleaved caspase-3 in yellow catfish among all six treatments. (d) The ratio of
caspase-3 protein level/β-actin protein level and the ratio of cleaved caspase-3 protein level/caspase-
3 protein level/β-actin protein level (n = 6). When significant D*T were observed (p < 0.05), data
were analyzed by one-way ANOVA followed by Tukey’s multiple range tests to inspect differences
among all the data, with “a–e” to indicate the significant difference. When the significance is only
with the main effects of D or T, “a–e” and “x–z” were labeled to indicate the significant difference
among groups in D or T, respectively.

The apoptosis has been reported to be under regulation by JAK-STAT signaling
pathway, and the expression levels of related genes were evaluated in the present study
(Figure 5b). Results indicated that interactions between sampling days and dietary treat-
ment were found on the expression of jak1 (p = 0.002) and stat5 (p = 0.007). In the control
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group, the expression levels of these genes were significantly higher at 30 d than at 0 d.
Dietary glutamine supplementation significantly decreased the expression of jak1 at 30 d,
and stat5 at 1 d and 30 d. However, the expression of stat3 was only affected by different
sampling days and it was significantly upregulated at 1 d.

Figure 5. The effects of dietary glutamine on the apoptosis of yellow catfish during F. columnare
infection along with the JAK-STAT signaling pathway. (a) The relative mRNA expression level of
caspase-3, caspase-9, apaf1, p53, baxa, bcl2 in gill of yellow catfish in both control group (Con) and
glutamine supplementation group (Gln) at 0 d, 1 d and 30 d after F. columnare infection. (b) The
relative mRNA expression level of jak1, stat3, stat5 in gill of yellow catfish in all treatments. All data
were analyzed with two-way ANOVA and data are means ± SD (n = 3). When significant D*T were
observed (p < 0.05), data were analyzed by one-way ANOVA followed by Tukey’s multiple range
tests to inspect differences among all the data, with “a–e” to indicate the significant difference. When
the significance is only with the main effects of D or T, “a–e” and “x–z” were labeled to indicate the
significant difference among groups in D or T, respectively.

3.6. Glutamine Inhibited the Autophagy of Yellow Catfish via the Activation of mTOR Signaling

In order to determine the effects on autophagy, both the protein level of LC3B-II protein
and the mRNA expression of related genes were evaluated. Results indicated that there
was a significant interactive effect of sampling days and dietary treatment on the protein
levels of LC3B-II (p = 0.002) and the ratio of LC3B-II/LC3B-I (p = 0.002) (Figure 6a,b). The
protein level of LC3B-II significantly increased with prolonged infection period and highest
level was detected at 30 d, however, the ratio of LC3B-II/LC3B-I showed the highest value
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at 1 d. Moreover, dietary glutamine significantly inhibited the protein levels of LC3B-II at
0 d and 30 d, and also significantly decreased the ratio of LC3B-II/LC3B-I at 1 d. Moreover,
the mRNA expression levels of becn1, ulk1a and atg5 were interactively affected by sampling
days and feeding treatment. Dietary glutamine significantly decreased the expression of
becn1, ulk1a and atg5 at 30 d. The expression of lc3β was only affected by bacterial infection
days but not feeding treatment, and its expression level was upregulated after bacterial
infection.

Figure 6. The effects of dietary glutamine on the autophagy of yellow catfish during F. columnare
infection. (a) Western blotting analysis of LC3B I and LC3B II in yellow catfish in both control group
(Con) and glutamine supplementation group (Gln) at 0 d, 1 d and 30 d after F. columnare infection.
(b) The ratio of LC3B II protein level/β-actin protein level and the ratio of LC3B II/LC3B I/β-actin
protein level in yellow catfish among all treatments (n = 6). (c) The mRNA expression of becn1, ulk1a,
atg5 and lc3β in the gill of yellow catfish among all treatments. All data were analyzed with two-way
ANOVA and data are means ± SD (n = 3). When significant D*T were observed (p < 0.05), data were
analyzed by one-way ANOVA followed by Tukey’s multiple range tests to inspect differences among
all the data, with “a–e” to indicate the significant difference. When the significance is only with the
main effects of D or T, “a–e” and “x–z” were labeled to indicate the significant difference among
groups in D or T, respectively.

Given that autophagy could be regulated by mTOR signaling pathway in mammals,
the activation status of the mTOR signaling pathway in yellow catfish were evaluated by
the phosphorylation of S6. Results showed that the phosphorylation level of S6 (p-S6) was
significantly increased by dietary glutamine both at 0 d and 30 d (Figure 7), indicating the
activation of mTOR signaling pathway. Thus glutamine might activate the mTOR signaling
pathway to inhibit the autophagy responses during bacterial infection.
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Figure 7. The effects of dietary glutamine on the mTOR signaling pathway activation of yellow
catfish during F. columnare infection. (a) Western blotting analysis of pS6 and S6 in yellow catfish
in both control group (Con) and glutamine supplementation group (Gln) at 0 d, 1 d and 30 d after
F. columnare infection. (b) The ratio of pS6/S6/β-actin protein level in yellow catfish among all
treatments. All data was analyzed with two-way ANOVA and data are means ± SD (n = 6). Mean
values with different letters indicated significant differences among groups, p < 0.05.

4. Discussion

In the present study, after a 60-day feeding experiment, dietary glutamine supplemen-
tation significantly improved the growth performance of yellow catfish with higher final
body weight (29.38 ± 0.09 g) than the control fish (28.04 ± 0.30 g) (Table 3). The increased
body weight should be mainly attributed to higher protein synthesis [60], and protein
synthesis in fish is mainly regulated by the mTOR signaling pathway [59]. In the present
study, glutamine supplementation also significantly elevated the activation of the mTOR
signaling pathway at the end of the feeding experiment (0 d), indicated by the increased
phosphorylation of S6 (Figure 7). Thus glutamine activated TOR to promote fish protein
synthesis, which resulted in the increased fish body weight. Additionally, dietary glutamine
supplementation also improved feed utilization, which may be related to the enhanced
nutrient-absorptive role, as glutamine has been reported to be one of the most important
energy sources for enterocytes [46]. In order to study the protective effect of glutamine
against bacterial infection, yellow catfish were infected with F. columnare via soaking, which
is the pathogen responsible for columnaris disease [61]. The structure of the gill tissue,
which is the target organ of F. columnare, in yellow catfish was significantly affected after
F. columnare infection in the present study, showing occluded space between adjacent gill
lamellae and decreased length of the secondary lamellae, which was similar to our previous
study [56]. Glutamine has been reported to promote the histological structures of multiple
mucosal tissues in both mammals and teleosts. In mammals, glutamine can positively
affect gut health by supporting the gut microbiome and gut mucosal wall integrity [62],
reduce mortality in rodents with sepsis [63], and attenuate lipopolysaccharide-induced
acute lung injury via enhanced GSH synthesis [64,65]. In teleosts, earlier studies have also
reported that dietary glutamine has a positive effect on improving the integrity of mucosal
tissues such as gut in channel catfish [66] and hybrid striped bass (Morone chrysops, Morone
saxatilis) [67]. Dietary nutrients such as valine [68], tryptophan [69] and isoleucine [70]
affected the gill health status of young grass carp (Ctenopharyngodon idella) during normal
feeding status while other nutrients such as vitamin E [71], phosphorus [72], pyridox-
ine [73], and choline [74] have also been reported to correlate with the incidence of rotten
gill and gill morphology of grass carp during F. columnare infection. In the present study,
dietary glutamine supplementation significantly alleviated the damage during bacterial
infection, as the ratio of SL to SW and the ratio of SL to (SL+PL) were significantly increased
with dietary glutamine supplementation at 30 d. All these results indicate that the addition
of dietary glutamine helps yellow catfish to maintain the integrity of mucosal tissues and
resist F. columnare infection, resulting in decreased mortality. Additionally, the protective
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roles of glutamine on fish gill structures significantly promote the growth performance of
yellow catfish.

Teleosts were the first bony vertebrate to develop both innate and adaptive immunity,
whose immune system contains both systemic immune organs (e.g., head kidney, spleen)
and mucosal-associated immune tissues (e.g., skin, gill, gut) [75]. In the present study, the
expression of il-8 and il-1β were significantly upregulated in the head kidney and spleen
at 30 d after infection, which was accompanied with the increased expression of nf-κb
and myd88. Similar results were found in the gill and gut with the increased expressions
of il-8, il-1β, nf-κb and myd88 mainly at 30 d, indicating that F. columnare activates the
NF-κB/Myd88 signaling pathway to stimulate the release of cytokines in both systematic
and mucosal immune tissues, which was also consistent with our previous results [56].
The appropriate release of pro-inflammatory cytokines in immune organs is important for
bacterial clearance and animal health [76]. Dietary glutamine supplementation promoted
quicker inflammatory responses in the head-kidney and spleen at 1 d to fight against
bacterial infection, indicated by the increased expression of il-8 and il-1β. However, excess
inflammation is also damaged to animal health, especially in the mucosal tissues that
contained not only leukocytes but also more epithelial cells [77]. The limited inflammatory
response and appropriate recovery of epithelial cells within those mucosal tissues are
important to fish health. Here, dietary glutamine supplementation significantly decreased
the expression of il-8 in the gill at 1 d, and the expression of il-1β at 30 d, which contributed
to the decreased mortality after bacterial infection. In mammals, treatment with glutamine
before and after ischemia significantly attenuated the increases of TNF-α and CINC-1
levels in perfusate during ischemia-reperfusion induced acute lung injury (p < 0.05) [78].
Similarly, in the gut, the expression of il-8 was significantly decreased by dietary glutamine
supplementation at 1 d and 30 d, which indicated that the inflammation was significantly
limited in a prolonged infection period. The inhibitory roles of glutamine on excess
inflammation of gut are in agreement with previous reports in turbot which showed
alleviation on the enteropathy induced by dietary soybean meal [79]. Glutamine has also
been reported to be effective in protecting against H2O2-induced oxidative stress in carp
intestinal epithelial cells [80]. In fact, the cellular antioxidant defense systems including
antioxidant enzymes and small non-protein antioxidants in fish are also involved in the
defense against bacterial infection. In the present study, the expression of representative
antioxidant enzymes in the head kidney and gill were significantly decreased after dietary
glutamine inclusion, indicating the lower oxidative stress. However, during F. columnare
infection, the mRNA expression of sod (including Mn-sod, Cu/Zn-sod), cat, and gpx in the
head kidney and gill were also significantly increased at 1 d and 30 d with dietary glutamine
inclusion. Moreover, the serum enzyme activities of CAT and GPx were also significantly
enhanced after dietary glutamine inclusion, resulting in the higher T-AOC in serum. The
protective roles of glutamine in enhancing antioxidant capacity against various stresses has
also been reported in other species such as mirror carp (Cyprinus carpio L.) [81], half-smooth
tongue sole (Cynoglossus semilaevis Günther) [82], and sea cucumber (Apostichopus japonicus
Selenka) [83].

As mentioned above, animals activate the immune and antioxidant system to execute
the clearance of infecting microorganisms. However, if these immune responses fail to fight
infection, the programmed cell death pathway can be activated to remove the infected cells
from the organism [84]. Type I programmed cell death or apoptosis is critically important
for the survival of multicellular organisms by getting rid of damaged or infected cells
that may interfere with normal functions [85,86]. Considering the gill remains the main
target organ of F. columnare infection [87] and the affected histological gill structures after
infection, the apoptosis within fish gill was evaluated by a TUNEL assay in the present
study. Bacterial infection significantly increased cell apoptosis in the gills of yellow catfish
indicated by the TUNEL assay. Accompanied with this, both the protein level of caspase-3
and the mRNA expression of related genes including caspase-3, caspase-9, apaf-1, p53 and
baxa also significantly increased after infection. This was in accordance with previous
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studies in grass carp, which also detected the increased apoptosis in gill during F. columnare
infection [73] and in the red blood cells during Aeromonas hydrophila infection [88]. In this
study, dietary glutamine supplementation significantly reduced the ratio of apoptotic cells
in the gill after bacterial infection, indicated by the TUNEL assay. In mammals, glutamine
has also been found to have anti-apoptotic effects in rat intestinal epithelial (RIE-1) cell [89]
and respiratory tissue (lung) [90]. In one former study, the metabolites of glutamine were
reported to prevent hydroxyl radical-induced apoptosis through inhibiting mitochondria
and calcium ion involved pathways in fish erythrocytes [91]. Thus it is reasonable that
glutamine showed a protective role against apoptosis in fish gill in the present study. In
order to further illustrate the regulatory mechanism of glutamine on apoptosis, the genes
expression involved in the JAK-STAT signaling pathway were evaluated, which has been
identified as one of the principal pathway responsible for apoptosis in mammals [92]. JAKs
including JAK1, JAK2, JAK3, and TYK2, which function as the membrane receptors, can be
activated upon preferential ligand binding and then recruits and phosphorylates STATs,
preferentially STAT3 and STAT5, on their tyrosine residues [93]. Genes involved in the
JAK-STAT signaling pathway have been identified in fish and also significantly affected
by nutrients such as choline [74]. Our previous study also identified the regulatory role of
the JAK-STAT signaling pathway on fish apoptosis during bacterial infection, which could
be affected by herbal extracts [94]. In the present study, the expression of related genes
including jak1 and stat5 were significantly increased at 30 d after F. columnare infection,
while dietary glutamine supplementation significantly decreased their expression at 30 d.
Thus glutamine might inhibit the JAK-STAT signaling pathway to decrease the apoptosis
in fish gills after bacterial infection.

Besides apoptosis, autophagy, also called Type II programmed cell death, is a form of
self-defense of cells against pathogenic micro-organisms, and has also been found to func-
tion during bacterial infection [95]. Autophagy has been reported to correlate with animal
immune responses, as it can be used as a general factor to affect the basic functions of cells,
and can also function as a special effector to regulate immune function [12]. Autophagy also
plays an important role in teleost fish, and it has been reported to be involved in the lipid
metabolism in gut epithelial cells of yellow catfish [96]. LC3B supported the extension and
closure of phagocytes to form a double-membrane autophagosome, thereby enabling the
autophagy mechanism towards maturity [97]. In the present study, both the protein level
of LC3B-II and the ratio of LC3B-II/LC3B-I protein in yellow catfish was significantly in-
creased after F. columnare infection. However, glutamine significantly inhibited the protein
level of LC3B-II and the ratio of LC3B-II/LC3B-I protein, indicating the inhibitory effects
on autophagy. Besides LC3B, other factors such as becn1, ulk1a and atg5 have also been re-
ported to participate in the fish autophagy process [98]. In the present study, the expression
of ulk1a and atg5 were also significantly downregulated after glutamine supplementation
at 30 d, confirming the inhibitory role of glutamine on the autophagy of yellow catfish. In
order to illustrate the regulatory mechanism of glutamine on autophagy, the activation
level of TOR signaling pathway was determined by the phosphorylation level of S6 (p-S6),
which has been reported to function as a regulator in fish autophagy [99]. Dietary inclusion
of glutamine significantly increased the phosphorylation level of S6 (p-S6), indicating the
higher activation level of mTOR signaling pathway. Thus glutamine may activate the TOR
signaling pathway, which functions in the inhibition of autophagy in yellow catfish after
F. columnare infection. The protective roles of glutamine in the present study are similar to
earlier reports on methionine-chelated Zn, which promotes anabolism by integrating the
mTOR signal and autophagy pathway [100]. Taken together, this provides direct evidence
that bacterial infection causes autophagy in the fish itself, and that glutamine suppresses
autophagy via activating the TOR signaling pathway.

5. Conclusions

In conclusion, our results emphasized the effect of glutamine on the growth pro-
motion and disease resistance of yellow catfish, and initially explored the functions of
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glutamine on fish somatic cell apoptosis and autophagy during bacterial infection. The
discovery highlights the importance of functional nutrients in fish immune response, and
may lay the foundation for the research of fish nutrition metabolism and anti-bacterial
disease treatment.
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Abstract: Dietary lipids provide energy for growth and development and provide fatty acids neces-
sary for normal structure and biological function. However, oxidized lipids cause oxidative stress
and intestinal damage. An 8-week feeding trial with fresh fish oil (FFO, control group), oxidized
fish oil (OFO), and taurine-supplemented diets (OFOT, OFO + 0.2% of taurine) was conducted
to evaluate the protective effect of taurine on oxidized fish-oil-induced liver oxidative stress and
intestine impairment in juvenile Ictalurus punctatus. The results showed that (1) Growth performance
was significantly lower in fish fed OFO than in those fed other diets, whereas the opposite occurred
in the hepatosomatic index. (2) OFO-feeding significantly increased lipid deposition compared with
the FFO group. The addition of taurine ameliorated the OFO-induced increase in lipid vacuoliza-
tion in the liver, significantly upregulated lpl mRNA expression, and downregulated fas and srebp1
mRNA expression. (3) OFO-feeding significantly reduced oxidative damage of liver. Compared with
the OFO group, the OFOT group remarkably upregulated antioxidant enzyme mRNA expression
through the Nrf2-Keap1 signaling pathway based on the transcriptional expression. (4) OFO diets
induced intestinal physical and immune barrier damage. Compared with the OFO group, OFOT
diets remarkably downregulated il-1β, il-6, tnf-α, and il-8 mRNA expression and upregulated tgf-β
mRNA expression through the NF-κB signaling pathway. Besides, the addition of taurine to OFO
diets significantly upregulated zo-2 and zo-1 mRNA expression, and downregulated claudin-15 and
claudin-12 mRNA expression. In conclusion, oxidized-fish-oil diets can cause negative physiological
health effects in Ictalurus punctatus, while adding taurine can increase growth and antioxidant ability,
reduce lipid deposition, and improve intestinal health.

Keywords: channel catfish; oxidative damage; immune response; intestinal health; signaling pathway

1. Introduction

It is well known that, as one of the important nutrients of aquatic animals, dietary
lipids not only provide energy for growth and development in fish, but also provide the
essential fatty-acid and fat-soluble vitamins that maintain normal structure and biological
function [1]. At present, the main lipid sources in aquatic feed are fish oil and soybean
oil. Compared with soybean oil, fish oil has a high content of unsaturated fatty acids
(HUFAs), such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and
a good feeding attraction effect, so it is the best lipid source for aquatic animals [2,3].
However, EPA and DHA are easily oxidized during the storage and processing of fish
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oil and feed, producing harmful substances such as lipid hydroperoxides, ketones, alde-
hydes, and acids [4,5]. Studies have also reported that feeding an oxidized-fish-oil diet
has been found to decrease growth performance and cause oxidative stress of tilapia
(Oreochromis niloticus) [6], Wuchang bream (Megalobrama amblycephala) [7], and orange spot-
ted grouper (Epinephelus coioides) [5], disrupt lipid metabolism of Rhynchocypris lagowski
Dybowski [8], and induce intestinal injury of Megalobrama amblycephala [9] and rice field eel
(Monopterus albus) [10]. Therefore, exploring effective dietary strategies is imperative to
alleviate the negative effects of oxidized-fish-oil diets on aquatic animals.

Taurine is a type of non-protein amino acid in the form of a free amino acid, which has
a wide range of physiological functions, such as calcium homeostasis, osmotic regulation,
membrane stability, and antioxidant and anti-inflammatory functions [11,12]. Many studies
have also demonstrated the versatility of taurine in aquatic animals. Previous studies in
our laboratory indicated that taurine supplementation in a low-fish-meal diet increased
growth performance and immunity function and enhanced anti-stress ability in black carp
(Mylopharyngodon piceus) [13] and rice field eel [14]. Similar studies have found, in other
aquatic animals, that taurine can increase growth performance, enhance antioxidant ability,
improve intestinal health, and reduce lipid deposition of seabass (Dicentrarchus labrax) [15],
grass carp [16], and California yellowtail (Seriola dorsalis) [17]. However, there is no report
on whether taurine can alleviate the negative effects caused by oxidized-fish-oil diets in
aquatic animals. Therefore, we have carried out related research.

Channel catfish (Ictalurus punctatus), which belongs to catfish family (Siluriformes),
is an important freshwater aquaculture fish in China. Because of its delicious meat, high
nutritional value, and fast growth, it is welcomed by producers and consumers. In 2018, the
production of channel catfish exceeded 390,000 tons in the world, an increase of 3.34% over
the previous year [18]. Channel catfish has a high requirement for feed freshness, and feed
mildew, deterioration, and oxidation will have a negative impact on growth and health.
Therefore, this study aimed to investigate whether taurine can alleviate the negative effects
of lipid deposition, oxidative stress, and intestinal damage induced by oxidized-fish-oil
diets in juvenile channel catfish. It is of great significance to explore the side-effects of
oxidized fat ingestion on the growth and health of aquatic animals for the study of fish
nutrition and health, and to provide solutions for practical production and a theoretical
basis for the application of taurine.

2. Materials and Methods

2.1. Preparation of Oxidized Fish Oil

Oxidized fish oil was prepared by constant temperature water bath aeration. The
detailed steps are as follows: fill the beaker with fresh fish oil, place it in a constant
temperature water bath at 50 ◦C, insert the air pump snorkel into the container and aerate
it for five days. The peroxide value of the fish oil was monitored daily until it reached
897.4 meq/kg. The peroxide value of fresh fish oil was 9.2 meq/kg.

2.2. Experimental Diets

Three isonitrogenous and isolipid diets were designed in this experiment—fresh
fish oil (FFO, control group) diet, oxidized fish oil (OFO) diet, and OFO diet with 0.2%
taurine (OFOT) (Table 1). The ingredients were finely ground, sieved (0.25 mm), mixed
and supplemented with fish oil and soybean oil. A 10% volume of water of the weight of
the ingredients was added. After mixing, pellets were squeezed (1.0 and 1.5 mm in size)
and then dried naturally in the shade. The experimental diets were then stored at −20 ◦C
until use.
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Table 1. Composition and nutrient levels of basic diet (%, dry matter).

Ingredients FFO OFO OFOT

Fish meal 10.00 10.00 10.00
Soybean meal 28.00 28.00 28.00

Rapeseed meal 20.00 20.00 20.00
Rice bran 3.00 3.00 3.00

Wheat flour 25.26 25.26 25.06
Chicken meal 9.00 9.00 9.00

Fish oil 2.00 0.00 0.00
Oxidized fish oil 0.00 2.00 2.00

Premix 1 1.00 1.00 1.00
Choline 0.20 0.20 0.20

Ca(H2PO4)2 1.50 1.50 1.50
Mold inhibitor 0.03 0.03 0.03
Antioxidants 0.01 0.01 0.01

Taurine 0.00 0.00 0.20
Approximate composition (%) 2

Crude protein 36.27 36.14 36.31
Crude lipid 5.47 5.52 5.43
Crude ash 6.57 6.49 6.53

POV (meq/kg) 3.7 21.4 21.2
1 Provided by MGO Ter Bio-Tech (Qingdao, Shandong, China). Vitamin and mineral premix composition (mg/kg
diet): KCl 200 mg, KI (1%) 60 mg, CoCl2·6H2O (1%) 50 mg, CuSO4·5H2O 30 mg, FeSO4·H2O 400 mg, ZnSO4·H2O
400 mg, MnSO4·H2O 150 mg, Na2SeO3·5H2O (1%) 65 mg, MgSO4·H2O 2000 mg, zeolite power 3645.85 mg, VB1
12 mg, riboflavin 12 mg, VB6 8 mg, VB12 0.05 mg, VK3 8 mg, inositol 100 mg, pantothenic acid 40 mg, niacin
acid 50 mg, folic acid 5 mg, biotin 0.8 mg, VA 25 mg, VD 35 mg, VE 50 mg, VC 100 mg, ethoxyquin 150 mg,
flour 2434.15 mg. 2 Crude protein, crude lipid, ash, and POV were measured values. The detection method was
referenced to previous studies [19].

2.3. Experimental Animals and Feeding Experiment

Channel catfish were purchased from a fine seed farm (Wuhan, Hubei, China), and
the breeding experiment was carried out in the recirculating aquaculture system of Wuhan
Dabeinong Aquatic Science and Technology Co., Ltd. (Wuhan, Hubei, China). During the
acclimatization period, the FFO group was fed until the channel catfish showed obvious
feeding behavior, and then the fish were fasted for 24 h. Channel catfish fingerlings (average
weight 6.00 ± 0.01 g) were randomly distributed into 12 breeding barrels (diameter 1.0 m,
water depth 0.8 m, indoor) with three replicates in each treatment group, each containing
35 fish per replicate. During the 8-week the feeding trial, the channel catfish were manually
fed three times per day (8 a.m., 12 p.m., and 5 p.m.) at 3%–5% of their body weight. The
water temperature was maintained at 27.32 ± 0.17 ◦C, dissolved oxygen was more than
6.5 mg/L, and ammonia and nitrate were less than 0.2 mg/L.

2.4. Sample Collection

All experiments followed the regulations of Hunan Agricultural University for labo-
ratory animal protection. After the experiment, growth performance was calculated after
24 h of fasting. The fish were anesthetized with MS-222 (100 mg/L, Sigma Aldrich Co.
LLC., St. Louis, MO, USA) before sampling [19]. Three fish were taken from each breeding
barrel for tail vein blood collection, which was collected in a 2 mL centrifuge tube and
placed at 4 ◦C for 12 h. After that, the supernatant was centrifuged and stored at −80 ◦C.
Three fish from each breeding barrel were quickly dissected on ice, and the liver, intestine,
and skin (backside and abdomen) tissues were removed in enzyme-free centrifuge tube
(1.5 mL) and put it in liquid nitrogen, then stored at −80 ◦C.

2.5. Determination of Growth Parameters

The weight gain rate (WGR), feed conversion ratio (FCR), survival rate (SR), condition
factor (CF), hepatosomatic index (HSI), and viserosomatic index (VSI) were calculated,
as follows:
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Weight gain rate (WGR, %) = (final body weight − initial body weight)/initial body weight × 100 (1)

Feed conversion rate (FCR) = total amount of the feed consumed/(final body weight-initial body weight) (2)

Survival rate (SR, %) = final number of fish/initial number of fish × 100 (3)

Condition factor (CF, g/cm3) = 100 × whole body weight/(body length)3 (4)

Hepatosomatic index (HSI, %) = liver weight/whole body weight × 100 (5)

Viserosomatic index (VSI, %) = visceral weight/whole body weight × 100 (6)

2.6. Skin Pigment and Body Color Analysis

Three fish were randomly selected from each breeding barrel and tested on the back-
side and abdomen of each fish with a chromometer (model: 601, Beijing, China) to obtain
L*, a*, and b* values. “L*” is brightness: 0–100 from black to white; “a*” is red-green: red
is represented as a positive value, green is represented as a negative value; and “b*” is
yellow-blue: yellow is represented as a positive value, blue is represented as a negative
value. The activities of carotenoids, lutein, and tyrosinase in the backside and abdomen
skin of each fish were assessed by Elisa kits (Meimian, Jiangsu, China).

2.7. Biochemical Index Analysis

The levels of total cholesterol (TC), triacylglycerol (TG), immunoglobulin M (IgM),
complement 3 (C3), complement 4 (C4), alanine aminotransferase (ALT), and aspar-
tate aminotransferase (AST) in serum were assayed by using a commercial kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

The glutathione (GSH), superoxide dismutase (SOD), glutathione peroxidase (GPx),
malondialdehyde (MDA), glutathione reductase (GR), and total antioxidant capacity (T-
AOC) levels in the liver were assayed by using a commercial kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

2.8. Histological Analysis

There were three replicates in each treatment group, and three fish were taken from
each replicate. Liver and intestine were fixed in paraformaldehyde and embedded with
paraffin wax. According to the previous experimental method, the steps of hematoxylin-
eosin (H&E) staining were as follows: eight-micron tissue was taken on the glass slide with
a slicer, the tissue was stained with hematoxylin, and the results were observed under an
electron microscope [19]. Liver histological measurements covered 50 cells and the nuclei
of the analysed tissues collected from each individual.

2.9. Real-Time Polymerase Chain Reaction

Total RNA from the liver and intestine was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and the quality was assessed according to Shi et al. [20]. First-strand
cDNA was synthesized and RT-qPCR analysis of mRNA was performed according to a
previous report [20]. The amplification efficiency was between 0.95 and 1.10, as calculated
by the formula E = 10(−1/slope)−1. Primer sequences are shown in Table 2. With gapdh as
the reference, the calculation is carried out according to the E = 2−ΔΔCT formula [21].

2.10. Statistical Analysis

All data were compared by one-way analysis of variance (ANOVA), and differences
between the means were tested by Duncan’s multiple-range test. All results are reported as
the “mean ± S.E.”, and all statistical analyses were performed using SPSS 24.0 (New York,
NY, USA). Differences were considered significant at p < 0.05 (p < 0.05) [22].
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Table 2. Primers used for mRNA quantitative real-time PCR.

Gene Forward Sequences (5′→3′) Reverse Sequences (5′→3′) Accession No.

fas CTGCTGTCTGAGGGCGTAA CGATGGCGATGAGGTTCT NM_001200193.1
lpl AGCAACATTACCCAACCTCAGC CCAGCTACATGAGCACCCAAA KF693235.1

srebp1 GTTGCGGAAGGCGATTGA GCAGTGGGCTGTTGGGTTC XM_017480901.1
sod GACTTGGGCAAAGGTGGAAA CACTCAGCAATGCCTATCACG NM_001200992.1

gpx1 TCTGAGGCACGACCACCA GCGTCTTTCCCGTTCACAT NM_001200741.1
gpx8 TCACTTCACCGTGTTGGCTT CCCTCAGCACTCACCAGAAA XM_017466944.1

gr GGATGTGAAGGATAAGCGAAAC TTCGGCAACACGGGTATG GU588318.1
keap1 CGGCAAGCATCTCAGTCG TGCTCGGGTCCAACTGC XM_017482237.1
nrf2 GGTCCACGCCTACCAACAA CAGGGAGGAATGGAGGGAT XM_017470076.1
zo-1 TACCAAACCGTGGATACAAACC CTTCTATGGGTGGAGGAGGC XM_017458510.1
zo-2 GAGGTCAAAGGGCAGCAAA GAAATCTTCGGGCAGGTCA XM_017488926.1

claudin-12 GCTGGGATGTTCCTCTTGATAG AGAGCGGCGAACTCAAGG XM_017453476.1
claudin-15 GTGGTTCTCGGCACATTCG CAAGCCCTGTAGGATGAAGAAG XM_017471911.1
occludin GCATCGGTAGCGGGTCAT GACTTGGTTGAGTTCTGCCTTG XM_017451558.1

tnf-α CGCCAGCGGTAAACACG CCGTTGAATGTCCGAAAGG XM_017464718.1
il-1β CTGAAGGGTGGAAACAAGGAT GGAGTCACCAGTGCCGTTT AJ586102.1
il-6 GAAGATTGATACTCCGCTCCTG GATTAAATGTAACAGCCTGGTGG XM_017455306.1
il-8 TCCAAGTGCCTCCTGTTCAA CCCTTCTTCCCTTGGACTTTAT KP701473.1
il-10 GCAGGCTTACGAAAGGGTTA CGGCGTATGAAGAACGAAGT XM_017450800.1

tgf-β1 GGAACGGCTGAGTGGGTCT TGCTTACTGAGGCGGCTATG XM_017483625.1
tgf-β2 TGAAGCGGTCAGCGAATG CTCACTCTTGTTTGGGATGATGTA XM_017476217.1
tgf-β3 TCGGTGCCCTGTCCTATTG GCGGAGAACGAGGCTTACA XM_017476492.1
nf-κb CTCAGCCCATCTACGACAACA CGTCAGGTTCGTATCGCAGT KF572025.1
gapdh TGTCCGTTTGGAGAAGCCT ATCAGGTCACAGACACGGTTG NM_001201199.1

3. Results

3.1. Growth Performance

As shown in Table 3, there was no significant change (p > 0.05) in VSI, CF, SR, or FCR
of channel catfish among treatment groups. Compared with the FFO group, WGR and final
weight of the OFO group were significantly reduced, while adding taurine significantly
increased (p < 0.05). HSI in the OFO group was significantly higher than that in the FFO
group (p < 0.05). Compared with the OFO group, HSI in the OFOT group significantly
decreased (p < 0.05), and there was no significant difference from the FFO group (p > 0.05).

Table 3. Effects of dietary taurine on the growth performance of channel catfish (Ictalurus punctatus)
fed oxidized-fish-oil diets.

FFO OFO OFOT p-Value

Initial weight (g) 6.00 ± 0.01 6.00 ± 0.01 5.99 ± 0.00 0.702
Final weight (g) 26.20 ± 0.14 b 23.43 ± 0.72 a 25.62 ± 0.40 b 0.036

WGR 336.53 ± 1.38 b 290.49 ± 11.93 a 327.27 ± 6.55 b 0.034
SR 97.14 ± 2.86 94.29 ± 2.86 93.33 ± 6.67 0.829

FCR 1.16 ± 0.04 1.35 ± 0.09 1.20 ± 0.08 0.223
HSI 2.26 ± 0.05 a 2.74 ± 0.12 b 2.46 ± 0.07 a 0.003
VSI 13.20 ± 0.66 13.67 ± 0.47 13.28 ± 0.30 0.781
CF 1.52 ± 0.04 1.57 ± 0.03 1.49 ± 0.01 0.216

Note: Data indicate the mean values of three replicate cages per treatment (three fish per replicate breeding
barrel). Mean values with different superscripts in a row are significantly different (one-way ANOVA, p < 0.05).
Weight gain rate (WGR, %) = (final body weight − initial body weight)/initial body weight × 100; survival rate
(SR, %) = final number of fish/initial number of fish × 100; feed conversion rate (FCR) = total amount of the
feed consumed/(final body weight − initial body weight); hepatosomatic index (HSI, %) = liver weight/whole
body weight × 100; viserosomatic index (VSI, %) = visceral weight/whole body weight × 100; condition factor
(CF, g/cm3) = 100 × whole body weight/(body length)3.
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3.2. Skin Pigment and Body Color

There was no significant change (p > 0.05) in L* of backside and b* of abdomen among
treatment groups (Table 4). Compared with the FFO group, carotenoids of backside and L*
of abdomen in the OFO group were significantly decreased (p < 0.05), lutein of backside
and abdomen were significantly increased (p < 0.05). Compared with the OFO group,
carotenoids, tyrosinase and a* of backside and tyrosinase and a* of abdomen in the OFOT
group markedly increased (p < 0.05).

Table 4. Effects of dietary taurine on skin pigment and body color of channel catfish
(Ictalurus punctatus) fed oxidized-fish-oil diets.

FFO OFO OFOT p-Value

Backside
Carotenoids (μg/mL) 16.00 ± 0.47 b 14.04 ± 0.32 a 18.42 ± 0.57 c 0.002

Lutein (pg/mL) 1746.8 ± 84.5 a 2331.8 ± 26.0 b 2243.5 ± 17.3 b <0.001
Tyrosinase (ng/mL) 4986.3 ± 43.3 a 4699.7 ± 87.4 a 5583.0 ± 120.0 b 0.001

L* 51.14 ± 0.49 53.24 ± 1.25 47.64 ± 2.87 0.125
a* −5.10 ± 0.06 a −5.44 ± 0.08 a −4.54 ± 0.29 b 0.008
b* 1.60 ± 0.23 a 2.49 ± 0.15 ab 2.07 ± 0.25 b 0.031

Abdomen
Carotenoids (μg/mL) 13.18 ± 0.23 a 13.61 ± 0.07 ab 14.91 ± 0.64 b 0.049

Lutein (pg/mL) 2216.0 ± 21.7 b 2391.8 ± 22.4 c 2083.5 ± 40.1 a 0.001
Tyrosinase (ng/mL) 4448.0 ± 31.8 a 4309.7 ± 57.0 a 4693.0 ± 75.5 b 0.009

L* 82.41 ± 0.20 b 81.52 ± 0.25 a 81.55 ± 0.14 a 0.011
a* −3.47 ± 0.06 ab −3.55 ± 0.06 a −3.31 ± 0.03 b 0.017
b* 8.19 ± 0.05 8.67 ± 0.12 8.01 ± 0.42 0.200

Note: Data indicate the mean values of three replicate cages per treatment (three fish per replicate breeding barrel).
Mean values with different superscripts in a row are significantly different (one-way ANOVA, p < 0.05).

3.3. Lipid Deposition and Histological Structure of Liver

The TG and TC contents in the OFO group were remarkably increased in comparison
with the FFO group, while supplementation with 0.2% taurine significantly reduced the
TG and TC contents (p < 0.05), there was no significant difference (p > 0.05) between
the OFOT and FFO groups (Figure 1A,B). In comparison of the OFO and FFO groups,
fas and srebp1 mRNA expression in the liver of the channel catfish were significantly
upregulated (p < 0.05), and lpl mRNA expression was significantly downregulated (p < 0.05)
(Figure 1C–E). The OFOT group significantly upregulated lpl mRNA expression, and
significantly downregulated fas and srebp1 mRNA expression compared with the OFO
group (p < 0.05). As showed in Figure 2 and Table 5, the OFO group remarkably decreased
the size of nuclei, and increased the size of hepatocytes (p < 0.05) compared with the FFO
group. The size of nuclei in the FFOT group was significantly increased compared with the
OFO group, whereas the opposite result was observed for the size of hepatocytes (p < 0.05).
Therefore, the fish fed OFO diets showed more hepatic lipid vacuolization than those fed
FFO or OFOT.

3.4. Serum Immune Indices

The OFO group significantly reduced IgM, C4, and C3 contents, while the supplemen-
tation of taurine remarkably increased (p < 0.05) these immune indices compared with the
OFO group (Table 6). In addition, compared with the FFO group, AST and ALT activities in
the OFO group were significantly increased (p < 0.05), while adding 0.2% taurine remark-
ably decreased the activities of AST and ALT (p < 0.05), there was no significant difference
(p > 0.05) between the OFOT and FFO treatment.
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Figure 1. Serum biochemical indices and lipid-metabolism-related gene expression of the liver in channel catfish
(Ictalurus punctatus) fed the diets. (A) Triacylglycerol, TG; (B) total cholesterol, TC; and (C–E) lipid-metabolism-related
genes (fas, acc, and srebp1). Data indicate the mean values of three replicate cages per treatment (three fish per replicate
breeding barrel). Significance was evaluated by one-way ANOVA (p < 0.05) followed by Duncan’s multiple range tests.
Values marked with different letters are significantly different between the treatment groups.

Figure 2. Histological characteristics of the liver in channel catfish (Ictalurus punctatus) fed the diets
(H&E stain, magnification 400×). (A) Fresh fish oil (FFO) group; (B) oxidized fish oil (OFO) group;
and (C) OFO diet with 0.2% taurine (OFOT) group.
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Table 5. Effects of dietary taurine on the morphometrics of the liver of channel catfish
(Ictalurus punctatus) fed oxidized-fish-oil diets.

FFO OFO OFOT p-Value

Size of nuclei (μm) 6.57 ± 0.02 5.35 ± 0.03 6.61 ± 0.02 <0.001
Size of hepatocytes (μm) 17.03 ± 0.05 21.66 ± 0.26 17.02 ± 0.05 <0.001

Note: Data indicate the mean values of three replicate cages per treatment (three fish per replicate breeding barrel).

Table 6. Effects of dietary taurine on serum immune indices of channel catfish (Ictalurus punctatus)
fed oxidized-fish-oil diets.

FFO OFO OFOT p-Value

C3 (g/L) 1.04 ± 0.03 c 0.72 ± 0.02 a 0.87 ± 0.03 b <0.001
C4 (g/L) 0.65 ± 0.02 b 0.5 ± 0.02 a 0.69 ± 0.03 b <0.001

IgM (g/L) 1.42 ± 0.08 b 1.01 ± 0.03 a 1.37 ± 0.07 b 0.003
AST (U/L) 33.02 ± 6.31 a 56.45 ± 0.97 b 35.2 ± 0.42 a 0.008
ALT (U/L) 8.65 ± 0.58 a 13.33 ± 0.77 b 7.57 ± 0.62 a <0.001

Note: Data indicate the mean values of three replicate cages per treatment (three fish per replicate breeding
barrel). Mean values with different superscripts in a row are significantly different (one-way ANOVA, p < 0.05).
C3, complement 3; C4, complement 4; IgM, immunoglobulin M; AST, aspartate aminotransferase; and ALT,
alanine aminotransferase.

3.5. Antioxidant Indices in the Liver

As shown in Figure 3, the MDA content in the OFO group was significantly increased
(p < 0.05) compared with that of the FFO group. The content of MDA of fish fed the 0.2%
taurine supplementation diets was remarkably lower than values in fish fed OFO diets.
In addition, the OFO treatment significantly decreased the levels of SOD, GPx, GR, GSH,
and T-AOC, while the supplementation of taurine markedly increased (p < 0.05) these
antioxidant indices compared with the OFO group.

 
Figure 3. Liver antioxidant indices of channel catfish (Ictalurus punctatus) subject to different treatment. (A) Malon-
dialdehyde, MDA; (B) Superoxide dismutase, SOD; (C) Glutathione peroxidase, GPx; (D) Glutathione reductase, GR;
(E) Glutathione, GSH; (F) Total antioxidant capacity, T-AOC. Data indicate the mean values of three replicate cages per
treatment (three fish per replicate breeding barrel). Significance was evaluated by one-way ANOVA (p < 0.05) followed by
Duncan’s multiple range tests. Values marked with different letters are significantly different between the treatment groups.
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3.6. Antioxidant-Related Gene Expression in the Liver

As shown in Figure 4, there was no significant difference in sod and gpx8 gene expres-
sion among the treatment groups. The OFO group remarkably downregulated gpx1, gr, and
nrf2 mRNA expression, and upregulated keap1 mRNA expression (p < 0.05) compared with
the FFO group. gpx1, gr, and nrf2 mRNA expression in the FFOT group were significantly
upregulated compared with the OFO group, whereas the opposite result was observed for
the mRNA expression level of keap1 (p < 0.05)

Figure 4. Effects of dietary taurine on liver antioxidant-related genes expression of channel catfish (Ictalurus punctatus) fed
oxidized-fish-oil diets. (A) sod; (B) gpx1; (C) gpx8; (D) gr; (E) keap1; (F) nrf2. Data indicate the mean values of three replicate
cages per treatment (three fish per replicate breeding barrel). Significance was evaluated by one-way ANOVA (p < 0.05)
followed by Duncan’s multiple range tests. Values marked with different letters are significantly different between the
treatment groups.

3.7. Histological Structure in the Intestine

As shown in Figure 5, through the H&E staining analysis of the intestine, the feeding of
oxidized-fish-oil diets significantly reduced the goblet cell quantity, villi length, and muscu-
lar thickness of the intestine. Compared with the OFO group, the OFOT group significantly
increased the goblet cell quantity, villi length, and muscular thickness of intestine.

3.8. Intestinal Physical-Barrier-Related Gene Expression

As showed in Figure 6, there was no significant change in occludin mRNA expression
among the treatment groups. In comparison of the OFO and FFO groups, claudin-12 and
claudin-15 mRNA expression in the intestine of the channel catfish were markedly upreg-
ulated, and zo-2 and zo-1 mRNA expression were significantly downregulated (p < 0.05).
Adding taurine remarkably upregulated zo-1 and zo-2 mRNA expression, and downregu-
lated claudin-15 and claudin-12 mRNA expression compared with the OFO group (p < 0.05).
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Figure 5. Effects of dietary taurine on intestinal morphology of channel catfish (Ictalurus punctatus) fed oxidized-fish-oil diets
(magnification 40×). (A) Villi length; (B) muscular thickness; (C) goblet cell quantity; (D) FFO group; (E) OFO group; and
(F) OFOT group. The red arrow indicates the villi length and the blue arrow indicates the muscular thickness, respectively.
Significance was evaluated by one-way ANOVA (p < 0.05) followed by Duncan’s multiple range tests. * p < 0.05.

 
Figure 6. Effects of dietary taurine on intestinal physical-barrier-related genes expression of channel catfish
(Ictalurus punctatus) fed oxidized-fish-oil diets. (A) zo-1; (B) zo-2; (C) occludin; (D) claudin-12; (E) claudin-15. Data in-
dicate the mean values of three replicate cages per treatment (three fish per replicate breeding barrel). Significance was
evaluated by one-way ANOVA (p < 0.05) followed by Duncan’s multiple range tests. Values marked with different letters
are significantly different between the treatment groups.
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3.9. Intestinal Immune-Barrier-Related Gene Expression

As showed in Figure 7, the OFO group markedly downregulated tgf-β1, tgf-β2, and
tgf-β3 mRNA transcription levels, and upregulated tnf-α, nf-κb, il-1β, il-6, and il-8 mRNA
transcription levels compared with the FFO group (p < 0.05). tgf-β1, tgf-β2, and tgf-β3
mRNA transcription levels in the OFOT group were markedly upregulated compared with
the OFO group, whereas the opposite result was observed for tnf-α, nf-κb, il-1β, il-6, and
il-8 mRNA transcription levels (p < 0.05).

 
Figure 7. Effects of dietary taurine on intestinal immune-barrier-related genes expression of channel catfish
(Ictalurus punctatus) fed oxidized-fish-oil diets. (A) tnf-α; (B) il-1β; (C) il-6; (D) il-8; (E) nf-κb; (F) il-10; (G) tgf-β1; (H) tgf-β2;
(I) tgf-β3. Data indicate the mean values of three replicate cages per treatment (three fish per replicate breeding barrel).
Significance was evaluated by one-way ANOVA (p < 0.05) followed by Duncan’s multiple range tests. Values marked with
different letters are significantly different between the treatment groups.

As shown in Figure 8, correlation analyses shown that nf-κb mRNA transcription
level was negatively correlated with tnf-α, il-1β, il-6, and il-8 mRNA transcription levels
(p < 0.05), and positively correlated with tgf-β1, tgf-β2, and tgf-β3 mRNA transcription
levels (p < 0.05).
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Figure 8. Correlative analysis of intestinal immune-barrier-related gene expression was performed using the R Programming
Language. * p < 0.05, ** p < 0.01.

4. Discussion

A fresh fish oil can provide the HUFAs needed during the growth of fish [23]. HUFAs are
prone to oxidative rancidity and have a negative impact on fish. In this study, oxidized-fish-oil
diets significantly reduced the growth performance of channel catfish, which is similar to results
obtained in juvenile hybrid grouper (♀Epinephelus fuscoguttatus × ♂Epinephelus lanceolatus) [24],
farmed tilapia [6], orange spotted grouper [5], and yellow catfish (Pelteobagrus fulvidraco) [25].
One of the reasons is that toxic and harmful substances such as lipid hydroperoxides,
ketones, aldehydes, and acids are produced after oxidation of fish oil, which induces
oxidative stress, leads to inflammatory response, and then inhibits growth [5]. Another
reason is that oxidized fish oil has reduced nutritional value compared with non-oxidized
fish oil [26]. Taurine has been widely used in aquatic feeds. Adding an appropriate amount
of taurine to diets can obviously increase growth performance of yellowtail kingfish
(Seriola lalandi) [27], turbot [28], and tiger puffer (Takifugu rubripes) [29]. Experimental
results also showed that the addition of 0.2% taurine to the oxidized-fish-oil diet obviously
increased the growth performance of channel catfish, and there was no significant difference
from the FFO group. There are two main reasons why taurine promotes fish growth:
first, taurine has a good attractant effect [30]; second, taurine may alleviate the negative
effects caused by oxidized-fish-oil diets, such as lipid deposition, oxidative damage, and
inflammatory response.

Long-term feeding of oxidized-fish-oil diets can lead to the lipid deposition of liver [31].
Based on H&E staining, liver fat vacuolation is usually expressed as the size of hepatocytes
and their nuclei [32,33]. In this study, oxidized-fish-oil diets led to lipid deposition in
the liver of channel catfish, which was supported by the phenomenon of increased lipid
vacuolization in the liver (such as smaller nuclei and larger hepatocytes), HSI, serum
TC, and TG contents. Similar studies have been found in yellow catfish [25], loach
(Misgurnus anguillicaudatus) [34] and largemouth bass (Micropterus salmoides) [35]. Fur-
ther studies showed that oxidized-fish-oil diets resulted in liver lipid deposition due to
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the upregulation of the expression of lipid synthesis gene (fas) and the downregulation of
the expression of lipolysis gene (lpl). Sterol-regulatory element binding protein 1 (srebp1)
is mainly involved in the activation of enzymes related to lipid synthesis, and can pro-
mote lipid synthesis by targeting the expression of fatty-acid-catalyzing enzymes such as
fas [36,37]. The present study showed that feeding oxidized-fish-oil diets significantly up-
regulated srebp1 mRNA expression, indicating that oxidized-fish-oil diets can induce lipid
deposition by regulating the mRNA expression of lipid synthesis and lipolysis. Taurine
has a good function of reducing lipid deposition. It has been found in broiler chickens that
taurine can reduce blood lipid content [38]. There are also studies in aquatic animals that
have found that taurine can promote lipolysis of European seabass [15], white seabream
(Diplodus sargus) [39], and Persian sturgeon (Acipenser persicus) [40]. In this study, the
addition of taurine to oxidized-fish-oil diets remarkably reduced lipid vacuolization in the
liver, HSI, serum TC, and TG contents. Furthermore, taurine remarkably downregulated
the transcriptional levels of fas and srebp1 in the liver, and upregulated the transcriptional
level of lpl, indicating that taurine alleviated lipid deposition induced by oxidized-fish-oil
diets. Studies have speculated that taurine has a good lipolysis effect, which may be related
to the AMPK/SIRT1 signaling pathway [38]. Previous studies confirmed that activation of
AMPK can inhibit the activities of FAS and ACC, thereby reducing the concentration of
malonyl-CoA and enhancing CPT1 activity, thus increasing lipid catabolism and reducing
lipid deposition [41,42]. However, the mechanism of taurine alleviating lipid deposition
needs further study.

For animals, the oxidation diet is one of important exogenous factors leading to ox-
idative stress. Long-term feeding of oxidized-fish-oil diets can induce the production of
reactive oxygen species in mitochondria, and excessive reactive oxygen species (ROS) can
lead to tissue oxidative damage [43–45]. Malondialdehyde (MDA) is the final decompo-
sition product of lipid peroxidation caused by ROS, and its content reflects the degree of
peroxidation [46]. In the process of ROS removal, CAT breaks down hydrogen peroxide
into oxygen and water, and SOD and GPx also play an important role, which can decrease
hydrogen peroxide [47,48]. The present study showed that oxidized-fish-oil-diet feeding
led to markedly a higher the content of MDA and lower the levels of CAT, SOD, GPx, GR,
and T-AOC in the liver than in the FFO group. As is well known, the increase of serum AST
and ALT activities is one of the important markers of liver injury [49]. Besides, the present
study has showed that oxidized-fish-oil diets significantly increased serum AST and ALT
activities of channel catfish, indicating that oxidized-fish-oil diets leads to oxidative stress
and damage in the liver. Similar studies have found in other aquatic animals that oxidized-
fish-oil diets significantly decreased antioxidant enzyme activities and increased AST and
ALT activities of Wuchang bream [7] and tilapia (Oreochromis niloticus) [6]. Some studies
have shown that taurine is a powerful antioxidant, mainly due to its stable biofilm and
direct scavenging ability of ROS [50]. Furthermore, taurine can also improve antioxidant ca-
pacity by increasing the activity of antioxidant enzymes [51]. The results of this experiment
also showed that the addition of taurine to the oxidized-fish-oil diet remarkably promoted
CAT, GPx, GR, SOD, and T-AOC levels, whereas the opposite result was observed for
the MDA level. The antioxidant capacity of taurine is related to its role as a precursor
of glutathione [52], and taurine can also enhance the regeneration of glutathione from
glutathione disulfide [53].

Antioxidant enzyme activity is regulated by the nrf2/keap1 signaling pathway [54].
keap1 inhibits the expression of antioxidant genes by inhibiting the nuclear translocation of
nrf2 [55]. The present study showed that oxidized-fish-oil diets remarkably downregulated
the transcriptional levels of nrf2, gr, and gpx1 in the liver, while the transcriptional levels of
keap1 were reversed. These results were consistent with the results of antioxidant enzyme
activities, indicating that long-term feeding of oxidized-fish-oil diets can reduce the antiox-
idant capacity of channel catfish. Previous studies in pufferfish (Takifugu obscurus) [56] and
yellow catfish (Pelteobagrus fulvidraco) [57] have found that when fish are under oxidative
stress, dietary taurine can increase the expression levels of antioxidant enzyme genes in the
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liver, thus improving antioxidant capacity. In this study, the addition of taurine to oxidized-
fish-oil diets remarkably upregulated nrf2, gr, and gpx1 mRNA expression, whereas the
opposite result was observed for the transcriptional level of keap1. These results were
consistent with the results of antioxidant enzyme activities, indicating that taurine can
relieve peroxidation injury of channel catfish caused by oxidized-fish-oil diets. Similar
studies have confirmed that taurine can remarkably improve antioxidant ability in juvenile
turbot by regulating the nrf2/keap1 signaling pathway [58]. Therefore, we speculate that
taurine regulates the activity of antioxidant enzymes through the nrf2/keap1 signaling
pathway, thereby enhancing the ability of fish to resist oxidative stress.

Immune-active substances such as immunoglobulin and complement factor in serum
play an important role in animal immune response [59]. Fish mainly rely on the non-specific
immune system to respond to external environmental stimuli and pathogen invasion [60].
As a protein response system, the complement system is mainly responsible for destroying
or removing pathogenic microorganisms, and is an important part of the non-specific im-
munity [61]. The present study showed that oxidized-fish-oil diets significantly decreased
immune function, which was supported by the phenomenon of decreased serum C3, C4,
and IgM contents. Some studies have indicated that dietary supplementation of taurine
can alleviate acute ammonia poisoning of yellow catfish by increasing the content of total
immunoglobulin in serum [57]. In addition, our previous study revealed that taurine can
improve serum C3 and C4 levels in rice field eel to alleviate the immune response induced
by high-fat diets [62]. The results of this study showed that the dietary supplementation of
taurine to a oxidized-fish-oil diet increased serum C3, C4, and IgM contents, which indi-
cated that taurine can improve immune function of channel catfish. Similar experimental
results were found in Chinese mitten crab (Eriocheir sinensis) [63] and yellow catfish [64].

Further research has shown that taurine can enhance immune function though con-
trolling intestinal inflammatory response [65]. Intestinal inflammatory response is mainly
regulated by cytokines, including anti-inflammatory cytokines (including tgf-β and il-10)
and pro-inflammatory cytokines (including tnf-α il-1β, il-6, and il-8) [66]. The present study
showed that the mRNA transcription levels of tnf-α il-1β, il-6, and il-8 were remarkably
upregulated when channel catfish fed oxidized-fish-oil diets, whereas the opposite result
was observed for the mRNA transcription levels of tgf-β1, tgf-β2, and tgf-β3. A similar
study has been conducted in Rhynchocypris lagowski, which showed that oxidized-fish-oil
diets lead to high expression of pro-inflammatory cytokines (tnf-α, il-1β, and il-8) and
low expression of anti-inflammatory cytokines (il-10 and tgf-β) [67]. Finding how to al-
leviate the inflammatory reaction caused by an oxidized-fish-oil diet is very important
to improving the utilization rate of aquatic feed. Previous studies have reported that
adding taurine significantly downregulated the expression levels of anti-inflammatory
cytokines in grass carp [16] and yellow catfish [57]. The results of this experiment also
shown that the addition of taurine to a oxidized-fish-oil diet dramatically downregulated
tnf-α il-1β, il-6, and il-8 mRNA expression in the liver, and upregulated tgf-β1, tgf-β2, and
tgf-β3 mRNA expression, indicating that taurine can reduce inflammatory response in the
intestine induced by oxidized-fish-oil diets.

Cytokine expression in inflammatory response is regulated by various signaling
pathways, among which nuclear transcription factor-κB (NF-κB), as an important signaling
factor, plays an important role in inflammatory response [68]. In this study, long-term
feeding of oxidized-fish-oil diets remarkably upregulated the transcriptional level of nf-κb.
However, the addition of taurine to oxidized-fish-oil diets reversed this trend. Furthermore,
correlation analyses showed that the mRNA expression level of nf-κb was negatively
correlated with the mRNA expression levels of tnf-α, il-1β, il-6, and il-8, and positively
correlated with the mRNA expression levels of tgf-β1, tgf-β2, and tgf-β3, which suggested
that taurine inhibited the NF-κB signaling pathway to protecting oxidized fish-oil-induced
inflammation response in channel catfish.

Intestinal physical-barrier function is an indispensable part of intestinal health of
aquatic animals [69]. Generally speaking, the muscular thickness and villi length in the
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intestine are important criteria to measure the efficiency of digestion and absorption [70].
Goblet cells on intestinal villi, as typical mucous cells, play an important role in regulating
the integrity of intestinal epithelial cells and the immune response to foreign antigens [71].
The present study showed that oxidized-fish-oil diets significantly reduced the villi length,
goblet cell quantity, and muscular thickness of intestine. However, the addition of taurine
to oxidized-fish-oil diets reversed this trend, indicating taurine can maintain the struc-
tural integrity of the intestine. An important component of the intestinal physical barrier
is tight junction protein. Studies have reported that tight junction proteins are closely
related to the integrity of intestinal structure, and the upregulation of transmembrane
protein-related genes (including occluding, zo-1, and zo-2) can maintain the structural in-
tegrity of intestinal epithelial cells, while the upregulation of cytoplasmic protein-related
genes (including claudin-12 and claudin-15) can damage the structural integrity of intestinal
epithelial cells [54,72]. This present study found that oxidized-fish-oil diets substantially
downregulated intestinal zo-1 and zo-2 mRNA transcriptional levels of channel catfish,
and upregulated claudin-12 and claudin-15 mRNA transcriptional levels, indicating that
oxidized-fish-oil diets may increase the intestinal barrier structure damage caused by in-
tercellular space by regulating tight junction protein genes. Taurine has been reported to
enhance intestinal morphology and barrier function [73]. The results of this experiment
also showed that the addition of taurine to a oxidized-fish-oil diet remarkably upregu-
lated intestinal zo-1 and zo-2 mRNA transcriptional levels, and downregulated claudin-12
and claudin-15 mRNA transcriptional levels, indicating that taurine can repair the intesti-
nal physical barrier damage induced by oxidized-fish-oil diets. However, the specific
regulatory mechanism needs to be further studied.

5. Conclusions

The present study indicated that oxidized-fish-oil diets have a negative effect on
growth performance, lipid metabolism, antioxidant ability, and intestinal health in channel
catfish. However, addition of taurine to a oxidized-fish oil diet can increase growth
performance of channel catfish. Taurine reduced lipid deposition in the liver through
promoting the transcription factors of lipid metabolism including srebp1, lpl, and fas. In
addition, our findings revealed that the supplementation of taurine alleviated oxidized
fish-oil-induced oxidative damage of the liver through the Nrf2-Keap1 signaling pathway
based on the transcriptional expression, and then significantly improved the activity of
antioxidant enzymes. Furthermore, the current study revealed that the supplementation
of taurine alleviated inflammatory response in the intestine through the NF-κB signaling
pathway based on the transcriptional expression.
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Abstract: The overconsumption of carbohydrates induces oxidative stress and lipid accumulation in
the liver, which can be alleviated by modulation of intestinal microbiota; however, the underlying
mechanism remains unclear. Here, we demonstrated that a strain affiliated with Lactobacillus plantarum
(designed as MR1) efficiently attenuated lipid deposition, oxidative stress, as well as inflammatory
response, which are caused by high-carbohydrate diet (HC) in fish with poor utilization ability of
carbohydrates. Serum untargeted metabolome analysis indicated that pyrimidine metabolism was
the significantly changed pathway among the groups. In addition, the content of serum uridine
was significantly decreased in the HC group compared with the control group, while it increased
by supplementation with L. plantarum MR1. Further analysis showed that addition of L. plantarum
MR1 reshaped the composition of gut microbiota and increased the content of intestinal acetate.
In vitro experiment showed that sodium acetate could induce the synthesis of uridine in hepatocytes.
Furthermore, we proved that uridine could directly ameliorate oxidative stress and decrease liver
lipid accumulation in the hepatocytes. In conclusion, this study indicated that probiotic L. plantarum
MR1 ameliorated high-carbohydrate diet-induced hepatic lipid accumulation and oxidative stress by
increasing the circulating uridine, suggesting that intestinal microbiota can regulate the metabolism
of nucleotides to maintain host physiological homeostasis.

Keywords: high-carbohydrate diet; Lactobacillus plantarum; oxidative stress; acetate; uridine

1. Introduction

Over intake of high-carbohydrate diet promotes the oxidative stress and subsequently
induces the inflammatory response in animals [1,2]. Moreover, it will increase the de novo
lipogenesis. Oxidative stress and lipid accumulation contribute to metabolic syndrome [3,4],
including fatty liver [5], high glucose level, and impaired insulin function in animals [6].
Postprandial oxidative stress is regarded as a secondary response to postprandial high
glucose and triglyceride levels [7], and oxidative stress may be the mechanistic link be-
tween lipid metabolism and related complications [8]. Therefore, the study to attenuate
lipid accumulation and oxidative stress induced by high-carbohydrate diet has attracted
increased attention.

Carbohydrates are important energy sources for fish; however, fish are natural glucose
intolerant with poor utilization ability of carbohydrates [9,10]. High dietary carbohydrates
cause negative effects on the growth performance and liver health, and easily trigger
oxidative stress in fish. For example, it has been reported that high-carbohydrate diet
induces de novo fatty acid synthesis, insulin resistance, and fatty liver disease in blunt
snout bream (Megalobrama amblycephala) [11]. High-carbohydrate diet affects the growth
performance, hepatic glucose metabolism, and antioxidant capacity of largemouth bass
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(Micropterus salmoides) [12]. Fish has become an important model organism to study the
host physiological mechanisms [13,14], particularly for glucose metabolism [15].

Gut microbiota has been considered as an important organ with properties involv-
ing host metabolism and physiological functions [16]. It has been found that gut micro-
biota dysbiosis is strongly correlated with hepatic lipid metabolism disorder or oxidative
stress [17,18], while gut microbiota homeostasis restoration can prevent diet-induced fatty
liver diseases, glucose metabolism disorder or other metabolic syndromes [19]. Therefore,
intestinal microbiota indeed acts as a mediator in the lipid metabolism dysregulation and
oxidative stress development [20,21]. It has been found that Bifidobacterium lactis HN019 has
a beneficial effect on the regulation of inflammatory and oxidative biomarkers in subjects
with the metabolic syndrome [22]. In addition, Lactobacillus plantarum can exert a beneficial
effect in high-fat/high-fructose diet-induced fatty liver disease in rats [23], and attenuate
oxidative stress by regulating the composition of gut microbiota in D-galactose-exposed
mice [24,25]. However, the mechanisms by which microbes regulate lipid accumulation
or activate host antioxidant responses still require further investigation. A recent study
found that Lactobacillus rhamnosus GG activated hepatic nuclear factor erythroid-2-related
factor 2 (Nrf2) signal by producing 5-methoxyindoleacetic acid in Drosophila melanogaster
and mice, suggesting that bacteria-derived molecules can protect against liver oxidative
injury [26].

The short-chain fatty acids (SCFAs) produced by bacterial fermentation of dietary
fiber in the gut play critical roles in glucose and lipid metabolism or oxidative stress
modulation [27]. For example, butyrate has been reported to exert an antioxidant effect
by activating Nrf2 and H3K9/14 acetylation via G-protein coupled receptor (GPR) 109A
in bovine mammary epithelial cells [28]. Propionate induces intestinal oxidative stress
resulting from Sod2 propionylation in zebrafish fed with high-fat diet (HFD) [29]. Acetate,
the most abundant SCFAs in the gut, can regulate lipid metabolism, improve glucose
intolerance and insulin resistance, and inhibit the inflammatory response by activating
GPRs [27,30]. Accordingly, except for acting as signal molecules, SCFAs can be used as a
substrate to synthesize some precursor substances, and then participate in lipid metabolism.
However, the related mechanisms need to be further elucidated [31,32].

Nile tilapia (Oreochromis niloticus) is the second most farming fish species worldwide,
which is also an important model for the physiological study of fish with available genomic
information [33,34]. In this study, a strain affiliated with L. plantarum (MR1) was isolated
from the intestine of healthy Nile tilapia. Three diets, including a normal control diet (NC), a
high-carbohydrate diet (HC), and a high-carbohydrate diet supplemented with L. plantarum
MR1 (HCL), were used to feed the fish for 10 weeks. Then, the effect of L. plantarum MR1
on the growth performance, liver lipid metabolism, inflammatory response, and oxidative
stress in the HC-fed Nile tilapia was analyzed. The possible mechanism was identified
by serum untargeted metabolome, gut microbiome analysis, and in vitro experiment. The
present study revealed the method by which intestinal microbiota regulates the metabolism
of nucleotides to maintain host physiological homeostasis.

2. Materials and Methods

2.1. Animal Ethics

Experiments were conducted under the Guidance of the Care and Use of Laboratory
Animals in China. This study was approved by the Committee on the Ethics of Animal
Experiments of East China Normal University (F20190101).

2.2. Animal Experiments

A strain affiliated with L. plantarum, designed as MR1, was purified from the gut of
healthy Nile tilapia (additional details in the Supplementary Methods).

Nile tilapia juveniles were obtained from Yueqiang aquafarm (Guangzhou, China).
All fish were acclimated to 28 ◦C and fed with a commercial diet twice per day for
2 weeks. Following the acclimation, 270 similar-sized fish at 1.66 (± 0.05) g were randomly
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distributed into three groups (three replicates for each group, thirty fish per replicate) and
fed with a normal control diet (NC), a high-carbohydrate diet (HC) or a high-carbohydrate
diet supplemented with L. plantarum MR1 (HCL) for 10 weeks. All fish were fed twice per
day at 5% of body weight. The formulations of the diets were listed in Table S1. The total
weight of fish in each tank was recorded every 2 weeks. For additional details on sampling
collection, see Supplementary Methods.

2.3. Body Composition Assessment

Nine fish from each group were collected for the body composition assay. The whole
fish were dried in an electric oven at 105 ◦C to a constant weight. The dried fish were
ground to mince for determination of total protein analysis using a semi-automatic Kjeldahl
System (Kjeltec 8200, FOSS, Hillerod, Denmark) and for total lipid content detection by a
classic methanol–chloroform method. The ash was determined by incineration in a muffle
furnace at 550 ◦C to a constant weight.

2.4. Biochemical Analysis

Serum samples were directly used for the biochemical detection. Liver samples
from fish were homogenized with 1 × PBS to obtain a 10% (w/v) liver homogenate, cen-
trifuged at 4 ◦C (3500× g for 10 min) for further experiments. Aspartate aminotransferase
(AST, C010-2-1), alanine aminotransferase (ALT, C009-2-1), triglyceride (TG, A110-1-1),
non-esterified free fatty acids (NEFA, A042-2-1), superoxide dismutase (SOD, A001-3-2),
malondialdehyde (MDA, A003-1-2), and reduced glutathione (GSH, A006-2-1) were de-
tected using biochemical assay kits, in accordance with the manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.5. Histological Analysis

Liver tissues were fixed in 4% paraformaldehyde followed by gradient ethanol de-
hydration and xylene transparency procedure. In addition, the tissues were embedded
in paraffin, which were then sliced into 5 μm for hematoxylin and eosin (H&E) staining.
For oil red O staining, liver tissues were immediately frozen at −80 ◦C using the OCT em-
bedding agent (G6059-110ML, Servicebio, Wuhan, China). Approximately 5–10 μm frozen
slices were stained with oil red O (ORO) for 10 min in the dark, and then immersed in 60%
isopropanol for a few seconds. The frozen slices were counterstained with hematoxylin
to visualize lipid droplets. The histological features were observed and captured under
a Nikon Eclipse Ti-SR inverted microscope (Nikon, Japan). Quantification and statistical
analysis were conducted using Image J v.1.8.0 (National Institutes of Health, Bethesda,
MD, USA).

2.6. 16S rRNA Amplicon Sequencing

Intestinal bacterial genomic DNA was purified using an E.Z.N.A.® Soil DNA Kit
(D5625, Omega, Norcross, GA, USA), in accordance with the manufacturer’s instructions.
The V3-V4 region of bacterial 16S rRNA gene was amplified by PCR and sequenced on an
Illumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, San Diego, CA, USA).
For additional details, see Supplementary Methods.

2.7. Measurement of SCFAs

Quantification of bacterial and intestinal SCFAs (including acetate, propionate, and
butyrate) was conducted using the previously described methods [35]. For additional
details, see Supplementary Methods.

2.8. Mass Spectrometry

Serum untargeted metabolome was analyzed by liquid chromatography–mass spec-
trometry (LC–MS). Chromatographic separation of the metabolites was performed on a
Thermo UHPLC system equipped with an ACQUITY UPLC HSS T3 (100 × 2.1 mm i.d.,
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1.8 μm, Waltham, MA, USA) column. For additional details on the detection of all the
samples, see Supplementary Methods.

2.9. Cell Culture

The primary hepatocytes were generated from healthy Nile tilapia, as previously
described [36]. Briefly, the liver tissues were washed three times using 1 × PBS and
digested with DMEM containing 0.1% collagenase IV (17104019, Gibco, Suwanee, GA,
USA), then filtered through a 70 μm-nylon mesh. The hepatocytes were harvested by
centrifuging at 850× g for 10 min. Red blood cells were removed using a red cell lysis buffer
(RT122-02, Tiangen, Beijing, China), and the remaining cells were incubated in DMEM
with 10% FBS and 1% penicillin–streptomycin at 28 ◦C. To explore whether acetate acted as
the substrate for uridine synthesis, 20 mM sodium acetate (NaAc) (S5636, Sigma-Aldrich,
St. Louis, MO, USA) was added to the hepatocytes for 24 h to detect the concentration of
uridine. For additional details on the effects of uridine in oleic acid (OA) and hydrogen
peroxide (H2O2)-treated hepatocytes, see Supplementary Methods.

2.10. Uridine and Acetyl-CoA Detection by HPLC

Uridine and acetyl-CoA were detected by high performance liquid chromatography
(HPLC) (LC-20AT, Shimadzu, Takamatsu, Kagawa, Japan) with a tandem double plunger.
The separation was achieved on the Shim-pack GIST 5 μm C18 column (4.6 × 250 μm,
5 μm particle size, Shimadazu®, Takamatsu, Kagawa, Japan). For additional details on the
contents of serum uridine and liver acetyl-CoA analysis, see Supplementary Methods.

2.11. Real-Time Quantitative PCR (RT-qPCR)

Real-time quantitative PCR (RT-qPCR) was performed as previously described [35].
Briefly, total RNA was extracted, and cDNAs were transcribed using RNAs as templates.
The cDNAs were amplified by PCR with ChamQ Universal SYBR qPCR Master Mix (Q711,
Vazyme, Nanjing, China) using the primers listed in Table S2. Real-time quantitative PCR
(RT-qPCR) analyses were performed using CFX Connect (Bio-rad, Richmond, CA, USA).
The β-actin and ef-1α were used as house-keeping genes, and the relative gene expression
values were quantified using the 2−ΔΔCT method.

2.12. Western Blot Analysis

Tissues or cells were lysed, and total protein contents were extracted and quantified.
Proteins were subjected to SDS-PAGE and transferred to NC membrane, then blocked
with 5% BSA for 1 h at room temperature. The membrane was incubated with primary
antibodies overnight at 4 ◦C. Following the secondary antibody incubation, the protein
bands were visualized in the Odyssey CLx Imager (Li-Cor Biotechnology, Lincoln, NE,
USA) and quantified using Image J v.1.8.0. GAPDH was served as a reference protein. The
antibodies used in this study were listed in Table S3.

2.13. Statistical Analysis

Statistical analysis of all data was performed using GraphPad Prism 7.0. The results
of biological assays are presented as mean ± standard error of the mean (SEM). Datasets
were assessed using one-way analysis of variance (ANOVA) with Tukey’s adjustment. Dif-
ferences between two groups were analyzed by Student’s t-test. In the Figures: *, p < 0.05;
**, p < 0.01; ***, p < 0.001.

3. Results

3.1. L. plantarum MR1 Promotes Growth Performance and Decreases Lipid Accumulation of
Nile Tilapia

At the end of the feeding experiment, the growth performance showed that final body
weight (FBW) and weight gain rate (WGR) (Table 1) were significantly increased in the
HC group compared with the NC group, and the WGR was further increased by addition
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of L. plantarum MR1 (Table 1). The body composition indexes showed that the visceral
somatic index (VSI) and hepatosomatic index (HSI) were markedly increased in the HC
group compared with the NC group; however, they were decreased in the HCL group
when compared with the HC group (Table 1). Although there was no significant difference,
the mesenteric fat index (MFI) was higher in the HC group than the NC group, and it had a
declining tendency in the HCL group, compared with the HC group (Table 1). Compared
with the HC-fed fish, the carcass index (CI) was significantly increased in L. plantarum
MR1-treated fish (Table 1). The total lipid contents of the whole fish were clearly increased
in the HC-fed fish, but significantly decreased by L. plantarum MR1 administration without
influencing the total protein contents (Table 1). These results suggested that L. plantarum
MR1 could promote the growth performance and decrease the total lipid contents in
Nile tilapia.

Table 1. Effect of L. plantarum MR1 on growth performance parameters, body composition indexes,
and body composition contents of Nile tilapia.

Groups NC HC HCL

Growth performance parameters
IBW (g) 1.64 ± 0.05 1.67 ± 0.05 1.68 ± 0.05
FBW (g) 20.16 ± 0.60 22.01 ± 2.41 # 25.98 ± 2.22

WGR (%) 1089.00 ± 48.15 1250.77 ± 32.05 # 1391.08 ± 20.04 *
Body composition indexes (%)

VSI (%) 12.31 ± 1.14 14.44 ± 1.45 ## 11.78 ± 0.78 ***
HSI (%) 2.85 ± 0.25 3.66 ± 0.58 # 2.93 ± 0.41 *
MFI (%) 0.59 ± 0.16 0.71 ± 0.39 0.52 ± 0.09
CI (%) 48.77 ± 1.61 47.12 ± 2.93 49.43 ± 1.73 *

Body composition contents (%)
Moisture 72.31 ± 1.04 71.49 ± 1.21 72.42 ± 0.66

Total lipid 6.55 ± 0.75 8.23 ± 0.64 ## 6.92 ± 0.55 *
Total protein 14.67 ± 0.29 13.94 ± 0.58 14.16 ± 0.45

Ash 2.66 ± 0.47 3.09 ± 0.22 3.34 ± 0.27
IBW: Initial body weight (g); FBW: Final body weight (g); WGR: Weight gain rate (%); VSI: Visceral somatic index
(%); HSI: Hepatosomatic index (%); MFI: Mesenteric fat index (%); CI: Carcass index (%). Statistics were analyzed
by one-way ANOVA with Tukey’s adjustment and presented as mean ± standard error of the mean (SEM) (#, NC
v.s. HC; *, HC v.s. HCL, #, p < 0.05; ##, p < 0.01; *, p < 0.05; ***, p < 0.001).

3.2. L. plantarum MR1 Reduces HC-Induced Liver Lipid Deposition of Nile Tilapia

Compared with the NC group, the levels of serum aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) (markers of liver injury) were considerably higher in
the HC group; however, they were clearly reduced by supplementation with L. plantarum
MR1 (Figure 1a,b). The hematoxylin and eosin (H&E) staining displayed that the hepatic
vacuolation was significantly increased in the HC group when compared with the NC
group; however, it was decreased by addition of L. plantarum MR1 (Figure 1c,d). Moreover,
liver oil red O (ORO) staining showed that HC-fed fish had the highest lipid accumulation,
which was significantly prevented by addition of L. plantarum MR1 (Figure 1e,f). Further
analysis also indicated that the contents of triglyceride (TG) and non-esterified free fatty
acids (NEFA) in liver and serum were significantly decreased in the fish supplemented
with L. plantarum MR1 (Figure 1g–j), suggesting that L. plantarum MR1 could reduce the
HC-induced liver lipid deposition in Nile tilapia.

To investigate the mechanism by which L. plantarum MR1 reduces the liver lipid
accumulation, the relative expression of genes related to lipid metabolism were detected.
The expression levels of genes related to lipid synthesis, such as fas and pparγ, were
significantly higher in the HC group than those in the NC group, and the expression levels
of fas, accα, dgat2, and pparγ, were considerably lower in the HCL group relative to the
HC group (Figure 1k). The genes associated with lipid catabolism, such as atgl, fatp1,
and hsl, were downregulated in the HC group compared with the NC group; however,
addition of L. plantarum MR1 significantly increased the transcript levels of atgl, fatp1, cpt1a,
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and hsl (Figure 1l). To define whether the energy expenditure was increased, the protein
expression of AMP-activated protein kinase alpha (AMPKα), a key protein in energy
signaling pathway, was analyzed, and a significant increase in phosphorylated-AMPKα

(p-AMPKα) was observed in L. plantarum MR1-treated group (Figure 1m,n), suggesting that
addition of L. plantarum MR1 reduced lipid deposition by activating the AMPKα signaling
pathway in Nile tilapia.

Figure 1. L. plantarum MR1 improved liver health in Nile tilapia fed with high-carbohydrate diet. (a,b)
Serum contents of aspartate aminotransferase (AST) (a) and alanine aminotransferase (ALT) (b) (n = 6).
(c–f) Examination of the liver condition by hematoxylin and eosin (H&E) staining (c,d) and oil red O
(ORO) staining (e,f). Scale bar, 50 μm (n = 3 slices). (g–j) Detection of the liver and serum triglyceride
(TG) and non-esterified free fatty acid (NEFA) levels (n = 6). (k) Relative expression of lipid syn-
thesis genes in the liver (n = 6). (l) Relative expression of lipid catabolism genes in the liver (n = 6).
(m) Protein level of phosphorylated-AMP-activated protein kinase alpha (p-AMPKα) energy home-
ostasis regulator in the liver (n = 3). (n) The protein level of p-AMPKα was quantified and normalized
to the loading control (GAPDH) (n = 3). Statistics were analyzed by one-way ANOVA with Tukey’s
adjustment and presented as mean ± SEM (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

Lipid accumulation in the liver normally causes inflammation. The inflammatory
cytokines were significantly higher in the HC group than the NC group; however, they
were notably lowered in L. plantarum MR1-treated group (Figure S1a). In addition, the
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inflammatory marker proteins, phosphorylated-nuclear factor-kappa B (p-NF-κB), and
cleaved interleukin-1 beta (IL-1β), were clearly decreased in the HCL group (Figure S1b,c),
indicating that L. plantarum MR1 could suppress the HC-induced inflammatory response.

3.3. L. plantarum MR1 Attenuates the HC-Induced Oxidative Stress of Nile Tilapia

As lipid accumulation may trigger the oxidative stress in the liver, the antioxidant
effect of L. plantarum MR1 was evaluated. The activity of superoxide dismutase (SOD) was
elevated by addition of L. plantarum MR1 compared with the HC group (Figure 2a,b). The
lipid peroxidation product malondialdehyde (MDA), an oxidative damage marker, was
significantly increased in the HC-treated fish compared with the NC-treated fish; however, it
was notably reduced by L. plantarum MR1 treatment (Figure 2c,d). The contents of reduced
glutathione (GSH) were significantly decreased in serum or liver in the HC-fed fish compared
with the NC-fed fish; however, they were markedly increased in L. plantarum MR1-treated fish
(Figure 2e,f). As a master regulator of antioxidative responses, the protein expression of Nrf2
was significantly decreased in the HC group, but increased in the HCL group (Figure 2g,h).
The expression levels of genes in Nrf2 signaling pathway, including nqo1 and ho1, were
downregulated in the HC group compared with the NC group; however, the expression levels
of nrf2 and ho1 were upregulated in L. plantarum MR1-treated group (Figure 2i). Considered
together, these results demonstrated that addition of L. plantarum MR1 could attenuate the
HC-induced oxidative stress by activating the Nrf2 signaling pathway in Nile tilapia.

Figure 2. L. plantarum MR1 relieved the HC-induced oxidative stress in Nile tilapia. (a,b) The
activities of superoxide dismutase (SOD) in the serum (a) and liver (b) (n = 6). (c,d) The contents
of malondialdehyde (MDA) in the serum (c) and liver (d) (n = 6). (e,f) The contents of reduced
glutathione (GSH) in the serum (e) and liver (f) (n = 6). (g,h) The protein expression and quantification
of Nrf2 in the liver (n = 6). (i) The relative mRNA expression of genes for Nrf2 signaling pathway in
the liver (n = 6). Statistics were analyzed by one-way ANOVA with Tukey’s adjustment and presented
as mean ± SEM (*, p < 0.05; **, p < 0.01).
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3.4. L. plantarum MR1 Regulates the Nucleotide Metabolism of Nile Tilapia

The serum untargeted metabolome analysis was performed to identify the composition
of metabolites among the treatments. The results showed that the metabolism process was
obviously changed among the groups (NC v.s. HC, 66.1%; HC v.s. HCL, 64.2%) (Figure 3a).
Further analysis showed that the change in pyrimidine metabolism was shared by the
comparison between NC v.s. HC and HC v.s. HCL (Figure 3b). The heatmap displayed that
the metabolite uridine, a pyrimidine nucleotide, was markedly decreased in the HC group,
but clearly increased in the HCL group (Figure 3c,d). Moreover, the uridine concentration
in the serum was confirmed by high performance liquid chromatography (HPLC), and the
result was consistent with the metabolome analysis (Figure 3e). Considered together, these
data demonstrated that supplementation of L. plantarum MR1 could increase the contents
of uridine, which were decreased in the serum of HC-fed Nile tilapia.

Figure 3. L. plantarum MR1 modulated the metabolic patterns in Nile tilapia. (a) Identification of
differentially biological processes percentage in the HC-treated fish compared with the NC-fed fish
or in L. plantarum MR1-treated fish compared with the HC-treated fish by liquid chromatography–
mass spectrometry (LC–MS) analysis. (b) Annotation of the identical significant altered metabolism
pathway in the three groups. (c) Heat map of selected differentially changed metabolites involved
in pyrimidine metabolism (#, NC v.s. HC; *, HC v.s. HCL, #, p < 0.05, *, p < 0.05, **, p < 0.01).
(d) Histogram statistics of differential metabolites in the heat map. (e) The contents of serum uridine
detection by high performance liquid chromatography (HPLC); n = 6 in NC and HC groups and n = 7
in HCL group. Statistics were analyzed by one-way ANOVA with Tukey’s adjustment and presented
as mean ± SEM (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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3.5. Uridine Alleviates the OA-Induced Lipid Accumulation in the Primary Hepatocytes of
Nile Tilapia

To explore the effect of uridine in reducing liver lipid deposition, 250 μM of oleic
acid (OA) was added to the primary hepatocytes of Nile tilapia to construct the lipid
accumulation model. Uridine at the concentration of 25 μM (OA + UL), 125 μM (OA + UM)
or 250 μM (OA + UH) was added to the OA-treated cells. The cell proliferation rate was
significantly decreased in the OA group when compared with the Ctrl group; however, it
was notably increased by addition of uridine, indicating that no cytotoxicity was caused
by uridine (Figure 4a). The contents of TG in the cells were markedly increased in the
OA-treated group compared with the Ctrl group; however, they were dramatically reduced
by addition of uridine (Figure 4b). Compared with the Ctrl group, the lipid droplets were
significantly increased in the OA group, but were clearly diminished by addition of uridine
in the hepatocytes, in accordance with BODIPY 493/503 staining (Figure 4c). The relative
expression of genes related to lipid synthesis, such as fas, accα, dgat2, and pparγ, were
significantly upregulated in the OA-treated group relative to the Ctrl group, but were
downregulated by supplementation with uridine (Figure 4d). The relative expression of
genes associated with lipid catabolism, such as atgl and cpt1a, was lower in the OA-treated
group than the Ctrl group, while the expression of atgl, cpt1a, and pparα, was higher in the
uridine administration group (Figure 4e). Considered together, our data suggested that
uridine could ameliorate the OA-induced lipid droplets accumulation by increasing lipid
catabolism and decreasing lipid synthesis.

Figure 4. Uridine reduced the OA-induced accumulation of lipid droplets in the primary hepatocytes
of Nile tilapia. (a) The proliferation of cells that are analyzed by CCK-8 in oleic acid (OA)-induced
cell model (n = 10). (b) The contents of TG in the hepatocytes (n = 6). (c) Lipid droplets staining with
BODIPY 493/503 in the hepatocytes. Scale bar, 100 μm (n = 6). (d,e) Gene expression of lipid synthesis
(d) and catabolism (e) in the hepatocytes (n = 6). Statistics were analyzed by one-way ANOVA with
Tukey’s adjustment and presented as mean ± SEM (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Based on our previous assumption, we further evaluated the influence of uridine on
inflammatory response. Consistently, the expression of p-NF-κB and cleaved IL-1β was
remarkably increased in the OA-treated group compared with the Ctrl group, but notably
suppressed by the uridine treatment (Figure S2).

3.6. Uridine Ameliorates Oxidative Stress in the Primary Hepatocytes of Nile Tilapia

We further investigated whether uridine could attenuate OA-induced oxidative injury
in the hepatocytes. The data showed that the activity of SOD was considerably lower in
the OA group than the Ctrl group; however, it was significantly increased in the OA + UH
group (Figure 5a). Compared with the Ctrl group, the contents of MDA were markedly
increased in the OA group, but notably decreased by uridine administration (Figure 5b).
The contents of GSH were decreased in the OA-treated cells, compared with the Ctrl cells;
however, they were clearly increased in the OA + UM and OA + UH treatment groups
when compared with the OA group (Figure 5c). Furthermore, the protein level of Nrf2 was
decreased in the OA-treated group, but increased by uridine treatment (Figure 5d,e). The
gene expression levels of nqo1 and ho1, which were regulated by Nrf2 signaling pathway,
were lower in the OA group relative to the Ctrl group, while the relative expression of
nrf2, nqo1, and ho1, were increased in the uridine treatment group (Figure 5f). These data
suggested that uridine could ameliorate the OA-induced oxidative stress by enhancing the
antioxidative biomarkers and activating the Nrf2 signaling pathway.

Figure 5. Uridine inhibited oxidative stress in the primary hepatocytes of Nile tilapia. (a) The activity
of SOD in the primary hepatocytes (n = 6). (b) The contents of MDA in the primary hepatocytes
(n = 6). (c) The contents of GSH in the primary hepatocytes (n = 6). (d) The protein expression of Nrf2
in the hepatocytes (n = 4). (e) Quantitation of Nrf2 levels normalized to GAPDH levels from blots
shown in (d) (n = 4). (f) The gene expression of Nrf2 signaling pathway in the hepatocytes (n = 6).
(g) The cells proliferation analyzed by CCK-8 in hydrogen peroxide (H2O2)-induced cell model
(n = 10). (h) The activity of SOD in the primary hepatocytes (n = 6). (i) The contents of MDA
in the primary hepatocytes (n = 6). (j) The contents of GSH in the primary hepatocytes (n = 6).
Statistics were analyzed by one-way ANOVA with Tukey’s adjustment and presented as mean ± SEM
(*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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In addition, different concentrations of uridine at 25 μM (H2O2 + UL), 125 μM (H2O2
+ UM), and 250 μM (H2O2 + UH) were added to the 250 μM hydrogen peroxide (H2O2)-
induced oxidative injury model in hepatocytes to define whether uridine could directly
inhibit oxidative stress. We observed that the proliferation rate of cells was significantly
decreased by H2O2 treatment, but clearly increased by uridine (Figure 5g). The activity
of SOD was considerably lower in the H2O2 group than the Ctrl group; however, it was
significantly increased in the H2O2 + UM and H2O2 + UH group (Figure 5h). Compared
with the Ctrl group, the contents of MDA were markedly increased in the H2O2 group,
but notably decreased by uridine administration (Figure 5i). The contents of GSH were
decreased in the H2O2-treated cells; however, they were clearly increased in uridine-
treated cells (Figure 5j). These results indicated that uridine could attenuate oxidative
stress directly.

3.7. L. plantarum MR1 Supplementation Alters the Gut Microbiota Composition of Nile Tilapia

To reveal the relationship between the addition of L. plantarum MR1 and the content
of serum uridine, the intestinal bacterial composition and intestinal microbiota derived
metabolites were detected. The composition of gut microbiota was characterized by 16S
rRNA amplicon pyrosequencing. The principal coordinate analysis (PCoA) displayed
that addition of L. plantarum MR1 changed the composition of gut microbiota (Figure 6a).
The abundance of Firmicutes was increased in the HC group in contrast with the NC
group and further increased in the HCL group (Figure 6b). The abundance of Lactobacillus
belonging to Firmicutes was slightly increased in the HC group relative to the NC group,
but markedly enriched by L. plantarum MR1 supplementation (Figure 6c). The bacteria
metabolites were detected, and compared with the NC group. The intestinal acetate was
significantly decreased in the HC group, but dramatically elevated in the HCL group
(Figure 6d).

A previous study has reported that sodium acetate (NaAc) can be metabolized to acetyl-
CoA, and then act as a substrate to promote the synthesis of uridine in endothelial cells [37];
however, whether intestinal microbiota-derived acetate could increase the uridine synthesis
remains unknown. The gene expression levels of acss1 and acss2, which were responsible
for the synthesis of acetyl-CoA from acetate, were detected in the liver. Compared with the
NC group, ascc1 was significantly downregulated in the HC group, and the presence of L.
plantarum MR1 increased the transcript levels of ascc1 and ascc2 (Figure 6e). The contents
of acetyl-CoA in the liver were lower in the HC group than the NC group, but distinctly
increased in the HCL group (Figure 6f). To detect whether acetate could directly promote
the synthesis of uridine, 20 mM of NaAc was incubated with the primary hepatocytes
of Nile tilapia, and the concentration of uridine was detected. The contents of uridine
were significantly increased by the addition of NaAc (Figure 6g). The gene expression
levels of acss1 and acss2 were both stimulated by the NaAc treatment in the hepatocytes
(Figure 6h). Considered together, these data suggested that L. plantarum MR1 altered the
composition of gut microbiota and increased the abundance of Lactobacillus. Moreover, gut
microbiota-derived acetate could act as a substrate for the uridine synthesis in the liver of
Nile tilapia.
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Figure 6. L. plantarum MR1 altered the gut microbiota composition. L. plantarum MR1-produced
acetate promoted the uridine synthesis of Nile tilapia. (a) Principal coordinate analysis (PCoA)
of the intestinal bacterial community. (b) Abundance of the gut bacteria at the phylum levels.
(c) Abundance of the gut bacteria at the Genus levels. (a–c) n = 6 in NC and HC groups and n = 5 in
HCL group. (d) Intestinal short-chain fatty acids (SCFAs) detection in Nile tilapia (n = 6). (e) Gene
expression of acss1 and acss2 in the liver (n = 6). (f) Detection of the concentration of acetyl-CoA
in the liver by HPLC (n = 6). (g) Analysis of uridine contents in the sodium acetate (NaAc)-treated
hepatocytes (n = 6). (h) Gene expression of acss1 and acss2 in the hepatocytes (n = 6). Statistics were
analyzed by one-way ANOVA with Tukey’s adjustment (a–f) or Student’s t-test (g,h), and presented
as mean ± SEM (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

4. Discussion

Host-microbiota mutualism is an integral part for the maintenance of health status.
In addition, it is increasingly clear that the interaction between the host and intestinal
microbiota has an impact on all tissues, in addition to the gut [38]. Beyond the fact that
the components of bacteria have a direct influence on the host, intestinal microbiota can
also metabolize dietary components to produce metabolites that may enter the circulation
system to influence the host [39]. In the present study, we demonstrated that addition of
L. plantarum MR1 altered the composition of gut microbiota and increased the contents of
intestinal acetate to promote the production of uridine. We further detected higher contents
of uridine in the NaAc-treated primary hepatocytes of the fish. The data suggested that
the intestinal microbiota-derived acetate may promote the synthesis of uridine in the liver.
Increased uridine may be responsible for the L. plantarum MR1 mediated beneficial effect,
including protection against oxidative stress and lipid accumulation in the liver.

SCFAs are the most abundant dietary metabolites produced by gut microbiota. In
addition, multiple studies indicated that they can regulate lipid and glucose metabolism
in the host [40]. However, whether the microbiota and its metabolites can regulate the
nucleotides synthesis of the host, as well as the mechanisms, are still unclear. It has been
found that gut microbiome alteration is closely related to the change in the metabolism of
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nucleotides. For example, individual bat foraging on birds (by the great evening bat) had
a higher abundance of Firmicutes and the Firmicutes–Bacteroidetes ratio, which may be
associated with the metabolism of carbohydrates and nucleotides; however, the conclusion
was drawn from the potential function prediction based on the sequencing data [41]. L.
plantarum belongs to the phylum of Firmicutes, and we found a higher abundance of
Firmicutes in the HCL group. It is well known that collapsing data to “phylum” level
has generated a decade-long debate over controversial results of the relationship between
the bacteria composition and host metabolic characteristics [42]. Therefore, elucidating
the bacteria function will provide more solid evidence to understand the microbiota–
host communications. We hypothesized that intestinal microbiota-derived acetate could
be metabolized into acetyl-CoA to induce the synthesis of uridine in the liver. It has
been reported that the loss of carnitine palmitoyl transferase 1 (CPT1) reduced acetyl-
CoA, which originates from fatty acid and impaired de novo nucleotide synthesis, while
supplementation with NaAc facilitated nucleotide synthesis in the endothelial cells [37].
Liver is generally considered as the major organ for the synthesis of uridine, which can enter
the systemic circulation through the portal vein [43]. In the present study, we demonstrated
that addition of sodium acetate in the primary hepatocytes of Nile tilapia could promote
the uridine synthesis in vitro, and uridine may be responsible for exerting the antioxidant
function and alleviating lipid accumulation directly. To our knowledge, this is the first study
to show that intestinal bacteria-derived acetate contributed to the synthesis of uridine.

Uridine is the main pyrimidine nucleoside in the plasma of human and rodent. It is
critical for RNA synthesis, glycogen synthesis, and many other cellular processes [44]. More-
over, it has been reported that uridine significantly decreases the accumulation of white
adipose tissue and liver lipid by modifying gut microbiota composition in mice [45]. There
are two possible mechanisms for the relationship between uridine and lipid metabolism. It
has been found that uridine may alter the ratios of NAD+/NADH and NADP+/NADPH
in the liver and modulate the protein acetylation profile to regulate lipid metabolism [46].
Furthermore, it has been found that inhibition of dihydroorotate dehydrogenase (DHODH)
may cause micro-vesicular steatosis, which can be alleviated by the treatment with uridine;
however, uridine has no effect on DHODH activity in vitro [46]. The exact regulatory
mechanisms of uridine on glucose and lipid metabolism still remain unclear [44]. In the
present study, the activation of AMPKα was increased in the HCL group, suggesting that
uridine may reduce lipid deposition by activating the AMPKα signaling pathway [47].

More recently, uridine has been suggested to prevent the oxidative damage of lungs,
which are caused by the coronavirus disease 2019 (COVID-19). The possible reason for this
is the fact that uridine acts as the substrate of uridine-5′-diphosphate (UDP), which can
prevent the excessive production of hydrogen peroxides [48]. Consistently, we proved that
uridine could directly diminish H2O2-induced oxidative stress in the primary hepatocytes
of Nile tilapia, suggesting that uridine had a resistance effect on oxidative stress. Further-
more, uridine could reduce lipid accumulation and oxidative stress of OA-induced damage
in the hepatocytes.

5. Conclusions

In conclusion, these data demonstrate that addition of L. plantarum MR1 in high-
carbohydrate diet alters the composition of intestinal microbiota, and thus increases the
intestinal acetate which promotes the synthesis of uridine. Uridine exerts an antioxidant
effect and decreases the hepatic lipid accumulation. Our study deepened the knowledge of
gut microbiota and its metabolites, which are responsible for the alleviation of oxidative
stress and lipid deposition. Overall, this suggests that gut microbiota-derived metabolites
can act as a precursor substance for the metabolism of nucleotides to maintain the liver
health in fish fed with high-carbohydrate diet.

161



Antioxidants 2022, 11, 1238

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antiox11071238/s1. Supplementary Methods, Table S1: Formulations of the
diets; Table S2: Primers used for RT-qPCR expression analysis; Table S3: The antibodies information
for immunofluorescence and Western blotting assay; Figure S1: L. plantarum MR1 inhibited lipid
accumulation-induced liver inflammation in Nile tilapia; Figure S2: Uridine suppressed the OA-
induced inflammation in the primary hepatocytes of Nile tilapia.

Author Contributions: Conceptualization and design, M.-L.Z. and Z.-Y.D.; feeding of experiments,
R.X. and T.W.; contribution to the collection of samples, T.W., F.-F.D. and N.-N.Z.; provision of
essential materials and technical supports, M.-L.Z., Z.-Y.D., F.Q. and L.-Q.C.; data analysis and
interpretation, M.-L.Z., Z.-Y.D. and R.X.; writing—review and editing, R.X., M.-L.Z. and Z.-Y.D. All
authors contributed experimental assistance and intellectual input to this study. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program (grant
number: 2018YFD0900400) and National Natural Science Foundation of China (grant number: 31972798).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics of
Animal Experiments of East China Normal University (F20190101).

Informed Consent Statement: Not applicable.

Data Availability Statement: The 16S rRNA gene sequence of L. plantarum MR1 was submitted
to NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/, accessed on 22 May 2022) with the
accession number: OM535884. The microbiota raw data were deposited into the NCBI Sequence
Read Archive (SRA) database (https://www.ncbi.nlm.nih.gov/sra, accessed on 22 May 2022) with
accession number: PRJNA615286 and PRJNA805534. The metabolomic data were deposited and
available at MetaboLights (https://www.ebi.ac.uk/metabolights/, accessed on 22 May 2022) under
accession number: MTBLS4262. Data is contained within the article and supplementary materials.

Acknowledgments: We thank Renata C. Matos and François Leulier from institute de Génomique
Fonctionnelle de Lyon in France for careful reading of the manuscript and professional suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
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ORO oil red O
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GPR G-protein coupled receptor
FBW final body weight
WGR weight gain rate
VSI visceral somatic index
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PCoA principal coordinate analysis
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OA oleic acid
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Abstract: This study evaluated the potential effects of adding acidifiers to the drinking water on the
growth performance, complete blood count, antioxidant indicators, and diversity of gastrointestinal
microbiota for weaned pigs. A total of 400 weaned pigs were randomly divided into four treatments.
Pigs were fed the same basal diet and given either water (no acidifier was added, control) or water
plus blends of different formulas of acidifiers (acidifier A1, A2, or A3) for 35 days. On d 18 and 35
of the experimental period, 64 pigs (four pigs per pen) were randomly selected to collect blood for
a CBC test (n = 128) and an antioxidant indicators test (n = 128); 24 pigs (six pigs per group) were
randomly selected to collect fresh feces (n = 48) from the rectum for 16S rRNA gene sequencing.
Compared to the control, supplementing the drinking water with acidifiers improved the growth
performance and survival rate of weaned pigs. Acidifier groups also increased serum catalase (CAT)
and total antioxidant capacity (T-AOC) activities, while also displaying a decreased malondialdehyde
(MDA) concentration compared to the control. The relative abundance of Firmicutes in the acidifier
A1 group was greater than that in the control group (p < 0.05) on d 35; the relative abundance of
Lactobacillus in the acidifier A1 group was greater than that in the control group (p < 0.05) on d 18 and
35. The microbial species Subdoligranulum or Ruminococcaceae_UCG-005 had significantly positive
correlations with ADG and ADFI or with serum antioxidant indicators, respectively. These findings
suggest that supplementing the drinking water with an acidifier has a potential as an antioxidant,
which was reflected in the improvement of growth performance, immunity, antioxidant capacity, and
intestinal flora.

Keywords: weaned pigs; acidifier; antioxidants; animal feed; intestinal flora

1. Introduction

Segregated early weaning (SEW) improved the fertility of sows and reduced the
transmission of diseases from sows to piglets, which improved the production efficiency
and provide economic benefits to the pig industry [1,2]. However, due to immature
digestive organs, insufficient secretion of gastric acid and digestive enzymes, and low
immunity of early weaned pigs, they often display early weaning stress syndrome, which
is characterized by digestive dysfunction, growth retardation, and diarrhea [3,4]. After
weaning, pigs are vulnerable to the invasion of pathogens, resulting in a dysfunction of
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the intestinal flora and immune system due to the changes of environment, feed, and
other factors [5].

In the past, antibiotics had played an important role in the prevention and treatment
of a pig’s diseases and the reduction of weaning stress [6,7]. However, long-term abuse of
antibiotics affected the diversity of intestinal microbiota in newborn piglets and beneficial
bacterial colonization, which led to subsequent intestinal diseases [8–10]. In addition,
long-term abuse of antibiotics not only produces antibiotic-resistant bacteria, but also
causes antibiotic residues in animal-derived food products and the environment [11,12].
Following the ban of antibiotic growth promoters, new alternatives are required to solve
these problems.

As non-toxic, pollution-free, and non-resistance functional feed additives, acidifiers
have played important roles in the improvement of animal growth, immunity, and intestinal
health [13]. Supplementation with acidifiers improved the activity of pepsin and enhanced
the digestion and absorption of nutrients in the gastrointestinal tract of weaned pigs [14].
In addition, acidifiers increased feed intake by inducing and stimulating taste buds, thus
promoting the growth performance of pigs [8,15]. Acidifiers also improved the antioxidant
capacity of piglets [16,17] and reduced the diarrhea caused by weaning stress [18]. Acidifiers
decreased the pH value of the gastrointestinal tract [19], changed the composition of
intestinal microorganisms, and inhibited the harmful microorganisms which are sensitive
to low pH (such as Enterobacteriaceae) [20]. Therefore, acidifiers are increasingly being
added to feed as an antibiotic-free growth promoter to replace antibiotics.

Previous studies investigated acidifiers as feed additives [21,22]. However, when the
feed contains more protein or minerals with high buffer capacity, the effect of acidifiers may
be weakened. At the same time, the acidifier was neutralized by the alkaline substances
in the feed, thus losing the acidification effect [23]. The liquid acidifier can be added to
the drinking water through the dosing device of the drinking water pipe, which is more
convenient to add when needed. Moreover, acidified drinking water had the same effect as
adding it to the feed [24,25].

Common drinking water compound organic acidifiers contained formic acid, acetic
acid, and propionic acid [26]. As an important component of an organic acidifier, lactic
acid decreased intestinal Salmonella and improved intestinal health [27]. Stevioside was
widely used as a sweetener in feed additives to improve the feed intake of livestock and
poultry [28,29]. Therefore, the compound organic acidifier containing formic acid, acetic
acid, and propionic acid was selected as one treatment. On this basis, lactic acid was
added as another treatment. In order to improve the taste of the drinking water, stevioside
was added as the third treatment, and water without any additions was set as the control
group. The effectiveness of acidified drinking water, containing a large number of organic
acids, is largely based on the pH being lowered to a level of 4.0, at which Enterobacteriaceae
cannot multiply [30]. Therefore, the acidified drinking water of each treatment group
contains different proportions of organic acids, so as to adjust the pH value to 4.0. The
present experiment aimed to evaluate the effects of acidified drinking water on the growth
performance, immunity parameters, antioxidant capacity, and intestinal microflora of
weaned pigs, and then compare which types of acidifiers are more suitable to be added to
the drinking water of weaned pigs as an antibiotic substitute.

2. Materials and Methods

2.1. Pigs, Experimental Design, and Housing

This study was approved by the Nanjing Agricultural University Animal Care and
Use Committee (SYXK Su 2017-0027). In this experiment, a total of 400 weaned pigs at 28 d
of age were randomly divided into four groups: (1) acidifiers A1 group (continuous supply
of acidified drinking water with 19% formic acid +19% acetic acid +3.5% propionic acid
+15% lactic acid, pH = 4); (2) acidifiers A2 group (continuous supply of acidified drinking
water with 22% formic acid +16% acetic acid +4% propionic acid, pH = 4); (3) acidifiers A3
group (continuous supply of acidified drinking water with 22% formic acid +16% acetic
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acid +4% propionic acid +0.5% stevioside, pH = 4); (4) control group (continuous supply of
non-treated water, pH = 7). There were four replicates (pens) in each group, and 25 pigs
per pen; the acidifiers were used for 8 h every day and the pigs were free to drink. A ratio
of acidifier: water = 1:500 was used in this study.

All pens were equipped with slatted floors, stainless-steel vibrating feeders, and
cup drinking bowls. The temperature was automatically controlled between 22 to 27 ◦C
by air-exhaust fans, evaporative cooling pads, and hot blast heaters. A water-powered
proportional dosing pump (DOSATRON, INTERNATIONAL, Bordeaux, France) was used
to supplement the liquid acidifiers into the drinking water for 35 d before the end of the
nursery period. According to the standard of NRC (2012), a corn-soybean meal basal diet
was formulated to meet the nutritional needs of pigs (Table S1). Feed and water were
provided ad libitum. The experimental pigs were immunized according to the specified
immunization procedure.

2.2. Growth Performance and Diarrhea Rate

Pigs were weighed at d 0 and 35 of the experiment and the data was used to cal-
culate the average daily gain (ADG). Average daily feed intake (ADFI) was recorded to
calculate feed-to-gain ratio (F:G). The survival rates of pig were determined at the end of
the experiment.

The diarrhea scores of pigs were recorded from 08:00 to 09:00 every day according
to the criteria: 1-solid, well-formed feces; 2-loose and shapeless feces; 3-runny feces; and
4-watery diarrhea [31]. Diarrheal symptoms and mortality, if any, were recorded daily for
each labelled pig during the trial period. The percentage of diarrhea occurrence in the
total number of pigs in a pen (diarrhea severity), diarrhea duration (d), and feces score
were calculated.

2.3. Complete Blood Count (CBC) Test

On d 18 and 35 of the experimental period, 64 pigs (four pigs per pen) were randomly
selected to collect 5 mL of blood via jugular venipuncture. The blood was then divided
equally into two parts: one for a CBC test (n = 128) and the other for the determination of
antioxidant indicators (n = 128). A total of 23 CBC indicators of the whole blood samples
were determined using animal specialty automatic physiological analysis instruments
(Mindray, BC-5000 Vet, Shenzhen Mindray Biomedical Electronics Co., Ltd., Shenzhen,
China) within several hours. The serum samples were obtained by centrifuging (4000× g
for 10 min) at 4 ◦C, and stored at −80 ◦C until analysis.

2.4. Antioxidant Indicators Measurements

All the serum samples (n = 128) were used for antioxidant activity analysis. Antiox-
idant indicators, such as malondialdehyde (MDA), total superoxide dismutase (SOD),
glutathione (GSH), glutathione peroxidase (GSH-Px), catalase (CAT), and total antioxidant
capacity (T-AOC), were determined using ELISA Kits (Shanghai Langdun Biotechnology
Co., Ltd., Shanghai, China) with assay sensitivities of 99.0% according to the manufacturer’s
instructions. Briefly, we use a competitive method to detect the content of MDA, SOD,
GSH, GSH-Px, and CAT in the sample. The samples were added to the ELISA plates that
were pre-coated with antibodies, then biotin-labeled antigens were added, and the plates
were incubated at 37 ◦C for 30 min. The two compete with antibodies to form immune
complexes. The unbound biotin-labeled antigens are removed by rinsing in PBS with
0.15% Tween 20 (PBST), then horseradish peroxidase avidin (Avidin-HRP) is added, and
the plates are incubated at 37 ◦C for 30 min. Avidin-HRP binds to biotin-labeled antigens,
and, after washing, the bound HRP enzyme catalyzes tetramethylbenzidine (TMB) into
a blue dye and then into yellow under the action of acid. We measured the absorbance
(OD value) of each well at a wavelength of 450 nm within 10 min and calculated the test
samples according to the standard curve.
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T-AOC was measured using a ferric reducing ability of power (FRAP) assay. Briefly,
antioxidants react with the ferric tripyridyl triazine (Fe3+-TPTZ) complex and convert it
into ferrous tripyridyl triazine (Fe2+-TPTZ) under acidic conditions. The absorbance of
T-AOC was measured at 593 nm. The reaction absorbance for MDA, SOD, GSH, GSH-Px,
CAT, and T-AOC were measured using a microplate reader (Tecan, Austria GmbH, Grödig,
Austria). The sensitivities of MDA, SOD, GSH, GSH-Px, and CAT were 0.15 nmol/mL,
0.1 ng/mL, 10 μg/mL, 0.3 ng/mL, and 0.2 ng/mL, respectively. Each sample was tested
three times. The intra- and inter-assay coefficients of variation were less than 10%.

2.5. DNA Extraction and 16S rRNA Gene Sequencing

On d 18 and 35 of the experiment period, 24 pigs (six pigs per group) were randomly
selected to collect fresh feces from the rectum. The feces samples (n = 48) were immedi-
ately frozen in liquid nitrogen until DNA extraction. Total bacterial genomic DNA was
extracted using a stool DNA kit (Omega, Bio-Tek Inc., Norcross, GA, USA) according to
the manufacturer’s protocol. The hypervariable region V3–V4 of the microbial 16S rRNA
gene (accession numbers: SAMN26994143 to SAMN26994190) was amplified by PCR with
indices and adaptors-linked universal primers (F: 5′-ACTCCTACGGGAGGCAGCAG-3′;
R: 5′-GGACTACHVGGGTWT-CTAAT-3′). The PCR products were confirmed with 2%
agarose gel electrophoresis, purified with AMPure XT beads (Beckman Coulter Genomics,
Danvers, MA, USA), and then quantified by an Invitrogen Qubit 4.0 fluorometer (Invitro-
gen, Thermo Fisher Scientific, Waltham, MA, USA). The amplicon pools were prepared for
sequencing, and the quantity of the amplicon library was assessed on the Agilent 2100 bio-
analyzer (Agilent Technologies, Palo Alto, CA, USA) and the Library Quantification Kit for
Illumina (Kapa Biosciences, Woburn, MA, USA). Amplicon libraries were sequenced on
the Illumina MiSeq platform (Illumina, San Diego, CA, USA) for paired-end sequencing of
2 × 300 bp reads according to the manufacturer’s recommendations. The raw paired-end
reads were truncated by removing the barcode and primer sequence. Quality filtering on
the raw tags was performed to obtain high-quality clean tags using QIIME2 software [32].
The high-quality clean tags were clustered into operational taxonomic units (OTUs) with
a similarity threshold of 0.97. Representative sequences were selected for each OUT, and
the RDP classifier was used to further classify OTUs with representative sequences at
an 0.80 confidence level [33]. Principal coordinate analysis (PCoA) plots were generated
according to the unweighted UniFrac distance metrics [34]. The number of observed species
and the indices of Chao 1 (species richness), as well as Shannon and Simpson (diversity),
were calculated to estimate alpha diversity using QIIME 2 [32].

2.6. Statistical Analyses

Data of growth performances, the CBC test, antioxidant indicators, and fecal micro-
biota were analyzed using the GLIMMIX procedure of SAS 9.4 (SAS Institute Inc., Cary,
NC, USA) with treatment, gender, time, and their interaction as fixed effects, and pen as
a random effect according to the completely randomized design. Appropriate post-test
comparisons for means were made for multiple groups using the Bonferroni Multiple Com-
parisons Test. A partial correlation analysis between the gut microbiota and antioxidant
activity and growth performance indicators was carried out using R statistical software.
The results are expressed as means ± standard error of the mean (SEM). Differences were
considered significant at p < 0.05, while differences were considered to show a tendency at
0.05 ≤ p < 0.10.

3. Results

3.1. Growth Performance

No serious adverse events were observed during the whole experiment period. The
effects of acidifiers on the growth performances of weaned pigs are presented in Table 1.
The FBW in the acidifier groups showed an increased trend compared with that in the
control group (0.05 < p < 0.10). The ADG of the A1 group was greater than that of the
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control group (p < 0.05). The ADFI of the A1 group was also greater than that of the control
group (p < 0.05). However, no significant difference was found in the F:G between groups
(p > 0.05).

Table 1. Effects of acidifiers on the growth performances of weaned pigs 1.

Items
Treatment 2

SEM 3 p-Value
Control A1 A2 A3

IBW, kg 9.20 c 10.41 a 10.02 b 9.05 c 0.14 0.002
FBW, kg 24.81 b 27.16 a 26.01 a,b 25.38 a,b 0.42 0.091
ADG, g 445.29 b 512.25 a 478.81 a,b 462.26 b 12.85 0.040
ADFI, g 645.40 b 743.80 a 696.20 a,b 653.50 b 11.35 0.024

F:G 1.45 1.45 1.46 1.41 0.009 0.130
IBW, Initial body weight; FBW, Final body weight; ADG, average daily gain; ADFI, average daily feed intake; G:F,
gain-to-feed ratio. a,b,c Different superscript within a row indicate a significant difference (p < 0.05). 1 Covariance
analysis was used to correct the effect of different initial weights on average daily gain. The initial weight was
corrected to 9.7026 kg. 2 A1, acidifiers A1 group, continuous supply of acidified drinking water with 19% formic
acid +19% acetic acid +3.5% propionic acid +15% lactic acid; A2, acidifiers A2 group, continuous supply of
acidified drinking water with 22% formic acid +16% acetic acid +4% propionic acid; A3, acidifiers A3 group,
continuous supply of acidified drinking water with 22% formic acid +16% acetic acid +4% propionic acid +0.5%
stevioside; control, continuous supply of non-treated water. 3 SEM means standard error of the means (n = 100).

3.2. Diarrhea and Survival Rate

The effects of acidifiers on the diarrhea and survival rate of weaned pigs are shown in
Table 2. There was no significant difference in diarrhea rates between the acidifier treatment
groups and the control group during the experimental period (p > 0.05). Nonetheless, the
diarrhea rates of pigs in the A1, A2, and A3 groups were decreased by 7.5%, 2.9%, and
6.5% compared with the control group during the entire experimental period, respectively.
Although there were also no significant differences in the survival rate of pigs between the
A1, A3, and control groups (p > 0.05), there was a significant improvement (p = 0.02) on
the survival rate of pigs between the A2 group and the control group in the Multiple Com-
parisons test. In summary, drinking water supplementation with acidifiers had a greater
survival rate in the A2 group and numerically lower diarrhea rates than the control group
at the end of the trial period.

Table 2. Effects of acidifiers on the diarrhea and survival rate of weaned pigs.

Items
Treatment 1

SEM 2 p-Value
Control A1 A2 A3

Diarrhea rate, %

d 1 to 18 3.11 2.72 2.95 2.78 0.30 0.802
d 19 to 35 3.00 2.94 3.00 2.94 0.23 0.995
d 1 to 35 3.06 2.83 2.97 2.86 0.25 0.905

Survival rate, %

d 1 to 35 93.00 b 96.00 a,b 99.00 a 95.00 a,b 1.56 0.107
a,b Different superscripts within a row indicate a significant difference (p < 0.05). 1 A1, acidifiers A1 group,
continuous supply of acidified drinking water with 19% formic acid +19% acetic acid +3.5% propionic acid +15%
lactic acid; A2, acidifiers A2 group, continuous supply of acidified drinking water with 22% formic acid +16%
acetic acid +4% propionic acid; A3, acidifiers A3 group, continuous supply of acidified drinking water with 22%
formic acid +16% acetic acid +4% propionic acid +0.5% stevioside; control, continuous supply of non-treated
water. 2 SEM means standard error of the means (n = 100).

3.3. CBC Test Indicators

The effects of acidifiers on the CBC test indicators of weaned pigs are shown in Table 3.
On d 18, Neu in the A1 and A2 groups was less than that in the A3 group (p < 0.05);
Neu%, HCT, and MCV in the A1 and A2 groups were less than those in the control group
(p < 0.05); MCH, MCHC, and RDW-SD in the A1 and A2 groups were greater than those
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in the control group (p < 0.05); Mon % in the A1 group was greater than those in the
other three groups (p < 0.05); EOS, RBC, MPV, and PDW in the A1 group were less than
those in the control group (p < 0.05); RDW-CV in the A1 group was greater than those in
control group (p < 0.05); LYM% in the A2 group was greater than that in the control group
(p < 0.05). There was no significant difference in other blood routine indices among the
four groups (p > 0.05).

Table 3. Effects of acidifiers on the complete blood count (CBC) test of weaned pigs.

Items 1
Treatment 2

SEM 3 p-Value
Control A1 A2 A3

d18

WBC, 109/L 21.17 18.56 17.92 20.50 2.09 0.653
Neu, 109/L 6.59 a,b 2.74 b 2.96 b 8.65 a 1.39 0.007
LYM, 109/L 12.34 12.50 12.98 10.18 1.41 0.507
Mon, 109/L 1.79 a,b 3.12 a 1.84 a,b 1.26 b 0.55 0.109
Eos, 109/L 0.37 a 0.15 b 0.13 b 0.31 a,b 0.07 0.057
Bas, 109/L 0.09 0.06 0.07 0.10 0.02 0.407

Neu, % 31.52 a 13.93 b 14.08 b 37.08 a 2.48 <0.001
LYM, % 57.66 b,c 68.46 a,b 73.65 a 55.00 c 4.42 0.010
Mon, % 8.69 c 15.48 a 11.46 b 6.01 c 1.18 <0.001
Eos, % 1.77 a 0.89 b,c 0.56 c 1.50 a,b 0.27 0.008
Bas, % 0.36 a,b 0.26 b 0.26 b 0.41 a 0.05 0.042

RBC, 109/L 5.30 a 4.35 b 4.53 b 5.63 a 0.25 <0.001
HGB, g/L 100.56 103.30 103.01 104.92 5.45 0.366

HCT, % 30.57 a 19.80 b 21.58 b 31.89 a 1.40 <0.001
MCV, fL 57.66 a 45.50 b 46.79 b 56.18 a 0.85 0.000
MCH, pg 18.96 b 22.20 a 21.83 a 18.53 b 0.58 <0.001

MCHC, g/L 329.06 c 477.67 a 462.67 b 330.13 c 12.99 0.000
RDW-CV, % 19.41 c 36.23 a 33.28 b 19.23 c 0.59 0.000
RDW-SD, fL 38.99 b 57.04 a 54.21 a 37.59 b 1.01 0.000
PLT, 109/L 247.19 371.25 384.98 212.00 65.61 0.003

MPV, fL 9.16 a 7.99 b 8.28 b 9.25 a 0.29 0.001
PDW, % 15.53 a 14.95 c 15.04 b,c 15.43 a,b 0.16 0.023
PCT, % 0.23 a,b 0.18 b 0.27 a 0.20 a,b 0.04 0.106

d35

WBC, 109/L 26.02 a,b 29.77 a 31.40 a 22.60 b 2.09 0.017
Neu, 109/L 9.39 12.46 11.76 8.85 1.39 0.194
LYM, 109/L 12.93 11.91 13.77 9.90 1.41 0.246
Mon, 109/L 2.98 b 4.40 a,b 3.76 a 3.04 b 0.55 0.034
Eos, 109/L 0.58 b 0.87 a 0.87 a 0.73 a,b 0.07 0.019
Bas, 109/L 0.15 a 0.13 a,b 0.15 a 0.09 b 0.02 0.061

Neu, % 34.43 40.69 37.79 37.59 1.36 0.761
LYM, % 51.39 41.92 44.96 44.99 4.42 0.489
Mon, % 11.49 14.03 12.08 13.74 1.18 0.360
Eos, % 2.19 b 2.96 a 2.76 a,b 3.34 a 0.27 0.026
Bas, % 0.51 a 0.41 a,b 0.45 a,b 0.34 b 0.02 0.078

RBC, 109/L 5.78 a 6.03 a 5.91 a 5.10 b 0.10 0.006
HGB, g/L 105.31 a 104.31 a 104.75 a 92.81 b 5.45 0.098

HCT, % 34.68 a 36.34 a 34.51 a 29.23 b 1.40 0.003
MCV, fL 59.99 60.33 58.54 59.71 0.85 0.473
MCH, pg 18.24 17.36 17.76 18.29 0.58 0.626

MCHC, g/L 304.75 287.81 303.94 307.12 12.99 0.709
RDW-CV, % 20.13 20.62 20.86 20.07 0.59 0.740
RDW-SD, fL 42.36 43.53 43.13 41.84 1.01 0.646
PLT, 109/L 227.00 305.00 346.25 256.62 65.61 0.588

170



Antioxidants 2022, 11, 809

Table 3. Cont.

Items 1
Treatment 2

SEM 3 p-Value
Control A1 A2 A3

MPV, fL 9.03 b 10.07 a 10.68 a 9.99 a 0.29 0.001
PDW, % 16.28 16.13 15.84 16.19 0.16 0.229
PCT, % 0.22 b 0.32 a,b 0.37 a 0.28 a,b 0.04 0.048

a,b,c Different superscripts within a row indicate a significant difference (p < 0.05). 1 WBC, white blood cell;
Neu, neutrophil count; LYM, lymphocyte; Mon, monocyte; Eos, eosinophilic; Bas, basophil; RBC, red blood cell;
HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration; RDW-CV, red cell distribution width-coefficient of variation;
RDW-SD, red cell distribution width-standard deviation; PLT, platelets; MPV, mean platelet volume; PDW, platelet
distribution width; PCT, thrombocytocrit. 2 A1, acidifiers A1 group, continuous supply of acidified drinking
water with 19% formic acid +19% acetic acid +3.5% propionic acid +15% lactic acid; A2, acidifiers A2 group,
continuous supply of acidified drinking water with 22% formic acid +16% acetic acid +4% propionic acid; A3,
acidifiers A3 group, continuous supply of acidified drinking water with 22% formic acid +16% acetic acid +4%
propionic acid +0.5% stevioside; control, continuous supply of non-treated water. 3 SEM means standard error of
the means (n = 16).

Furthermore, on d 35, Mon of the A2 group was greater than that of the control group
(p < 0.05); EOS in the A1 and A2 groups was greater than that in the control group (p < 0.05);
EOS% in the A1 and A3 groups was greater than that in the control group (p < 0.05); PCT%
in the A2 group was greater than that in the control group (p < 0.05); RBC and HCT in the
A3 group were less than those in the control group (p < 0.05); MPV of the three acidifier
groups was greater than that of the control group (p < 0.05). There were no significant
differences in other blood routine indices among the four groups (p < 0.05).

3.4. Antioxidant Capacity Level

The effects of acidifiers on the level of antioxidant capacity of weaned pigs are shown
in Table 4. The level of SOD in the A2 group was greater than that of the control group
on d 18 (p < 0.05). The activities of CAT in the A1 and A2 groups were greater than the
control group on d 18 (p < 0.05). The activities of GSH in the A1 and A3 groups were
greater than the control on d 18 (p < 0.05). The level of T-AOC in the acidifier groups was
greater than that of the control group on d 18 (p < 0.05), whereas the level of MDA in the
acidifier supplementation groups was significantly lower than that in the control group
on d 18. The activity of GSH in the acidifier groups was greater than that of the control
group on d 35 (p < 0.05). The level of T-AOC in the A1 group was greater than that of
the other three groups on d 35 (p < 0.05), whereas no significant difference was found in
the activity of MDA between groups on d 35 (p > 0.05). Interestingly, the level of GSH-Px
showed a tendency to increase in the A1 group when compared to control group on d
35 (0.05 < p < 0.10).

Table 4. Effects of acidifiers on antioxidant capacity in pigs.

Items 1
Treatment 2

SEM 3 p-Value
Control A1 A2 A3

d18

SOD, U/mL 141.76 b 123.87 c 162.43 a 140.32 b 3.51 <0.001
CAT, U/mL 6.28 b 7.70 a 8.25 a 5.37 b 0.37 < 0.001

GSH, μg/mL 162.03 b 218.24 a 150.95 b 215.37 a 10.14 <0.001
GSH-Px, U/mL 656.06 653.43 547.75 689.38 50.77 0.227
T-AOC, U/mL 4.08 c 5.12 b 5.74 a 5.83 a 0.19 <0.001

MDA, nmol/mL 4.69 a 2.67 b 2.75 b 2.70 b 0.19 <0.001

d35

SOD, U/mL 118.29 a,b 127.58 a 115.74 b 123.22 a,b 3.51 0.087
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Table 4. Cont.

Items 1
Treatment 2

SEM 3 p-Value
Control A1 A2 A3

CAT, U/mL 13.89 b 14.80 a,b 14.64 a,b 14.97 a 0.37 0.188
GSH, μg/mL 195.46 c 236.22 b 281.37 a 227.00 b 10.14 <0.001

GSH-Px, U/mL 436.38 b 583.96 a 432.92 b 551.07 a,b 50.77 0.076
T-AOC, U/mL 4.23 b 5.44 a 4.60 b 4.41 b 0.19 <0.001

MDA, nmol/mL 2.61 2.27 2.45 2.58 0.19 0.563
a,b,c Different superscripts within a row indicate a significant difference (p < 0.05). 1 SOD, superoxide dismutase;
CAT, catalase; GSH, glutathione; GSH–Px, glutathione peroxidase; T-AOC, total oxidative capacity; MDA,
malonaldehyde. 2 A1, acidifiers A1 group, continuous supply of acidified drinking water with 19% formic acid
+19% acetic acid +3.5% propionic acid +15% lactic acid; A2, acidifiers A2 group, continuous supply of acidified
drinking water with 22% formic acid +16% acetic acid +4% propionic acid; A3, acidifiers A3 group, continuous
supply of acidified drinking water with 22% formic acid +16% acetic acid +4% propionic acid +0.5% stevioside;
control, continuous supply of non-treated water. 3 SEM means standard error of the means (n = 16).

3.5. Microbiological Analysis of Gastrointestinal Contents
3.5.1. Alpha Diversity Analysis

There were 56,867 to 79,927 valid reads obtained from each sample (File S1). Alpha
diversity analysis including Observed species, Good’s coverage, Shannon, Simpson, and
Chao1 indices are presented in Figure 1. The Shannon index of the A2 group was less than
that of the A3 group on d 18 (p < 0.05). The observed OTUs (species) and Chao1 indices
of the A3 group were less than those of the control group on d 35 (p < 0.05). The Simpson
of the A1 group was less than that of the control group (p < 0.05), whereas the Good’s
coverage index of the A1 and A3 groups was greater than that of the control group on d
35 (p < 0.05).

Figure 1. Comparison of the Alpha diversity index in the four groups on d 18 and d 35. Observed
OTUs (observed species) (A). Good’s coverage (B). Simpson indices (C). Shannon indices (D). Chao1
indices (E). Labeled with * indicates a significant difference, p < 0.05; Mean values are based on
six pigs (six pigs per group).
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3.5.2. Analysis of Group Differences of Intestinal Flora at the Phylum Level

The composition of intestinal flora at the phylum level is presented in Figure 2A
and File S2. The most abundant phylum across all groups was Firmicutes at the phylum
level, followed by Bacteroidetes, Actinobacteria, and Proteobacteria. The relative abundance of
Firmicutes in intestinal flora on d 18 and d 35 were 75.86% and 84.12%, respectively. Next,
we compared the differences of intestinal flora at the phylum level between treatments.
The relative abundance of Firmicutes in the A1 and A2 groups was greater than that in
the A3 group on d 18 (p < 0.05) (Figure 3A). The relative abundance of Firmicutes in the
A1 group was greater than that in the control group on d 35 (p < 0.05) (Figure 3B). The
relative abundance of Proteobacteria in the A2 group was less than that in the A3 group on d
35 (p < 0.05) (Figure 3H).

Figure 2. Gut microbiota composition of experimental group pigs and control group pigs: The
relative abundance of the top 10 intestinal flora at the phylum level (A); the relative abundance of the
top 10 intestinal flora at the genus level (B).
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Figure 3. Comparison of dominant intestinal flora at the phylum level. Relative abundances of
Firmicutes (A), Bacteroidetes (C), Actinobacteria (E), and Proteobacteria (G) among the four groups on
d 18. Relative abundances of Firmicutes (B), Bacteroidetes (D), Actinobacteria (F), and Proteobacteria
(H) among the four groups on d 35. Labeled means with different superscript letters are significantly
different, p < 0.05. Mean values are based on six pigs (six pigs per group).

3.5.3. Analysis of Group Differences of Intestinal Flora at the Genus Level

The composition of intestinal flora at the genus level in each group is presented
in Figure 2B and File S3. The most abundant genus across all groups was Lactobacillus,
accounting for 20.99% and 8.94% on d 18 and 35, respectively. The genus level analysis
showed that the relative abundance of Lactobacillus in the A1 group was greater than that
of the other three groups (p < 0.05); the relative abundance of Lachnospiraceae_unclassified
in the A2 group was less than that of the control group or the A3 group on d 18 (p < 0.05)
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(Figure 4A). The relative abundance of Lactobacillus in the A1 group was greater than
that of the control group and the A3 group on d 35 (p < 0.05); the relative abundance of
Streptococcus in the A1 group was greater than that of the control group on d 35 (p < 0.05);
the relative abundance of Subdoligranulum in the A3 group was greater than that of the
control group on d 35 (p < 0.05); the relative abundance of Solobacterium in the A3 group
was greater than that of other three groups on d 35 (p < 0.05); the relative abundance of
Ruminococcaceae_UCG-005 in the A2 group was greater than that of the control group and
the A3 group on d 35 (p < 0.05) (Figure 4B).

Figure 4. Comparison of dominant intestinal flora at the genus level. Relative abundances of
dominant intestinal flora at the genus level among the four groups on d18 (A). Relative abundances
of dominant intestinal flora at the genus level among the four groups on d18 (B). Labeled means with
different superscript letters are significantly different, p < 0.05. Mean values are based on six pigs
(six pigs per group).
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3.6. Partial Correlation Analyses between the Differential Microbial Species and
Measured Parameters

The results of partial correlation analyses are presented in Figure 5. The results showed
that Streptococcus had a significant positive correlation with serum CAT level (R = 0.998,
p < 0.05). Subdoligranulum had a significant positive correlation with ADG and ADFI
(R = 0.92, p < 0.05), while having a negative correlation with diarrhea rate (R = −0.88,
p < 0.05). Ruminococcaceae_UCG-005 was significantly positively correlated with serum
CAT, GSH, GSH-Px, and T-AOC level (R = 0.99–1.00, p < 0.05), while negatively correlated
with MDA concentration (R = −1.00, p < 0.05). There were no significant associations found
in other microbiota (p > 0.05).

Figure 5. The partial correlation analyses between the differential microbial species and measured
parameters. ADG, average daily gain; ADFI, Average daily feed intake; SOD, total superoxide dis-
mutase; CAT, catalase; GSH, glutathione; GSH-Px, glutathione peroxidase; T-AOC, total antioxidant
capacity; MDA, malondialdehyde; The red represents positive correlation, blue represents negative
correlation, and the depth of the color represents the degree of correlation, respectively (Labeled with
* indicate significantly different, p < 0.05).

4. Discussion

The digestive system of weaned pigs is immature, and the secretion of gastric acid and
digestive enzymes is insufficient, resulting in the inability to activate digestive enzymes
such as pepsin, making them unable to effectively digest nutrients such as protein and
starch in the diet [35]. Therefore, improving the digestive capacity and environment of
pigs plays a vital role in promoting the growth performance of pigs. Supplementation
with a microencapsulated blend of organic acids improved the feed intake, average daily
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gain, and weight gain rate of weaned pigs [36]. Yang et al. [37] also found that adding the
mixture of essential oils and organic acids to the diet improved the final weight and daily
gain of weaned pigs. Several studies have reported the beneficial effects of compound
organic acids (formic acid, acetic acid, propionic acid, and lactic acid) in swine feed [38].
However, due to the type and dose of dietary organic acids, coating or mixing mode,
dietary composition, and other factors, the response of dietary organic acids to weaned
pigs is different. Compared with supplementation in feed, drinking water supplementation
with acidifiers is more convenient and makes it easier to control the dosage in pig farms.
In addition, the acidifiers can disinfect drinking water and inhibit pathogenic bacteria.
Meanwhile, few studies have investigated the effects of different organic acid combinations
supplied via the water in the post-weaning period of piglets. Here, we present, for the
first time, the synergistic effect of an organic acid formula (containing formic, acetic, and
propionic acids) with or without lactic acid in pigs. In our present study, the ADG and
ADFI of the A1 group was greater than that of the control group, while there was no
significant difference between the A2 and A3 groups and the control group. The organic
acids combination of the A1 group contains lactic acid compared with the A2 and A3 groups.
A study showed that the addition of compound organic acids containing formic acid and
lactic acid significantly reduced the Salmonella seroprevalence compared with the addition
of formic acid alone in the feed of fattening pigs [39]. It has been previously reported that
lactic acid reduced the pH value of the gastric juices and inhibited the reproduction of
enterotoxin Escherichia coli, which is more effective than other organic acids in improving
the growth performance of pigs [40], which is basically consistent with our results. The
effect of compound organic acid as an alternative to antibiotics is better than a single organic
acid in weaned pigs [41]. This indicates that the synergistic blend of formic acid, acetic
acid, propionic acid, and lactic acid could improve intestinal health, appetite, and feed
intake, so as to improve the utilization rate of feed and make the weight gain of weaned
pigs significant.

Moreover, piglets are subjected to nutritional, environmental, and psychological stress
during the weaning period, which leads to post-weaning diarrhea syndrome (PWDS) [42].
When the degree of diarrhea is mild, it causes malnutrition and affects the growth and
development of piglets [43]. When it is serious, it causes dehydration and even death
in piglets [44]. A previous study found that dietary supplementation with an acidifier
inhibited the reproduction of ETEC F4 and ETEC K99, and reduced the severity and
duration of diarrhea in weaned pigs [45]. In the present study, the diarrhea rate of pigs
in the experimental groups were numerically less than that in the control group, but the
difference was not significant. This might be due to the addition of the acidifier to the
drinking water having less of an effect on piglet diarrhea than adding the acidifier to
feed. On the other hand, the weaned pigs were raised in a modern nursery and had an
acclimation period in the nursery before the experiment, which might also be one of the
reasons why the diarrhea rate was not significantly different between the acidifier group
and the control group. Interestingly, there was significant improvement on the survival
rate of pigs between the A2 group and the control group in the Multiple Comparisons, and
the survival rate of other acidifier groups was also numerically greater than that of the
control group. Most pigs that died were small and weak during the whole experimental
period. The reestablishment of social hierarchy after mixing causes weak pigs to be at
a disadvantage in competing for feed, while social competition has no effect on drinking
water behavior [46,47]. It suggests that adding acidifiers to the drinking water can improve
the survival rate of weak piglets.

When animals are healthy, there is a dynamic balance between the production of free
radicals and the ability of the antioxidant system to scavenge free radicals in the body [48].
Post-weaning piglets produced too many oxides and free radicals, resulting in an imbalance
of the redox potential and oxidative stress damage, which affects the immune response
and growth performance of piglets [49,50]. Therefore, it is very important to improve
the antioxidant stress ability of weaned pigs by eliminating free radicals and regulating

177



Antioxidants 2022, 11, 809

the balance and stability of redox potential through nutritional intervention. Oxidative
stress was determined by detecting the activities of glutathione peroxidase (GPX) and
superoxide dismutase (SOD) in piglets [51]. In addition, genes related to oxidative stress,
including catalase (CAT), lactate dehydrogenase (LDHA), glutathione peroxidase 2 (GPX2),
and superoxide dismutase 3 (SOD3), often changed during the weaning transition period
of piglets [52]. Organic acid-based feed additives improved the levels of GSH and ferric-
reducing ability potential (FRAP) in the ileum, and had a significant antioxidant effect [53].
Furthermore, supplementing the water plus organic acid blends to the basal diet of piglets
had significantly increased serum T-AOC activities [54]. As an immunoassay technique,
ELISA has been widely used to detect and quantify proteins, antibodies, or hormones [55].
An ELISA-based competition assay has the advantages of high sensitivity, simple operation,
and affordability [56], exhibiting greater effectiveness than the HPLC-FLD method [57].
The FRAP assay (Ferric Reducing Ability of Plasma), a simple method to determine the
total antioxidant capacity, has been applied to detect the T-AOC of animal serum [58]. The
FRAP assay has the advantages of being inexpensive, has a simple reagent preparation,
and high reproducibility [59]. In the present experiment, the concentrations of MDA, SOD,
GSH, GSH-Px, and CAT were measured by ELISA-based competition assays. The results
showed that adding acidifiers to the drinking water significantly increased the T-AOC level
of weaned pigs, which was consistent with the above research results. This indicated that
adding acidifiers to the drinking water effectively enhanced the antioxidant capacity and
reduced oxidative stress in weaning pigs.

The stability of intestinal flora has long been known to play a vital role to maintain the
metabolic health of the host [60]. If the microflora was disordered, it reduced the immunity
of the animals and caused a variety of diseases [61]. The structure of the intestinal flora
of adult animals is generally considered to be stable. Meanwhile, the bacteria in piglets
mainly comes from the mother from newborn to pre-weaning, and the intestinal micro
ecosystem remains relatively balanced [62]. However, the food of weaned pigs is changed
from liquid breast milk to solid feed, coupled with the changes of environmental factors
such as humidity, temperature, and population transformation, the harmful flora in the
intestine of piglets increases, which destroys the balance of intestinal flora and affects the
growth and development of the host [63]. Therefore, it is of great significance to find feed
additives that improve the intestinal microflora of weaned pigs and maintain the intestinal
health of animals. Acidifiers reduced the pH of the gastrointestinal tract and created an
acidic environment, which might be helpful in improving the gastrointestinal environment
of piglets [64]. Observed species, Chao1, Shannon, and Simpson indices are indicators
reflecting alpha diversity [65]. In this study, the 16S rRNA gene sequencing of the intestinal
contents of piglets showed that the Observed species and Chao1 index of the A3 group
were less than those of the control group on d 35. The Simpson index of the A1 group was
less than that of the control group on d 35. The above results showed that the number of
microbial species in the feces of weaned pigs decreased significantly after adding acidifiers
to the drinking water for 35 d. This suggests that acidifiers might regulate the pH value of
the gastrointestinal tract and inhibit the growth of harmful bacteria in the gastrointestinal
tract of weaned pigs, so as to improve the structure of the gastrointestinal flora of piglets.

In addition to its efforts on microbial richness and diversity, this study had indicated
that supplementing the drinking water with acidifiers also exerted an effect on the abun-
dance of intestinal flora in piglets. In this experiment, Firmicutes and Bacteroidetes were the
dominant bacteria in the intestinal microorganisms of piglets, and their relative abundance
was high, which was basically consistent with previous experimental results [66,67]. The
relative abundance of Firmicutes in the A1 group was the greatest on d 18 and 35, and
also greater than that of the control group on d 35, which indicated that acidifier 1 could
improve the relative abundance of Firmicutes in piglets. Firmicutes was reported to be
related to the weight gain of weaned pigs [68]; however, there was no significant correlation
between Firmicutes and the daily weight gain of weaned pigs in this study. It might be
that the increase of Firmicutes abundance improved antioxidant capacity and indirectly
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improved growth performance, which might be the reason for the significant increase of
ADG in the A1 group. In addition, Li et al. [69] found that when the compound acidifier
was composed of formic acid, acetic acid, propionic acid, and medium chain fatty acids
were added to the diet of growing pigs, the content of Bacteroides in the cecum of growing
pigs decreased by 8.8%. In this study, the relative abundance of Bacteroidetes in the three
experimental groups were less than that of the control group on d 35, which is similar to
the results of the above research.

All bacteria belonging to Proteobacteria are Gram-negative bacteria, including Salmonella,
Escherichia coli, and other pathogenic bacteria [70], which seriously affect the health of ani-
mals [71]. In this study, the relative abundance of Proteobacteria in the A2 group was the
lowest among the four groups on d 35, indicating that acidifier 2 had the trend of reducing
the relative abundance of Proteobacteria in pigs. Lactobacillus belongs to Gram-positive
bacteria, which regulates the balance of intestinal flora of animals, enhances immunity,
and improves feed digestibility [72]. Studies have shown that acidifiers also increased
the abundance of Lactobacillus in the feces of weaned pigs [73]. The relative abundance of
Lactobacillus in the A1 group was greater than that of the other three groups on d 18; the rel-
ative abundance of Lactobacillus in the A1 group was greater than that of the control group
and A3 group on d 35. This might be because acidifier 1 contains lactic acid, which increased
the relative abundance of Lactobacillus in the intestine of piglets, allowing Lactobacillus to
became the dominant flora, thus improving the micro ecological balance of the intestinal
environment. Therefore, adding acidifier 1 to the drinking water improved the intestinal
flora structure of weaned pigs, so as to regulated the balance of gastrointestinal flora.

Partial correlation is used to calculate the strength of the relationship between two vari-
ables while accounting for the effects of one or more other variables. The partial correlation
analyses showed that the relative abundance of Subdoligranulum was positively correlated
with ADG and ADFI, while negatively correlated with diarrhea rate. The relative abun-
dance of Subdoligranulum was lower in the colon of Ningxiang pigs (a fatty-type Chinese
Indigenous pig breed) compared to that of Large White pigs [74]. Subdoligranulum has a pos-
itive effect on fecal microbiota transplantation in the treatment of necrotizing enterocolitis
by affecting the production of butyrate [75]. In the present study, the relative abundance of
Subdoligranulum in the A3 group was greater than that of the control group. The relative
abundances of Subdoligranulum in the A1 and A2 groups were also numerically greater
than that of the control group on d 35. We speculated that the addition of the acidifier to
drinking water improves the abundance of Subdoligranulum, which contributes to improve
intestinal health, increase feed intake, and daily weight gain, while decreasing diarrhea
rate. The gut is a target site of reactive oxygen species (ROS) accumulation and consequent
oxidative stress [76]. The partial correlation analysis showed that Ruminococcaceae_UCG-005
was positively correlated with serum CAT, GSH, GSH-Px, and T-AOC levels, whereas it
was negatively correlated with MDA concentration. Feeding gallic acid increased catalase
and the total antioxidant capacity levels, while decreasing malondialdehyde concentra-
tions and increasing the relative abundances of Ruminococcaceae_UCG-005 in preweaning
calves [77]. Rodents drinking silicon-containing water (BT) with antioxidant activity
increased plasma H2O2 scavenging activity and glutathione peroxidase activity, while
significantly increasing the abundance of Ruminococcaceae_UCG-005, which is basically
consistent with the present study [78]. Our study showed that the relative abundance
of Ruminococcaceae_UCG-005 in the A2 group was significantly greater than that of the
control group, and the A1 group was also numerically greater than the control group on
d 35. It indicates that Ruminococcaceae_UCG-005 may play an antioxidant role when piglets
are subjected to weaning stress. Altogether, the disruption of gut microbial composition
could be the major underlying factor inducing the decline in the antioxidant capacity
of weaning-challenged piglets. These results contribute to the new understanding of
the acidifier-enhanced antioxidant capacity, at least in part, due to alterations in the gut
microbiota in weaned pigs.
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5. Conclusions

In conclusion, the current findings suggested that adding acidifier 1 (19% formic
acid +19% acetic acid +3.5% propionic acid +15% lactic acid) to the drinking water of
weaned piglets significantly improved the ADG and ADFI of weaned pigs. In addition,
we also found that adding acidifiers to the drinking water significantly improved the total
antioxidant capacity of serum in weaned pigs. The addition of acidifier 1 to the drinking
water increased the relative abundance of Firmicutes and Lactobacillus in the intestines of
pigs, and improved the community structure of intestinal flora of pigs. These results also
demonstrated the potential of acidifiers as an alternative to antibiotics in promoting the
growth of weaned pigs, improving the ability of antioxidant capacity, and improving the
intestinal microflora.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11050809/s1, Table S1: Experimental diet composition and
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bacteria (%); File S3: Genus level composition of bacteria (%).
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Abstract: Weaning stress affects the health and performance of calves. L-glutamine (L-Gln) is com-
monly used as a functional antioxidant and energy supplement in the body. However, dietary L-Gln
supplementation improving weaning stress of calves is unclear. Thus, we aimed to explore the ef-
fects of L-Gln (provided by rumen-protected L-Gln) on calves during weaning. Seventy-five Holstein
calves (54.0 ± 2.68 kg; 42 ± 2.1 d of age) were assigned to five groups: no supplementation and
L-Gln with 1%, 2%, 3%, and 4% dry matter daily intake (DMI) supplementation groups, respectively.
The experiment lasted for 28 days (42–70 d of age of calves), and the calves were weaned at 15 d of
experiment. DMI and body weekly weight of all calves were recorded. Blood samples of nine healthy
calves with similar body weight were collected from each group at 0, 7, 14, 16, 18, 21, and 28 d of
experiment for detecting serum L-Gln, glucose, insulin, urea nitrogen, D-lactate, cortisol, haptoglobin,
interleukin-8, immunoglobulin (Ig) G, IgA, IgM, total antioxidant capacity, superoxide dismutase,
glutathione peroxidase, catalase, and malondialdehyde. At the end of the experiment, six healthy
calves with similar body weight from each group were selected for slaughter and morphological
analysis of small intestine tissue. The results showed that the L-Gln supplementation in the diets im-
proved the negative effects of sudden weaning in calves. Furthermore, compared to the higher-level
L-Gln supple-mentation (3 and 4% of DMI) groups, the dietary lower-level L-Gln supplementation
(1 and 2% of DMI) had higher average daily gain, glutathione peroxidase and IgG concentration,
and villus height/crypt depth of the duodenum and jejunum, as well as lower cortisol, haptoglobin,
and interleukin-8 concentration of weaned calves. These results provided effective reference for
relieving the negative effects of calves during weaning.

Keywords: weaning stress; L-Gln; calves; rumen-protected

1. Introduction

In large-scale dairy farms, calves weaning as early as possible is necessary without
negative effects. Not only does it increase the amount of milk available for human consump-
tion, but it also improves dairy management and increases cow reproductive efficiency [1,2].
However, early weaning can result in significant physical and psychological damage to
calves, producing weaning stress [3]. It is well known that weaning stress can reduce feed
intake and damage the small intestinal structure of calves, which affects their productive
capacity in adulthood [4–6].
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Weaning stress is associated with significant changes in amino acid metabolism [7]. In
particular, L-glutamine (L-Gln) metabolism after weaning is more intense than that before
weaning. L-Gln, an energy source and precursor of endogenous substance (amino acid,
nucleic acid, etc.) synthesis in the small intestinal epithelium, is the most abundant non-
essential amino acid in mammals [5,8]. In addition, L-Gln is involved in the synthesis of
glutathione, which indirectly protects cells from free-radical damage [9]. Therefore, L-Gln
is commonly used as a functional antioxidant and energy supplement in the body [10,11].
L-Gln can effectively relieve weaning stress of piglets by increasing feed intake, improving
immunity and antioxidant capacity, and increasing the length of small intestinal villus [12–14].
This response may be due to the involvement of L-Gln and other compounds in the adap-
tation and regeneration of intestinal tissues under stress conditions [7,15]. Furthermore,
adding L-Gln to piglet diets was found to prevent intestinal atrophy during weaning,
because L-Gln can stimulate lymphocyte regeneration and macrophage activity without
affecting the normal intestinal structure [16,17]. Some studies also showed that L-Gln
added at 1% of milk DM in high-dose milk benefitted the growth of small intestine [18],
and addition of L-Gln at 1% of milk replacer DM in high-dose milk replacer enhanced the
dry matter intake of calves [19]. Additionally, a recent study reported that supplementing
L-Gln with 2% of DMI in 9 L/d milk weaned completely 3 d earlier than calves without
L-Gln [20]. However, there are few studies on the effects of L-Gln on weaned calves. Al-
though Hu et al. found that intravenous injection of low or medium concentrations of
L-Gln in weaned calves significantly improved their immune capacity using parenteral
nutrition technology [21], L-Gln injected directly into the bloodstream can be preferentially
utilised by the liver and kidney rather than small intestine. Based on these results, dietary
L-Gln supplementation that can effectively reduce negative effects of weaning in calves
is unclear. Rumen-protected technology is widely used in ruminant nutrition to protect
nutrients through the rumen, allowing the digestion and utilisation of nutrients in the
small intestine. Therefore, rumen-protected L-Gln (RPG), as an excellent supply of L-Gln,
provides L-Gln directly to the small intestine of calves.

In this study, we hypothesized that L-Gln supplementation in diet could effectively
relieve weaning stress in a dose-dependent manner, which is probably due to a dose of
L-Gln improving calves’ immunity, antioxidant capacity, and intestinal morphology. Based
on the hypotheses, this study was conducted to investigate the effects of L-Gln on the
growth performance, immune function, antioxidant capacity, and small intestinal structure
of weaned calves by adding RPG to a starter diet before and after weaning. Simultaneously,
four different levels of L-Gln were used to determine the optimal supplemental level of
L-Gln for weaned calves.

2. Materials and Methods

2.1. Animal and Management

A total of 75 male and healthy Holstein calves with similar body weight (BW) and age
(54.0 ± 2.68 kg; 42 ± 2.1 d of age) were selected for the experiment. Each calf was housed in
an individual pen (3 × 2 × 1.5-m3; length × width × height) with sand bedding. The pens
were cleaned before 0800 h every day to ensure the health and hygiene of the calves. All
calves had the same feeding pattern. Briefly, all calves were drenched with a total of 6 L of
colostrum, with 4 L drenched within 1 h and 2 L drenched 6 h after birth. Next, the calves
were provided commercial milk replacer (Grober Nutrition, Cambridge, ON, Canada;
water content: 4.02%, Crude protein: 22%, ether extract: 17%, lactose: 45%, and L-Gln:
0.468%) 2 times a day. The milk replacer was reconstituted as an emulsion (12.5%, w/v)
using cooled (50–60 ◦C) boiled water and fed to the calves when the temperature cooled
to 39 ◦C. Meanwhile, in the first week of life, the calves were fed 6 L of emulsion per day;
7 L of emulsion per day in the second week of life; and 8 L of emulsion per day from the
third week to the weaning day (56 days of age). Along with the emulsion, a commercial
pelleted starter feed (Lian Ying Co., Ltd.; water content: 9.35%, crude protein: 22.41%,
crude ash: 6.49%, crude fibre: 8.45%, calcium: 0.97%, phosphorus: 0.63%, L-Gln: 0.116%)
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and clean water (39 ◦C) were provided ad libitum from 3 d of age. Subsequently, the calves
were weaned at 56 days (d) of age (15 d of experiment) and fed only the starter feed
after weaning.

2.2. Experimental Design

These 75 calves, according to BW and age, were assigned to one of five groups:
supplementing L-Gln at 0 (CON), 1% (1%Gln), 2% (2%Gln), 3% (3%Gln), or 4% (4%Gln)
of DMI; each group consisted of 15 calves. The experiment lasted 4 weeks (42 d to 70 d of
age of calves); all calves, expect the CON group, were provided L-Gln with a commercial
RPG, which was provided by Wansheng Biological Co., Ltd. (Zhongwei, Ningxia, China)
and contained 50% L-Gln. In situ ruminal degradability of RPG was 25.3% on average,
and in vitro small intestinal degradability of RPG was 87.1% on average in our previous
study (unpublished). Three Holstein bull with rumen fistula were selected for the in situ
ruminal degradability experiment under 1.3 times the maintenance energy level. The starter
feed intake of the calves was measured continuously for 3 d before the experiment, and
the added amount of RPG was determined according to the DMI of each calf. In addition,
we adjusted the amount of RPG per week according to the change in the levels of DMI in
each calf. Except for the Con group, each calf was first fed a mixture of 200 g starter feed
and RPG every day, and then remaining starter feed was fed when the RPG was exhausted.

2.3. Feed Intake and Growth Performance Measurement

To calculate the DMI (milk DMI + starter feed DMI; g/d) of each calf, the remaining
and added amounts of starter feed were recorded at 0800 h every day, and body weights
of the calves were measured every 7 d thereafter before the morning feeding during
the experimental period. The average daily gain (ADG) of the calves was calculated
every 7 d. Feed efficiency was calculated as ADG/DMI. The content of L-Gln in the milk
replacer and starter feed were detected via ultra-performance liquid chromatography-
tandem mass spectrometry (UPLC-MS/MS). The UPLC with an Acquity BEH C18 column
(50 mm × 2.1 mm, 1.7 μm particle size) (Waters, Milford, MA, USA), and the UPLC system
was coupled to a Micromass Xevo TQ-S triple quadrupole mass spectrometer (Waters,
Manchester, UK) fitted with an electrospray ionization source in negative mode. The
referenced detection method was described by Xiao et al. [22].

2.4. Blood Sample Collection and Measurement

Nine healthy calves with similar body weight were selected from each group to
collect blood samples from the jugular vein before the morning feeding on 0, 7, 14, 16,
18, 21, and 28 d of the experiment. Each blood sample was collected using 10 mL non-
anticoagulant tubes. Next, blood samples in non-anticoagulant tubes were centrifuged at
1500× g for 30 min at 4 ◦C (Tiangen OSE-MP25, Beijing, China) to obtain serum, which was
then stored in 1.5 mL centrifuge tubes in liquid nitrogen for further analyses.

The concentrations of serum immunoglobulin (Ig) G, IgA, IgM, D-lactate, cortisol,
haptoglobin (HP), and interleukin-8 (IL-8) were determined using respective ELISA kits
(Nanjing Jian Cheng Bioengineering Institute, Nanjing, China). Serum glucose (Glu),
insulin (INS), and urea nitrogen (SUN) concentrations were determined using an automatic
biochemical analyser (Kehua-zy KHB-1280, Shanghai, China). Total antioxidant capacity
(T-AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-PX), malondialdehyde
(MDA), and catalase (CAT) activity and L-Gln concentration in the serum were determined
using commercial kits (Nanjing Jian Cheng Bioengineering Institute, Nanjing, China).

2.5. Small Intestine Sampling, Processing, and Morphological Analysis

At the end of the experiment, six healthy calves with similar body weight (the calves
from whom blood samples had been obtained) were slaughtered from each group. Next,
we collected the entire small intestine of the calves, from the pyloric sphincter to the
ileocecal valve. The duodenum, jejunum, and ileum samples were collected 6 cm posterior
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to the pylorus, the middle part of the jejunum, and 6 cm posterior to the jejunum-ileum
junction by an animal anatomist. All tissue samples were immediately washed with saline
to remove the chyme of the samples then preserved in 10% buffered formalin for analysis of
intestinal morphology. After fixation in the buffered formalin, the samples were trimmed
to maintain an integrated cross section. Next, the sections were trimmed from each sample
by a transversal cut through the villi and dehydrated overnight using graded alcohol (50%,
75%, 85%, 95%, and 100% alcohol) at ambient temperature. The samples were cleared
in a mixture of xylene: ethyl alcohol = 1:1) and then impregnated with Histosec paraffin
pastilles (Merck Ltd., Auckland, New Zealand). Subsequently, the samples were embedded
(KD-BM, Kedi Ltd., Jinghua, China) and cut using a paraffin slicing machine (RM2016,
Laika Ltd., Shanghai, China). The 5 μm-thick sections were stained with haematoxylin-
eosin until they were no longer faded. Morphometric analysis included the evaluation of
villus height and width, crypt depth, villus height/crypt depth (V/C). Measurements were
taken from 10 villi per section and 2 sections per calf. The measurements were performed by
an investigator blinded to the treatment allocation of the calves using the image processing
Pannoramic Viewer software (v 1.15.3, 3DHISTECH Ltd., Budapest, Pest, Hungary); the
measurement criteria are described in Figure 1.

Figure 1. Representative histological pictures of the small intestine, magnified 80×. Red lines
represent villus height; blue lines represent crypt depth.

2.6. Statistical Analyses

Statistical analyses were performed using R software (v. 4.0.3, https://www.r-project.
org/, accessed on 25 June 2021). The statistical power for the serum samples in this study
was >0.8 with a significance level of 0.05 using G*Power software (v. 3.1.9.6, https://g-
power.apponic.com, accessed on 25 June 2021). Before analysis, all data were checked for
normality using shapiro.test function of the R software, and the data fitting non-normality
was log-transformed. Next, indicators of feed intake, growth performance, serum immunity,
and serum antioxidants were analysed via a mixed linear model, as follows:

Yijkl = μ + Ti + Dj + TDij + Cal fk + eijkl

where Yijkl is the dependent variable; μ is the average experimental value; Ti is the fixed
effect of L-Gln supplementation or not; Dj designates the repeated effect; TDij is the
interaction effect of Ti and Dj; Cal fk is the random effect of calf; and eijkl is the error term.
Another mixed linear model was used to analyse the intestinal tissue samples; the relevant
model is as follows:

Yijk = μ + Ti + Cal fj + eijk
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where Yijk is the dependent variable; μ is the average experimental value; Ti is the fixed
effect of L-Gln supplementation or not; Cal fj is the random effect of calf; and eijk is the
error term. The values of all data were reported as least squares means, and polynomial
orthogonal contrasts in R software were used to test linear and quadratic responses. Differ-
ences of p ≤ 0.05 were considered significant, and those of 0.05 < p ≤ 0.10 were considered
to show a tendency of difference.

3. Results

3.1. Feed Intake and Growth Performance

With increasing quantity of L-Gln added to the diet, the body weight of the calves
in the 4-week experimental period had a quadratically increasing tendency, whereas
BW at 1-, 2-, and 3-week experimental periods was not affected (Table 1). Meanwhile,
L-Gln supplementation significantly boosted the average daily gain, and increasing the
quantity of L-Gln quadratically increased the ADG during the pre-weaning period and total
experimental period. We also found that L-Gln supplementation significantly enhanced
the DMI, and the DMI had a linear increase during the pre-weaning period and total
experimental period. L-Gln intake was significantly affected by L-Gln supplementation,
and it showed a linear increase with increasing supplemental levels of L-Gln. In addition,
the DMI during the total experimental period showed a quadratically increasing tendency.
L-Gln supplementation during the post-weaning experimental period significantly affected
the feed efficiency, and the feed efficiency showed a quadratically increasing tendency with
increasing supplemental levels of L-Gln.

Table 1. Growth performance and feed intake of calves during different treatments (N = 15 per group).

Treatment p-Value

Items CON 1%Gln 2%Gln 3%Gln 4%Gln SEM T T × D Linear Quadratic

BW, kg
0 57.8 58.0 58.1 56.9 57.7 0.28 0.86 0.64 0.93

1-wk 62.3 63.6 63 61.6 63.3 0.31 0.92 0.99 0.97
2-wk 67.1 68.8 68.6 66.3 68.3 0.32 0.73 0.97 0.64
3-wk 68.6 72.0 72.1 68.3 71.7 0.45 0.21 0.53 0.45
4-wk 72.3 76.6 77.2 72.5 75.3 0.45 0.07 0.62 0.09

ADG, kg/d
Pre-weaning 0.67 0.77 0.75 0.68 0.76 0.01 0.36 0.29 0.40 0.42
Post-weaning 0.37 0.56 0.61 0.44 0.50 0.02 <0.01 0.12 0.29 0.01

Overall 0.52 0.67 0.68 0.56 0.63 0.01 <0.01 0.61 0.21 0.02
DMI, g/d

Pre-weaning 1183 1372 1355 1293 1391 14.5 <0.01 0.92 0.01 0.17
Post-weaning 1645 1864 1822 1685 1821 16.3 0.22 0.56 0.17 0.21

Overall 1414 1618 1588 1489 1606 13.3 <0.01 0.42 0.01 0.09
L-Gln intake 1, g/d

Pre-weaning 4.72 18.48 31.86 43.53 60.39 2.35 <0.01 0.77 <0.01 0.17
Post-weaning 0.32 19.00 36.78 50.87 73.19 3.05 <0.01 0.19 <0.01 0.23

Overall 2.52 18.74 34.32 47.20 66.79 2.69 <0.01 0.39 <0.01 0.14
Feed efficiency
Pre-weaning 0.57 0.56 0.55 0.53 0.55 0.02 0.78 0.95 0.98 0.96
Post-weaning 0.22 0.30 0.34 0.26 0.28 0.03 0.03 0.31 0.37 0.08

Overall 0.37 0.42 0.42 0.38 0.39 0.02 0.26 0.76 0.63 0.21
1 L-Gln intake (g/d) = L-Gln intake of milk replacer (milk replacer intake(mL) × 0.125(w/v, g/mL) × 0.00468) + L-Gln
intake of starter feed (feed intake(g/d) × 0.00116× 0.15 (the rumen bypass efficiency of feed protein was 15% in
NRC2001 [23])) + L-Gln supplementation (0 or 1% or 2% or 3% or 4% of DMI); BW, body weight; ADG, average
daily gain; DMI, dry matter intake; Feed efficiency was calculated as ADG/DMI; T, treatment; D, day.

3.2. Serum L-Gln, Glu, Urea Nitrogen, and Insulin

We found that the concentrations of serum L-Gln and Glu were not different among
the five groups during the entire experimental period (Table 2). Interestingly, L-Gln sup-
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plementation at 16, 18, and 28 d of experiment and during post-weaning and the whole
experiment period significantly enhanced the concentration of SUN. Additionally, we also
found that the SUN concentrations showed linear increases with increasing supplemental
levels of L-Gln during post-weaning and the whole experiment period; at 16 and 18 d of the
experiment, the concentration of SUN showed linear and quadratic increases with increas-
ing supplemental levels of L-Gln. Furthermore, L-Gln supplementation significantly boost
INS concentration, and the INS concentration presented linear increasing with increasing
L-Gln levels during the pre-weaning period.

Table 2. Serum Gln, Glu, BUN, and INS indicators of calves among different groups (N = 9 per group).

Treatment p-Value

Items CON 1%Gln 2%Gln 3%Gln 4%Gln SEM T T × D Linear Quadratic

L-Gln, mmol/L
0 d 0.67 0.66 0.68 0.65 0.68 0.02 0.77 0.81 0.57
7 d 0.71 0.76 0.75 0.70 0.74 0.02 0.20 0.37 0.63
14 d 0.72 0.74 0.76 0.73 0.75 0.03 0.93 0.59 0.89
16 d 0.75 0.75 0.77 0.77 0.78 0.02 0.64 0.56 0.79
18 d 0.74 0.78 0.77 0.81 0.79 0.03 0.46 0.31 0.16
21 d 0.80 0.81 0.74 0.80 0.81 0.04 0.64 0.18 0.59
28 d 0.82 0.84 0.81 0.81 0.84 0.04 0.97 0.73 0.63

Pre-weaning 0.70 0.72 0.73 0.69 0.72 0.02 0.39 0.58 0.66 0.29
Post-weaning 0.78 0.80 0.77 0.80 0.81 0.03 0.67 0.69 0.19 0.72

Overall 0.74 0.76 0.75 0.75 0.77 0.01 0.72 0.44 0.97 0.33
Glu, mmol/L

0 d 6.12 6.16 6.12 6.16 6.14 0.18 1.00 0.98 0.86
7 d 6.18 6.06 5.99 6.04 5.51 0.23 0.29 0.83 0.44
14 d 5.60 5.52 5.68 5.39 5.32 0.12 0.17 0.46 0.45
16 d 4.20 4.36 4.34 4.31 4.32 0.17 0.97 0.61 0.69
18 d 5.23 5.44 4.93 5.09 5.11 0.18 0.35 0.27 0.26
21 d 5.43 5.34 5.20 5.23 5.42 0.14 0.13 0.29 0.43
28 d 5.44 5.33 5.28 5.19 5.22 0.20 0.91 0.57 0.63

Pre-weaning 5.97 5.91 5.93 5.86 5.66 0.15 0.71 0.31 0.51 0.82
Post-weaning 5.08 5.12 4.94 4.96 5.02 0.09 0.33 0.57 0.64 0.46

Overall 5.46 5.46 5.36 5.34 5.29 0.08 0.62 0.39 0.71 0.82
SUN, mmol/L

0 d 4.54 4.29 4.32 4.30 4.42 0.51 1.00 0.74 0.83
7 d 4.18 4.75 4.41 5.31 5.47 0.79 0.71 0.91 0.31
14 d 2.43 2.69 2.73 2.58 2.82 0.33 0.93 0.74 0.70
16 d 3.31 5.47 5.35 4.38 5.09 0.44 <0.01 0.04 0.05
18 d 8.50 9.67 10.54 12.02 11.51 0.58 <0.01 0.02 0.04
21 d 12.56 12.71 11.99 13.00 12.94 0.79 0.91 0.68 0.45
28 d 8.31 8.85 9.81 10.37 11.18 0.64 0.02 0.31 0.23

Pre-weaning 3.72 3.91 3.82 4.06 4.24 0.53 0.42 0.99 0.26 0.62
Post-weaning 8.17 9.18 9.42 9.94 10.26 0.62 <0.01 0.58 0.02 0.13

Overall 6.26 6.92 7.02 7.42 7.68 0.33 0.04 0.44 0.04 0.14
INS, mIU/L

0 d 19.49 22.34 19.86 20.58 21.30 1.98 0.84 1.00 0.30
7 d 15.79 18.29 19.32 17.49 18.47 3.45 0.96 0.59 0.86
14 d 14.58 17.51 20.71 15.01 17.69 2.68 0.54 0.28 0.78
16 d 8.73 8.93 10.01 6.50 7.85 1.66 0.65 0.81 0.40
18 d 12.73 18.13 17.08 10.92 13.75 2.11 0.13 0.38 0.87
21 d 14.18 15.56 15.21 13.58 13.98 1.53 0.88 0.73 0.99
28 d 4.76 6.01 5.09 5.54 6.27 0.94 0.77 0.98 0.26

Pre-weaning 16.62 19.38 19.96 17.69 19.15 1.92 0.04 0.72 0.03 0.17
Post-weaning 10.10 12.16 11.85 9.14 10.46 1.73 0.74 0.55 0.48 0.53

Overall 12.89 15.25 15.33 12.80 14.19 0.99 0.15 0.81 0.23 0.19

Glu, glucose; SUN, serum urea nitrogen; INS, insulin; T, treatment; D, day.
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3.3. Stress-Related Hormone Indicators

To assess the stress status of calves in each group, we measured the concentrations
of serum cortisol, HP, IL-8, and D-lactate (Table 3). Serum cortisol concentrations in
L-Gln supplementation groups were significantly higher than that in the CON group at
16 and 21 d of experiment, and during the post-weaning period. Meanwhile, they showed
a significant increasing tendency compared to the CON group. Furthermore, we also found
cortisol concentration quadratically decreased as L-Gln inclusion in the diet increased
at 16 and 21 d of experiment and during the post-weaning and the whole experiment
period. Although L-Gln supplementation groups had no effect on the concentration of
serum HP and IL-8, we found that HP and IL-8 concentrations showed a quadratic decrease
with increasing L-Gln levels in the diets at 16 and 21 d of experiment and during the
post-weaning period. At 21 d of experiment, L-Gln supplementation groups significantly
decreased serum D-lactate concentration, and D-lactate level showed a quadratic decrease
with increasing L-Gln levels in the diets. In addition, we also found that D-lactate showed
a quadratically decreased tendency with increasing L-Gln levels in the diets during the
post-weaning and whole experiment period.

Table 3. Serum stress indicators of calves among different groups (N = 9 per group).

Treatment p-Value

Items CON 1%Gln 2%Gln 3%Gln 4%Gln SEM T T × D Linear Quadratic

D-lactate, μmol/L
0 d 6.18 6.16 6.30 6.25 6.32 0.05 0.63 0.24 0.86
14 d 6.09 5.98 6.12 6.02 6.13 0.05 0.71 0.78 0.65
16 d 7.52 7.21 7.47 7.82 7.16 0.10 0.83 0.78 0.8
21 d 6.72 6.17 6.03 6.07 6.41 0.07 <0.01 0.12 <0.01
28 d 6.10 6.13 6.00 6.17 6.17 0.06 0.25 0.66 0.61

Pre-weaning 6.14 6.07 6.21 6.14 6.23 0.04 0.97 0.99 0.88 0.79
Post-weaning 6.78 6.50 6.50 6.69 6.58 0.06 0.18 0.58 0.23 0.09

Overall 6.52 6.33 6.38 6.47 6.44 0.03 0.15 0.63 0.14 0.06
Cortisol, μg/dL

0 d 3.09 3.01 3.22 3.06 2.99 0.11 0.94 0.85 0.72
14 d 3.16 3.19 3.39 3.16 3.18 0.11 0.92 1.00 0.64
16 d 6.72 5.58 5.79 5.85 6.08 0.12 <0.01 0.18 0.01
21 d 5.28 4.29 4.33 4.84 5.13 0.12 <0.01 0.74 <0.01
28 d 3.30 3.20 3.20 3.29 3.33 0.10 0.79 0.85 0.68

Pre-weaning 3.13 3.10 3.31 3.11 3.09 0.10 0.92 0.84 0.77 0.59
Post-weaning 5.10 4.36 4.44 4.66 4.85 0.09 <0.01 0.92 <0.01 <0.01

Overall 4.31 3.85 3.99 4.04 4.14 0.07 0.07 0.36 0.17 0.02
HP, ng/mL

0 d 0.53 0.52 0.54 0.57 0.51 0.05 0.92 0.77 0.88
14 d 0.54 0.51 0.55 0.52 0.51 0.04 0.88 0.82 0.75
16 d 0.81 0.65 0.67 0.79 0.83 0.05 0.22 0.64 0.03
21 d 0.73 0.62 0.63 0.76 0.74 0.03 0.37 0.83 0.05
28 d 0.56 0.58 0.54 0.61 0.59 0.05 0.83 0.79 0.62

Pre-weaning 0.54 0.52 0.55 0.55 0.51 0.04 0.91 0.92 0.80 0.78
Post-weaning 0.70 0.62 0.61 0.72 0.72 0.04 0.29 0.84 0.63 0.04

Overall 0.63 0.58 0.59 0.65 0.64 0.03 0.34 0.96 0.52 0.17
IL-8, pg/mL

0 d 50.87 46.07 49.84 47.13 47.92 3.35 0.22 0.50 0.66
14 d 44.14 45.94 47.21 44.01 46.99 2.26 0.35 0.72 0.40
16 d 64.17 49.94 52.88 65.93 64.24 3.13 0.16 0.87 0.03
21 d 58.25 47.46 46.62 55.37 54.29 3.15 0.19 0.27 0.04
28 d 40.89 39.12 41.99 42.75 40.86 1.26 0.47 0.91 0.55

Pre-weaning 47.51 46.01 48.53 45.57 47.46 2.56 0.32 0.58 0.92 0.82
Post-weaning 54.44 45.51 47.16 54.68 53.13 2.02 0.13 0.63 0.25 0.02

Overall 51.66 45.71 47.71 51.04 50.86 1.46 0.29 0.81 0.40 0.22

HP, haptoglobin; IL-8, interleukin-8, T, treatment; D, day.
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3.4. Oxidative Status

Table 4 shows the antioxidant capacity in serum. The T-AOC in L-Gln supplementation
groups, during the post-weaning and whole experiment period, were significantly higher
than that in the CON group, and it linearly and quadratically increased with L-Gln added
to the diets. Furthermore, T-AOC in L-Gln supplementation groups showed a significant
difference and tendency compared to that in the CON group, respectively, and it presented
a linear increasing and quadratic increasing tendency with increasing L-Gln levels at 14 and
16 d of experiment, respectively. GSH-Px level in L-Gln supplementation groups during the
pre-weaning, post-weaning, and whole experiment period were significantly higher than
that in the CON group, and it showed a linear and quadratic increase with L-Gln added
to the diets. Moreover, we also found that the GSH-Px level in L-Gln supplementation
groups at 7, 14, and 16 as well as 18 d of experiment showed a significant increase and
increasing tendency, respectively, and it also showed a linear and quadratic increase with
L-Gln added to the diets. Although there was no significant difference for SOD between
L-Gln supplementation groups and CON, the SOD level showed a quadratic increase
with increasing L-Gln level added to the diets at 16 d of experiment. At 16 and 18 d of
experiment, the CAT in L-Gln supplementation groups were significantly higher than that
in the CON group, and increasing L-Gln level added to diets quadratically increased the
CAT level. In contrast, MDA in L-Gln supplementation groups were significantly lower
than that in the CON group, and it quadratically decreased with increasing Gln levels at
18 d of the experiment.

Table 4. Serum antioxidant indicators of calves among different groups (N = 9 per group).

Treatment p-Value

Items CON 1%Gln 2%Gln 3%Gln 4%Gln SEM T T × D Linear Quadratic

T-AOC, U/mL
0 d 23.3 22.2 23.3 26.8 24.6 2.39 0.70 0.77 0.78
7 d 23.2 28.0 28.6 26.1 26.7 2.91 0.32 0.07 0.80
14 d 20.9 27.5 26.1 23.9 26.7 1.79 0.09 0.19 0.09
16 d 18.6 24.2 26.7 26.4 25.8 1.84 0.03 0.01 0.16
18 d 21.4 25.3 24.7 28.7 26.5 2.75 0.48 0.33 0.20
21 d 22.2 28.5 26.3 25.8 26.2 2.13 0.42 0.27 0.15
28 d 22.0 24.5 25.2 25.1 24.6 1.94 0.79 0.29 0.56

Pre-weaning 22.5 25.9 26.0 25.6 26.0 2.04 0.18 0.57 0.11 0.47
Post-weaning 21.1 25.6 25.7 26.5 25.8 1.88 <0.01 0.62 <0.01 <0.01

Overall 21.7 25.7 25.8 26.1 25.9 0.66 <0.01 0.23 <0.01 <0.01
GSH-Px, U/mL

0 d 60.3 60.9 61.1 63.0 61.8 5.03 1.00 0.86 0.84
7 d 87.1 116.2 112.0 110.2 109.4 6.20 0.04 0.02 0.03
14 d 59.5 87.7 85.7 83.8 85.0 6.50 0.05 0.02 0.04
16 d 47.4 60.3 61.1 52.6 53.4 3.26 0.04 0.02 0.04
18 d 51.4 64.4 67.7 63.0 58.1 8.28 0.07 0.03 0.02
21 d 55.8 66.7 71.6 67.4 64.5 7.48 0.12 0.14 0.08
28 d 60.3 73.1 76.2 69.4 69.4 12.06 0.93 0.43 0.80

Pre-weaning 69.0 88.3 86.3 85.7 85.4 4.64 <0.01 <0.01 <0.01 <0.01
Post-weaning 53.7 66.1 69.2 63.1 61.4 7.52 <0.01 0.82 <0.01 <0.01

Overall 60.3 75.6 76.5 72.8 71.7 2.87 <0.01 0.23 <0.01 0.05
SOD, U/mL

0 d 73.2 74.6 79.1 75.9 77.0 2.57 0.60 0.22 0.81
7 d 85.1 84.7 83.1 82.0 80.1 1.92 0.77 0.83 0.68
14 d 85.4 86.4 87.0 90.0 86.6 2.56 0.78 0.44 0.63
16 d 89.0 93.8 91.6 93.0 93.1 1.64 0.29 0.34 0.05
18 d 85.2 90.3 91.9 92.4 90.6 3.92 0.73 0.24 0.53
21 d 88.1 91.3 91.6 93.5 90.9 2.05 0.51 0.16 0.34
28 d 80.3 82.1 81.5 83.9 82.3 4.75 0.99 0.79 0.71
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Table 4. Cont.

Treatment p-Value

Items CON 1%Gln 2%Gln 3%Gln 4%Gln SEM T T × D Linear Quadratic

Pre-weaning 81.2 81.9 83.1 82.6 81.2 2.04 0.95 0.91 0.84 0.54
Post-weaning 85.7 89.4 89.2 90.7 89.2 3.16 0.76 0.36 0.21 0.52

Overall 83.8 86.2 86.5 87.2 85.8 1.27 0.42 0.66 0.13 0.33
CAT, U/mL

0 d 28.7 31.9 31.0 29.1 32.3 1.67 0.42 0.80 0.36
7 d 32.1 33.3 34.6 32.3 37.1 2.68 0.63 0.98 0.80
14 d 35.1 35.3 35.3 35.2 38.1 1.70 0.69 0.66 0.63
16 d 35.3 37.4 38.6 38.9 34.6 1.01 0.03 0.17 0.04
18 d 36.8 38.9 38.3 38.4 37.8 1.03 0.04 0.14 0.03
21 d 41.2 42.9 44.4 44.9 44.0 1.37 0.37 0.11 0.52
28 d 43.4 44.3 46.0 49.4 44.9 2.31 0.44 0.21 0.63

Pre-weaning 32.0 33.5 33.6 32.2 35.8 1.93 0.64 0.88 0.48 0.79
Post-weaning 39.2 40.9 41.8 42.9 40.3 0.81 0.11 0.72 0.17 0.12

Overall 36.1 37.7 38.3 38.3 38.4 0.71 0.19 0.92 0.04 0.53
MAD, nmol/mL

0 d 2.97 2.95 3.03 3.00 2.85 0.13 0.88 0.52 0.59
7 d 3.17 3.27 3.19 3.26 3.20 0.05 0.49 0.56 0.11
14 d 3.18 3.19 3.22 3.20 3.20 0.04 0.97 0.51 0.98
16 d 3.51 3.37 3.29 3.43 3.51 0.09 0.32 0.66 0.06
18 d 3.41 3.28 3.24 3.32 3.27 0.03 0.04 0.57 0.04
21 d 3.15 3.20 3.18 3.14 3.17 0.03 0.67 0.84 0.60
28 d 3.12 3.14 3.16 3.15 3.14 0.02 0.65 0.16 0.75

Pre-weaning 3.11 3.14 3.15 3.15 3.08 0.04 0.66 0.93 0.58 0.65
Post-weaning 3.30 3.25 3.22 3.26 3.27 0.03 0.18 0.94 0.49 0.13

Overall 3.22 3.20 3.19 3.21 3.19 0.02 0.41 0.98 0.13 0.43

T-AOC, total oxidative capacity; GSH–Px, glutathione peroxidase; SOD, superoxide dismutase; CAT, catalase;
MDA, malonaldehyde, T, treatment; D, day.

3.5. Immune Status

Table 5 shows the immune capacity among groups. IgG concentration in L-Gln
supplementation groups, during the pre-weaning, post-weaning, and whole experiment
period, were significantly higher than that in the CON group, and it showed a linear and
quadratic increase with L-Gln supplementation in the diets. We also found that, except
for at 0 d of experiment, L-Gln supplementation groups boosted significantly or had
a significant trend on IgG concentration at other sampled times. For IgA concentration,
it appeared to have a quadratic increasing tendency at 14 d of the experiment. The serum
IgM in L-Gln supplementation groups was significantly higher than that in the CON
group, and increasing L-Gln level added to the diets quadratically increased the serum
IgM concentration at 7 and 14 d of experiment and during the pre-weaning and whole
experiment period. Furthermore, the serum IgM concentration showed a linear increase
and linear increasing tendency at 7 d of experiment and during the pre-weaning period as
well as at 14 d of experiment, respectively.
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Table 5. Serum immune indicators of calves among different groups (N = 9 per group).

Treatment p-Value

Items CON 1%Gln 2%Gln 3%Gln 4%Gln SEM T T × D Linear Quadratic

IgG, g/L
0 d 10.78 11.71 10.76 11.26 12.11 1.32 0.93 0.84 0.46
7 d 4.14 5.72 5.05 4.38 4.78 0.41 0.09 0.30 0.17
14 d 4.65 6.95 6.31 6.24 6.74 0.49 0.02 0.09 0.01
16 d 2.62 4.47 4.02 3.85 3.75 0.40 0.04 0.03 0.04
18 d 1.80 3.09 2.85 2.73 2.80 0.21 <0.01 0.01 <0.01
21 d 2.29 4.08 3.92 3.67 3.74 0.31 <0.01 <0.01 0.01
28 d 5.11 7.84 7.85 7.29 7.30 0.74 0.09 0.03 0.13

Pre-weaning 6.52 8.13 7.37 7.29 7.88 0.55 <0.01 0.58 <0.01 <0.01
Post-weaning 2.96 4.87 4.66 4.39 4.40 0.33 <0.01 0.31 <0.01 <0.01

Overall 4.48 6.27 5.82 5.63 5.89 0.30 <0.01 0.52 0.02 <0.01
IgA, g/L

0 d 0.81 0.78 0.81 0.80 0.77 0.01 0.29 0.55 0.08
7 d 0.88 0.80 0.90 0.87 0.87 0.03 0.30 0.83 0.07
14 d 0.68 0.74 0.74 0.75 0.73 0.02 0.26 0.10 0.13
16 d 0.71 0.79 0.74 0.74 0.73 0.03 0.27 0.57 0.12
18 d 0.82 0.83 0.80 0.83 0.87 0.05 0.86 0.55 0.45
21 d 0.70 0.70 0.69 0.71 0.69 0.02 0.86 0.94 0.84
28 d 0.74 0.79 0.80 0.80 0.80 0.03 0.53 0.20 0.40

Pre-weaning 0.79 0.77 0.82 0.81 0.79 0.02 0.29 0.91 0.42 0.55
Post-weaning 0.74 0.78 0.76 0.77 0.77 0.03 0.79 0.88 0.34 0.42

Overall 0.76 0.78 0.78 0.79 0.78 0.01 0.74 0.91 0.31 0.49
IgM, g/L

0 d 2.39 2.30 2.31 2.29 2.36 0.08 0.85 0.33 0.62
7 d 2.36 2.65 2.88 2.75 2.80 0.11 0.03 0.01 0.40
14 d 2.35 2.55 2.53 2.71 2.58 0.08 0.05 0.06 0.03
16 d 2.45 2.69 2.50 2.55 2.56 0.08 0.20 0.69 0.04
18 d 2.64 2.79 2.73 2.77 3.02 0.14 0.43 0.85 0.25
21 d 2.57 2.57 2.51 2.60 2.57 0.07 0.94 0.69 0.62
28 d 2.60 2.68 2.67 2.69 2.67 0.09 0.95 0.58 0.58

Pre-weaning 2.37 2.50 2.57 2.58 2.58 0.09 <0.01 0.56 <0.01 <0.01
Post-weaning 2.57 2.68 2.60 2.65 2.71 0.06 0.37 0.63 0.36 0.51

Overall 2.48 2.60 2.59 2.62 2.65 0.04 0.02 0.47 0.11 0.01

T, treatment; D, day.

3.6. Small Intestinal Morphology

As shown in Figure 2, we observed that increasing the L-Gln quadratically increased
the villus height and V/C of the duodenum and jejunum. In contrast, the crypt depth of
the duodenum and jejunum decreased quadratically with increasing L-Gln levels.
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Figure 2. Histomorphology of the small intestine ((A): duodenum, (B): jejunum, and (C): ileum; mean
± SEM) among different groups (N = 6 per group). Light micrographs (80× magnification, blue bar
represents 200 μm) of the duodenum (D–H), Jejunum (I–M), Ileum (N–R) of calves in CON (D,I,N)
or 1%Gln (E,J,O) or 2%Gln (F,K,P) or 3%Gln (G,L,Q) or 4%Gln (H,M,R).
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4. Discussion

L-Gln, as a functional amino acid, is widely used as a feed additive in pigs [16,17]
and chickens [24] to combat stress injury. However, research on glutamine in young
ruminants is limited. Considerable development in gastrointestinal physiology occurs
during the first few weeks of life, allowing calves to quickly adapt to the liquid–solid dietary
transition. During the transition, the calf often experiences weaning stress, which poses
great challenges to its health and adult productivity. To our knowledge, this study is the
first to examine the effects of rumen-protected L-Gln supplementation in the diet on calves
during weaning period. The findings revealed that low L-Gln supplementation (1 and 2%
of DMI) in the diet better relieved the negative effects of weaning on calves via enhancing
the immune and antioxidant capacity as well as improving intestinal morphology.

Growth performance is a crucial indicator of evaluating weaning stress status; calves
with severe weaning stress have lower ADG and feed efficiency [3]. Although the ADG
and feed efficiency of weaned calves were lower than pre-weaning in this study, we found
that the addition of L-Gln to the diets improved the growth performance of weaned calves,
and low L-Gln level supplementation (1 and 2% of DMI) had better effects. Similar to
our result, Ma et al. reported that medium L-Gln level (160 g/d) supplementation could
promote the compensatory growth of growth-retarded yaks compared to the high level
(180 g/d) [25]. Another recent study also found that compared with no supplementation,
the ADG of weaned calves at 35 d of age was increased by adding L-Gln with 2% of DMI to
diet, and weaned completely 3 d earlier [20]. However, Hu et al. found that different doses
of glutamine administered intravenously did not improve the growth performance of calves
during the post-weaning period, possibly because intravenous administration of L-Gln first
entered the liver and kidney for metabolic utilisation, whereas L-Gln entering the small
intestine did not reach the threshold of effective concentration [21]. In addition, we found
that L-Gln supplementation also increased the DMI of calves during the pre-weaning and
total experiment period, but had no effect on feed efficiency. Da Silva et al. found a similar
result when they added L-Gln in milk replacers for calves [19]. These results also indicate
that L-Gln has potential as a functional food attractant for calves in the future.

Cortisol and HP are key indicators of reacting stress degree [26,27]. IL-8 is a biomarker
of weaning stress [28]. In contrast to DMI and feed efficiency, cortisol, HP, and IL-8 of
weaned calves were lower than pre-weaning in this study. Furthermore, they showed
a quadratic decrease with increasing L-Gln level added in the diet. In particular, 1 and
6 d after weaning the calves, the lower-level L-Gln (1 and 2 % of DMI) groups also had
better results, which further confirmed that the lower levels of L-Gln can alleviate the
adverse effects of weaning in calves. Interestingly, L-Gln supplementation had no effect
on serum L-Gln concentration in this study, which is similar to previous studies about
piglets [29,30]. These responses indicate that L-Gln added to the diet will be metabolized
by the digestive tract and other organs before entering the bloodstream. Prior to weaning,
L-Gln supplementation increased serum insulin concentration and linearly increased with
supplemental level, whereas serum glucose concentration was not affected. Wu reported
that although L-Gln was essential for the integrity and development of the gut, 90% of it is
not utilized efficiently in normal conditions [31]. Combined with the SUN results before
weaning, we thought that part of L-Gln, which could not be utilized by the small intestine,
might be converted into glucose in blood, and the body maintains glucose homeostasis
by raising insulin levels. After weaning, L-Gln supplementation linearly increased SUN
concentration. The reason for the results that L-Gln might be conversed to the glutamate
and ammonium providing the energy for small intestine by deamination in the small
intestine’s mitochondria. The ammonium will eventually contribute to hepatic ureagenesis
and therefore to the increase the SUN concentrations. Interestingly, we still found that
the lower-level L-Gln (1% and 2% of DMI) had higher SUN concentrations at 1 d after
weaning. The result also suggested that the lower-level L-Gln could be utilized efficiently
by the small intestine after weaning in this study, which might also be why higher-level
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L-Gln (3% and 4% of DMI) had no better effect than low-level L-Gln (1% and 2% of DMI)
supplementation groups on alleviating the negative effects of sudden weaning.

The negative effect of sudden weaning is usually accompanied by oxidative stress;
therefore, the antioxidant capacity of calves can reflect their ability to resist weaning stress.
Normally, there is a redox balance between the production of reactive oxygen species in
the body’s intracellular environment and the ability of biological antioxidant systems to
neutralise these active intermediates [32,33]. Oxidative stress disrupts this balance and
causes tissue damage [34]. In turn, the body produces antioxidant enzymes to reduce ROS;
for example, GSH-Px is an important antioxidant in the body, and glutamate, the metabolite
of glutamine in cells, is one of its main components [35,36]; SOD and CAT can clear free
radicals and hydrogen peroxide in cells, respectively [34]; MDA is the oxidation end-
product of hydrogen peroxide and can also indirectly reflect the degree of tissue peroxide
damage [37]. Therefore, the greater the levels of SOD, CAT, and GSH-Px and the lower
the levels of MDA, the stronger the antioxidant capacity of the body. Combined with
the results of this study, these results suggest that dietary L-Gln supplementation can
improve resistance to oxidative stress in weaned calves, and lower-level groups have better
capacity because of higher GSH-Px activity. Similarly, Wu et al. found that glutamate
supplementation reduced oxidative stress by inhibiting the mTOR signalling pathway [38].
In fish, glutamate supplementation can increase the activity of GSH-PX and SOD to reduce
intestinal oxidative damage [39]. Therefore, we think L-Gln with 1 and 2% of DMI enhance
the antioxidant capacity of weaned calves by breaking it down into glutamate, which is
consistent with higher SUN concentration at 1 d after weaning. Immunoglobulin, which is
present in the serum, is a glycoprotein produced by the proliferation and differentiation of
B cells into plasma cells after antigen stimulation. The determination of serum IgG, IgA,
and IgM levels can reflect the body’s humoral immunity status. In this study, serum IgM
and IgG levels in L-Gln supplementation groups were elevated after weaning. Therefore,
we believe that L-Gln supplementation can enhance the immune response of calves, and
lower-level L-Gln supplementation can maximise the immune response in this study. IgG,
the most abundant immunoglobulin in serum, may be more sensitive to L-Gln stimulation,
so it is still significantly elevated after weaning. Hu et al. found that intravenous injection
of L-Gln (16 g/d) significantly increased the proportion of CD4+ T cells in calves after
weaning [21]. CD4+ T cells play an important role in the immune system [40]. Thus,
intravenous injection of L-Gln (16 g/d) can improve the immunity of calves. Although
there is different effect on weaned calves between the parenteral administration and in-
feed administration, these results indicate that L-Gln can enhance the immune capacity
of weaned calves. Similarly, a recent study found that feeding rumen-protected L-Gln
to postpartum cows increased the serum total protein concentration and decreased the
somatic cell count of milk [41]. In addition, intravenous injection of L-Gln into postpartum
cows also increased the proportion of monocytes and CD8+ T cells [42]. In conclusion, low-
level L-Gln supplementation can better improve the antioxidant and immune capacities of
weaned calves. Interestingly, calves of L-Gln supplementation groups in this study also had
better immune and antioxidant capacities before weaning. These results further suggest
that L-Gln has potential as a novel antioxidant and immunomodulator for calf production.

Weaning stress causes damage to the small intestine, mainly reflected in the villus
becoming shorter and crypt depth becoming higher, and then affects the digestion and
absorption of nutrients and body health [43]. In this study, calves fed with 1% and 2%
L-Gln had longer villus height, shorter crypt depth, and larger V/C in the duodenum and
jejunum. Van Keulen et al. also found that 9 L/d milk allowance with 1% DM of milk L-Gln
supplementation significantly increased villus length in the duodenum and jejunum but
did not affect crypt depth and V/C [18]. We believe that the difference in the results may be
due to the limitations of van Keulen’s study. The addition of L-Gln to 1% DMI of milk may
not meet the needs of calves for L-Gln, which is similar to the finding that feeding 1% DMI
of milk replacer containing plant proteins L-Gln does not affect the histological morphology
of the small intestine [44]. In the present study, we added L-Gln according to the percentage
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of DMI in the calves. Therefore, compared with the two studies [18,44], we had higher
a L-Gln allowance in calves and found that L-Gln added at 2% of total DMI may also be
the threshold for small intestine development in calves. Similar to van Keulen et al. [18],
no effect of L-Gln on the villus structure of the ileum was found in our study, which may
be the reason that L-Gln is mainly absorbed in the duodenum and jejunum.

Interestingly, high-level L-Gln (3% and 4% of DMI) supplementation groups can
relieve the negative effects of weaning; however, there is no better effect than low-level
L-Gln (1% and 2% of DMI) supplementation groups. Although similar results have been
reported in piglets [29], chickens [24], and yaks [25], the reasons are unclear. Higher-
level L-Gln supplementation will release large amounts of ammonium in the gut, and the
ammonium can increase metabolic stress of the kidneys and liver, which may damage
liver and kidney function; large amounts of ammonium lead to large-scale autophagy of
small intestinal cells [45], which may affect nutrient absorption; moreover, it is known that
intestinal microbiome plays the crucial role on the utilization of exogenous amino acids,
especially epithelial microbiome [31,46,47]. The large amounts of ammonium will alter the
pH of the epithelial and lumen environment of intestine, affecting microbial colonization
in the small intestine and perhaps causing microbial niche shifts [48]. However, these
potential mechanisms need to be verified and explored using molecular biological methods
and high-throughput sequencing techniques in the future.

In addition, the rumen-protected L-Gln used in this study was evaluated in situ using
Holstein bulls, and the manner was similar to that used in Kong et al. [49]. Holstein bulls
have a similar energy allocation to that in Holstein calves, and bulls also consume energy for
maintenance and growth rather than for lactation. Calves have a distinct rumen microbiota
and morphology from adult cattle [50,51]. The rumen maturity of weaned calves is about
80% of that of adult cattle, and feed degradability in the rumen decreases as DMI rises.
Although these factors may influence the true rumen pass rate of the rumen-protected
L-Gln in calves, we believe that the deviation does not affect the results of supplementing
different levels of L-Gln in this study. Molano et al. found that rumen-protected methionine
had a good effect on calves by feeding calves with different methionine sources [52];
Kong et al. also found valid results by feeding calves with rumen-protected lysine [49]. In
the research field of rumen-protected products, in vitro and in situ methods are commonly
used to evaluate rumen-protected products’ performance, with the in situ method being
favoured. In fact, one of the field’s acknowledged limitations is that the degradation rate of
rumen-protected products evaluated in adult cattle differs from that of calves; however,
calves cannot be used to evaluated for rumen-protected products. As a result, an advanced
device that can simulate the rumen motility and environment of calves must be developed
in the future.

5. Conclusions

The results of this study provide evidence that the addition of L-Gln in the diet
improved the negative effects of sudden weaning in calves. Importantly, we found that
lower-level L-Gln supplementation (1 and 2% of DMI) in diets had better effect in the
growth performance, immune and antioxidant capacity, and morphology of the duodenum
and jejunum of weaned calves compared with the higher-level L-Gln supplementation
(3 and 4% of DMI) groups. These results provided effective reference for relieving weaning
stress of calves.
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Abstract: The dual stress of reduced feed intake and increased milk yield in dairy cows early
postpartum results in a negative energy balance. Rumen-protected glucose (RPG) has been reported
to replenish energy, increase milk yield, and improve gut health. However, early postpartum cows
often develop an insulin resistance, implying that RPG may not be well utilized and increased
milk production may increase the liver’s fat oxidization burden. This study aimed to investigate
the effects of RPG on the hepatic oxidative/antioxidative status and protein profile. Starting 7 d
before expected calving, six pairs of cows were supplemented with rumen-protected glucose (RPG,
n = 6) or with an equal amount of rumen-protecting coating fat (CON, n = 6). Liver samples were
obtained from 10 cows 14 d after calving (d 14). Concentration of malondialdehyde and activity
of glutathione peroxidase were increased and the activities of catalase and superoxide dismutase
tended to increase in the livers of the RPG cows compared to the CON cows. The revised quantitative
insulin sensitivity check index (RQUICKI) was decreased by RPG, but triacylglycerol concentration
in liver was increased by RPG supplementation. The overall profiles of hepatic proteins were similar
between CON and RPG. A partial least square regression was conducted to identify the proteins
associated with liver lipidosis, oxidative stress, and antioxidative capacity. The top twenty proteins,
according to their variable importance value, were selected for metabolic pathway enrichment
analysis. Eighteen enriched KEGG pathways were identified, including metabolism, the citrate cycle,
propanoate metabolism, the peroxisome, and type II diabetes mellitus. Our study showed that RPG
supplementation reduced insulin sensitivity but increased the liver triglyceride concentration and
the oxidative stress in early postpartum cows. Liver proteins related to lipidosis, oxidative stress, and
antioxidative capacity, were positively associated with the glutamine metabolism, citric acid cycle,
peroxisome, and type II diabetes pathways, which may indicate an increased risk of liver metabolic
disorders caused by RPG supplementation in early postpartum cows.

Keywords: rumen-protected glucose; liver; oxidative stress; proteomics

1. Introduction

Early postpartum dairy cows experience a negative energy balance under the dual
stress of insufficient energy intake due to anorexia and the increased energy demand for
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milk production [1,2]. The negative energy balance in the early postpartum dairy cow is
associated with metabolic disorders such as ketosis and hepatic lipidosis [3–5].

Considerable research has been conducted seeking means to alleviate the negative
energy balance: dietary supplementation with cereals [6], linoleic acid [7], rumen-protected
methionine [8], and glucose [9]. In our previous studies, fat-coated, rumen-protected
glucose (RPG) was supplemented to dairy cows during the transition period, resulting in an
improved milk production [1] and gut health [10]. However, increased non-esterified fatty
acids (NEFA) in plasma due to RPG supplementation, an indication of excessive lipolysis,
was also observed [1]. Excessive lipolysis is a result of insufficient energy intake and
mobilization of the body’s energy reserves [11]. Fat mobilization from adipose tissue can
exceed the oxidative capacity of the liver, resulting in metabolic disorders such as fatty liver
disease, an increase in reactive oxygen species (ROS), a reduction of paraoxonase activity,
and the onset of oxidative stress [12]. Rumen-protected glucose supplementation has
been hypothesized to ameliorate the energy deficit but was instead shown to increase the
negative energy balance of periparturient dairy cows [1]. We speculate that supplemented
glucose in the form of RPG may stimulate the mammary gland to produce more milk,
leading to a greater energy demand.

The liver is a hub organ in energy metabolism, with its activity being tightly controlled
by hormones such as insulin [13]. Mammals in early postpartum tend to develop liver
insulin resistance [14], which may be one of the mechanisms through which RPG failed to
alleviate the negative energy balance of periparturient cows in a study by Li et al. (2019).
It is possible that the supply of exogenous energy can either cause or aggravate liver
metabolic disorders in transition cows, but that remains to be studied.

Recent advances in proteomic technologies have allowed researchers to characterize
the proteomic profiles of the livers of dairy cows [15,16]. Tandem mass tags (TMT) technol-
ogy, combined with UPLC-MS/MS, is a powerful technique for protein screening and is
particularly well suited for small sample sizes [17]. In this study, TMT-based quantitative
proteomic analyses were performed in the livers of early lactation Holstein cows to evaluate
the effects of RPG supplementation. This study aimed to gain a better understanding of the
effects of RPG on the hepatic oxidative/antioxidative status and protein profile.

2. Materials and Methods

2.1. Animals and Experimental Design

The animal trial was described in one of our previously published papers [1]. Out of a
total of 22 cows with an expected calving date between May and July 2018, twelve 4–5 yr old
Holstein cows (515 ± 42 kg body mass, 16.1 ± 3.7 kg milk/d, 2.5 ± 0.52 parity; mean ± SD)
were selected for this animal trial. The twelve cows were partitioned into six pairs based
on their milk production in the previous lactation cycle. One cow per pair was randomly
assigned to either the control group (CON, n = 6) or to the rumen-protected glucose group
(RPG, n = 6). The CON cows were fed the basal diet (Supplemental Table S1) plus 90 g/d
of coating fat, and the RPG supplemented cows were fed the basal diet supplemented with
200 g of RPG, composed of 90 g glucose as the core with 90 g of coating fat and 20 g of
water. One of the RPG supplemented cows developed acute cholecystitis unrelated to her
treatment, so she was excluded from the trial along with her paired CON cow. All cows
were individually fed the basal diet as a total mixed ration (TMR) twice daily at 07:30 and
14:30 h, allowing for a 10% refusal rate. Either the coating fat or RPG was provided to
the corresponding cows from 7 d before calving to 14 d postpartum. The daily amount
of coating fat and RPG were split into the two daily meals. A portion of the TMR mixed
with the coating fat or RPG was fed first. The rest of the TMR without the coating fat or
RPG was offered after the first portion of TMR containing either the coating fat or RPG was
consumed. Water was freely available at all times.
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2.2. Insulin Resistance Estimate

At 14 d postpartum, jugular venous blood was sampled before the morning feeding
and after a 10 h overnight fasting. Concentrations of glucose, insulin, and NEFA in blood
were measured as in our previous report [1]. A revised quantitative insulin sensitivity
check index (RQUICKI) was calculated based on the reciprocal of the sum of the logarithm-
transformed glucose, insulin, and NEFA concentrations [18]:

RQUICKI =
1

log 10(Gb) + log 10(Ib) + log 10(NEFAb)

where Gb (mg/dL), Ib (μU/mL), and NEFAb (mM) are 10 h fasting concentrations of glucose,
insulin, and NEFA in blood, respectively.

2.3. Liver Samples Collection

Five cows from each treatment were humanely euthanized with sedative xylazole at
14 d postpartum, and about 30 g of liver tissue was obtained from the middle of the right
lobe. Bloodstains on the surface of the liver samples were rinsed with cold sterile saline.
Samples were then divided into small pieces of about 2 g each and individually wrapped
in sterile tin foil before being placed into sampling bags (Whirl-Pak™, Madison, WI, USA),
which were quickly immersed in liquid nitrogen. The frozen liver samples were then
transferred to a −80 ◦C refrigerator for long-term storage until analysis.

2.4. Liver Antioxidant Capacity and Triglyceride Measurement

Samples of liver tissue were ground with ice-cold saline (1/10, v/v). The resulting
homogenates were then centrifuged at 1200× g at 4 ◦C for 10 min. The supernatants were
then transferred to new Eppendorf tubes, and the protein concentration was determined
through a Bradford assay. All oxidative stress and antioxidant indicators in liver samples
were measured using commercially available kits provided by Beyotime (Shanghai, China).
Malondialdehyde (MDA) concentration was determined by color reaction with thiobar-
bituric acid. Catalase (CAT) activity was determined by measuring the decrease in H2O2
concentration observed following incubation of the sample with an H2O2 standard solution.
Total antioxidant capacity was determined using the ABTS method [19]. Total superoxide
dismutase (SOD) activity was determined using the WST-8 method [20]. Activity of total
glutathione peroxidase (GPx) was determined using the NADPH method [21]. Deter-
mination of liver triglyceride concentration was conducted according to the GPO-PAP
method [22], using a kit provided by the Nanjing Jiancheng Biological Engineering Institute
(Nanjing, China).

2.5. TMT-Based Quantitative Proteomics Analysis
2.5.1. Protein Pre-Treatment and TMT Labeling

Frozen liver samples were ground to powder in liquid nitrogen. Twenty milligrams of
frozen liver powder were mixed with a 1.5 mL cold mix of tri-n-butyl phosphate/acetone/
methanol (1:12:1, v/v/v) and left for 90 min at 4 ◦C to remove the lipids. Samples were
then centrifuged at 10,000× g and 4 ◦C for 20 min. Pellets were air-dried and resuspended
in a lysis buffer composed of 7 M urea, 1% (v/v) protease inhibitor cocktail, and 2 mM
EDTA (all reagents were purchased from Solarbio Biotech, Beijing, China, except for the
protease inhibitor cocktail, which was purchased by MERCK, Darmstadt, Germany). After
centrifugation at 25,000× g and 4 ◦C for 20 min, the supernatants were transferred into
new tubes. Proteins in the supernatants were reduced with 10 mM dithiothreitol (Thermo
Scientific, San Jose, CA, USA) at 56 ◦C for 1 h, alkylated with 55 mM iodoacetamide
(Thermo Scientific, San Jose, CA, USA) for 45 min in the dark, and precipitated with six
times their volume of precooled acetone (Sinopharm, Shanghai, China) at −20 ◦C for
2 h. The protein pellets were then washed twice with ice-cold acetone. The pellet was
dissolved with the lysis buffer. The Bradford method [23] was conducted to measure the
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protein concentration of the solution with a 2-D Quant kit (Amersham BioSciences Corp,
Marlborough, MA, USA).

In order to generate peptides, protein pellets were digested overnight with trypsin
(Solarbio, Beijing, China) with a trypsin:protein mass ratio of 1:50, followed by a second
digestion for 4 h with a trypsin:protein mass ratio of 1:100. The resulting peptides were
desalted using a Strata X C18 SPE column (Phenomenex, Los Angeles, CA, USA) according
to the manufacturer’s instructions. Peptides were then dissolved in 0.5 M tetraethylammo-
nium bromide (Sigma-Aldrich, Saint Louis, MO, USA). Finally, the obtained peptides were
labeled with the TMT kit (TMT 10 plex™ Isobaric Label Reagent Set, Thermo Scientific,
San Jose, CA, USA).

2.5.2. HPLC Fractionation and LC-MS/MS Analysis

The labeled peptides were fractionated on a Gemini C18 Column (5 μm, 250 × 4.6 mm
column; Phenomenex, Torrance, CA, USA) using 5% acetonitrile (solvent A; U.S. Pharma-
copeia, Rockville, MD, USA) and 95% acetonitrile (solvent B), and then fractionated on a
SHIMADZU-LC-20AB system monitored at 214 nm. The fractions were collected using
1–5% solvent B for 10 min, 5–35% solvent B for 40 min, 35–95% solvent B for 1 min, solvent
B for 3 min and then 5% solvent B for 10 min at a flow rate of 1 mL/min. A total of 20
fractions were obtained and vacuum dried for further LC-MS/MS analysis.

Before loading, each sample was dissolved in mobile phase A (2% acetonitrile, 0.1%
formic acid; v/v). The peptide mixtures were separated in a SHIMADZU-LC-20AB system
(SHIMADZU Corporation, Saitama, Japan) with an Acclaim Pep Map RSLC C18 analytical
column (75 μm × 25 cm, 2 μm particle size; Thermo Scientific, Waltham, MA, USA) at a
flow rate of 300 nL/min. The liquid gradient was set as followed: 8 min of 5% mobile
phase B (0.1% formic acid, 98% acetonitrile), 35 min of 8–35% B, 5 min of 35–60% mobile
phase B, 2 min of 60–80% mobile phase B, 5 min of 80% mobile phase B, and 10 min of
5% mobile phase B. The peptides separated by the SHIMADZU-LC-20AB system were
injected into a Q Exactive (Thermo Fisher Scientific, Waltham, MA, USA). The peptides
were ionized at 1.6 kV and data-dependent acquisition was conducted by Q Exactive. The
MS1 spectrum was set at 350–1600 m/z, and the scanning resolution was set at 70,000
dpi. The MS2 spectrum was set at 100 m/z, and the scanning resolution was set at 17,500
dpi. Dynamic exclusion was set at 15 s. The automatic gain control setting of MS1 and
MS2 were set at 3E6 and 1E5, respectively. The twenty most intense ions were selected
for fragmentation by entering a higher-energy collision dissociation pool. Subsequently,
secondary mass spectrometry analysis was performed. The TMT-proteomic analysis was
conducted by BGI-Shenzhen, Shenzhen, China.

2.5.3. Data Processing and TMT Quantification

Secondary mass spectrometry data were processed using Mascot Search Engine v 2.3.02
(Matrix Science, London, UK) and Proteome Discoverer Software v 2.1.0.81 (Thermo Scientific,
USA) against Bos taurus sequences in Uniprot KB (Bos taurus database, 31,889 entries, down-
loaded 14 September 2019, http://www.uniprot.org/). Mascot and Proteome Discoverer
were searched with a fragment ion mass tolerance of 0.050 Da and a parent ion tolerance
of 20.0 ppm. IQuant (The Beijing Genomics Institute, Shenzhen, China, OR) was used to
validate MS/MS-based peptide and protein identifications (Wen et al., 2014). The false
discovery rate (FDR) thresholds for protein, peptide, and modification sites were set at 1%.
For protein quantification, unique peptides with a report ion intensity of >10,000 and FDR
of <0.01 were used, and the signal between different samples was normalized by the sum of
the total intensity of each reported ion channel. Total protein abundances were normalized
to one million by taking the median of all quantified proteins in a sample.

2.5.4. Protein and Gene Ontology Identification

We used the Mascot Search Engine 2.3.02 (Matrix Science, London, UK) classification
system to identify significantly enriched Gene Ontology (GO) terms and pathways.
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2.5.5. Identification of Proteins Related to the Phenotype of Interest

A partial least square regression (PLSR) analysis with sparsity-inducing penalized
regression was fitted. The PLSR was performed by using the R package caret v 6.0 [24], with
the formula set as train(NEFA + MDA + GPx + triacylglycerol ~., method = ‘pls’). Specific
engines for variable importance on a model-by-model basis were performed by using the
vamp() function in caret v 6.0 [24].

2.5.6. KEGG Pathway Enrichment

The set of the top 20 variable importance proteins was enriched using KABOS 3.0 [25].
The background gene list was set as Bos taurus, the pathway database was set to the KEGG
pathway, and a hypergeometric test/Fisher’s exact test was conducted. All defined KEGG
pathways and their correlations were presented in a landscape, and the clusters of KEGG
pathways were produced online (http://kobas.cbi.pku.edu.cn/, 22 September 2021) using
the default settings.

2.6. Statistical Analyses

A pairwise t-test was performed for the phenotypic data by using t.test() in R v 4.0 [26],
with the parameter of paired = TRUE. A p-value of ≤0.05 was set as the criterion for
significance, and 0.05 < p ≤ 0.1 was defined as a tendency.

3. Results

The concentration of MDA was higher in the livers of RPG cows when compared to
CON cows (p = 0.02; Table 1). The GPx activity was increased (p = 0.03) and the activities
of CAT and SOD had a tendency to increase (p ≤ 0.07) in the livers of RPG supplemented
cows. TAC was not influenced by RPG supplementation (p = 0.35), but triacylglycerol
content in the liver was increased by RPG supplementation (p = 0.02). The RQUICKI insulin
resistance index was decreased by RPG supplementation (p = 0.018, Figure 1).

Table 1. Effects of rumen-protected glucose (RPG) on the variables of oxidative stress, antioxidant
capacity, and triglyceride content in the liver of early postpartum cows (npairs = 5).

Item 1
Treatment 2

SEM p-Value
CON RPG

Oxidative stress
MDA, μmol/mg protein 0.68 1.09 0.116 0.02

Antioxidant
TAC, μmol/mg protein 243 217 24.2 0.35

SOD, U/mg protein 1.24 2.02 0.315 0.07
CAT, U/mg protein 25.1 25.7 0.18 0.06
GPx, U/mg protein 27.6 52 8.04 0.03

Triacylglycerol, μmol/g 540 958 115.8 0.02
1 MDA—Malondialdehyde; TAC—total antioxidant capacity; SOD—Superoxide dismutase; CAT—Catalase;
GPx—Glutathione peroxidase. 2 CON—cows supplemented with coating fat; RPG—cows supplemented with
rumen-protected glucose.

A total of 4890 proteins were identified by GO in the liver samples
(Supplemental Tables S2 and S3). Of these, most proteins were involved in synthesis of
cellular components (3991/4890), molecular functions (3829/4890), and biological pro-
cesses (3787/4890) (Figure S1). Principal coordinate plots did not cluster by treatment
(p = 0.46, Figure 2).

We filtered 35, 24, and 17 bovine proteins from the KEGG pathways of Bos tarus [27],
and 71.4%, 58.3%, and 58.8% of them were identified by proteomics to be involved in glycol-
ysis/glycogenesis, citric acid cycle, and fatty acid β oxidation, respectively (Figure 3). Most
of the detected proteins were uninfluenced by RPG supplementation (p ≥ 0.15, Figure 3,
Table S3), except for Q3ZBY4, involved in the production of fructose 1, 6-diphosphate
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from glyceraldehyde 3-phosphate, which was down-regulated by RPG supplementation
(p = 0.03).

 

Figure 1. Effects of rumen-protected glucose (RPG) on RQUICKI, an insulin resistance index estimate
according to the concentrations of NEFA, glucose, and insulin in plasma. Paired cows are connected
with dashed lines.

 
Figure 2. Principal coordinate analysis based on the Bray–Curtis dissimilarity matrix of liver protein
profiles. Paired cows are connected with dashed lines.

The top twenty proteins most associated with oxidative stress, fatty acid metabolism,
and concentration of NEFA in plasma, and of MDA, GPx, and triacylglycerol in the liver,
were F6Q751, Q9NOV4, E1BJF9, F1N2L9, A5PKH3, A5D9G3, Q3MHX5, P41976, E1BAS6,
P02070, A1A4L7, F1N0S6, D4QBB3, G5E5T5, Q2ABB1, E1B92, F1MFN2, E1BAI7, Q2YDG3,
and Q8SPU8 (Figure 4A and Supplemental Table S4). These proteins, identified through par-
tial least squares regression, were involved in 37 KEGG pathways (Supplemental Table S5),
which were grouped into six clusters (C1-C6; Figure 4B and Supplemental Table S5).
Eighteen KEGG pathways were identified as enriched (Figure 4C, p < 0.05): glutathione
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metabolism, drug metabolism by cytochrome P450, metabolism of xenobiotics by cy-
tochrome P450, chemical carcinogenesis, and platinum drug resistance in C1; citrate cycle
and propanoate metabolism in C2; African trypanosomiasis pathway in C3; peroxisome in
C4; type II diabetes mellitus in C5; and tyrosine metabolism in C6.

Figure 3. Hepatic metabolism pathway of glucose, citric acid cycle and fatty acid metabolism
as influenced by rumen-protected protein (RPG) supplementation. (A) Glycolysis/glycogenesis.
(B) Citrate cycle. (C) β-oxidation of fatty acid. The red arrows show the rate-limiting steps in each
metabolic pathway. For each protein code, the gray color indicates no detection, green indicates no
effect caused by RPG supplementation, and purple indicates a decrease in the RPG treatment group.
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Figure 4. Liver protein profiles. (A) Top 20 most important proteins as found by a partial least squares
regression associated with oxidative stress, fatty acid metabolism, and the concentration of NEFA in
plasma, and of MDA, GPx, and triacylglycerol in the liver. (B) Network of enriched KEGG pathways.
The nodes represent KEGG pathways, and the node colors represent different clusters; the node size
represents 6 levels of enriched p-value (from smallest to largest): [0.05, 1], [0.01, 0.05], [0.001, 0.0),
[0.0001, 0.00), [10−10, 0.0001), (0, 10−10]; and correlated pathways are linked with lines. The pathways
in each of the clusters are listed in Table S5. (C) Bubbles of KEGG pathways enriched in the RPG
treatment. The color and size of the bubbles are the same as the color and size in the circular network.
If there are more than 5 enriched KEGG pathways per cluster, the top 5 with the highest enrichment
ratio are displayed.

4. Discussion

Milk yield of our cows was considerably lower than the average for developed
countries, but likely representative of the developing world [28]. This may explain
why some of our results were inconsistent with those obtained with high-yielding cows.
We observed increased concentration of circulating insulin and glucose [1], while Sauls-
Hiesterman et al. [29] reported that no changes was caused by an even higher level of RPG
supplementation (1500 g/d). Loncke et al. [30] reported a mean liver outflow of glucose of
0.995 (0.467–1.405) mmol kg BM−1 h−1, which for 515 kg cows (closer with the cows in our
study), is equivalent to 2214 (1039–3126) g/d. In that regard, the 90 g/d RPG supplementa-
tion in our experiment would represent only 4.1% of the average gluconeogenesis flow, i.e.,
rather small. However, the lactation animals in the meta-analysis by Loncke et al. [30] were
consuming on average 26.4 g DM/kg BM, which would be equivalent to 13.6 kg DM/d.
Because cows in this study consumed approximately 8 kg DM/d, if their glucose outflow
was proportional to their DMI (and without considering differences in diet composition),
their expected liver glucose outflow would have been 1302 instead of 2214 g/d. Then,
after correcting for this, RPG supplementation in the present study would represent about
6.9% of gluconeogenesis; that may partially explain why low-producing cows had a milk
production response to a relatively small amount of RPG supplementation.

Milk production increases rapidly after calving, and as a consequence, the mammary
gland has high demands for energy and glucose [31]. Although RPG supplementation
increased the circulating glucose concentration [1], proteomic analysis showed little change
in the liver glucose metabolism, with one of the enzymes involved in gluconeogenesis
even experiencing a decrease in relative abundance. The concentration of circulating in-
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sulin drops significantly after calving, allowing the mammary gland, rather than other
peripheral tissues, to preferentially take up and utilize glucose [32]. Meanwhile, glucose
utilization by peripheral tissues other than the mammary gland is reduced due to re-
duced insulin sensitivity [33]. The most accurate way to measure the insulin resistance is
through hyperinsulinemic-euglycemic clamp studies [34]. However, the hyperinsulinemic-
euglycemic clamp test is time-consuming and may stress the postpartum cows. Some
simple and cheap surrogate indices have been developed in human medicine to assess
insulin sensitivity in patients with diabetes. We conducted a simple test called the RQUICKI
index [18], which is based on a single blood sample, to predict the insulin resistance of
cows. Rumen-protected glucose was originally designed to relieve the negative energy
balance betweem energy and glucose. We observed that RPG supplementation further re-
duced insulin sensitivity in cows, which partly explains the increased lipid mobilization, as
reflected by a higher amount of circulating NEFA, caused by RPG. Most [35–37], although,
not all [9], previous studies showed the result that cows had lower insulin sensitivity when
infused with glucose in blood, in agreement with this study.

Fat mobilization in the post-peripartum period is a consequence of a negative energy
balance and insulin resistance [38]. The preferential supply of milk to the offspring increases
the burden on the maternal energy metabolism. The release of NEFA to the blood may
exceed the oxidative capacity of the liver [39]. Under these conditions, triglycerides can
accumulate in the liver, causing the metabolic disease known as fatty liver disease [40]. In
this study, RPG supplementation increased triglyceride concentration in the liver, indicating
that supplementation with RPG increased the risk of disturbances in the hepatic metabolism
in early postpartum dairy cows. In contrast, a previous study with early postpartum ewes
showed that intravenous glucose infusion reduced the mobilization of lipid reserves [41].
However, the energy deficiency in early postpartum ewes may not be as severe as in dairy
cows, as indicated by similar plasma glycerol and milk yield between ewes infused with
glucose and their control counterparts [41]. The lack of changes observed in the liver
proteins suggest that adipose tissue can increase the liver’s ability to mobilize fat, but it has
no ability to oxidize it. Other lipid marker in liver cells such as Annexin V/PI and Oil Red
Staining could be useful to confirm lipid accumulation [42].

A high level of lipolysis in body adipose tissue may lead to increased oxidative stress
in the liver. ROS-induced oxidative damage to lipids causes MDA accumulation, which
is an index of lipid peroxidation. Oxidative stress caused by excess lipolysis is common
in postpartum cows [40]. In this study, although ROS were not determined, the cause
of the increased MDA with RPG supplementation could be explained by an increased
oxidative stress. In the early postpartum dairy cow, the glucose absorbed in the intestinal
tract is mainly used to synthesize lactose and glucogenic amino acids in milk, increasing
the burden on the liver to oxidize fatty acids. Hepatic oxidative stress induced by glucose
infusion has been reported in rats [43,44], but we are not aware of studies investigating
the effects of glucose infusion on oxidative stress and antioxidant status in the liver of
early postpartum cows. Mammals are equipped with an integrated antioxidant system
that removes the harmful effects of ROS [45]. Hepatic oxidative stress state is not always
reflected by the antioxidant markers in blood, as indicated by the inconsistency of super-
oxide dismutase activity between plasma and liver [46]. This inconsistency in superoxide
dismutase activity further emphasizes the need to use liver tissue to study the antioxidant
capacity. The superoxide is a primary ROS, and SOD is considered to be the first enzymatic
antioxidant converting the superoxide to hydrogen peroxide [47]. Hydrogen peroxide is
further degraded to water by CAT and GPx [45]. In this study, both SOD and CAT tended
to increase and GPx increased in RPG supplemented cows, which indicates that RPG
supplementation increased the oxidative stress and antioxidant activity. Oxidative stress is
a consequence of an increased generation of ROS and/or the reduced physiological activity
of antioxidants. Supplementation with RPG led to an increase of both oxidative stress and
the activities of antioxidant enzymes, suggesting that RPG did not negatively affect the
liver’s antioxidant response and that the aggravation of oxidative stress in the liver mainly
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resulted from the production of ROS exceeding the functional capacity of antioxidants.
Previous evidence showed that increased oxidative stress exacerbates insulin resistance
by impairing the secretion of insulin by β-cells [48,49]; however, RPG supplementation
to the same cows used in this study elicited a positive response in circulating insulin
concentration before feeding [1]. In a previous study, supplementation with RPG did not
decrease circulating insulin concentration in early lactation dairy cows, in agreement with
our results [9]. Increased insulin concentration suggests that the oxidative stress induced
by RPG supplementation was not severe enough as to affect β-cell function.

The analysis of proteomic profiles in tissues has been proposed as an approach to
identify metabolic alterations for medical and nutritional treatments, and markers of
clinical status [15,16]. The amount of protein we identified was comparable to a previous
report with early postpartum Holstein dairy cows [50]. As far as we know, this is the
first study reporting the effects of exogenous glucose on liver protein profiles in dairy
cows. The TMT-based untargeted proteomics analysis could not classify animals based
on the proteomics alteration induced by RPG supplementation. Likewise, PCoA plots did
not separate by treatment, indicating that major proteins in the liver were not affected by
RPG supplementation. A minor proportion (68/2741) of proteins in the livers of cows
suffering from a negative energy balance were reported to be different from those of cows
not suffering from a negative energy balance [51]. Proteins differing between the cows
with a negative energy balance and cows not undergoing a negative energy balance were
involved in inflammatory response, mitochondrial dysfunction, and fatty acid uptake [51].
Replenishing energy with RPG was expected to shift hepatic protein profiles to be more
similar to cows not suffering negative energy balance. Based on the hepatic metabolism
induced by RPG, we selected a group of proteins that may contribute to increased lipolysis,
ROS, and antioxidants by RPG supplementation. A protein may participate in more than
one metabolic pathway; therefore, multiple KEGG metabolic pathways were found to be
enriched [25]. These pathways were grouped into six major clusters based on the network
features of the proteins involved. The glutamine pathway associated with antioxidant stress
appeared in the C1 metabolic pathway cluster, and the most notable proteins associated with
our response variables were F6Q751 (Glutathione transferase) and Q9N0V4 (Glutathione
S-transferase Mu 1), which are members of the glutathione transferase (GST) superfamily.
The GST family represents one of the most abundant and important series of detoxification
enzymes in the liver [52]. The main function of GSTs is to conjugate electrophilic compounds
with glutathione (GSH), thereby making these compounds less active and enabling their
excretion [53]. In this way, GSTs contribute to the metabolism of drugs, pesticides, and
other xenobiotics [54]. GPx reduces hydrogen peroxide and organic hydroperoxides to
mitigate oxidative stress; therefore, the enriched metabolic pathway of glutamine could
help prevent deleterious cellular events that might develop in the livers of early postpartum
dairy cows supplemented with RPG. The citrate cycle pathway, associated with antioxidant
stress, appeared in the C2 metabolic pathway cluster, and the most notable protein was
succinate-CoA ligase. According to the characteristics of substrate formation, succinate-
CoA ligase can be divided into two categories: ATP and GTP biosynthesis [55]. The former
is mainly found in the brain and heart, while the latter is mainly found in the liver and
kidneys [55]. Succinate-CoA ligase catalyzes the hydrolysis of succinyl-CoA thioester bond
to produce GTP and succinate, which enters the citrate cycle. Inhibition of succinate-CoA
ligase in rat liver mitochondria was shown to cause metabolic disorders such as severe lactic
acidosis and fatty liver disease [55]. The peroxisome and type II diabetes mellitus pathways
were selected in pathway clusters C4 and C5, respectively. The main protein that caused
peroxisome pathway enrichment was P41976, or Mn-superoxide dismutase. TSODs are
enzymes that catalytically convert superoxide radicals to oxygen and hydrogen peroxide.
The active center of SODs binds to a metal atom, which can be Cu, Fe, Mn, or Ni [56]. Mn-
SODs are well conserved throughout evolution and across kingdoms. The highest contents
of Mn-SOD are found in the liver, followed by the kidney and heart [46]. Under severe
oxidative stress such as aging [57] or high intake of alcohol [58], the expression of Mn-SOD
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in the liver increases dramatically, indicating its importance in resisting oxidative stress.
A0JNH7, or protein kinase C, was the main protein enriched in the type 2 diabetes pathway.
The protein kinase C family is composed of lipid-dependent kinases with wide-ranging
roles in modulating insulin function [59]. Increased protein kinase C activity is linked to
reduced insulin receptor autophosphorylation in the livers of starved rats [60]. Thus, an
increase in its abundance with RPG supplementation suggests that the livers of RPG cows
are in a state of energy deficiency.

5. Conclusions

Our study showed that RPG supplementation reduced insulin sensitivity and in-
creased the triacylglycerol contents and oxidative stress in the livers of early postpartum
cows. Proteins related to oxidative stress, lipolysis, and antioxidant function that were
differentially expressed between the control and RPG treatments were classified as being
involved in metabolic pathways of the glutamine pathway, citrate cycle, peroxisome, and
type II diabetes mellitus, which could indicate an increased risk of metabolic disorders
in the livers of early postpartum dairy cows supplemented with RPG. In this study, the
risk of metabolic disorders seemed to be augmented by RPG supplementation to relatively
low-yielding cows; further research with high-yielding dairy cows, which are more exposed
to liver metabolic disorders, is recommended.
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Abstract: Methionine, as an essential amino acid, play roles in antioxidant defense and the regulation
of immune responses. This study was designed to determine the effects and mechanisms of in-
creased consumption of methionine by sows and piglets on the capacity of the progeny to counteract
lipopolysaccharide (LPS) challenge-induced injury in the liver and spleen of piglets. Primiparous
sows (n = 10/diet) and their progeny were fed a diet that was adequate in sulfur amino acids (CON) or
CON + 25% total sulfur amino acids as methionine from gestation day 85 to postnatal day 35. A total
of ten male piglets were selected from each treatment and divided into 2 groups (n = 5/treatment) for
a 2 × 2 factorial design [diets (CON, Methionine) and challenge (saline or LPS)] at 35 d old. After 24 h
challenge, the piglets were euthanized to collect the liver and spleen for the histopathology, redox sta-
tus, and gene expression analysis. The histopathological results showed that LPS challenge induced
liver and spleen injury, while dietary methionine supplementation alleviated these damages that
were induced by the LPS challenge. Furthermore, the LPS challenge also decreased the activities of
GPX, SOD, and CAT and upregulated the mRNA and(or) protein expression of TLR4, MyD88, TRAF6,
NOD1, NOD2, NF-kB, TNF-α, IL-8, p53, BCL2, and COX2 in the liver and (or) spleen. The alterations
of GPX and SOD activities and the former nine genes were prevented or alleviated by the methionine
supplementation. In conclusion, the maternal and neonatal dietary supplementation of methionine
improved the ability of piglets to resist LPS challenge-induced liver and spleen injury, potentially
through the increased antioxidant capacity and inhibition of TLR4 and NOD signaling pathway.

Keywords: sows; piglets; methionine; lipopolysaccharide; tissue damage

1. Introduction

Methionine is an essential amino acid for mammals and birds, and thus its dietary
uptake is indispensable for animal maintenance, growth, and development [1]. It is the
second or third most limiting amino acid for pigs that are fed corn-soybean meal diets [2,3];
it is used for protein synthesis and is involved in the methylation reactions of DNA and
choline metabolism [4,5]. Additionally, methionine acts as the precursor for glutathione
and taurine and plays a critical role in antioxidant defense and regulates immune responses
in various animal species [6–8].
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Weaning, when carried out at a very young age, is a stressful period psychologically
and physiologically for piglets, which are susceptible to gastrointestinal diseases that
are caused by pathogens, including pathogenic Escherichia coli (E. coli) [9]. The bacterial
endotoxin lipopolysaccharide (LPS) can induce inflammation and oxidative stress, which
causes damage to different organs and leads to adverse effects on animal productivity [10].
Our previous study showed that an increased consumption of methionine by both maternal
and neonatal pigs can improve the capability of the progeny to cope with the LPS-induced
negative effects [8]. However, the underlining mechanisms in this regard remain unclear.

Transmembrane toll-like receptors (TLRs) and cytoplasmic nucleotide-binding oligom
erization domain proteins (NODs) play critical roles in modulating the innate and adaptive
immune responses [11,12]. Toll-like receptor 4 (TLR4), the receptor of LPS, is a major
player and triggers the activation of different intracellular signaling cascades, such as the
activation of nuclear factor-κB (NF-κB) and the production of reactive oxygen species [13].
NOD1 and NOD2, as specialized NODs among the NOD family, which can connect with
the peptidoglycan and LPS, and trigger the signal transduction pathway [14,15]. Therefore,
TLRs or NODs can initiate a downstream signaling event that leads to the activation of
NF-kB, which then stimulates the expression of inflammatory genes including interleukin
(IL)-1β, IL-6, IL-8, and tumor necrosis factor-α (TNF-α). Consequently, the overproduction
of proinflammatory cytokines can induce host tissue injury [13–15]. The main difference
between TLRs and NODs is that TLRs are transmembrane sensors, and NODs are intracel-
lular sensors [11]. Among the TLR family, TLR4 is the best studied member which responds
primarily to LPS and induces an inflammatory response [12]. Among the NOD family,
NOD1 and NOD2 are the best-characterized members, which can connect with the LPS
and peptidoglycan, and trigger a signal transduction pathway [16].

Therefore, we hypothesize that increased the consumption of methionine by both sows
and piglets might improve the capacity of the piglets to counteract LPS-induced injury to
organs with the regulation of TLR4 and NOD signaling. The current study was conducted
to investigate whether the increased consumption of methionine by both sows and progeny
could alleviate the LPS-induced liver and spleen injury via the regulation of the TLR4 and
NOD signaling in weaning pigs.

2. Materials and Methods

2.1. Animals, Treaztments, and Sample Collection

The animal protocol (HZAUSW-2018-022) of this study was approved by the Institu-
tional Animal Care and Use Committee of Huazhong Agricultural University, China.
In total, 20 primiparous sows (Landrace × Yorkshire) were divided into two groups
(n = 10 sows/treatment) on day 85 of gestation based on their body weight and backfat
thickness. A schematic of this experimental procedure to investigate the role of hydroxy-
methionine (OH-Met) supplementation in piglets is shown in Supplemental Figure S1.
Sows from the control group were fed a corn/soybean-control diet (CON), which was for-
mulated to meet the nutritional requirements of sows (NRC, 2012, Table 1) [8,17]. Another
group of sows were fed the control diet that was supplemented with OH-Met (Rhodimet
AT88, Adisseo, France) at 25% above the total sulfur amino acids that were present in the
CON. The detailed housing and feeding procedures for the sows were described in our
previous study [8]. The feeding trial for the sows was lasted until the weaning of the piglets.

The piglets were weaned at the lactation day 21, and piglets from the same sow
were kept in a pen. The piglets that were produced from the CON group of sows were
fed a control diet which met the piglet’s nutrients recommendations (CON; NRC, 2012,
Table 1) [8,17]. The piglets from the OH-Met group of sows were fed the CON that was
supplemented with OH-Met at 25% above the total sulfur amino acids that were present
in the CON [8]. The piglets were allowed free access to the feed and water. The feeding
trial for the piglets was lasted 14 days. On the day 35, 20 male piglets from the two
groups (10 piglets/group) were selected according to their average body weight. They
were divided into 4 groups (n = 5 piglets/group) for a 2-by-2 factorial design trial that
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included the dietary treatments (CON and OH-Met) and immunological challenge [saline
vs. LPS (100 μg/kg BW, E. coli 0111: B4, Sigma)] by intraperitoneal injection [8]. After
24 h post-challenge, the piglets were humanely euthanized by intravenous injection of
sodium pentobarbital (40 mg/kg body weight) to collect the liver and spleen for histologic
examination as previously described [18]. Meanwhile, the liver and spleen tissues were
washed with ice-cold isotonic saline, snap-frozen in liquid nitrogen, and stored at −80 ◦C
until use [19].

Table 1. Ingredients and nutrients composition 1.

Ingredients (%)
Sows Piglets

Gestation Lactation Post-Weaning

Corn 61.77 65.74 17.60
Expanded corn - - 15.0

Wheat flour - - 10.0
Wheat bran 15 - -

Soybean meal 14 28 -
Expanded soybeans - - 8.0

Fermented soybean meal - - 5.0
Corn gluten feed 2.0 - -

Fish meal - - 4.0
Whey powder - - 12.0

Soybean oil 3.5 2.5 -
Sugar - - 8.0

Glucose - - 6.0
Emulsified fat powder - - 5.0

Plasma protein - - 5.0
CaCO3 1.00 0.60 0.50

CaHPO4 1.20 1.70 1.50
Salt 0.30 0.30 0.30

DL-Met 0.07 0.06 0.30
L-Lys 0.16 0.10 0.50
L-Thr - - 0.30

Vitamin premix 2 0.50 0.50 0.50
Mineral premix 3 0.50 0.50 0.50

Crude protein (%) 14.6 17.6 21.0
Digestible energy (MJ/kg) 13.7 14.2 14.2

Total Lys (%) 0.75 0.98 1.45
Total Met (%) 0.29 0.32 0.48

Total Met + Cys (%) 0.52 0.60 0.82
D Lys (%) 0.65 0.85 1.30

SID Met (%) 0.26 0.28 0.45
SID Met + Cys (%) 0.45 0.52 0.72

Calcium (%) 0.69 0.69 0.65
Total phosphorus (%) 0.60 0.63 0.64

1 The OH-Met treatment diets during gestation, lactation, and days 21–35 were prepared by adding 1.477, 1.705,
or 2.330 kg OH-Met (88%), respectively, to 1000 kg of the control diet at the expense of corn, to obtain TSSA
levels in OH-Met treatments for gestation, lactation, and day 21–35 are 125% of the CON treatments, respectively.
2 Vitamin premix provided per kg of diet: retinyl acetate, 10,000 IU; dl-α-tocopheryl acetate, 50 IU; cholecalciferol
2500 IU; menadione, 5.0 mg; thiamin, 2.0 mg; pantothenic acid, 12.0 mg; riboflavin, 5.0 mg; pyridoxine, 10.0 mg;
niacin, 30.0 mg; d-biotin, 0.2 mg; cyanocobalamin, 0.05 mg; folic acid, 1.5 mg; choline chloride 1500 mg. 3 Mineral
premix provided per kg of diet: FeSO4·7H2O, 498 mg; ZnSO4·7H2O, 440 mg; CuSO4·5H2O, 78.7 mg; Na2SeO3,
0.66mg; MnSO4·5H2O, 110 mg; KI, 0.4 mg.

2.2. Histopathological and Redox Status Analysis

The liver and spleen tissues were examined microscopically after being fixed in 10%
neutral buffered formalin, embedded in paraffin, sectioned at 5 μm, and stained with
hematoxylin and eosin [18]. The total antioxidant capacity (T-AOC) and the activities of
glutathione peroxidase (GPX), superoxide dismutase (SOD), and catalase (CAT), along with
concentrations of malondialdehyde (MDA) were measured by specific assay kits (A003,
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A005, A001, A007–1, and A087–1–2) that were purchased from the Nanjing Jiancheng
Bioengineering Institute of China. The protein concentrations were measured by the
bicinchoninic acid assay.

2.3. Real-Time q-PCR and Western-Blot Analyses

Real-time q-PCR analyses of the pertaining samples were conducted as previously
described [20]. The primer pairs that were designed using Primer Express 3.0 (Applied
Biosystems) are shown in Table 2. The expression of the target genes relative to the
housekeeping gene (β-actin) was analyzed by the 2−ddCT method. The relative mRNA
expression level of each target gene was normalized to the control group (as 1). Western
blot analyses of the pertaining samples were performed as previously described [21]. The
primary antibodies that were used for each gene product are presented in Supplemental
Table S1. The protein concentrations were measured by the bicinchoninic acid assay.

Table 2. List of primers that were used for q-PCR analysis 1.

Gene Accession Forward (5′-3′) Reverse (5′-3′)

TLR4 NM_001113039.2 TGCTTTCTCCGGGTCACTTC TTAGGAACCACCTGCACGC
MyD88 NM_001099923.1 GGCCCAGCATTGAAGAGGA GACATCCAAGGGATGCTGCTA
TRAF6 NM_001105286.1 TTGGCTGCCATGAAAAGATGC CTGAGCAACAGCCAGAGGAA
NOD1 NM_001114277.1 CAACCAAATCGGCGACGAAG GCCGTTGAATGCAAGACTCAG
NOD2 NM_001105295.1 CTGTGAGCAGCTGCAGAAGT TGGTTGTTTCCCAGCCTCAAT
NF-κB NM_001048232.1 AGTACCCTGAGGCTATAACTCGC TCCGCAATGGAGGAGAAGTC
COX2 NC_000845.1 ATGATCTACCCGCCTCACAC AAAAGCAGCTCTGGGTCAAA
TNF-α NM_214022.1 GGCCCAAGGACTCAGATCAT CTGTCCCTCGGCTTTGACAT

IL-6 NM_214399.1 CCCTGAGGCAAAAGGGAAAGAA CTCAGGTGCCCCAGCTACAT
IL-1β NM_214055.1 CCCAATTCAGGGACCCTACC TTTTGGGTGCAGCACTTCAT
IL-8 NM_213867.1 CTTCCAAACTGGCTGTTGCC GTTGTTGTTGCTTCTCAGTTCTCT
p53 NM_213824.3 TGTAACCTGCACGTACTCCC TCGGCCCGTAAATTCCCTTC

BCL2 XM_021099593.1 AGGATAACGGAGGCTGGGATG CACTTATGGCCCAGATAGGCA
β-actin XM_003124280.5 CTACACCGCTACCAGTTCGC AGGGTCAGGATGCCTCTCTT

1 TLR4, toll-like receptor 4; MyD88, myeloid differentiation factor 88; TRAF6, TNF-α receptor-associated factor
6; NOD, nucleotide binding oligomerization domain containing; NF-κB, nuclear transcription factor kappaB;
COX2, cyclooxygenase 2; TNF-α, tumor necrosis factor-α; IL, interleukin; p53, tumor protein p53; BCL2, B-cell
lymphoma 2.

2.4. Statistical Analysis

Statistical analysis was performed using SPSS (version 13, Chicago, IL, USA). The data
are presented as the means ± SE. The data were analyzed by a two-way ANOVA with a
significance level of p < 0.05. A Tukey test was used to do post hoc comparisons of the
means if there was a significant effect.

3. Results

3.1. Liver and Spleen Histopathology

The histopathology of the liver and spleen are presented in Figure 1. Specifically, no
obvious histopathological changes were observed in the liver and spleen of piglets in the
control and OH-Met groups (Figure 1A,C,E,G). However, the histopathological results
showed that LPS induced liver injury including cell swelling, narrowing of liver sinusoids,
and an increase of neutrophil infiltration (Figure 1B). Meanwhile, LPS induced spleen
damages such as congestion, moderate lymphocytosis, and neutrophilia infiltration in the
splenic red pulp (Figure 1F). Notably, the dietary supplementation of OH-Met alleviated
these LPS-induced damages in the liver (Figure 1D) and spleen (Figure 1H).
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Figure 1. The effects of OH-Met supplementation on liver and spleen morphology after 24 h LPS-
challenge in weaned piglets. The representative photomicrographs of liver and spleen sections
that were stained with hematoxylin and eosin; photomicrographs are shown at 100× magnification
(liver) and 200× magnification (spleen) magnification. Scale bars = 22.4 μm. The red arrow indicates
narrowing of liver sinusoids; The black arrow indicates swelling; The black arrowhead indicates
neutrophils infiltration; The red arrowhead indicates congestion; The green arrow indicates moderate
lymphocytosis; CON, piglets receiving a control diet and injected with saline; CON+LPS, piglets
receiving the control diet and challenged with LPS; OH-Met, piglets receiving a diet that was
supplemented OH-Met at 25% above the total SAA present in the CON diet and injected with saline;
OH-Met+LPS, piglets receiving a diet that was supplemented OH-Met at 25% above the total SAA
present in the CON diet and challenged with LPS.

3.2. Antioxidant Parameters in Liver and Spleen

The antioxidant variables in the liver and spleen were significantly affected by the LPS
challenge, dietary OH-Met supplementation, or their interaction (Figure 2). In the liver
(Figure 2F–J), the LPS challenge did not affect (p ≥ 0.05) the activity of T-AOC and MDA
concentration in both diets and decreased the activities of GPX and SOD only in the CON
diet. It led to a 45.4% or 36.2% decrease (p < 0.05) in the CAT activity in both the diets
with or without OH-Met. Notably, dietary OH-Met supplementation increased (p < 0.05)
the hepatic GPX activity (30.5%) in the LPS-challenge groups. In the spleen (Figure 2F–J),
LPS led to a 18.8% decrease in CAT activity (p < 0.05) in the dietary supplementation
with OH-Met groups, while it only led to 8.8% decrease in the SOD activity (p < 0.05) in
the diets without OH-Met supplementation. Notably, dietary OH-Met supplementation
increased (p < 0.05) the splenic SOD activity (19.9%) in the LPS groups. The dietary OH-Met
supplementation decreased (p < 0.05) the MDA concentration compared to the other three
treatments that were injected or not with LPS.

3.3. Expression of TLR4 and NODs Signaling in Liver and Spleen

Among the 12 assayed genes of TLR4 and NODs signaling, 12 genes in the liver and
nine genes in the spleen were affected the LPS challenge, OH-Met supplementation, or
their interaction (Figure 3). Specifically, the LPS challenge increased (p < 0.05) the mRNA
levels of TLR4, myeloid differentiation factor 88 (MyD88), TNF-α receptor-associated factor
6 (TRAF6), NOD1, NOD2, NF-κB, cyclooxygenase 2 (COX2), TNF-α, IL-8, and tumor
protein p53 (p53) in the liver of the CON groups (Figure 3A). Interestingly, the changes
of 10 genes including TLR4, MyD88, TRAF6, NOD1, NOD2, NF-κB, COX2, TNF-α, IL-8,
and p53 by the LPS challenge were prevented or mitigated (p < 0.05) by the OH-Met
supplement (Figure 3A). In the spleen, LPS challenge increased (p < 0.05) the mRNA
levels of MyD88 and decreased (p < 0.05) the mRNA levels of B-cell lymphoma 2 (BCL2)
in the spleen of the CON and OH-Met groups (Figure 3B). Notably, dietary OH-Met
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supplementation alleviated (p < 0.05) the LPS-induced changes on the BCL2 expression in
the spleen (Figure 3B). Meanwhile, the dietary OH-Met supplementation reduced (p < 0.05)
TLR4 and IL-8 expression, as well as increased (p < 0.05) NF-κB expression (Figure 3B).

Figure 2. The effects of OH-Met supplementation on antioxidant indexes of the (A–E) liver and
(F–J) spleen after 24 h LPS challenge in weaned piglets. The values are the means ± SEs, n = 5.
Labeled means in a row without a common letter differ, p < 0.05. T-AOC, total antioxidant capacity;
GPX, glutathione peroxidase; SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde;
CON, piglets receiving a control diet and injected with saline; CON+LPS, piglets receiving the control
diet and challenged with LPS; OH-Met, piglets receiving a diet that was supplemented OH-Met at
25% above the total SAA present in the CON diet and injected with saline; OH-Met+LPS, piglets
receiving a diet that was supplemented OH-Met at 25% above the total SAA present in the CON diet
and challenged with LPS.

Figure 3. The effects of OH-Met supplementation on TLR4 and NODs signal-related genes of the
(A) liver and (B) spleen after 24 h LPS challenge in weaned piglets. The values are the means ± SEs,
n = 5. The labeled means without a common letter differ, p < 0.05. CON, piglets receiving a control
diet and injected with saline; CON+LPS, piglets receiving the control diet and challenged with
LPS; OH-Met, piglets receiving a diet that was supplemented OH-Met at 25% above the total SAA
present in the CON diet and injected with saline; OH-Met+LPS, piglets receiving a diet that was
supplemented OH-Met at 25% above the total SAA present in the CON diet and challenged with LPS.
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3.4. Production of Selected TLR4 and NODs Signaling Proteins in Liver and Spleen

In the liver (Figure 4A), Western blot results showed that the LPS challenge increased
(p < 0.05) the protein levels of MyD88, NF-κB, and p53 in the CON groups. Notably, the
changes of MyD88, NF-κB, and p53 proteins by the LPS challenge were prevented or
mitigated by OH-Met supplementation. Interestingly, the dietary OH-Met supplementation
reduced (p < 0.05) the hepatic TLR4 protein in the LPS challenge groups. In the spleen
(Figure 4B), Western blot results showed that LPS challenge increased (p < 0.05) the protein
levels of TRAF6 and NF-κB but reduced (p < 0.05) the protein levels of BCL2 in the CON
groups. Notably, the changes of these proteins by the LPS challenge were inhibited by
OH-Met supplementation. Additionally, dietary OH-Met supplementation also reduced
(p < 0.05) splenic TLR4 protein in both the saline and the LPS challenge groups.

Figure 4. The effects of OH-Met supplementation onTLR4 and NODs signal-related protein produc-
tion of the (A) liver and (B) spleen after 24 h LPS challenge in weaned piglets. The values are the
means ± SEs, n = 3–4. The labeled means without a common letter differ, p < 0.05. CON, piglets
receiving a control diet and injected with saline; CON+LPS, piglets receiving the control diet and
challenged with LPS; OH-Met, piglets receiving a diet that was supplemented OH-Met at 25% above
the total SAA present in the CON diet and injected with saline; OH-Met+LPS, piglets receiving a diet
that was supplemented OH-Met at 25% above the total SAA present in the CON diet and challenged
with LPS.

4. Discussion

The interesting finding in this study was that the maternal and neonatal dietary
methionine supplementation during the late gestation, lactation, and postweaning periods
can mitigate the LPS challenge-induced damages in the liver and spleen of piglets. In
this study, LPS challenge induced hepatic and splenic injury, as evidenced by swelling,
sinusoidal narrowing, increased inflammatory cells, neutrophils in sinusoids and lobules
of liver, as well as bruising, moderate lymphocytosis, and neutrophilia in the red pulp of
spleen. These outcomes are consistent with previous studies, which provided evidence that
damages in the liver and spleen were induced by LPS challenge [22–24]. Interestingly, the
histopathological changes in the liver and spleen that were induced by the LPS challenge
were moderated by dietary-supplemented OH-Met in this study. These findings are in
line with our previous study which showed that methionine supplementation alleviated
LPS challenge-induced negative changes on the plasma biochemistry biomarkers that
were related to the liver function and inflammation of piglets [8]. Similar findings were
also reported in cows and showed that methionine supplementation exerted protective
effects against LPS challenge-induced negative effects in bovine mammary epithelial and
polymorphonuclear cells [25,26].

223



Antioxidants 2022, 11, 321

Consistent with previous studies [27,28], the piglets that were challenged by LPS in
the present study experienced oxidative stress, as indicated by the reduction of antioxidant
capacity parameters (GPX, SOD, and T-AOC) and an increase of MDA concentration in the
liver and/or spleen. Strikingly, the LPS challenge-induced imbalance in the redox status in
the liver and the spleen were alleviated by the OH-Met supplementation in the current study.
These outcomes were consistent with previous reports that methionine plays a particularly
important role in providing Cys for GSH synthesis to improve antioxidant capacity [8,29,30].
Taken together, these results agreed with previous studies, which showed that dietary
supplementation of methionine beyond sulfur amino acids growth requirements can reduce
the LPS challenge-induced oxidative stress in pigs, poultry, and fish [8,31,32].

It is well documented that both the integral membrane TLRs and the cytosolic NODs
are the receptors of LPS and play pivotal roles in the host defense against LPS-induced
challenges [33,34]. In agreement with previous studies [33–35], the LPS challenge induced
the mRNA and(or) protein production of TLRs (TLR4, MyD88, and TRAF6) and NODs
(NOD1, NOD2) in the liver and (or) spleen of the piglets. Then, as the downstream signal-
ing of TLRs and NODs, the inflammatory reaction-related genes including NF-kB, COX2,
TNF-α, IL-6, IL-1β, and IL-8, were upregulated at the mRNA and (or) protein levels in the
liver and (or) spleen of the piglets in the current study. Meanwhile, the LPS challenge also
upregulated the apoptotic gene (p53) but downregulated anti-apoptotic gene (BCL2) at the
mRNA and (or) protein levels in the liver and (or) spleen of the piglets. Consequently, the
overproduction of pro-inflammatory cytokines and apoptosis-related signaling that was
induced by the LPS challenge may be attributed to the damages in the liver and spleen of
piglets that were observed in the present study [13–15,36]. Taken together, these outcomes
are consistent with those that have been reported in previous studies [37,38], which showed
that LPS challenge can induce tissue damage via the activation of TLRs and NODs signal-
ing and further induce excessive inflammation and apoptosis. Strikingly, the increased
consumption of sulfur amino acids, such as OH-Met, by sows and piglets prevented and
(or) alleviated the changes of most of the genes in the liver and (or) spleen that were
induced by the LPS challenge. These findings revealed that the increased consumption
of methionine by sows and piglets alleviated the LPS challenge-induced damages in the
liver and the spleen that were associated with the potential regulation of the TRLs and
NODs signaling. In agreement with previous studies, methionine can downregulate TLR4
and (or) NODs signaling in osteoclast precursors and thus decrease bone loss during osteo-
porosis [39] in bovine mammary epithelial cells and improve the immune and antioxidant
status [40]. Similar findings were also obtained for other amino acids in previous studies
which showed that dietary supplementation of aspartate, glycine, and glutamate attenuate
the LPS challenge-induced negative effects via TLR4 and (or) NODs signaling in tissues of
piglets [41–45].

Nevertheless, several seemingly conflicting or inconsistent scenarios were observed
in the current study. For example, the protein production of TLR4 and TRAF6 in the liver
and NF-κB in the spleen between the saline and LPS challenge in CON diet groups, did
not correlate well with their mRNA abundance. This discrepancy may be explained by a
complex feedback or post-transcriptional mechanism regulating protein synthesis [38].

In summary, this study has illustrated that the maternal and neonatal dietary supple-
mentation of OH-Met at 25% above the total sulfur amino acid requirements exert beneficial
effects in alleviating the LPS challenged-induced damages in the liver and spleen of piglets.
Moreover, the protective mechanism of OH-Met against LPS challenge-induced adverse
effects may be associated with (1) an enhancement of the animal’s antioxidant capacities
or (2) an inhibition of TLR4 and NOD signaling pathway. This finding indicated that the
recommendations from NRC (2012) for sulfur amino acids for sows during gestation and
lactation might require an update. Attention should also be paid to the provision of sulfur
amino acids for weaned piglets that were often challenged by oxidation and inflammation.
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Abstract: High-cost milk proteins necessitate cheaper, effective milk replacer alternatives, such as
plant proteins. To examine plant protein-based milk replacer’s impact on growth performance, serum
immune and antioxidant indicators, and liver transcriptome profiles in suckling calves. We assigned
28 newborn Holstein calves (41.60 ± 3.67 kg of body weight at birth) to milk (M) or milk replacer (MR)
and starter diets pre-weaning (0–70 d of age) but with the same starter diet post-weaning (71–98 d of
age). During the pre-weaning period, compared with the M group, MR group had significantly lower
body weight, withers height, heart girth, average daily gain, feed efficiency, serum immunoglobulin
(Ig) M concentration, superoxide dismutase concentration, and total antioxidant capacity; whereas
they had significantly higher serum aspartate aminotransferase concentration. During the post-
weaning period, MR group presented significantly higher average daily gain, alanine transaminase,
aspartate aminotransferase, and malonaldehyde concentrations; whereas they had significantly lower
serum IgA and IgM concentrations than the M group. Transcriptome analysis revealed 1, 120 and
293 differentially expressed genes (DEGs; MR vs. M group) in the calves from pre- and post-weaning
periods, respectively. The DEGs related to xenobiotic and lipid metabolism and those related to energy
metabolism, immune function, and mineral metabolism were up- and downregulated, respectively,
during the pre-weaning period; during the post-weaning period, the DEGs related to osteoclast
differentiation and metabolic pathways showed difference. In this study, compared with M group,
MR group had the same growth performance during the overall experimental period; however, MR
affected the hepatic metabolism, immune, and antioxidant function of calves. These observations can
facilitate future studies on milk replacers.

Keywords: calf; liver; milk replacer; plant protein; transcriptome

1. Introduction

Successful calf production, especially dairy calf management, is crucial for the prof-
itability and sustainability of the dairy industry [1,2]. Due to the underdeveloped rumen,
suckling calves cannot meet their entire nutritional requirements through digesting solid
feed; therefore, their nutrition primarily relies on milk and milk replacers [3]. Rearing
calves using milk replacers has become a common practice in dairy farming worldwide. In
the United States, more than 85% of calves are fed milk replacers before weaning [1]. The
use of milk replacers, besides increasing the quantity of fresh milk available for human
consumption, improves the health of the calves by avoiding disease transmission from
the dam to the calf, reduces the cost of feeding, and provides farmers the opportunity
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to manipulate the nutrition of the calves for different production needs [4–6]. Therefore,
an appropriate choice of milk replacer is essential for meeting the long-term targets of
dairy farmers.

Protein is one of the main nutrients in the milk replacer, and the source as well as
the concentration of the protein directly affects the growth and development of calves. In
the 1980s, milk protein sources, including skim milk powder, casein, and whey protein,
were the main protein sources in the milk replacers due to their balanced nutrition, fast
digestion and absorption, and high utilization rate [7]. However, owing to the large-scale
international trade of milk powder and the constant rise in the prices of casein and whey
proteins, the use of plant proteins, especially the soy protein, in milk replacers is being
studied extensively [8–10]. Compared with milk protein, plant proteins are high in crude
proteins (CP) and functional amino acids [11]. However, compared to milk protein, the
plant proteins have lower digestibility and solubility, poor amino acid profiles, and they
contain anti-nutritional factors (ANF), such as protease inhibitors and phytic acid in soy
protein, and non-starch polysaccharides in wheat protein [7,11,12]. Many studies have
shown that the outcome of feeding calves with milk replacers containing plant protein in
the pre-weaning period is generally unsatisfactory; however, it can increase the rate of
rumen development and lower the weaning age through higher starter feed, increasing the
average daily age (ADG) once the calves are weaned [5,8,13–15]. Meanwhile, wheat and rice
proteins have been studied as potential replacements for milk protein in the formulation
of milk replacers [16]. Wheat proteins, which contain glutamic acid and glutamine, are
involved in the synthesis and metabolism of nucleic acids and proteins in intestinal cells;
they also play a major role in intestinal mucosa cell regeneration and the maintenance of
intestinal fitness [17]. Meanwhile, rice proteins, which contain lysine, methionine, and low
ANF, possess antioxidative properties and regulates lipid metabolism [18,19]. To date, many
studies have focused on the substitution of milk proteins with single plant proteins. Since
the different kinds of plant proteins have different advantageous characteristics, we think
that a combination of various plant proteins is necessary for the successful implementation
of plant proteins in milk replacers.

As the metabolic powerhouse of the body, the liver is involved in the metabolism of
the milk replacer and milk. Transcriptomics is a major tool in studying animal nutrition and
health, and it is widely employed in biological system research [20,21]. Transcriptomics
provides insights into the biological functions of genes that are upregulated or downregu-
lated in experimental animals in response to the test materials [20,22]. Recently, with the
development of RNA-Seq technology, transcriptomics has promoted genome research of
biological systems, enabling the generation of biological information about experimental
targets [22,23]. However, there have not been any studies on the gene expression in the
livers of calves fed on milk replacers. Therefore, understanding the differentially expressed
genes (DEGs) between the livers of milk-fed and milk replacer-fed calves might be helpful
for future research on the effects of milk replacers on calves.

In this study, we hypothesized that the calves fed with a combination of various
plant protein-based milk replacers have similar growth performance compared to whole
milk-fed calves under the same energy and protein levels, which probably should be the
case due to a better adaptability of their liver metabolism to milk replacer. Based on these
hypotheses, this study aimed to examine the mechanism by which plant protein-based milk
replacers influence the growth of the calves and identify possible hub-genes and molecular
pathways involved in the metabolism of plant protein-based milk replacers using RNA-Seq
technologies to characterize the liver transcriptome of the calves and provide the latest
insights into the research and development of milk replacers.

2. Materials and Methods

2.1. Animal Ethics

This research was conducted in Chabei Pasture, Modern Farming, Zhangjiakou City,
Hebei, China. The Animal Ethics Committee of the Chinese Academy of Agricultural
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Sciences (No. AEC-CAAS-20180224) approved the experimental procedures, and animal
welfare and handling procedures were strictly followed during the experiment.

2.2. Animal, Study Design, and Diets

Twenty-eight newborn, female, and healthy Holstein calves (41.60 ± 3.67 kg of body
weight at birth) were selected for this study. All calves were kept in individual calf pens
(3 × 1.5 × 1.6-m3; length × width × height) and the bedding for calves was straw. The
pens were cleaned and changed the straw before 1600 h every day to ensure the health and
hygiene of the calves. Calves were drenched a total of 6 L of colostrum, with 4 L drenched
within 1 h after birth and 2 L drenched 5 h after the first feeding. Before being drenched,
colostrum quality was qualified (IgG > 55 g/L; total number of bacteria < 50,000 CFU/mL).
During the pre-weaning period (2–70 d), the calves were fed liquid feed (whole milk or
milk replacer) with 39 ◦C twice a day (08:00 and 18:00 h) using a bucket. Along with the
liquid feed, the pelleted starter feed and clean water (39 ◦C) were provided ad libitum from
14 days of age. Subsequently, during the post-weaning period (71–98 d) the calves were fed
only the pelleted starter feed.

These 28 calves were assigned to either the M or the MR group, according to their body
weight at birth (mean body at birth of M vs. MR = 41.9 vs. 41.4 kg); each group consisted of
14 calves. Whole milk was obtained from milk tanks and pasteurized; the milk replacer was
reconstituted as an emulsion (12.5%, w/v) using cooled (50–60 ◦C) boiled water (drinking
water from pasture). After feeding with colostrum, the calves in the M group were fed on
8 L whole milk per day from 2 to 63 d, whereas the calves in the MR group were fed on
8 L whole milk per day from 2 to 7 d and then transitioned from whole milk to the plant
protein-based milk replacer from 8 to 13 d (transition period). During the transition period,
the ratio of milk replacer to whole milk was gradually increased from 1:2 to 2:1 (v:v). From
14 to 63 d, the calves in the MR group were fed on 8 L milk replacer per day. All the calves
started weaning on 64 d, and the weaning period ended on 70 d. During the weaning
period, the feeding amount of milk or milk replacer (according to their respective groups)
was decreased 1 L per day. The milk replacer contained 50% plant proteins, including
wheat, rice, and soybean protein. During the experimental period (lasting for 98 d), all
the calves were reared in the same individual pens and fed the same starter feed. We had
two rows of pens (12 individual pens per row) in this study, and all calves were randomly
assigned to the pens. To calculate the daily matter intake (DMI) of each calf, the starter feed
was changed at 08:00 h each day. The amounts of starter feed and milk or milk replacer that
was remaining and the amount that was added were recorded. Moreover, the milk was
sampled before the morning feeding every 15 d throughout the study period to measure
its chemical composition according to the method described by Kong et al. [24]. The
ingredients and the chemical compositions of the milk and milk replacer, and the starter
feed are shown in Table 1 and Table S1, respectively.
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Table 1. Ingredient and chemical composition of milk and milk replace.

Treatment

Items Milk Powder 1 Milk Replacer 2

Chemical composition (% of DM except for Dry matter; mean ± SD)
Dry matter 96.76 ± 0.61 96.32

Gross energy MJ/kg 24.81 ± 0.41 24.62
Crude Protein 27.01 ± 0.36 26.93
Ether extract 30.67 ± 0.53 16.28

Ash 5.58 ± 0.05 5.53
Calcium 1.06 ± 0.03 1.02

Phosphorus 0.75 ± 0.03 0.77
1 Milk powder was obtained by drying the fresh whole milk, which was sampled every 15 days. 2 The ingredient
compositions are 5% wheat protein powder, 4% rice protein powder, 18% whole soy powder, 6% concentrate
whey protein, 22% whole milk power, 20% high protein whey powder, 12% fat powder, 0.2% vitamin complex, 4%
Trace elements and mineral complexes, and 8.8% soluble carrier, and the lysine, Threonine, Methionine, essential
amino acid, nonessential amino acid of milk replacer are 1.43%, 1.24%, 0.91%, 9.91%, and 15.59%, respectively
(% of DM). Per kg milk replacer (DM basis) contains 15,000 IU vitamin A, 5000 IU vitamin D, 50 mg vitamin E,
6.5 mg vitamin B1, 6.5 mg vitamin B2, 6.5 mg vitamin B6, 0.07 mg vitamin B12, 20 mg vitamin B5, 13 mg vitamin
B3, 0.1 mg vitamin H, 10 ppm Cu, 100 ppm Fe, 40 ppm Mn, 40 ppm Zn, 0.5 ppm I, 0.3 ppm Se, 0.1 ppm Co.

2.3. Determination of Growth Performance and Serum Indicators

Body weights of the calves were recorded at birth and every 14 d thereafter before the
morning feeding; additionally, other body measurements, including heart girth, withers
height, and body length of the calves, were recorded before the morning feeding on 1, 70,
and 98 d of age according to the method described by Kargar and Kanani [25]. ADG of the
calves was calculated every 14 d. Feed efficiency was calculated as ADG/Total DMI (liquid
DMI + starter feed DMI; kg/d). On 35, 42, 49, 84, 91, and 98 d of age, six healthy calves
were selected from each group, and 10 mL of their blood samples was collected from the
jugular vein before the morning feeding. Blood samples were centrifuged at 3000× g for
15 min (Tiangen OSE-MP25, Beijing, China) to obtain the serum, which was then stored
in 1.5 mL centrifuge tubes at −20 ◦C for further analyses. The concentration of serum
immunoglobulin (Ig) G, IgA, and IgM were determined using ELISA kits (F4042-A, F3995-
A, and F6685-A, respectively). Aspartate aminotransferase (AST), Alanine transaminase
(ALT), and alkaline phosphatase (ALP) concentrations were determined using an automatic
biochemical analyzer (kehua-zy KHB-1280, Shanghai, China). The total antioxidant capacity
(T-AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-PX), malondialdehyde
(MDA), and catalase (CAT) concentrations in the serum were determined using commercial
kits (Nanjing Jian Cheng Bioengineering Institute, Nanjing, China).

2.4. Liver Biopsy

Liver samples (the liver was sampled from the same calves from whom blood samples
had been obtained) were collected from the calves (four calves per group) for liver biopsy
using a handcrafted, stainless steel, biopsy gun according to the method described by
Kong et al. [26]; samples were collected from the same eight calves (four calves per group)
at 2 weeks before [liver samples from the M group before weaning (MBW) and liver samples
from the MR group before weaning (RBW)] and after weaning [liver samples from the M
group after weaning (MAW) and liver samples from the MR group after weaning (RAW)].
An approximately 15 cm2 skin area above each calf’s liver was shaved and disinfected
with 75% ethyl alcohol. Thereafter, 10 mL of toluene thiazide hydrochloride (20 mg/mL)
was injected subcutaneously and through the intercostal muscles at the sampling site.
The sampling site was anesthetized, and a 1-cm incision was made using a sterile blade.
Approximately 0.5 g of the liver tissue was collected into cryopreservation tubes at each
sampling time using a handcrafted, stainless steel, biopsy gun for liver biopsy, and the liver
tissue was stored at −80 ◦C for transcriptome assay.
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2.5. Total RNA Extraction and Sequencing

The total RNA from the ground liver samples (total number of samples = 16) was
extracted using TRIzol (Invitrogen, Carlsbad, CA, USA). The purity of RNA was determined
using a Nano Drop®ND-1000 spectrophotometer (Implen, Santa Clara, CA, USA). The
quality of the extracted RNA was assessed using an Agilent 2100 bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). The RIN value of all samples was >8; 2 μg of RNA
extracted from each sample was sent to Allwegene Technology Inc. (Beijing, China) for
library building and sequencing. Briefly, mRNA was enriched using magnetic beads with
Oligo(dT) and was broken into short fragments with fragmentation buffer. These fragments
were reverse transcribed to cDNA for PCR amplification and cDNA library construction.
After successful library construction, Illumina Hiseq 4000 PE150 (Illumina, San Diego, CA,
USA) was used for sequencing.

2.6. Validation of RNA-Seq Data by Quantitative Real-Time PCR (qRT-PCR)

To verify the accuracy of RNA-Seq, we selected eight DEGs, including CCND1, PCK1,
ACACA, GSTM3, STAT3, MMP9, CYP4A22, and NAT10. The IQ5 qRT-PCR detection system
(Bio-Rad; Hercules, CA, USA) was used for the analyses of all the samples. The primers
required for the qRT-PCR analyses of these eight DEGs were designed using NCBI primer-
BLAST, and they were synthesized by Sangon Bioengineering (Shanghai, China) Co. Ltd.
β-Actin was used as an internal control to normalize the expression data [27]. All the
primers are listed in Table S2.

2.7. Statistical Analyses

Statistical analyses were conducted using GraphPad Prism 8 (GraphPad Software Inc.,
CA, USA) and R software (v 4.0.3). The statistical power for the serum samples of this
study was >0.8 using the “Pwr” package (https://cran.r-project.org/web/packages/pwr/,
accessed on 11 November 2021). Data were checked for normality using the shapiro.test
function of the R software before analyses, and the data fitting non-normality were log
transformed. Data on body weight, withers height, heart girth, and body length at 0 d of
age were analyzed using t-test. Furthermore, at 70 and 98 d of age they were analyzed using
AVCOVA as described by Wang et al [28]. The relevant linear model was used as follows:

Yijk = μ + Ti + α
(

Rj − R
)
+ eijk

where Yijk is the dependent variable; μ is the average experimental value; Ti is the fixed
effect of treatments i (i = M or MR group); α

(
Rj − R

)
designates the covariate variable of

initial body weight, where the α is the regression coefficient relating initial body weight
to the variable measured, Rj is the initial body weight for the jth calf (j = 1, 2, 3, . . . . . . ,
27, and 28), and R is the overall mean of the initial body weight; eijk is the error term. If
there was a co-effect in the progress of analyzing, we used the effects function in the ‘effects’
package (https://CRAN.R-project.org/web/packages/effects/, accessed on 11 November
2021) to remove covariate factors and to correct the average value of these indicators.

Data on intake, ADG, and feed efficiency were analyzed using mixed model in R. The
relevant model used was as follows:

Yijklm = μ + Tik + Djk + Pk + TDijk + TPik + Cal fl + eijklm

where Yijklm is the dependent variable; μ is the average experimental value; Tik is the
fixed effect of treatments i (i = M or MR group) during the period k (k = pre-weaning
or post-weaning); Djk designates the repeated effect of the period k (k = pre-weaning or
post-weaning); Pk is the effect of period k (k = pre-weaning or post-weaning); TDijk is
the interaction effect of treatment and day during the period k (k = pre-weaning or post-
weaning); TPik is the interaction effect of treatment and period; Cal fl is the random effect
of lth calf (l = 1, 2, 3, . . . . . . , 27, and 28); eijklm is the error term.

The data on serum indicators were analyzed using another mixed model in R. The
relevant model used was as follows:
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Yijklm = μ + Tik + Djk + TDijk + Cal fl + eijklm

where Yijklm is the dependent variable; μ is the average experimental value; Tik is the
fixed effect of treatments i (i = M or MR group) during the period k (k = pre-weaning or
post-weaning); Djk designates the repeated effect during the period k (k = pre-weaning
or post-weaning); TDijk is the interaction effect of treatment and day during the period k
(k = pre-weaning or post-weaning); Cal fl is the random effect of lth calf (l = 1, 2, 3, . . . . . . ,
27, and 28); eijklm is the error term.

The raw data of RNA-seq were processed with a Perl script. The clean data were
obtained by removing reads containing adapters, reads containing poly-N, and reads of
low quality from the raw data. The clean reads were then mapped to the bovine reference
genome (http://bovinegenome.org, accessed on 2 November 2021) using the TopHat2
software (v 2.1.0). Gene expression levels in each library were normalized to fragments per
kilobase of exon model per million mapped reads (FPKM). Differential gene expression
analysis of the two groups (MR vs. M) was performed using the DESeq R package (1.10.1).
Genes with p-value ≤ 0.05 and |log2(fold-change)| > 1.3 found by DESeq were assigned as
DEGs (Kong et al., 2017; Papah et al., 2018). MCODE with standard parameters (node score
cutoff, 0.2; K-Core, 2; maximum depth from seed, 100) from Cytoscape version 3.7.2 [29]
was used for modular analysis. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) for DEGs were analyzed using the CluoGo in Cytosacpe. STRING 11
(http://string-db.org/, accessed on 5 November 2021) was used to predict protein-protein
interactions (PPI) of DEGs. A PPI network was drawn using Cytoscape and the cytoHubba
application was used to identify the hub-genes [30,31].

The ‘corrplot’ package of R software was used to analyze the relationship between
the DEGs and the apparent indicators that included feed efficiency and serum indicators
(based on Spearman’s coefficient). All the data were reported as means, and the differences
with a p < 0.05 were considered statistically significant.

3. Results

3.1. Intake and Growth Performance

The growth performance of the calves is shown in Table 2. There were no interactions
among feeding group and day-age of the calves. The body weight, withers height, body
length, and heart girth of the calves were not significantly different at birth (0 d) and 98 d of
age. At 70 d of age, the calves in the MR group presented significantly lower body weight,
withers height, and heart girth than those in the M group; however, body length was not
significantly different between the two groups. During the pre-weaning period, the DMI of
the liquid feed, ADG, and feed efficiency in the calves of the MR group were significantly
lower compared to the calves of the M group; however, the DMI of the starter feed in the
calves of the MR group were significantly higher than those in the M group. During the
post-weaning period, the DMI of the starter feed and ADG in the MR group presented
significantly higher levels than those in the M group; however, their feed efficiency was
significantly lower relative to the M group. During the total experiment period (0–98 d),
the calves of the MR group presented significantly higher overall DMI, yet showed a lower
feed efficiency compared to the calves of the M group. However, the overall ADG was not
significantly different between the two groups.
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Table 2. Growth performance of calves fed milk or milk replacer. (N = 14 per group).

Treatment (T) 1 p-Value

Items 4 MR M SEM T Days (D) 2 T × D P 3 T × P

Pre-weaning (0–70 d)
DMI of starter feed, kg/d 0.23 0.16 0.02 0.009 <0.001 0.601
DMI of liquid feed, kg/d 1.00 1.05 0.01 0.043 <0.001 0.622

Total DMI 4, kg/d 1.23 1.22 0.02 0.513 <0.001 0.742
ADG, kg/d 0.83 0.92 0.02 0.007 <0.001 0.461

Feed efficiency 5 0.67 0.76 0.03 <0.001 <0.001 0.731
Post-weaning (70–98 d)

DMI of starter feed, kg/d 2.79 2.28 0.10 <0.001 <0.001 0.231
ADG, kg/d 1.09 0.97 0.03 0.024 <0.001 0.814

Feed efficiency 0.39 0.43 0.01 0.006 <0.001 0.731
Overall (0–98 d)
Total DMI, kg/d 1.68 1.51 0.03 0.002 <0.001 0.004

ADG, kg/d 0.91 0.94 0.02 0.334 <0.001 0.193
Feed efficiency 0.45 0.54 0.01 <0.001 <0.001 0.241

Body weight, kg
Initial (d 0) 41.4 41.9 1.65 0.781

Weaning (d 70) 98.2 107.4 2.83 0.004
Final (d 98) 128.1 132.7 3.68 0.225

Skeletal growth
Withers height, cm

Initial (d 0) 77.7 76.0 0.93 0.072
Weaning (d 70) 94.6 97.2 1.13 0.026

Final (d 98) 98.7 101.3 1.30 0.055
Heart girth, cm

Initial (d 0) 77.3 76.1 0.98 0.233
Weaning (d 70) 107.1 109.9 1.10 0.018

Final (d 98) 116.9 118.2 1.35 0.341
Body length, cm

Initial (d 0) 69.8 69.4 1.06 0.702
Weaning (d 70) 97.3 99.4 1.04 0.131

Final (d 98) 105.5 106.5 1.73 0.584
1 MR = milk replacer; M = milk. 2 For all variables, days of age were used as 14-d period. 3 P = calf phase
(pre-weaning vs. post-weaning period). 4 Total DMI = total daily matter intake (starter feed intake + liquid feed
intake); 5 Feed efficiency = ADG/Total DMI; Standard error of the mean (SEM).

3.2. Serum Indicators

The serum indicators are shown in Table 3. Based upon our observations, there were
no interactions between the feeding group (M or MR) and the day-age of the calves that
would affect the concentrations of serum variables. The serum concentrations of ALP,
IgG, GSH-PX, and CAT were not significantly affected in the calves of the MR group.
However, during the pre-weaning period, the calves of the MR group showed significantly
higher AST concentrations and significantly lower IgM, SOD, and T-AOC concentrations
compared to the calves of the M group. Similarly in the post-weaning period, the calves of
the MR group showed significantly higher ALT, AST, and MDA concentrations and lower
IgA and IgM concentrations compared to the calves of the M group.
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Table 3. Serum variables as influenced by feeding milk versus milk replacer to calves. (N = 6 per
group).

Treatment (T) 1 p-Value

Items MR M SEM T Days (D) 2 T × D

ALT, U/L
pre-weaning (35–49 d) 7.5 7.1 0.99 0.524 0.979 0.621
post-weaning (84–98 d) 19.9 15.2 1.05 0.035 0.837 0.179

AST, U/L
pre-weaning (35–49 d) 121.6 91.5 2.88 0.028 0.778 0.632
post-weaning (84–98 d) 183.2 148.7 4.23 0.036 0.081 0.712

ALP, U/L
pre-weaning (35–49 d) 159.6 149.4 7.93 0.205 0.730 0.453
post-weaning (84–98 d) 188.1 186.1 11.49 0.693 0.334 0.818

IgG, g/L
pre-weaning (35–49 d) 9.9 10.2 0.50 0.942 0.706 0.579
post-weaning (84–98 d) 12.7 12.3 0.44 0.994 0.206 0.765

IgA, g/L
pre-weaning (35–49 d) 1.3 1.6 0.04 0.571 0.002 0.442
post-weaning (84–98 d) 1.1 1.2 0.02 0.028 0.004 0.668

IgM, g/L
pre-weaning (35–49 d) 2.1 2.8 0.06 0.012 0.725 0.971
post-weaning (84–98 d) 2.1 2.7 0.06 0.001 0.819 0.715

SOD, U/mL
pre-weaning (35–49 d) 85.3 99.1 3.06 0.045 0.679 0.391
post-weaning (84–98 d) 128.3 125.8 2.26 0.278 0.138 0.442

MDA, nmol/mL
pre-weaning (35–49 d) 7.2 5.9 0.23 0.035 0.673 0.229
post-weaning (84–98 d) 4.7 4.2 0.11 0.015 0.714 0.814

GSH-PX, U/mL
pre-weaning (35–49 d) 824 837 26.48 0.595 0.115 0.415
post-weaning (84–98 d) 1173 1202 30.46 0.698 <0.001 0.458

T-AOC, U/mL
pre-weaning (35–49 d) 6.2 7.1 0.16 0.005 0.541 0.818
post-weaning (84–98 d) 9.8 10.3 0.42 0.103 0.328 0.643

CAT, U/mL
pre-weaning (35–49 d) 8.6 8.5 0.33 0.596 0.333 0.992
post-weaning (84–98 d) 11.4 12.1 0.48 0.286 0.215 0.710

1 MR = milk replacer; M = milk. 2 For all variables, days of age were used as 8-d period. Standard error of the
mean (SEM), Serum immunoglobulin (Ig), aspartate aminotransferase (AST), glutamic-pyruvic transaminase
(ALT), alkaline phosphatase (ALP), total antioxidant capacity (T-AOC), superoxide dismutase (SOD), glutathione
peroxidase (GSH-PX), malondialdehyde (MDA), catalase (CAT).

3.3. Mapping Summary Statistics

For each library, RNA-Seq produced more than 24,731,334 raw reads (Table S3). The
sequencing generated 18,673,574–23,908,557 clean reads for each sample. The GC content in
the libraries ranged from 51.49% to 52.41%. The 16 samples had at least 98.22% reads with
≥Q20, and 95.03% reads with ≥Q30. The majority of reads in each library were mapped to
the bovine reference genome, and the average mapping rates were 92.58%, 93.59%, 93.83%,
and 93.54% for the MAW, MBW, RAW, and RBW groups, respectively. Simultaneously, the
MAW, MBW, RAW, and RBW groups had an average of 90.94%, 91.77%, 92.11%, and 91.72%
reads mapped to the bovine genome, respectively.

3.4. Differentially Expressed Genes (DEGs)

The principal component analysis (PCA) of all genes from the liver samples showed
separations between MBW and RBW or MAW and RAW based on the feeding group (M or
MR) and the time of sample collection (pre-weaning or post-weaning) (Figure 1A,B). Com-
pared to the gene expression in the MBW group, 1120 DEGs were found in the liver tissue
of the RBW group, including 649 upregulated and 471 downregulated DEGs (Figure 1C).
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Similarly, 293 DEGs were identified in the liver samples of the calves in the RAW and MAW
groups, among which 160 were upregulated and 133 were downregulated (Figure 1D). The
heat plot was generated to visualize the distribution of the DEGs (Figure S1).

Figure 1. Gene expression between milk and milk replacer groups. (A) The principal component anal-
ysis (PCA) of all genes in liver between MBW and RBW. (B) The principal component analysis (PCA)
of all genes in liver between MAW and RAW. (C) The expression of differentially expressed genes
between two groups during pre-weaning period. (D) The expression of differentially expressed genes
between two groups during post-weaning period. The red dots indicate upregulated differentially
expressed genes and the green dots indicate downregulated differentially expressed genes. The blue
dots reveal that there is no difference in the expression of genes between the two groups. MBW (liver
samples from the milk group before weaning); RBW (liver samples from the milk replacer group
before weaning); MAW (liver samples from the milk group after weaning); RAW (liver samples from
the milk replacer after weaning).

3.5. Enrichment Analysis of the DEGs

In the pre-weaning period, we found 25 clusters in 1120 DEGs using the MCODE
between two groups (Supplementary File S2), of which the Top 4 clusters (based on net-
work score, Figure 2A,C,E,G), including ACACA, FASN, CPT1A, PCK1, SLC2A4, NAT10,
ACTB, CCND1, GSTA5, ADH5, and ADH6, among others, mainly enriched some functions
including fatty acid metabolism, AMPK signaling pathway, xenobiotic metabolism, immu-
nity and so on (Figure 2B,D,F,H). Then we analyzed the up- and down-regulated DEGs,
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respectively. Interestingly, the upregulated DEGs were primarily enriched in xenobiotic
and lipid metabolism, including the metabolism of xenobiotics by cytochrome P450, chemi-
cal carcinogenesis, and the peroxisome proliferator-activated receptor (PPAR) signaling
pathway, among others (Table S4). The downregulated DEGs were mainly enriched in en-
ergy metabolism, immune function, and mineral metabolism pathways, including mineral
absorption, apoptosis, fatty acid biosynthesis, oxidoreductase activity, oxidation-reduction
process, and NADH dehydrogenase activity, among others (Tables S4 and S5).

 
Figure 2. Enrichment analysis of differentially expressed genes (DEGs). (A,B) The gene interactive network
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and the enrichment result of Top 1 Module between RBW and MBW. (C,D) The gene interactive
network and the enrichment result of Top 2 Module between RBW and MBW. (E,F) The gene
interactive network and the enrichment result of Top 3 Module between RBW and MBW. (G,H) The
gene interactive network and the enrichment result of Top 4 Module between RBW and MBW. (I) The
enrichment result of all DEGs between RAW and MAW. Red represents the upregulated genes and
blue represents the downregulated genes in the gene interactive network. Different colors represent
different enrichment groups (based on the Cohen’s kappa score) in enrichment analysis. The triangle
and circle graph represent the KEGG and GO results, respectively, in the enrichment analysis. MBW
(liver samples from the milk group before weaning); RBW (liver samples from the milk replacer group
before weaning). MAW (liver samples from the milk group after weaning); RAW (liver samples from
the milk replacer group after weaning).

During the post-weaning period, osteoclast differentiation, muscle cell differentia-
tion, and lipid metabolism appeared enrichment (Figure 2I). Similarly, we also analyzed
the up- and down-regulated DEGs, respectively, and found that the metabolic pathway,
Osteoclast differentiation, cell cycle, and cell projections appeared to have been enriched
(Table S6; Figure S2).

3.6. Protein-Protein Interaction Analysis of DEGs Using STRING

We selected the top 200 DEGs (based on FC and p-value) to construct an interaction
network (Figure S3). The genes in the center of the interaction network included CCND1,
CAT, ADH5, ADH6, CS, CCL2, PCK1, CYP26A1, and ACACA. Additionally, we identified
the top 10 hub genes (based on degree) among the top 200 DEGs, including CAT, CCND1,
UGT2B15, PCK1, ADH5, GSTA5, GSTM3, ADH6, GCLC, and CS, using the cytoHubba
application (Figure 3A).

Figure 3. Relationship between hub-DEGs and phenotypes, and verification of transcriptome accu-
racy. (A) The top 10 hub-genes by cytoHubba in the top 200 differentially expressed genes between
two groups. Blue genes are the first-stage genes of the hub-genes; (B) Correlation analysis between the
apparent indicators and differently expressed genes. The pink color represents a positive correlation,
and the blue color represents a negative correlation. The red to blue scale bar running from 1.0
to −1.0 represents r = 1.0 to −1.0. The blank represents p > 0.05. Serum immunoglobulin (Ig), glucose
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(GLU), triacylglycerol (TG), aspartate aminotransferase (AST), glutamic-pyruvic transaminase (ALT),
alkaline phosphatase (ALP), total protein (TP), albumin (ALB), globulin (GLB), total antioxidant
capacity (T-AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-PX), malondialdehyde
(MDA), serum catalase (Serum CAT); (C) Validation of eight differentially expressed genes using
quantitative real-time PCR (qRT-PCR). During pre- and post-weaning period, genes were validated.
The mRNA level of each gene was normalized to that of β-actin (n = 4). The ratio of expression in
livers of milk replacer calves to milk (Milk replacer/Milk) via RNA-Seq and RT-PCR is shown (n = 1).

3.7. Correlation Analysis between Hub-Genes among DEGs and Apparent Indicators

To identify the correlation between gene expression and the apparent indicators, we
further analyzed Spearman’s rank correlation between the selected some key DEGs and
the serum variables and the feed efficiency of the calves (Figure 3B). Interestingly, we
observed that CCND1, CAT, CCL3, CCL4, ACACA, GSTM3, MAP3K5, CYP27A1, and ND3
had correlations with the apparent indicators.

3.8. Validation of RNA-Seq Data by qRT-PCR

Furthermore, we validated the eight DEGs obtained from the pre- and post-weaning
period samples using qRT-PCR technology. As seen in Figure 3C, the qRT-PCR results
showed that the DEGs had the same expression pattern as observed in the RNA-Seq,
indicating that our transcriptome data were highly reliable.

4. Discussion

Plant protein in calf milk replacer improves the quantity of animal protein available for
human consumption, however plant protein-based milk replacer has a negative impact on
calves. To our knowledge, this study is the first to systematically compare calves’ response
between whole milk and plant protein-based milk replacer. The findings revealed that milk
replacer had an influence on calves’ liver function, immunity, and antioxidant capacity,
however had no effect on growth performance throughout the study.

The amount and type of the liquid feed are most likely to be the main factors that
affect the solid feed intake of calves during the pre-weaning period. Previous studies have
also shown that both restricted and unrestricted intake of milk as well as milk replacer
can affect the solid feed intake of calves [15,32]. Zhang et al. found that the calves fed on
milk replacers containing soy protein in the pre-weaning period had greater solid intake
compared to the calves fed on whole milk [15]. Similarly, Ghorbani et al. reported that
soymilk used as a novel milk replacer can stimulate early intake of starter feed in calves [5].
Likewise, in this study, lower liquid feed intake and higher solid feed intake were observed
in the calves of the MR group compared to the calves of the M group in the pre-weaning
period. Furthermore, we found lower ADG in the MR group, indicating that the calves
may have better bioavailability of protein (casein, etc.) and energy (milk fat, lactose) from
whole milk in comparison to the milk replacer. It is widely accepted that the plant proteins
and the carbohydrates (glucose, etc.) in milk replacer cannot completely replace the milk
proteins and lactose, respectively, of whole milk. In addition, there may be some unknown
growth factors in whole milk that are responsible for the better ADG of the calves in the
M group [33]. In this study, we discovered that the MR group had higher ADG after
weaning than the R group. It is generally known that as calves digest solid feed, propionic
acid and butyric acid are produced, which stimulate rumen development [34,35]. As a
result, more solid feed consumption in the MR group will stimulate rumen development
in advance before weaning, resulting in more energy from solid feed being available for
growth after weaning. In addition, we also found that MR group could affect withers
height and heart girth of calves. The calf stage is an essential period for bone growth and
overall development, and calcium, phosphorus, and other minerals are also important for
the development of bone [36]. In the present study, the mineral metabolism pathway was
downregulated in the calves of the MR group; in particular, three genes (namely ERBB2,
ERBB3, and CACNA1H) involved in calcium metabolism were downregulated in the calves
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fed on the milk replacer (Figure S4). Huang et al. reported that a plant protein-based
milk replacer reduces calcium absorption [16]. In addition, Lee et al. reported that calves
fed on milk replacers had a low rate of bone growth, similar with the observations of the
present study [13]. Therefore, the outcome of this study indicates that exogenous mineral
supplements, especially calcium, has a low bioavailability in the milk replacer; this suggests
that we should pay attention to mineral element supplementation in future research related
to the use of milk replacers for calves.

The liver is the largest metabolic organ of the body, and the health status of the liver
is an indirect indicator of the health status of calves. Serum ALT and AST concentrations
comprise a common indicator of hepatic health status. In the present study, during the
pre-weaning period, the serum AST concentration in calves fed on the milk replacer was
significantly higher than that of calves fed on whole milk. Therefore, we inferred that
the milk replacer might have negatively affected the livers of the calves. Interestingly,
TNF signaling and apoptosis pathway were significantly down-regulated, which also
suggested MR might damage liver cell. Furthermore, we also found MR could influence
immunity and antioxidant capacity in this study, which is similar to a previous study [16].
Seegraber et al. showed that replacing whey protein with plant proteins causes intestinal
damage in suckling calves [37]. Moreover, the enrichment analysis of the liver DEGs
during the pre-weaning period showed that the milk replacer regulated foreign material
metabolism. Furtherly, we found that the key gene in foreign body metabolism, GSTM3,
correlated with the serum antioxidant indicators. The GST genes are involved in the
regulation of cellular glutathione. Moreover, studies have shown that FoxO signaling
pathway was up-regulated, and the expression of CAT in the pathway involved in oxidative
stress resistance and DNA repair [38], and it correlated with antioxidant indicators. As
glutathione has been shown to be able to withstand oxidative stress in certain studies [39,40],
the body boosts the expression of glutathione-related genes in response to oxidative stress
damage. Milk replacer containing plant protein has been reported to contain ANFs, and
these ANFs have adverse effects on the growth performance as well as the health of
the calves [41,42]. Therefore, the observed reduction in the concentration of oxidation
resistance indicators in the liver of the calves fed on the milk replacer can be attributed
to the ANFs triggering oxidative stress. Similarly, the transcriptome analysis showed
that CCL2, CCL3, CCL21, and CX3CL1 were downregulated in the liver of the calves in
the MR group. These DEGs are involved in the body’s immune response and have been
previously detected in cattle [43]. Furthermore, these DEGs are involved in some pathways
and BPs, including the TNF signaling pathway, chemokine activity, G protein-coupled
receptor binding, and immune response, indicating that the milk replacer could reduce
the immunity of the calves. Interestingly, we found that CAT, CCL4, and CX3CL1 are also
correlated with serum immunity indicators, suggesting that the decreased immunity of
calves is related to oxidative stress. In short, based on the observations of the present study,
we inferred that milk replacer might injure liver cells in calves, leading to oxidative stress
and impaired immunity. However, there were no improvements in the concentrations of
the serum indicators in the calves of the MR group during the post-weaning period, and
the expressions of the related genes remained the same during the pre- and post-weaning
periods, indicating that the liver function was not recovered.

Feed efficiency, which measures how efficiently animals use feed to produce meat,
eggs, and milk, has traditionally been a key indication in livestock production. In this
study, the calves of the MR group showed a lower feed efficiency compared to the calves
of the M group, which is evident not only in milk replacer’s poor bioavailability and
liver damage, but also in the expression pattern of genes associated to feed efficiency.
The CYP genes play a significant role in feed efficiency, especially in functions related
to liver metabolism [44–46]. Salleh et al. reported that CYP11A1 upregulation results
in declined efficiency of feed utilization in high residual feed intake dairy cattle. In the
present study, CYP27A1 has the same expression pattern as CYP11A1 were upregulated
and correlation with feed efficiency in the calves of the MR group [45]. In addition, the
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retinol metabolism pathway was significantly upregulated in the calves of the MR group
compared to the calves of the M group. De Almeida Santana et al. had reported that retinol
metabolism influences the feed conversion rate in cattle [47]. PPAR is an important fat
metabolism pathway in the body. Interestingly, we found that bile acid, PPAR signaling,
and fatty acid metabolism and degradation pathways were upregulated in the calves
of the MR group; in contrast, the fatty acid biosynthesis pathway was downregulated,
indicating that fat metabolism in calves is affected by feeding on milk replacers in the
pre-weaning period. In the present study, we also observed that the upregulation of STAT3
expression regulated the cell cycle and apoptosis via the JAK/STAT signaling pathway
(Figure S5). STAT3 stimulates fat deposition in cattle [48]. Therefore, the milk replacer used
in the present study might have increased fat deposition in the liver, thereby negatively
affecting the hepatic function. The protein encoded by ACACA plays an important role
in converting acetyl CoA into fatty acids. Previous studies have shown that it is highly
correlated with milk production, feed utilization, and fat deposition [49,50]. FASN is a
rate-limiting gene in fatty acid synthesis, and it has a similar function to ACACA. CPT1A
is important in regulating the oxidation of fatty acids in cells and transferring fatty acids
from the outer membrane of the mitochondrion to the inner membrane [51]. Here, the GO
cluster analysis showed that some BPs related to cellular respiration were downregulated.
Oxidative phosphorylation occurs in the mitochondria and involves five complexes, which
are essential for proton coupling and electron transfer [52,53]. In the present study, the
expressions of ND3, ND5, ND6, and NAT10 as well as the processes and pathways involved
in cellular respiration were lower in the calves of the MR group as compared to the calves
of the M group during the pre-weaning period. NADH dehydrogenase, which belongs to
the NADH-CoQ dehydrogenase (complex I) family, is an enzyme that catalyzes the electron
transfer from NADH to co-enzyme Q in the mitochondrial lining [54]. NADH is a marker
in the mitochondrial chain producing energy. In the present study, downregulation of the
gene regulating NADH dehydrogenase increased the NADH level in the mitochondria,
thus affecting mitochondrial metabolism. The effects of Ca2+ on mitochondrial activities
have been widely studied. Calcium plays an important role in regulating mitochondrial
functions and ATP synthesis at different levels in organelles [55]. The Ca2+ concentration
in the mitochondrial matrix has considerable effects on ROS generation, cytochrome C, and
apoptosis [55]. Furthermore, CS, which plays an important role in regulating the citrate
synthase activity in cells, was downregulated in the calves of the MR group. These results
indicate that feeding on milk replacers can cause mitochondrial dysfunction in the calves.
PPAR is closely related to the CYP genes. McCabe et al. reported that the expression
of CYP11A1 is upregulated during negative energy balance in cows, indicating that it
plays an important role in the regulation of lipid and cholesterol synthesis in the liver [56].
Moreover, CYP7A1 and CYP27A1 are important regulators of cholesterol metabolism, bile
acid biosynthesis, and steroid hormone pathways. Steroid hormone biosynthesis is an
important metabolic pathway of negative energy balance in dairy cows, and this pathway
was significantly enriched (RBW vs. MBW) in the present study. Pang et al. reported that
energy-restricted feeding could lead to testis injury in sheep by affecting the process of
cell apoptosis [57]. Therefore, a lack of energy might be harmful to the hepatic function
in the calves of the MR group. We believe that the low energy of calves was linked to
the content and source of fat present in the milk replacer. Although some studies have
reported that higher fat content in milk replacers would influence the mammary gland
development of heifers [58,59], Hu et al, have been reported there were no negative effect
on growth performance of calves using palm oil and coconut oil instead of milk fat in milk
replacer [60]. Therefore, the interaction between the source and concentration of fat for
milk replacer may be the key factor affecting the performance of calves, which warrants
further research.

Compensatory growth is a catch-up mechanism in animals, whereby an animal that
had previously been affected by nutrient deficiency experiences accelerated growth when
provided with feed that meets its nutritional requirements [61]. The greater ADG in the
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MR group in this study might be due to compensatory growth, which could be linked to
the activation of the osteoclast growth-related pathway and gene expression of CCND1,
MMP9, etc., in the post-weaning period. In addition, this compensatory growth may be
attributed to the normalization of the mineral content and the energy metabolism in the
calves in the post-weaning period. In domestic ruminants, rationally using compensated
growth can improve the feed efficiency and meat quality of beef cattle and sheep [62–64].
However, as a result of the different concerns, many studies have found that compensated
growth in human childhood could increase the risk of death and illness in adults [65–67].
Unfortunately, the long-term influence of compensatory growth in young ruminants is still
unclear. It is well known that dairy cows have a long-life cycle, which is highly beneficial
for humans; thus, we must pay adequate attention to the influence of compensatory growth
on the milk yielding potential of dairy cows in the later stages of their lives. Within
a reasonable range of ADG, lower ADG of suckling calves implies lower milk yield of
these individuals later in their life [2]. According to the current research results, milk
replacers containing plant protein can reduce the ADG of suckling calves, thus making
it a controversial topic in the field of plant protein-based milk replacers. The shortage
of protein resources is a global problem, especially in China, where high-quality animal
proteins such as meat, eggs, and milk are in high demand and so, commercialized at a
high price. Meanwhile, milk powder accounts for the largest share in world trade [9].
Therefore, in China, the consumption of milk (milk source protein) by suckling calves must
be minimized to meet the high demands of milk for human consumption. At the same
time, plant protein milk substitutes can increase starter feed intake and lower the weaning
age of the calves, and this is incredibly beneficial for the rumen development of the calves
and the effective use of roughage in the post-weaning period [5,8,13–15]. Nevertheless, it is
still unclear whether plant protein-based milk replacer has any effect on the milk yielding
potentials of these calves, later in life; this is definitely worthy of further experimental
research. Therefore, it is necessary to develop milk replacers containing appropriate plant
protein sources under the pretext of the shortage of high-quality protein resources in the
world, especially in China.

5. Conclusions

In the present study, we comprehensively examined the effects of a plant protein-
based milk replacer on the growth performance, immunity, antioxidant capacity, and liver
transcriptome in calves. The findings revealed that milk replacer had a negative effect
on calves’ liver function, immunity, and antioxidant capacity, however had no effect on
growth performance throughout the study. The study provides insights into the metabolic
mechanisms in the calves fed on a plant protein-based milk replacer, and it can serve as a
basis for future studies on milk replacers.
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Abstract: Acremonium terricola culture (ATC) has similar bioactive constituents to Cordyceps and
is known for its nutrient and pharmacological value, indicating the potential of ATC as a new
feed additive in dairy cow feeding. The primary aim of this experiment was to investigate the
effects of increasing amounts of ATC in diets on milk performance, antioxidant capacity, and rumen
fermentation, and the secondary aim was to evaluate the potential effects of high doses of ATC. A
total of 60 multiparous Holstein cows (110 ± 21 days in milk; 2.53 ± 0.82 parity) were assigned into
15 blocks and randomly assigned to one of four groups: 0, 30, 60, or 300 g/d of ATC per cow for
97 days. Data were analyzed using repeated measures in the Mixed procedure. Dry-matter intake was
not changed (p > 0.05), while energy-corrected milk and fat-corrected milk yields increased linearly
and quadratically, and somatic cell count in milk decreased linearly and quadratically (p < 0.05).
The lactation efficiency and the yields of milk fat and protein increased linearly (p < 0.05). On
day 90, serum catalase level, total oxidative capacity, glutathione peroxidase, immunoglobulin A,
and immunoglobulin M concentrations were significantly higher in the 60 and 300 g/d groups
than in the 0 g/d group (p < 0.05). ATC addition showed linear effects on total volatile fatty acid
(VFA), acetate, branched VFA concentrations, and rumen pH (p < 0.05). Supplementing 60 and
300 g/d ATC significantly affected the bacterial composition (p < 0.05). The relative abundance
of Christensenellaceae_R–7_group and Lachnospiraceae_NK3A20_group were significantly increased by
60 g/d supplementation, and the relative abundance of Erysipelotrichaceae_UCG_002, Acetitomaculum,
Olsenella, and Syntrophococcus were significantly increased by 300 g/d supplementation (p < 0.05).
ATC was effective in enhancing rumen fermentation and reducing somatic cell count in milk, thereby
improving milk yield. The optimized dose of ATC was 60 g/d for lactating cows, and there were no
risks associated with high doses of ATC.

Keywords: Acremonium terricola culture; dairy cow; antioxidant capacity; milk performance; bacterial
composition
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1. Introduction

The health and biological function of livestock often have been prioritized in recent
years [1]. Nutritional strategies have emerged, and they have been proposed as a key factor
to improve the health status and welfare of animals, as well as to enhance productivity
of livestock [2–4]. Feed additives, which are nutrients that when added to the feed can
trigger the desired response of the animal’s body on production parameters, have been
widely used in animal nutrition for quite a long time [5–8]. The main compounds used
for this purpose are fermented feed, probiotics, prebiotics, synbiotics, or various types of
residues from plant production. Cordyceps has a long history, and has been used for the last
300 years [9]. It is a rare, naturally entomopathogenic fungus that is mostly collected on
the Himalayan plateau in China. Although wild Cordyceps has many functional bioactive
ingredients, including cordycepin, cordycepic acid, and cordyceps polysaccharide, it takes
a long time to grow under strict conditions, cannot be cultivated artificially, and can only be
harvested once [10]. In recent decades, many studies have shown that the major functional
components in Cordyceps possess multiple resistances to viruses, inflammation, oxidants,
tumors, diabetes, and thrombi [9,11–13] Thus, many investigators have been devoted to
artificial cultivation to obtain prebiotics [14,15].

Acremonium terricola is a parasite isolated from Cordyceps gunnii; artificial solid fermen-
tation is then used to obtain Acremonium terricola culture (ATC). ATC is a new feed additive
with bioactive ingredients that are the same as those of C. gunnii, such as D-mannitol,
galactomannan, cordycepin, and essential amino acids [16]. As reported in previous stud-
ies, ATC supplementation enhanced the growth performance, antioxidant capacity, and
immune function of calves [17]. ATC supplementation increased the total tract apparent
digestibility and milk performance in dairy cows, then decreased somatic cell counts in
milk [18,19]. Dairy cows during the transition period are at risk of diseases, and undergo
extensive tissue mobilization due to a negative energy balance [20–22]. Li et al. [23] found
that 30 g/d ATC ameliorated the negative energy balance and improved milk production
and antioxidant capacity. These studies indicated that ATC was an effective feed additive
for dairy cows at 30 g/d, and the maximum addition amount (30 g/d) was more effective
than other additional amounts. However, studies on the effects of the higher dose of ATC
supplementation on milk production are lacking, which means that the appropriate level of
ATC in the diet is still not clear. In this regard, galactomannans from ATC are water-soluble
polysaccharide polymers, and several studies have reported that galactomannan plays a
crucial role in manipulating gastrointestinal microbiota by providing nutrients for benefi-
cial microbes [12,24,25]. Additionally, D-mannitol can also become the sole energy source
for bacterial growth in the rumen [26]. It is known that highly dense and diverse micro-
bial populations in the rumen cause many differences in feeding modes and physiology
between ruminants and monogastric animals [27]. Thus, ATC supplementation in dairy
cows may have the potential to further improve milk performance and rumen function.

The ingredients and bioactivities of ATC are the same as those of wild Cordyceps.
Owing to the wild occurrence, natural Cordyceps is regarded as pharmacologically secure.
However, dry mouth, nausea, abdominal distension, throat discomfort, headache, diarrhea,
and allergic reactions have been reported in Cordyceps studies [28–30]. Tests of cordycepin
in dogs involved gastrointestinal toxicity and bone marrow toxicity [31]. However, these
toxicity tests were conducted using monogastric animals instead of ruminants. Thus, future
in-depth evaluation of the security of ATC will benefit its mass production and use as a
feed additive.

We hypothesized that ATC supplementation would improve the milk performance,
antioxidant capacity, and immune function of midlactating dairy cows, and reshape their
microbiota. Hence, this study investigated the effects of different amounts of ATC on
feeding behavior, ruminal fermentation, bacterial composition, serum variables, and milk
performance, as well as the possible adverse effects of high doses of ATC, on lactating
dairy cows.
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2. Materials and Methods

2.1. Animals and Treatments

On a commercial dairy farm (Jinyindao Dairy Farm; Sanyuan Food Co., Ltd., Beijing,
China), 60 multiparous lactating dairy cows averaging 110 ± 21 days (mean ± SD) in milk,
28 ± 3 kg/d of milk, 2.53 ± 0.82 parity, and 630 ± 50 kg of body weight were selected and
assigned into 15 blocks according to days in milk (DIM) and milk yield, and then randomly
allocated to 1 of 4 groups: 0, 30, 60, or 300 g/d of ATC for each cow, added into a total mixed
ration (TMR). The ATC was provided by Microbial Biological Engineering Ltd. (Hefei,
China), and the functional composition of the ATC is listed in Supplementary Table S1. The
recommended dose for ATC was 30 g/d [19,32]. In this experiment, we included double
the recommended dose to determine whether ATC had a linear and quadratic effect on
lactation performance, as well as 10 times the recommended dose to test the potential
effects on dairy cow health. The same barn equipped with water bowls and automatic
weighing feeding equipment (Insentec B.V., Marknesse, The Netherlands) were provided
for these cows to obtain individual feed intake. All cows were fed and milked 3 times
per day at 09:00, 16:00, and 22:00. The ATC was top-dressed onto a TMR; ingredients and
nutrient contents of the TMR are listed in Supplementary Table S2. The diet was formatted
using National Research Council (NRC, 2001) [33] to meet the nutrient requirements of
lactating dairy cows. The experiment period was 97 days, including 7 days to allow for
adaptation, during which ATC was supplemented gradually. According to the standard
operating procedure on this commercial dairy farm, all cows had de-worming (ivermectin,
Harbin Qianhe Animal Medicine Manufacturing Co., Ltd., Harbin, China) during the
dry-off period, and the farm followed the epidemic prevention and control procedures. All
experimental procedures were submitted to the experimental animal welfare and animal
ethics committee of China Agricultural University and approved (CAU2021009-2).

2.2. Sampling and Analysis

Individual feed intake was recorded daily using feed-weighing equipment (RIC sys-
tem, Insentec B.V., Marknesse, The Netherlands), and the samples of TMR and orts were
collected on the same day (the first day of every week). The TMR, orts, and ATC were used
to determine the nutrient composition, including dry matter (DM, 105 ◦C for 5 h), acid de-
tergent fiber (ADF), neutral detergent fiber (NDF), and crude protein (CP) contents [34,35].
Daily dry-matter intake (DMI) was calculated using Equation (1):

DMI = as fed TMR × dry matter content − ort × dry matter content (1)

The amino acid (AA) concentrations were analyzed with a Hitachi L-8900 automatic
AA analyzer (HITACHI High-Tech Corporation Ltd., Shanghai, China). The concentrations
of D-mannitol, galactomannan, 3’-deoxyadenosine, and ergosterol were determined using
liquid chromatography [36].

Milk yield was recorded electronically, and 50 mL of representative milk from each
cow was collected at 0, 30, 60, and 90 days using a diverter (BouMatic Company, Madison,
WI, USA). The 50 mL milk sample included 20 mL of milk from the 09:00 milking, 15 mL
from the 16:00 milking, and 15 mL from the 22:00 milking. Milk samples were stored at 4 ◦C
for further analysis of milk composition (protein, fat, lactose, urea nitrogen, and somatic
cell count) using a FOSS MilkoScanTM 7 (FOSS, Hillerod, Denmark).

Blood samples were collected from the tail vein of each cow into 5 mL Vacutainer
K2EDTA tubes (OLABO Biotechnology Co., Ltd., Jinan, China) at 0, 45, and 90 days after
morning feeding between 11:00 and 12:00. Blood serum was separated by centrifugation
(3000× g for 10 min at 4 ◦C) after sampling immediately and stored at −20 ◦C. At the
end of the experiment, all serum samples were analyzed using a GF-D200 Auto Analyzer
(Caihong Analytical Instrument Co., Ltd., Gaomi, China) to determine urea nitrogen
(SUN) and total amino acid (TAA) concentrations using standard commercial kits (BioSino
BioTechnology and Science Inc., Beijing, China). The superoxide dismutase (SOD), catalase
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(CAT), malondialdehyde (MDA), total oxidative capacity (TAC), and glutathione peroxidase
(GSH-Px) levels were determined by colorimetry using commercial kits (Nanjing Jian Cheng
Bioengineering Institute, Nanjing, China). Immunoglobulin A (IgA), immunoglobulin G
(IgG), and immunoglobulin M (IgM) concentrations were determined with ELISA kits
(Abcam, Cambridge, UK) using a Thermo Multiskan Ascent (Thermo Fisher Scientific,
Shanghai, China). The intra- and interassay coefficients of variations were both <10%.

Ruminal fluid was collected using an oral stomach tube after 2 h morning feeding
from six cows at 0 and 90 days in each group, which accounted for close to the average milk
production. The tube was cleaned thoroughly with fresh warm water after each sampling.
The first 150 mL of rumen fluid was useless, and subsequent rumen fluid was collected and
filtered through four layers of cheesecloth to obtain the fluid fraction. The fluid fraction
pH value was measured with a Sartorius PB-10 pH meter (Beijing Sartorius Instrument
Systems Co., Ltd., Beijing, China). The rumen fluid was stored in a 20 mL centrifuge
tube, then frozen at –20 ◦C for volatile fatty acid (VFA) analysis. The rest of the fluid was
stored in a 2 mL centrifuge tube and frozen at –80 ◦C for 16S sequencing. VFA content was
quantified using gas chromatography (Agilent 6890N, Agilent Technology, Inc., Beijing,
China), according to Kong et al [37].

Total DNA was extracted from 1 mL rumen fluid samples (thawing for 10 min) using
an E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manu-
facturer’s instructions. The DNA extract was analyzed on a 1% agarose gel, and DNA con-
centration and purity were determined using a NanoDrop 2000 UV–vis spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). The hypervariable region V3-V4 of the bacterial
16S rRNA gene was amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-
3’) and 806R (5′–GGACTACHVGGGTWTCTAAT-3′) using an ABI GeneAmp® 9700 PCR
thermocycler (ABI, Foster City, CA, USA) [38]. The PCR amplification of the 16S rRNA gene
was performed according to Kong et al [38]. The PCR product was extracted from a 2%
agarose gel and purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA) according to the manufacturer’s instructions, and quantified using a
Quantus™ Fluorometer (Promega, Madison, WI, USA). Purified amplicons were pooled
in equimolar amounts and paired-end sequenced on an Illumina MiSeq PE300 platform
(Illumina, San Diego, CA, USA).

The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered using
Fastp (Version 0.20.1, Haplox, Shenzhen, China) [39], and merged using FLASH version
1.2.7 (The Center for Computational Biology at Johns Hopkins University, MD, USA) [40]
with the criteria set according to Huang et al [41]. All samples were subsampled to equal
size of 25,122 sequences for downstream analysis. Operational taxonomic units (OTUs) with
a 97% similarity cutoff were clustered using UPARSE version 7.1 (Independent Investigator,
CA, USA) [42], and chimeric sequences were identified and removed. The taxonomy of each
OTU representative sequence was analyzed using the RDP Classifier version 2.2 (Center for
Microbial Ecology, Michigan State University, MI, USA) [43] against the 16S rRNA database
(e.g., Silva v138) using a confidence threshold of 0.7 [44]. The relative abundance of phylum
or genus ≥ 1% was used to consider the predominant phylum or genus. Alpha diversity
indices (observed richness, Chao1, ACE, Shannon, Simpson) and Good’s coverage were
obtained using the alpha rarefaction script in QIIME [45]. Principal coordinates analysis
(PCoA) was conducted by Bray–Curtis matrices in R (http://www.rstudio.com, accessed
on 3 May 2021). An analysis of similarities (ANOSIM) using Bray–Curtis distance matrices
was performed to test the statistical differences among the observed microbial profiles.

2.3. Statistical Analysis

The effects on feeding behavior, milk performance, serum variables, and rumen
fermentation parameters were analyzed using the Mixed procedure in Statistical Analysis
System 9.4 (SAS Institute Inc., Cary, NC, USA). Before analyses, data were screened for
normality using the Univariate procedure; the variables except for sequencing data met
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the assumptions for normality. A randomized block experimental design was used for the
month, treatment, and interaction of treatment and month according to the following model:

Yijkl= μ+Ai+Tj+ATij+Bk+εijkl (2)

where Y is the dependent variable, μ is the overall mean, Ai is the fixed effect of ATC
supplementation, Tj is the repeated effect, ATij is the interaction effect of A and T, Bk is the
block effect, and εijkl is the random residual error. Cows were used as the experimental
units. The linear and quadratic effects of the treatment on these variables were tested using
orthogonal polynomials, accounting for unequal spacing of ATC supplementation levels.
The results are presented as least-squares means and were separated using the PDIFF
statement when the fixed effects were significant. Significance was declared at p ≤ 0.05,
and tendencies were declared at 0.05 ≤ p ≤ 0.10.

The effects on alpha diversity indices and the relative abundance of genera were
assessed using the Kruskal–Wallis H test, and Dunn’s test was applied to conduct multiple
comparisons. All p-values were corrected using a false discovery rate of 0.05, and a corrected
p-value < 0.05 was considered significant. The data are presented as the mean ± standard
error (SEM). Spearman’s correlations were calculated between the relative abundances of
genera. Significant correlations were defined as −0.7 > r > 0.7, and p < 0.05.

3. Results

3.1. Feeding Behavior

Table 1 shows the effects of ATC supplementation on feeding behavior. In the third
month, 30 g/d ATC supplementation increased DMI (p < 0.05), whereas DMI/feeding
frequency, average DMI, and average feeding frequency were not changed after ATC
supplementation (p > 0.05). The different levels of ATC supplementation decreased feeding
duration and feeding duration/feeding frequency, and increased DMI/feeding duration
linearly (p < 0.05).

Table 1. Effect of different amounts of Acremonium terricola culture on feeding behavior in lactating
dairy cows.

Items
ATC Supplementation, g/d per Head

SEM
p-Value

0 30 60 300 G G × T L Q

DMI, kg/d
Average 21.70 21.95 21.91 21.87 0.103 0.36 0.56 0.71 0.66
0–30 d 21.93 22.01 22.16 21.84 0.182 0.17

30–60 d 21.38 21.52 21.59 21.68 0.170 0.21
60–90 d 21.81 b 22.32 a 21.97 ab 22.10 ab 0.159 0.04

Feeding frequency,
bouts/d
Average 20.33 20.71 21.65 21.15 0.540 0.27 0.32 0.35 0.90
0–30 d 19.85 b 21.28 ab 22.38 a 20.28 ab 0.884 0.04

30–60 d 19.91 19.45 19.86 21.47 0.826 0.09
60–90 d 21.24 21.41 22.70 21.70 0.769 0.22

Feeding duration, h/d
Average 4.40 a 3.67 c 3.57 c 3.97 b 0.038 <0.01 0.01 <0.01 <0.01
0–30 d 4.13 a 3.56 b 3.30 c 3.60 b 0.068 <0.01
30–60 d 4.48 a 3.64 c 3.53 c 3.96 b 0.064 <0.01
60–90 d 4.61 a 3.80 c 3.87 c 4.34 b 0.059 <0.01
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Table 1. Cont.

Items
ATC Supplementation, g/d per Head

SEM
p-Value

0 30 60 300 G G × T L Q

DMI/Feeding frequency,
kg/bouts
Average 1.08 1.07 1.03 1.04 0.026 0.37 0.32 0.50 0.83
0–30 d 1.13 1.05 1.02 1.10 0.043 0.06

30–60 d 1.08 1.12 1.09 1.01 0.040 0.06
60–90 d 1.03 1.05 0.97 1.02 0.037 0.16
Feeding

duration/Feeding
frequency, min/bouts

Average 13.07 a 10.74 b 10.01 c 11.35 b 0.261 <0.01 0.45 <0.01 0.20
0–30 d 12.70 a 10.17 bc 9.13 c 10.90 b 0.464 <0.01

30–60 d 13.52 a 11.32 b 10.68 b 11.12 b 0.434 <0.01
60–90 d 12.99 a 10.73 b 10.24 b 12.04 a 0.404 <0.01

DMI/Feeding duration,
kg/h

Average 4.94 d 6.01 b 6.18 a 5.55 c 0.066 <0.01 0.01 <0.01 0.04
0–30 d 5.37 c 6.20 b 6.73 a 6.08 b 0.107 <0.01

30–60 d 4.75 c 5.93 a 6.12 a 5.48 b 0.100 <0.01
60–90 d 4.71 c 5.89 a 5.70 a 5.10 b 0.093 <0.01

ATC, Acremonium terricola culture; SEM, standard error; DMI, dry-matter intake. The effects included group effect
(G) and the interaction effect of group and time (G × T), as well as linear (L) and quadratic effects (Q). Different
lowercase letters in the same row show significant differences (p < 0.05). n = 15.

3.2. Milk Performance

As shown in Table 2, the performances including milk yield, fat-corrected milk yield
(FCM), and energy-corrected milk yield (ECM) increased linearly and quadratically with
ATC supplementation level (p < 0.05). There were no significant differences between the
average milk yield and average ECM yield between the 60 g/d group and 300 g/d groups
(p > 0.05), which were both higher than those of cows in the 30 g/d and 0 g/d groups
(p < 0.05). The milk efficiency values both increased linearly with ATC supplementation
level (p < 0.05), while there was no difference between the 60 g/d ATC treatment and
300 g/d ATC treatment groups (p > 0.05).

Table 2. Effects of different amounts of Acremonium terricola culture on milk performance in lactating
dairy cows.

Items
ATC Supplementation, g/d per Head

SEM
p-Value

0 30 60 300 G G × T L Q

Milk yield, kg/d
Average 27.33 c 28.98 b 30.15 a 30.35 a 0.376 <0.01 0.98 <0.01 <0.01
0–30 d 28.56 b 29.75 ab 30.87 a 31.00 a 0.918 0.01
30–60 d 27.53 b 29.28 ab 30.38 a 30.57 a 0.896 <0.01
60–90 d 25.90 b 27.90 a 29.20 a 29.49 a 0.882 <0.01

FCM yield, kg/d
Average 32.73 b 34.95 ab 36.73 a 36.95 a 0.947 <0.01 1.00 <0.01 0.04
0–30 d 33.93 36.34 37.64 37.99 1.552 0.05

30–60 d 33.30 34.98 37.22 36.95 1.451 0.06
60–90 d 30.95 b 33.52 ab 35.32 a 35.92 a 1.350 0.02
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Table 2. Cont.

Items
ATC Supplementation, g/d per Head

SEM
p-Value

0 30 60 300 G G × T L Q

ECM, kg/d
Average 31.36 c 33.41 b 34.88 a 35.18 a 0.623 <0.01 0.98 <0.01 <0.01
0–30 d 33.26 34.89 35.96 36.13 1.107 0.05

30–60 d 31.38 b 33.54 ab 35.46 a 35.30 a 1.035 0.01
60–90 d 29.44 b 31.80 ab 33.24 a 34.10 a 0.963 <0.01

Milk yield/DMI
Average 1.26 c 1.32 b 1.38 ab 1.39 a 0.018 <0.01 0.99 <0.01 0.09
0–30 d 1.31 b 1.35 ab 1.40 a 1.42 a 0.021 0.01

30–60 d 1.29 b 1.36 ab 1.41 a 1.41 a 0.020 0.01
60–90 d 1.19 b 1.26 ab 1.33 a 1.34 a 0.017 <0.01

FCM/DMI
Average 1.51 b 1.60 ab 1.68 a 1.69 a 0.037 0.01 1.00 0.02 0.17
0–30 d 1.55 1.65 1.70 1.74 0.073 0.06

30–60 d 1.56 1.63 1.73 1.70 0.068 0.08
60–90 d 1.42 1.51 1.61 1.63 0.063 0.06

ECM/DMI
Average 1.45 b 1.53 b 1.60 a 1.61 a 0.032 <0.01 0.98 <0.01 0.07
0–30 d 1.52 1.59 1.63 1.66 0.053 0.05

30–60 d 1.52 b 1.56 ab 1.65 a 1.66 a 0.050 0.01
60–90 d 1.35 b 1.43 ab 1.52 a 1.55 a 0.046 0.01

ATC, Acremonium terricola culture; SEM, standard error; ECM, energy-corrected milk; FCM, fat-corrected milk;
DMI, dry-matter intake; Milk yield/DMI, kg of milk yield/kg of DMI; FCM/DMI, kg of FCM/kg of DMI;
ECM/DMI, kg of ECM/kg of DMI; ECM = 0.3246 × milk yield + 13.86 × milk fat yield + 7.04 × milk protein
yield; FCM = milk yield × 0.432 + milk fat yield × 16. The effects included group effect (G) and the interaction
effect of group and time (G × T), as well as linear (L) and quadratic effects (Q). Different lowercase letters in the
same row show significant differences (p < 0.05). n = 15.

Table 3 shows the effects of different amounts of ATC supplementation on milk
composition. Milk protein, milk fat, milk lactose, and milk urea nitrogen (MUN) were not
affected by ATC supplementation (p > 0.05). Milk protein yield, milk fat yield, and somatic
cell count (SCC) were linearly influenced by ATC supplementation (p < 0.05). The milk
protein yield in the first month was not increased after ATC supplementation (p > 0.05).
The milk protein yield in the second and third months and the average yield were increased
after 60 g/d and 300 g/d ATC supplementation (p < 0.05), but the milk protein yield and
milk fat yield did not differ between the 60 g/d and 300 g/d ATC supplementation groups
(p > 0.05). The SCC decreased in both a linear and quadratic manner after supplementation
with ATC (p < 0.05), but there was no significant difference between the 60 g/d and 300 g/d
ATC supplementation groups (p > 0.05).

Table 3. Effects of different amounts of Acremonium terricola culture on milk composition in lactating
dairy cows.

Items
ATC Supplementation, g/d per Head

SEM
p-Value

0 30 60 300 G G × T L Q

Milk protein, %
Average 3.81 3.83 3.82 3.83 0.064 0.99 0.80 0.48 0.37
0–30 d 3.98 3.93 3.88 3.86 0.105 0.37

30–60 d 3.71 3.81 3.88 3.83 0.098 0.22
60–90 d 3.73 3.74 3.70 3.80 0.091 0.46
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Table 3. Cont.

Items
ATC Supplementation, g/d per Head

SEM
p-Value

0 30 60 300 G G × T L Q

Milk protein yield, kg/d
Average 1.04 b 1.11 a 1.15 a 1.16 a 0.026 <0.01 0.85 <0.01 <0.01
0–30 d 1.14 1.17 1.20 1.20 0.042 0.30

30–60 d 1.02 b 1.12 ab 1.18 a 1.17 a 0.039 0.01
60–90 d 0.97 b 1.04 ab 1.08 a 1.13 a 0.037 0.01

Milk fat, %
Average 4.73 4.77 4.83 4.84 0.152 0.94 1.00 0.88 0.99
0–30 d 4.68 4.87 4.85 4.91 0.270 0.51

30–60 d 4.79 4.70 4.86 4.77 0.253 0.65
60–90 d 4.71 4.74 4.79 4.85 0.235 0.69

Milk fat yield, kg/d
Average 1.29 b 1.38 ab 1.46 a 1.47 a 0.053 0.04 1.00 0.03 0.15
0–30 d 1.33 1.45 1.50 1.52 0.087 0.11

30–60 d 1.32 1.38 1.48 1.46 0.081 0.16
60–90 d 1.22 1.32 1.40 1.43 0.076 0.07

Milk lactose, %
Average 5.08 5.09 5.04 5.06 0.034 0.73 0.95 0.18 0.45
0–30 d 5.15 5.12 5.08 5.10 0.060 0.41

30–60 d 4.99 5.05 5.02 5.03 0.056 0.48
60–90 d 5.09 5.09 5.01 5.04 0.052 0.29

Milk lactose yield, kg/d
Average 1.39 c 1.48 b 1.52 ab 1.54 a 0.02 <0.01 <0.01 <0.01 0.04
0–30 d 1.47 b 1.52 ab 1.57 a 1.58 a 0.03 0.02

30–60 d 1.38 b 1.48 a 1.52 a 1.54 a 0.03 <0.01
60–90 d 1.32 b 1.42 a 1.46 a 1.49 a 0.03 <0.01

Milk urea nitrogen,
mg/dL
Average 17.23 16.70 17.13 18.18 0.715 0.49 0.95 0.84 0.74
0–30 d 14.76 14.26 15.33 17.07 1.105 0.10

30–60 d 16.32 15.29 15.70 16.10 1.270 0.56
60–90 d 20.61 20.56 20.37 21.38 1.105 0.54

SCC, ×1000/mL
Average 68.06 a 52.23 b 47.90 bc 43.68 c 2.705 <0.01 0.42 <0.01 <0.01
0–30 d 67.23 a 58.60 ab 52.98 bc 41.85 c 4.809 <0.01
30–60 d 70.73 a 44.73 b 44.64 b 45.25 b 4.496 <0.01
60–90 d 66.23 a 53.35 ab 46.09 b 43.96 b 4.182 <0.01

ATC, Acremonium terricola culture; SEM, standard error; SCC, somatic cell count. The effects included group effect
(G) and the interaction effect of group and time (G × T), as well as linear (L) and quadratic effects (Q). Different
lowercase letters in the same row show significant differences (p < 0.05). n = 15.

3.3. Serum Variables

Figure 1 shows the summary of the statistics for serum variables, including antioxidant
capacity, immune function, and metabolites. On day 0, there was no significant difference on
any serum variables among the four groups (Figure 1; p > 0.05). For antioxidant capacity, the
CAT and TAC concentrations increased linearly after ATC supplementation (Figure 1A,C;
p < 0.05). On day 90, the 60 g/d and 300 g/d ATC supplementation increased CAT, TAC,
and GSH-Px concentrations (Figure 1A,C,E; p < 0.05). Only 300 g/d ATC supplementation
increased SOD concentration on day 90 (Figure 1D; p < 0.05). For immune function,
the ATC supplementation did not influence IgG concentration (Figure 1G; p > 0.05), but
significantly increased IgA and IgM concentrations on day 90 (Figure 1F,H; p < 0.05). The
IgA concentration increased linearly, and the IgM concentration increased quadratically
after ATC supplementation (Figure 1F,H; p < 0.05). However, there were no differences
among the 30 g/d, 60 g/d, and 300 g/d supplementation groups on day 45 and day 90
(Figure 1F,H; p > 0.05). For metabolites in the serum, the glucose concentration of the
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300 g/d group was lower than in the 0 g/d group on day 45 (Figure 1I; p < 0.05). The
SUN concentration was not affected by ATC supplementation (Figure 1J; p > 0.05). The
TAA concentration increased linearly after ATC supplementation (Figure 1K; p < 0.05), and
was higher in 300 g/d group on day 45 than in the 0, 30, and 60 g/d groups (Figure 1K;
p < 0.05).

 

Figure 1. Effects of different amounts of Acremonium terricola culture on serum variables in lactating
dairy cows. The serum variables were divided into three groups, including antioxidant capacity
(A–E), immune function (F–H), and metabolites (I–K). Serum variables of dairy cows fed a diet with
supplementation of ATC at 0, 30, 60, or 300 g/d were used. The effects included group effect and the
interaction effect of group and time, as well as linear and quadratic effects. Different lowercase letters
denote significant differences among treatments (p < 0.05). ATC, Acremonium terricola culture; CAT,
catalase; MDA, malonaldehyde; TAC, total oxidative capacity; GSH–Px, glutathione peroxidase; SOD,
superoxide dismutase; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M;
SUN, serum urea nitrogen; TAA, total amino acids. Mean ± SEM. n = 15.

3.4. Rumen Fermentation Parameters

From the data in Figure 2, we observed a linear decrease in the rumen pH, and the pH
of the 0 g/d group was higher than in other groups on day 90 (Figure 2A; p < 0.05). The
supplementation did not affect ruminal NH3-N, propionate, butyrate, or valerate concen-
trations (Figure 2B,E–G; p > 0.05). Treatment significantly affected the molar proportion
of propionate with no linear or quadratic effects (Figure 2J), and the molar proportion of
butyrate decreased after 60 g/d and 300 g/d supplementation at day 90 (Figure 2K). The
total volatile fatty acid (TVFA), acetate, and branched volatile fatty acid (BVFA) concentra-
tions increased linearly with ATC supplementation (Figure 2C,D,H; p < 0.05), but the molar
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proportion of acetate only significantly increased after 60 g/d and 300 g/d supplementation
at day 90 compared with that of the 0 g/d group (Figure 2I; p < 0.05). The TVFA and acetate
concentrations were higher in cows fed with 60 g/d and 300 g/d of ATC at day 45, and
were higher in the 30, 60, and 300 g/d groups on day 90 than that of those fed with 0 g/d
of ATC (Figure 2C,D; p < 0.05).

 

Figure 2. Effects of different amounts of Acremonium terricola culture on rumen pH (A), NH3-N (B),
and volatile fatty acids (C–K) in lactating dairy cows. The VFA are expressed as concentration (C–H)
and molar proportion (I–K). The effects included group effect and the interaction effect of group and
time, as well as linear and quadratic effects. Different lowercase letters denote significant differences
among treatments (p < 0.05). ATC, Acremonium terricola culture; TVFA, total volatile fatty acid; BVFA,
branched volatile fatty acid; Mean ± SEM. n = 15.

3.5. Diversity of Rumen Microbiota

Next, we assessed the diversity of rumen microbiota. The range for Good’s coverage
was 99.05–99.25%, indicating a good sequencing depth (Supplementary Table S3). The
16S rRNA sequencing showed a total of 1583 OTUs across all samples, with 97% similarity
(Figure 3A–F). Rarefaction curves and Shannon curves showed a decreased number of new
OTUs and Shannon index as the sequencing number increased (Figure 3G,H). A total of
1435, 1407, 1399, and 1198 OTUs were shared between day 0 and day 90 in the 0, 30, 60, and
300 g/d groups, respectively (Figure 3A–D). A total of 1365 and 1079 OTUs were shared
among the four groups on day 0 and day 90, respectively. The alpha diversity analysis
shows that there were no significant differences among these groups at day 0 (Figure 3I–M).
At day 90, 300 g/d ATC supplementation significantly decreased Sobs, Chao1, ACE, and
Shannon indices, and significantly increased the Simpson index when compared with those
of other groups (Figure 3I–M; p < 0.05). There were significant differences between the
60 g/d group and the 0 g/d group with regards to alpha diversity indices, except for the
Simpson index (Figure 3I–M; p < 0.05). The 30 g/d ATC supplementation only significantly
decreased the Sobs index when compared with that of the 0 g/d group (Figure 3I; p < 0.05).
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Figure 3. OTU number and alpha diversity responses of the ruminal microbiota to Acremonium terri-
cola culture supplementation in lactating dairy cows. (A–F) Venn diagrams showing the number of
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OTUs in the 0 g/d (A), 30 g/d (B), 60 g/d (C), and 300 g/d (D) groups at day 0 (E) and day 90 (F);
(G) Shannon curves; (H) rarefaction curves; (I–M) alpha diversity. Different lowercase letters denote
significant differences among treatments (Figure 3I–M, p < 0.05). OTU, operational taxonomic unit.
Mean ± SEM. n = 6.

The PCoA was conducted based on the OTU level with ANOSIM analysis to test the
statistical differences among the groups (Figure 4). No clear separation was found for
rumen bacteria at day 0 (p > 0.05). The results showed distinct clustering according to the
amount of ATC at day 90 (p < 0.05).

 

Figure 4. Bate diversity responses of the rumen microbiota to Acremonium terricola culture supple-
mentation in lactating dairy cows on day 0 (A) and day 90 (B). Rumen microbiota of dairy cows
fed a diet with supplementation of ATC at 0, 30, 60, or 300 g/d were used. Analysis of similarities
(ANOSIM) using Bray–Curtis distance matrices was used to test the statistical differences. n = 6.

3.6. Microbial Profiles of Rumen Microbiota

Among the phyla detected in the rumen (Figure 5A), Firmicutes (52.65± 1.17), Bacteroidota
(41.39 ± 1.24), Actinobacteriota (2.41 ± 0.40), Proteobacteria (1.20 ± 0.20), and Patescibacteria
(1.11 ± 0.10) were predominant, followed by Spirochaetota (0.57 ± 0.05). The predominant
genera (Figure 4B) were Prevotella (25.91 ± 1.94), NK4A214_group (6.18 ± 0.58), Succiniclas-
ticum (6.04 ± 0.84), Lachnospiraceae_NK3A20_group (5.59 ± 0.52), Ruminococcus (3.83 ± 0.39),
Erysipelotrichaceae_UCG–002 (2.69 ± 0.95), Christensenellaceae_R–7_group (2.65 ± 0.28), Acetito-
maculum (2.58 ± 0.32), Rikenellaceae_RC9_gut_group (2.44 ± 0.27), Syntrophococcus (1.92 ± 0.61),
Shuttleworthia (1.73 ± 0.47), Ruminococcus_gauvreauii_group (1.28 ± 0.19), Prevotellaceae_UCG–001
(1.26 ± 0.08), Olsenella (1.25 ± 0.37), and Prevotellaceae_UCG–003 (1.02 ± 0.10). Notably, 14.87%
of reads recovered from the rumen could not be confidently assigned at the genus level.
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Figure 5. Composition of the rumen microbiota at the phylum level (A) and genus level (B) before
(day 0) and after (day 90) of Acremonium terricola culture supplementation in lactating dairy cows.
The relative abundance of taxa ≤ 0.01% belonged to others. n = 6.

3.7. Changes in the Rumen Bacterial Composition with Acremonium terricola Culture
Supplementation

To explore the interactions within genera, we used network analysis based on strong and
significant correlations of core genera between the 0 g/d group and ATC-treatment groups.
The network, including both 0 g/d and 30 g/d groups (Figure 6A), consisted of eight nodes
(core genera) and seven edges (relations). Acetitomaculum and Lachnospiraceae_NK3A20_group
had positive correlations, and Syntrophococcus and Ruminococcus_gauvreauii_group also
had positive correlations (Figure 6A). Similar to the network mentioned above, the net-
work analysis from 0 g/d and 60 g/d showed that Lachnospiraceae_NK3A20_group had
a positive correlation with Acetitomaculum and Christensenellaceae_R–7_group (Figure 6B).
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This network consisted of 15 nodes and 19 edges, whereas 11 of the 15 nodes belonged
to Firmicutes (Figure 6B). The last network of 0 g/d and 300 g/d showed 17 nodes and
33 edges. Acetitomaculum and Christensenellaceae_R–7_group were also found in the net-
works (Figure 6C). Furthermore, 10 of the 17 nodes belonged to Firmicutes (Figure 6C). The
genera Syntrophococcus, Shuttleworthia, Erysipelotrichaceae_UCG–003, and Olsenella were part
of the network (Figure 6C).

 

Figure 6. The network of co-occurring genera within the rumen microbiota supplied with different
amounts of Acremonium terricola culture: (A) 0 and 30 g/d; (B) 0 and 60 g/d; (C) 0 and 300 g/d. The
figure shows genera based on Spearman’s correlation. The nodes represent the core genera, and the
size of each node is proportional to the degree. The edges stand for strong (Spearman’s correlation
coefficient r > 0.7 or r < −0.7) and significant (p < 0.05) correlations between core genera. The nodes
are colored based on phylum. Red and blue lines represent positive and negative correlations between
two nodes, respectively.

We then conducted the Kruskal–Wallis H test to filter significantly different core
genera (relative abundance ≥ 1%), as shown in Figure 7. The results showed that the
relative abundance of Lachnospiraceae_NK3A20_group and Christensenellaceae_R–7_group
increased after 60 g/d supplementation compared to that in the 0 g/d group (p > 0.05). The
cows fed 300 g/d ATC had a lower relative abundance of Lachnospiraceae_NK3A20_group,
Christensenellaceae_R–7_group, Rilkenellaceae_RC9_gut_group, and Shuttleworthia than that
of cows fed 30 g/d and 60 g/d (p < 0.05), while there was a higher relative abundance
of Erysipelotrichaceae_UCG_002, Acetitomaculum, and Olsenella than that of cows fed 0, 30,
and 60 g/d (p > 0.05). The relative abundance of Syntrophococcus was also significantly
increased in the 300 g/d group compared to that in the 0 g/d group (p > 0.05).
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Figure 7. Effects of different levels of Acremonium terricola culture supplementation on the relative
abundance of ruminal core genera (≥1%) in lactating dairy cows. The figure only shows the signifi-
cantly different genera. The Kruskal–Wallis H test was used. *, 0.01 < p ≤ 0.05; **, 0.001 < p ≤ 0.01;
***, p ≤ 0.001. n = 6.
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4. Discussion

ATC is a new type of new feed additive with functional components similar to those
of Cordyceps. The positive effects of ATC on livestock production and health have been
reported in rats [16], calves [17], and dairy cows [19]. However, their pharmacological
and biochemical actions, particularly in applications in ruminants, have not been clearly
elucidated. In our study, DMI was not affected, regardless of the ATC dosage. Individual
DMI is critical, because insufficient intake represents limited milk synthesis. The unaltered
DMI agreed with the results of previous studies showing that ATC or Cordyceps spp.
supplementation improved body weight and feed efficiency rather than DMI [17,19,46,47].
However, we noted differences in feeding behavior. Dairy cows treated with ATC had a
shorter feeding duration. Although lying time and rumination time were not measured
in this study, this result implied that the dairy cows might have a longer time to lie and
ruminate after feeding. Increased rumination time and lying time have long been associated
with increased milk performance, with the general belief that rumination increases the
surface area of feed particles, making them more accessible to microbes [48], and increased
lying time is associated with decreased lameness [49]. This is in agreement with the higher
milk performance observed in this study.

Consistent with the report of Li et al. [32], we observed that supplemental ATC im-
proved milk yield linearly without influencing DMI, resulting in improved milk efficiency.
Although maximum yields of milk and milk efficiency were obtained at 300 g/d ATC,
increasing the dosage from 60 g/d to 300 g/d had a limited positive effect on milk perfor-
mance. Many factors may have contributed to this response. Lactose yield determines the
amount of absorbed water in the alveoli, and thus, the volume of the produced milk [50].
Approximately 20% of the circulating blood glucose in dairy cows is converted into lac-
tose [50]. Thus, it is not surprising that ATC supplementation increased milk lactose yield.
Moreover, Costa et al. [51] demonstrated that SCC was negatively correlated with milk
yield and milk lactose percentage. SCC is a well-established indicator of mammary gland
inflammation, which is highly correlated with the presence of a mammary infection. The
dairy cows used in our study had less than 150,000 cells/mL SCC among all treatments,
which was considered healthy, and had low clinical mastitis incidence [52]. The SCC in milk
decreased quadratically in cows fed different levels of supplemental ATC, with the highest
decrease in cows fed ATC at 300 g/d. Many studies have demonstrated that cordycepin and
galactomannan in Cordyceps or ATC functioned as antioxidants. Li et al. [16] indicated that
ATC played anti-inflammatory and antioxidant roles by inhibiting the mitogen-activated
protein kinase signaling pathway, and ATC increased the TAC and GSH-Px concentrations
in dairy cows when fed up to 30 g/d [32]. Waewaree et al. [53] also indicated that weaned
pigs fed a diet supplemented with the spent mushroom compost of Cordyceps militaris
displayed greater immunoglobulin secretion, lower inflammation, and a lower pathogenic
population. These data indicated that ATC had positive effects on immune and antioxidant
functions, which was consistent with the serum variables and SCC changes in our study. We
speculated that a possible explanation for our results was that ATC improved the immune
function and antioxidant capacity of cows, thereby decreasing SCC and improving milk
yield. Moreover, when cows were fed with 60 g/d and 300 g/d of ATC, ECM and FCM
yields were greater at 60–90 days than those in 0 g/d and 30 g/d, which might have been
due to the adaptation periods of the cows to the ATC.

According to the CP concentration in ATC in our study, 30, 60, and 300 g/d ATC sup-
plementation supplied a total of 7.36, 14.72, and 73.59 g/d CP for cows, respectively. Barros
et al. [54] found that a linear response to increasing dietary CP concentration increased
MUN concentration and milk protein yield, which was inconsistent with the unchanged
MUN and SUN concentrations in our study. This discrepancy is potentially explained by
the benefits of balancing more adequate amounts of AA in the diet for N efficiency [55].
SUN and MUN concentrations can be used as indicators of microbial protein synthesis and
N efficiency. Some N-NH3 in the rumen, which is not used for microbial protein synthesis
and absorbed from the rumen, would be used to produce urea in the liver, which consumes
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energy and reduces N utilization [56]. Thus, the unchanged N-NH3 concentration in the
rumen indicated that extra N intake from ATC supplementation contributed to microbial
protein synthesis, rather than N-NH3 production. Many studies have demonstrated that
the supply of intestinally available limiting AA is pertinent to milk yield and milk protein
yield by decreasing protein mobilization and increasing accretion [57,58]. According to
the AA profile of ATC, TAA accounted for 17.27% of ATC (DM basis). Hence, under the
current experimental conditions, ATC supplementation improved milk protein yield in a
quadratic manner, possibly by reducing urea synthesis to save energy for protein synthesis
and improve the balance of available AA in the mammary gland of lactating cows. Fur-
ther studies on ruminal digestibility and intestinal availability of ingredients (cordycepin,
D-mannitol, galactomannan, AA) of ATC will be useful in formulating an accurate ration.

Chen et al. [59] reviewed the toxicity of known metabolites identified from Cordyceps
fungi and concluded that different compounds showed antimicrobial activity, and may
have the potential to threaten the safety of the poultry industry. However, Ramos et al. [60]
revealed that weaned pigs fed 1.5 g/kg of Cordyceps militaris spent mushroom compost
showed reduced populations of pathogenic Gram-negative E. coli and increased populations
of beneficial Lactobacillus spp. These different observations were partially attributed to the
different species (over 1000) of Cordyceps fungi [59]. Hence, we evaluated the effects of ATC
on the microbiota responses of dairy cows. No differences in bacterial diversity on day
0, and decreases in bacterial richness and evenness at day 90 after ATC treatment, were
identified in this study, indicating that ATC supplementation depressed the microbiota.
Furthermore, the common OTUs between day 0 and day 90 among these groups, as well
as alpha diversity on day 90, changed with increasing levels of ATC supplementation,
suggesting that ATC depressed the microbiota in a dose-dependent manner in dairy cows
fed with increasing levels of ATC.

The pH and VFA concentrations are the indicators of rumen function and the ru-
minal environment. It has been reported that ATC increased CP digestibility of three
types of roughage [19], and dairy cows fed ATC had an increased abundance of cellu-
lolytic, proteolytic, and amylolytic bacteria in the rumen, which resulted in enhanced
ruminal fermentation with increased VFA production and a decreased pH [32]. Unlike
RT–PCR detection of selected bacterial species in a previous study [32], the changes in
rumen microbiota in our study were analyzed using 16S gene sequencing. Although the
microbiota was depressed, 30, 60, and 300 g/d ATC supplementation resulted in decreased
pH and increased TVFA concentration. Reductions in the richness and diversity of mi-
crobiota in the rumen have been associated with higher production efficiency in dairy
cattle [61]. According to the network of co-occurring genera and the Kruskal–Wallis H
test, certain genera showed a strong and significant interaction with each other, and may
contribute to increased milk performance. As the most abundant genera in the Firmi-
cutes, Lachnospiraceae_NK3A20_group was characterized by cellulose-decomposing activity
and starch hydrolysis, which could produce acetate and formate, among others [62]. The
Christensenellaceae_R–7_group, belonging to the family Christensenellaceae, produces acetate
and butyrate, with the ability to utilize arabinose, glucose, and mannose [63]. Galactoman-
nan in ATC may support the growth of Christensenellaceae_R–7_group. Acetitomaculum is
also an acetogenic genus that utilizes formate, glucose, and hydrogen to reduce methane
production [64]. Finally, Olsenella ferments starch and glycogen substrates and produces
lactic, acetic, and formic acids [65]. These findings corroborated our results, in which
TVFA and acetate concentrations and molar proportions of acetate were increased. In truth,
different taxa are associated with feed efficiency and methane emissions. Ramayo-Caldas
et al. [66] identified a higher abundance of the Christensenellaceae and Lachnospiraceae
families associated with methane production in dairy cows, and McLoughlin et al. [67]
found that the genera Olsenella and Acetitomaculum exhibited negative associations with
the feed conversion ratio and average daily gain, respectively. Our study was limited by
the absence of methane emissions analysis, and further studies could provide more reliable
estimates of the microbiota contribution to energy flow. Overall, although 30 g/d and
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60 g/d ATC supplementation were linked to lower richness of microbiota, a simpler bacte-
rial composition could result in increased dominance of specific functional components,
which led to higher concentrations of products that were relevant to the dairy cows.

The extent of variability in OTU richness and diversity between groups was mostly
associated with significant alterations in the microbiota [68,69]. The greatest changes in
microbiota were obtained from the 0 g/d group to 300 g/d group, rather than the 30 g/d
or 60 g/d groups. As described above, the abundance of Lachnospiraceae_NK3A20_group,
Christensenellaceae_R–7_group, and Acetitomaculum was increased in the 30 g/d and 60 g/d
groups, but decreased in the 300 g/d group, compared with that in the 0 g/d group, fol-
lowed by that of Rilkenellaceae_RC9_gut_group. Rilkenellaceae_RC9_gut_group belongs to
the family Rilkenellaceae, which are specialized for the tract environment, with anaerobic
metabolisms, and the metabolic end-products (acetate, propionate, and succinic acid) are
produced from glucose, lactose, and mannose [70]. Conversely, the decrease in the relative
abundance of these genera may be attributed to high doses of cordycepin. A previous
study found that just 30 g/d of ATC supplementation decreased the relative abundance
of Fibrobacter succinogenes in the rumen of dairy cows, which are highly specialized in
cellulose degradation [32]. This was similar to the findings of Huang et al. [71], who also
observed cordycepin as an efficient killer of Mycobacterium tuberculosis and Mycobac-
terium bovis. Cordycepin showed antibacterial activity in these studies. Additionally, the
interaction between protozoa and bacteria (influenced by ATC) also partly explained the
depressed genera. The interaction of ciliates with other microbial groups in the rumen
has been previously reported, documenting predation on other rumen microbes, such as
bacteria, fungi, and protozoa as well [72]. Li et al. [32] reported that ATC supplementation
improved the relative abundance of ciliate protozoa. Hence, we speculated that ATC
reshaped the bacterial structure in the rumen of dairy cows by regulating ciliate protozoa.
Moreover, we noted that inoculation of defaunated sheep with protozoa further promoted
an increase in the abundance of Syntrophococcus [73], which agreed with our results.

The relative abundance of the three genera showed significant enrichment in the
300 g/d group; namely, Erysipelotrichaceae_UCG_002, Syntrophococcus, and Shuttleworthia,
rather than in the 30 g/d or 60 g/d groups. Erysipelotrichaceae_UCG_002 belongs to the
Erysipelotrichaceae family and has been previously reported to be associated with VFA
synthesis and energy generation. Hao et al. [74] indicated that Erysipelotrichaceae_UCG_002,
Syntrophococcus, and Shuttleworthia were negatively correlated with rumen pH, and spec-
ulated that these genera were involved in fiber digestion. Acetate is the end product of
fiber decomposition. Our results indicated that 300 g/d ATC supplementation changed
the bacterial composition and enhanced fiber digestion differently compared with the
30 g/d or 60 g/d groups, and resulted in the same improvement of VFA production and
modification of pH.

5. Conclusions

Feeding different levels of ATC to lactating dairy cows improved milk yield without
affecting DMI, thus increasing milk protein yield. The improvement in milk yield was likely
related to improved immune function and antioxidant capacity, which led to decreased SCC,
or possibly was due to the improvement in rumen fermentation with a simpler bacterial
composition, which favored more effective digestion to produce VFA. Under the current
experimental conditions, the optimal dose of ATC supplementation was approximately
60 g/d. The 300 g/d high-dose ATC reshaped the microbiota differently without effects
on milk performance when compared with 60 g/d ATC, suggesting that the microbiota
responded differently to the individual active components in ATC at increased concentra-
tions. Hence, experiments to test the effects of purified active components (e.g., cordycepin,
D-mannitol, galactomannan) on microbiota are needed to provide more information on
ATC as a feed additive.
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Abstract: Melatonin (MT) is a bio-antioxidant that has been widely used to prevent pregnancy
complications, such as pre-eclampsia and IUGR during gestation. This experiment evaluated the
impacts of dietary MT supplementation during pregnancy on reproductive performance, maternal–
placental–fetal redox status, placental inflammatory response, and mitochondrial function, and
sought a possible underlying mechanism in the placenta. Sixteen fifth parity sows were divided into
two groups and fed each day of the gestation period either a control diet or a diet that was the same
but for 36 mg of MT. The results showed that dietary supplementation with MT increased placental
weight, while the percentage of piglets born with weight < 900 g decreased. Meanwhile, serum and
placental MT levels, maternal–placental–fetal redox status, and placental inflammatory response
were increased by MT. In addition, dietary MT markedly increased the mRNA levels of nutrient
transporters and antioxidant-related genes involved in the Nrf2/ARE pathway in the placenta.
Furthermore, dietary MT significantly increased ATP and NAD+ levels, relative mtDNA content, and
the protein expression of Sirt1 in the placenta. These results suggested that MT supplementation
during gestation could improve maternal–placental–fetal redox status and reproductive performance
by ameliorating placental antioxidant status, inflammatory response, and mitochondrial dysfunction.

Keywords: melatonin; oxidative stress; placenta; mitochondria; fetal growth; sow

1. Introduction

Rapid fetal growth during pregnancy leads to increased metabolic burdens on preg-
nant women or dams, causing elevated systemic oxidative stress [1,2]. Accumulating
evidence suggests that maternal oxidative stress is associated with the occurrence of ad-
verse pregnancy outcomes, such as preterm birth, preeclampsia, low birth weight, and fetal
death [3,4]. The placenta is the only site for the transfer of nutrients to the fetus during
gestation; thus, the placenta’s health and function are closely associated with the develop-
ment of a healthy fetus [5]. However, the placenta is extremely sensitive to oxidative stress
due to its high metabolic activity and extensive cell division [6]. In the placenta, DNA
damage, lipid peroxidation, and protein denaturation caused by reactive oxygen species
(ROS) can alter placental function, leading to a reduced capacity for the transfer of oxygen
and nutrients to the fetus [7]. Dietary antioxidants can enhance the antioxidant status
of gestating mammals, which has been considered to be an effective strategy to prevent
adverse pregnancy outcomes [8].

Antioxidants 2021, 10, 1867. https://doi.org/10.3390/antiox10121867 https://www.mdpi.com/journal/antioxidants269



Antioxidants 2021, 10, 1867

Melatonin (MT) is primarily synthesized and released by the pineal gland, and has
antioxidant, anti-apoptotic, and anti-inflammatory effects [9,10]. As a robust antioxidant,
MT can directly scavenge ROS and also stimulate antioxidant enzymes. In addition to
the pineal gland, the placenta has been considered as the major extrapineal organ of MT
synthesis during gestation [11]. MT can easily and quickly pass across the placental barrier
and enter fetal circulation, and is considered to be vital for placental functions and fetal
growth [12]. Maternal MT supplementation during gestation has arisen as a plausible way
to improve reproductive performance in several animal models. A previous study reported
that MT could protect mice against lipopolysaccharide-induced intrauterine fetal death
and IUGR via its antioxidant and anti-inflammatory properties [13]. Additionally, maternal
dietary MT supplementation from mid-to late-gestation has been linked to alterations in
utero-placental hemodynamics and amino acid flux, negating the consequences of IUGR in
ewes [14,15]. Although MT has been shown to improve fetal growth by increasing utero-
placental blood flow and/or its antioxidant and anti-inflammatory effects, its underlying
molecular mechanisms in placental growth and function have rarely been investigated.

With the progress of pregnancy, the placenta requires lots of energy to support rapid
fetal growth, and mitochondria are critical as the primary sources of cellular energy [16].
Mitochondria are not only the main sites of ROS formation, but also a target of ROS attack,
which may lead to changes in their function [17,18]. A previous report has found that
maternal oxidative stress is closely related to placental mitochondrial dysfunction [19].
It has been suggested that placental mitochondrial dysfunction can affect subsequent
fetal and placental growth [17,19]. Recently, Yang et al. reported that in aged oocytes,
MT suppressed ROS production and reduced mitochondrial dysfunction [20]. However,
there is limited research about the impacts of MT on placental mitochondrial function in
pregnant mammals.

To our knowledge, no data are available currently regarding the effects of dietary MT
supplementation during gestation on the reproductive performance and antioxidants
status of sows, despite the fact that sows are increasingly used as animal models in
biomedical researches on human pregnancy because of their similarity in terms of metabolic,
inflammatory, gastrointestinal, and cardiovascular features [21]. Additionally, the placenta
is a complex and transient organ that plays an important role in fetal development through
its nutrients and hormone exchange functions between mother and fetus [22]. Placental
dysfunction in human and sows has been implicated in disorders of maternal health and
fetal growth [23,24]. Therefore, in this study, we hypothesized that dietary supplementation
with MT in sow diets may improve reproductive performance by ameliorating maternal–
placental–fetal redox status and placental mitochondrial dysfunction. The current study
was carried out to verify the above hypotheses by evaluating the effects of MT on the
reproductive performance, maternal–placental–fetal redox status, placental inflammatory
response, and mitochondrial function.

2. Materials and Methods

The study was approved by the animal care and use committee of Sichuan Agricultural
University (DKYB20131704).

2.1. Animals and Diet Design

A total of 16 Large White × Landrace fifth parity sows (3 years old) with similar backfat
thickness were selected and inseminated with semen from the same Duroc boar. After
artificial insemination, sows with their litters were randomly assigned to two treatment
groups (n = 8 per group) and provided with a control diet (CON) or the same control diet
containing 36 mg of MT (Sangon Biotech, Shangshai, China). Sows had similar starting
weights between the two groups (CON: 225 ± 3.95 vs. MT: 216 ± 4.69 kg; p = 0.21). The
dosage of MT was selected according to a previous study [25]. Feed was offered once daily
at 14:00. Sows were fed 2.23 kg/d from mating until d 90 of gestation and 2.63 kg/d from
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d 91 of gestation until parturition. Sows were transferred to farrowing crates on d 107
of gestation.

MT was dissolved in absolute ethanol (12 mg/mL). The day prior to feeding, 3 mL of
MT solution was absorbed onto 800 g of the CON diet in a plastic bag. The ethanol was
allowed to evaporate overnight at room temperature and the individual plastic bags were
sealed. The non-MT supplemented diet (800 g) was prepared in the same manner except
that MT was not added to the ethanol. After the sows consumed the 800 g of modified feed,
the remainder of the CON diet was given. In view of avoiding effects of lighting programs
on the sows’ physiology and MT secretion (MT secretion is inhibited by light and stimulated
by darkness), a lighting schedule of 12 h light and 12 h dark (darkness from 20:00 to 08:00)
was used for the whole experiment. The control diet was formulated according to National
Research Council (2012) recommendations [26]. The dietary ingredients and nutritional
levels are listed in the Supplementary Materials, Table S1. All sows were allowed to drink
water ad libitum throughout this study.

The numbers of total piglets born, alive, stillborn, and mummified, were recorded,
and their individual weights were obtained at parturition. The number of low BW piglets
(piglets born alive with weight < 900 g) was recorded. In addition, 16 new-born piglets
(1 piglet per litter with the BW closest to the average BW of the litter) were selected before
ingesting colostrum, and the placentas of selected piglets were collected.

2.2. Blood Sample Collection

Maternal blood samples (5 mL) were obtained from the ear vein on days 90 and 110 of
gestation and on farrowing day. In addition, maternal ear vein blood samples (3 mL) were
collected at 14:00 (prior to feeding), 17:00, and 20:00 (lights off) on day 102 of gestation. Each
selected piglet was anaesthetized with sodium pentobarbital (30 mg/kg BW), and blood
samples (5 mL) were obtained from the jugular vein. All blood samples were centrifuged
at 3000× g at 4 ◦C for 15 min to obtain the serum, and immediately frozen at −80 ◦C for
subsequent analyses.

2.3. Tissue Sample Collection

Sows were monitored continuously throughout parturition, and each piglet was
matched to the corresponding placenta using the umbilical tagging procedure, as previously
reported [27]. During sow farrowing, each umbilical cord was tied with a short silk line
which was attached to a numbered tag to match the birth order of the piglets, so that when
the umbilical retracted into the birth canal, it could easily be identified [19]. After placental
expulsion and weight recording, approximately 3 g of placental tissue (4 to 5 cm from the
cord insertion point) was collected, then immediately placed in liquid nitrogen and stored
at −80 ◦C for subsequent analyses.

2.4. Analysis of Oxidative Stress Parameters in Serum and Placenta

The contents of total antioxidant capacity (T-AOC; catalogue no. A015-2-1) and mal-
ondialdehyde (MDA; catalogue no. A003-1-2), and the activities of glutathione peroxidase
(GSH-Px; catalogue no. A005-1-2), catalase (CAT; catalogue no. A007-1-1) and superoxide
dismutase (SOD; catalogue no. A001-1-2) in serum and placenta were determined using
assay kits (Jiancheng Bioengineering Institute, Nanjing, China). Before the assays, the
placental tissues were homogenized in ice-cold saline solution (1:9, w/v), and centrifuged
at 3000× g for 10 min at 4 ◦C. The supernatants were collected for the analysis. The T-AOC
was measured using the colorimetric method described by Wan et al. [28] and detected
the absorbance value at 520 nm with colored and stable chelates when combined with
phenanthroline. One unit (U) of T-AOC was defined as per milligram of tissue protein or
per milliliter of serum with an increasing absorbance of 0.01 in 1 min. MDA concentrations
were determined using the thiobarbituric acid method [29], which is based on the reaction
of MDA with thiobarbituric acid to form a pink chromogen that can be spectrophoto-
metrically determined at 532 nm. The GSH-Px activity was determined according to the
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method of Zhang et al. [30] by quantifying the rate of hydrogen peroxide-induced oxidation
of reduced glutathione (GSH) to oxidized glutathione (GSSG). A yellow product, with
absorbance at 412 nm, was formed on reaction of GSH with 5,5′-dithiobis-(2-nitrobenzoic
acid). The CAT activity was measured by the method described by Ozmen et al. [31].
The enzymatic reaction was terminated by the addition of ammonium molybdate, which
generated a light-yellow composite that could be measured at 405 nm. The SOD activity
was measured spectrophotometrically at 550 nm according to the method of Jia et al. [32],
and 1 U of SOD was defined as the quantity of enzyme required to produce 50% inhibition
of nitric ion production. There was less than 5% variation of intra-assay and inter-assay
coefficients for each assay.

2.5. Hormonal and Biochemical Parameters Analysis

To validate the ELISA, all assays included positive quality controls (QCs) and assays
were only accepted if R2 was above 0.98, curve fit percentage recovery was within the
80–120% range, and intra-plate and inter-plate CV% had a threshold for acceptance below
20%. The serum concentrations of estradiol (E2; catalogue no. MM-048001) and proges-
terone (Prog; catalogue no. MM-120502) were determined using ELISA kits (Meimian
Biotechnology, Nanjing, China). The minimal detection limit was 8 pmol/L for E2,
80 pmol/L for Prog. The intra- and inter-assay coefficients of variation were less than
10% and less than 12%, respectively. Concentrations of MT (catalogue no. RE54021) in the
serum and placenta were measured with an ELISA kit (IBL, Hamburg, Germany). The
sensitivity of this assay was 1.6 pg/mL. Both intra- and inter-assay coefficients of variation
were less than 15%. Intra-and inter-assay CVs were less than 15. The serum concentrations
of alanine aminotransferase (ALT; catalogue no. CH0101202), gamma-glutamyl transpepti-
dase (γ-GGT; catalogue no. CH0101204), and aspartate aminotransferase (AST; catalogue
no. CH0101201) were measured with an automatic biochemical analyzer (Hitachi, Tokyo,
Japan) according to corresponding commercial kits (Sichuan Maker Biotechnology Inc.,
Chengdu, China). ALT, AST, and γ-GGT were measured using an enzymatic rate method
by ultraviolet and visible spectrophotometry. The minimal detection limit was 4 U/L for
ALT, 3 U/L for AST, and 2 U/L for γ-GGT. There was less than 5% variation of intra-assay
and inter-assay coefficients for each assay.

2.6. Measurement of Placental DNA, RNA and Protein

DNA, RNA, and protein were collected from snap-frozen placental samples (~0.1 g),
using TRI Reagent RNA/DNA/Protein Isolation Reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA) and their concentrations were determined colorimetrically. DNA was
analyzed fluorimetrically using the method of Prasad et al. [33]. RNA was determined by
spectrophotometry using a modified Schmidt–Tannhauser method, as described by Munro
and Fleck [34]. Protein concentration was analyzed according to the method of Lowry
et al. [35] using reagents from Bio-Rad Laboratories (Hercules, CA, USA) and bovine serum
albumin as the standard.

2.7. Measurement of ATP, NAD+, and NADH Levels in Placenta

Placental NAD+ and NADH levels were measured by the NAD+/NADH assay kit
(catalogue no. S0175; Beyotime Biotechnology, Shanghai, China) according to the manufac-
turer’s instructions. The absorbance was determined using a microplate spectrophotometer
(Spectramax 190, Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 450 nm.
The NAD+ and NADH levels were calculated according to the standard curve, and then,
the ratio of NAD+/NADH was calculated. Placental ATP levels were measured using
the enhanced ATP assay kit (catalogue no. S0026; Beyotime Biotechnology, China) ac-
cording to the manufacturer’s instructions. ATP levels were calculated from relative light
unit (RLU) values, which were measured using a GloMax 96 microplate luminometer
(Promega, Stockholm, Sweden). Results were normalized to total protein concentration for
inter-sample comparison.
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2.8. Measurement of Mitochondrial Respiratory Chain Complex Activities

The activities of mitochondrial respiratory chain complexes I (catalogue no. FHTA-
2-Y), II (catalogue no. FHTB-2-Y), and III (catalogue no. FHTC-2-Y) were measured with
commercial kits (Suzhou Comin Biotechnology Co., Ltd., Suzhou, China). The activity of
complex I was determined using the changing of NADH oxidation absorption at 340 nm.
The activity of complex II was determined by calculating the alteration of the absorbance
of 2,6-dichlorophenolindophenol at 605 nm. The activity of complex III was measured by
calculating the alteration of the absorbance of cytochrome c at 550 nm.

2.9. Determination of Mitochondrial DNA (mtDNA) Content

The content of mtDNA relative to nuclear genomic DNA was determined by co-
amplification of the mt D-loop and the nuclear-encoded β-actin using real-time PCR
according to our previous study [36]. Total DNA of frozen placental tissue was extracted
with DNAiso reagent (catalogue no. DP304; Tiangen Biotech, Beijing, China). The DNA
samples were adjusted to a concentration of 100 ng/μL. The amounts of mt D-loop and
β-actin gene were quantified by fluorescent probes. The primers and probe sequences are
listed in the Supplementary Materials, Table S2. PCR amplification was carried out in a
20 μL total volume consisting of 1 μL DNA template (100 ng), 1 μL enhance solution, 1 μL
probes, 8 μL TaqMan Universal Master Mix, 1 μL forward primer, 1 μL reverse primers,
and 7 μL double-distilled H2O. The fluorescence spectra were monitored with a Real-Time
PCR Detection System (ABI 7900HT, Applied Biosystems, Foster City, CA, USA) as follows:
95 ◦C for 10 s, 50 cycles involving a combination of 95 ◦C for 5 s and 60 ◦C for 25 s, and
95 ◦C for 10 s. The 2−ΔΔCt method was used to calculate the relative mtDNA content [37].

2.10. Measurement of Inflammatory Cytokine in Placenta

Approximately 0.1 g of placenta tissue samples were homogenized in 0.9% ice-cold
physiological saline (1:9, w/v), then centrifuged at 3500× g at 4 ◦C for 15 min. The
supernatant was collected to determine the concentrations of tumor necrosis factor α (TNF-
α; catalogue no. MM-038301), interleukin 6 (IL-6; catalogue no. MM-041801), and IL-8
(catalogue no. MM-041701) with commercial ELISA kits (Meimian Biotechnology, Nanjing,
China). The minimal detection limit was 10 pg/mL for TNF-α, 50 ng/mL for IL-6, and
15 ng/mL for IL-8. The intra-and inter-assay coefficients of variation were less than 10%
and less than 12%, respectively. Results were normalized to total protein concentration for
inter-sample comparison.

2.11. RNA Extraction and Gene Expression Analysis

Total RNA of frozen placental tissue was extracted with Trizol reagent (catalogue no.
9109; TaKaRa, Dalian, China). RNA integrity was checked by electrophoresis on a 1.0%
agarose gel, and RNA quality and concentration were measured using a NanoDrop ND-
2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Total RNA (1 μg)
was reverse transcribed into complementary DNA using the PrimeScript RT Reagent Kit
(catalogue no. RR047A; TaKaRa, Dalian, China). Real-time quantitative PCR was performed
using SYBR Green (catalogue no. RR820A; TaKaRa, Dalian, China) with ABI-7900HT
(Applied Biosystems, Foster City, CA, USA). The primers are listed in the Supplementary
Materials, Table S3. The reaction mixture of 10 μL included 5 μL of SYBR Premix Ex Taq
(2×), 0.4 μL of forward primer (10 μmol/L), 0.4 μL of reverse primer (10 μmol/L), 0.2 μL
of ROX reference dye (50×), 1 μL of cDNA, and 3 μL of double-distilled water. The PCR
procedure was as follows: pre-denaturating at 95 ◦C for 30 s, 40 cycles of denaturation at
95 ◦C for 5 s, annealing at 60 ◦C for 34 s, and a final extension at 72 ◦C for 6 min. β-actin
was used as an internal control, and the data were calculated using the 2−ΔΔCt method.

2.12. Western Blot Analysis

Frozen placental tissue samples were homogenized in liquid nitrogen and lysed in
cell lysis buffer (Beyotime Biotechnology, Shanghai, China). Protein content was measured
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with the BCA kit (Beyotime Biotechnology, Shanghai, China). The Western blot analysis
steps were conducted according to previously reported methods [38]. Primary antibodies
against SIRT1(1:1000, 9475S, CST, Danvers, MA, USA) and GAPDH (1:1000, abs132004,
Absin, Shanghai, China) were used in this study. Blots were analyzed with ImageJ software
(NIH, Bethesda, MD, USA).

2.13. Statistical Analysis

An individual sow or piglet was considered as the experimental unit. The statistical
analysis was performed using the SAS statistical software 9.2 (SAS Institute, Cary, NC,
USA). The rate of low birthweight piglets (BW < 900 g) was calculated with the chi-square
test. The normal distribution of the other data in this study was calculated with the Shapiro–
Wilk test, followed by Student’s t-test. Data were presented as means ± SEM. Significant
differences were set at p ≤ 0.05, and a tendency was considered when 0.05 < p < 0.10.

3. Results

3.1. Reproductive Performance

As shown in Table 1, no differences were found in the average litter size of the total of
piglets born, live-born, stillborn, and mummified piglets between the two groups (p > 0.05).
Maternal MT supplementation reduced (p < 0.05) the percentage of piglets born alive with
weight < 900 g compared with the CON. The average total litter weight of live-born and the
average total placental weight for all live-born piglets were increased (p < 0.05) in the MT
group (Figure 1a,c). Meanwhile, the average individual piglet weight of live-born piglets
(p = 0.09) and the placental weight per live-born piglet (p = 0.09) tended to increase in the
MT group (Figure 1b,d).

3.2. Hormonal and Biochemical Parameters in Serum and Placenta

As shown in Figure 2a, maternal MT supplementation significantly elevated serum MT
concentrations at all time points tested on d 102 of gestation (G102), and the highest serum
MT concentration occurred at 17:00 relative to the two other timepoints examined (p < 0.01).
However, the serum concentrations of ALT, AST, and γ-GGT on G90 and farrowing day
(Fd) did not differ between the two groups (Figure 2b–d). Besides, the serum concentrations
of Prog and E2 on G90 and G110 (p > 0.05) were not influenced by MT supplementation
(Figure 2e,f).

Table 1. Effects of maternal MT supplementation during gestation on the reproductive performance
of sows.

CON MT p-Value

Litter size, n 8 8
Piglets, total n

Total born 115 118
Born alive 106 113

Mummified piglets 3 3
Stillborn piglets 6 2

Piglets born alive with weight < 900 g 12 3
Average litter size, n

Total born 14.38 ± 0.82 14.75 ± 0.63 0.72
Born alive 13.25 ± 0.73 14.12 ± 0.40 0.31

Mummified piglets 0.38 ± 0.26 0.38 ± 0.18 1.00
Stillborn piglets 0.75 ± 0.37 0.25 ± 0.16 0.23

Rate of born alive piglets with weight < 900 g, % 11.32 2.65 0.01
CON = control, MT = melatonin. Rate of live-born piglets with weight < 900 g = ‘the number of live-born piglets
with weight < 900 g’/‘total number of live-born piglets’ × 100%. Data are expressed as means ± SEM, n = 8.
Differences were considered significant at p < 0.05.
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Figure 1. Effects of maternal MT supplementation during gestation on litter performance and
placental weights. (a) Average total litter weight of piglets born alive. (b) Average individual
weight of piglets born alive. (c) Average total placental weight for all live-born piglets. (d) Placental
weight per live-born piglet. Data are presented as means ± SEM, n = 8. * p < 0.05. CON = control,
MT = melatonin.

Figure 2. Effects of maternal MT supplementation during gestation on hormonal and biochemical parameters in the
serum and placenta. (a) MT concentration in maternal serum on d 102 of gestation (n = 7/group). (b) ALT concentration,
(c) AST concentration, (d) γ-GGT concentration, (e) Prog concentration, and (f) E2 concentration in maternal serum
(n = 8/group). Data are presented as means ± SEM. * p < 0.05, ** p < 0.01. CON = control, MT = melatonin, G90 = d 90 of
gestation, G110 = d 110 of gestation, Fd = farrowing day, ALT = alanine aminotransferase, AST = aspartate aminotransferase,
γ-GGT = gamma-glutamyl transpeptidase, Prog = progesterone, E2 = estradiol-17β.
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3.3. Antioxidant Capacity in Serum of Sows and New-Born Piglets

The content of MDA in the serum of sows at G90 and Fd and in NBP (new-born piglets)
was decreased (p < 0.05) by MT supplementation (Figure 3a). The activity of GSH-Px and
the content of T-AOC in serum of sows and NBP were not statistically different between
the two groups (p > 0.05) (Figure 3b,c). CAT activity in the serum of sows at Fd and in
NBP was increased (p < 0.05) in the MT group (Figure 3d). In addition, maternal MT
supplementation increased (p < 0.05) SOD activity in the serum of sows at Fd, and tended
to increase (p = 0.07) at G90 (Figure 3e).

Figure 3. Effects of maternal MT supplementation during gestation on antioxidant status in serum of sows and new-born
piglets. (a) MDA concentration, (b) GSH-Px activity, (c) T-AOC concentration, (d) CAT activity and (e) SOD activity in the
serum of sows and new-born piglets. Data are presented as means ± SEM, n = 8. * p < 0.05. CON = control, MT = melatonin,
G90 = d 90 of gestation, Fd = farrowing day, NBP = new-born piglets.

3.4. Antioxidant Status in the Placenta

As shown in Figure 4a,b, the placental MT concentration and the mRNA expression
level of MT1 were increased by MT supplementation (p < 0.01). However, the content
of MDA in the placenta was reduced (p < 0.05) by MT supplementation (Figure 4c). The
GSH-Px, CAT, and SOD activities in the placenta were increased (p < 0.05) in the MT
group (Figure 4d–g), while the content of T-AOC did not differ between the two groups
(Figure 4e).

Figure 4. Effects of maternal MT supplementation during gestation on antioxidant status in the placenta. (a) MT con-
centration in placenta. (b) mRNA relative expression of MT1. (c) MDA concentration. (d) GSH-Px activity. (e) T-AOC
concentration. (f) CAT activity. (g) SOD activity. Data are presented as means ± SEM, n = 8. * p < 0.05, ** p < 0.01.
CON = control, MT = melatonin, MT1 = melatonin receptor 1A.
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3.5. Placental DNA, RNA, and Protein Concentrations

As shown in Table 2, dietary MT significantly increased (p < 0.01) the placental
protein/DNA ratio and tended to increase (p = 0.07) placental RNA/DNA ratio and protein
concentration. However, the DNA and RNA concentrations in the placenta did not differ
between the two groups.

Table 2. Effects of maternal MT supplementation during gestation on placental DNA, RNA, and
protein concentrations.

CON MT p-Value

DNA, μg/g 76.00 ± 6.21 64.25 ± 4.16 0.14
RNA, μg/g 77.42 ± 14.33 96.05 ± 9.57 0.30
RNA/DNA 0.98 ± 0.15 1.59 ± 0.27 0.07

Protein, mg/g 12.42 ± 2.24 17.15 ± 0.71 0.07
Protein/DNA, mg/μg 0.15 ± 0.02 0.28 ± 0.02 <0.01

CON = control, MT = melatonin. Data are expressed as means ± SEM, n = 8. Differences were considered
significant at p < 0.05.

3.6. Placental ATP Levels and Mitochondrial Function

As shown in Figure 5, the placental ATP and NAD+ levels (Figure 5a,c), the relative
mtDNA content (Figure 5b), and complex I activity (Figure 5f) were increased (p < 0.05)
by MT supplementation. Meanwhile, the protein expression level of SIRT1 in the placenta
were also increased (p < 0.05) in the MT group (Figure 6). However, the NAD+/NADH
ratio, NADH level, and complex I and III activities in the placenta did not differ between
the two groups.

Figure 5. Effects of maternal MT supplementation during gestation on mitochondrial function in the placenta. (a) ATP levels.
(b) Mitochondrial DNA (mtDNA) copy number. (c) NAD+. (d) NADH. (e) The ratio of NAD+/NADH. (f) Complex I activity.
(g) Complex II activity. (h) Complex III activity. Data are presented as means ± SEM, n = 8. * p < 0.05. CON = control,
MT = melatonin.
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Figure 6. Effects of maternal MT supplementation during gestation on Sirt1 protein expression in placenta. Data are
presented as means ± SEM, n = 6. * p < 0.05. CON = control, MT = melatonin.

3.7. Placental Inflammatory Cytokine Concentrations

As shown in Figure 7, dietary MT significantly decreased (p < 0.01) the concentration
of placental TNF-α (Figure 7a) and tended to decrease (p = 0.07) the concentration of
placental IL-8 (Figure 7c). However, the concentration of IL-6 in the placenta did not differ
between the two groups (Figure 7b).

Figure 7. Effects of maternal MT supplementation during gestation on inflammatory cytokine in placenta. (a) TNF-α
concentration. (b) IL-6 concentration. (c) IL-8 concentration. Data are presented as means ± SEM, n = 8. * p < 0.05.
CON = control, MT = melatonin.

3.8. Nrf2-Regulated Gene Expression in the Placenta

The mRNA expression levels of Nrf2-regulated genes are presented in Figure 8a.
Maternal MT supplementation increased (p < 0.05) the mRNA levels of SOD, GPx1, Nrf2,
and NQO1 in the placenta.

3.9. Apoptosis and Proliferation-Related Gene Expression in the Placenta

Maternal MT supplementation decreased (p < 0.05) the mRNA level of Caspase-3,
while it tended to increase (p = 0.09) that of Ki67 in the placenta (Figure 8b). There were no
differences in mRNA levels of Bax and Bcl2 between the two groups (p > 0.05).

3.10. Nutrient Transporter Gene Expression in Placenta

The mRNA expression levels of nutrient transporter genes, including Glut3, SNAT2,
SNAT3, and Pept1, were increased by MT supplementation (Figure 8c). However, the
mRNA levels of Glut1 and SNAT1 did not differ between the two groups.
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Figure 8. Effects of maternal MT supplementation during gestation on the relative expression
levels of critical genes involved in the placental functions. (a) Nrf2-regulated gene expression.
(b) Apoptosis and proliferation-related gene expression. (c) Nutrient transporter gene expression.
Data are presented as means ± SEM, n = 8. * p < 0.05, ** p < 0.01. CON = control, MT = melatonin,
Glut1 = Slc2a1, Glut3 = Slc2a3, SNAT1 = Slc38a1, SNAT2 = Slc38a2, SNAT3 = Slc38a4.

4. Discussion

MT is a safe molecule with low toxicity. It has been reported that MT is adequately
safe to be administered during pregnancy, even in high doses (up to 200 mg/kg/day) [39].
In this study, dietary supplementation with MT significantly elevated serum melatonin
concentrations at all time points tested, even prior to the onset of feeding. The patterns of
circulating MT in pigs have been described as unchanging, irregular, or nocturnal [40–42].
The inconsistency in the MT profiles could be related to differences in assay methodology,
geographical location of the study, lighting regimen, acclimation period, and method for
administration of MT [42–45]. So far as we know, there are no published reports from
sequential blood sampling in pregnant sows fed such a high dose of MT to compare
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with our study. In domestic gilts, oral application of 1 mg MT increased plasma MT
concentrations within 30 min and that these remained high for at least 8 h [46]. In addition,
oral application of MT (3 mg/d) at 15:00 h showed an elevated peak of melatonin ~6 h
after lights off, and the overall patterns for MT in circulation appeared episodic at 3–6 h
intervals while lights were on [42]. Furthermore, in this study, no statistically significant
differences of MT supplementation on serum ALT, AST, and γ-GGT concentrations are an
indication that the treatments have no obvious effect on liver function. Moreover, Prog and
E2 are important regulators of reproduction, which play a crucial role in establishing and
maintaining pregnancy [47,48]. In the current study, serum concentrations of Prog and E2
were not altered by MT supplementation. The findings of our study were not consistent
with the previous results obtained in mice [49], which showed that intraperitoneal injection
of MT (15 mg/kg) significantly decreased E2 concentration, with no obvious effects on
Prog at day 6 of gestation. In addition, a previous study showed that MT dose- and time-
dependently increased Prog production in the cultured luteal cells of pregnant sows [50].
Previous study also reported that suitable doses of MT (10−8, 10−7, and 10−6 M) could
promote Prog secretion in cultured pig luteal cells, whereas a higher concentration of
MT (10−5 M) exhibited no obvious difference between the groups [51]. Together, the
discrepancies between studies suggest that the effect of melatonin on steroid hormone
secretion could be highly complex, which might be explained by a number of factors, such
as animal species, physiological conditions, as well as the dose and the duration of MT
supplementation. However, the underlying mechanisms need further investigation. Based
on the findings in the current study, it appears that the administration of 36 mg MT in
pregnant sows showed no adverse maternal effects on the health status and secretion of
reproductive hormones.

Melatonin works in a variety of ways as a circadian rhythm modulator, immunomodu-
lator, direct free radical scavenger, and indirect antioxidant and cytoprotective agent in the
maternal–placental–fetal unit, and it seems to be crucial for successful pregnancy [52,53].
Increasing evidence supports the idea that therapeutic use of melatonin during pregnancy
may reduce materno-fetal complications and prevent neonatal diseases [12,54]. Oxidative
stress, resulting from an antioxidant–prooxidant imbalance, has been implicated in the ini-
tiation or development of reproductive diseases (e.g., IUGR) affecting female reproductive
processes [55]. Pregnancy is a state of high oxidative stress in humans and livestock, which
is deleterious to placental development and fetal growth [56]. MDA is a primary marker of
lipid peroxidation caused by ROS [57]. CAT, SOD, and GPX are important enzymes that
constitute a first line antioxidant defense system to scavenge ROS [58]. In this study, ma-
ternal MT supplementation improved antioxidant status to a certain degree, and reduced
MDA content in the serum of sows and new-born piglets. The new-born piglets were
slaughtered before suckling colostrum in our study, which implied that the antioxidant
defense capacity of new-born piglets may be enhanced in utero. During pregnancy, MT
in maternal blood can easily pass across the placenta into fetal circulation and affect the
fetus directly [52]. MT (10 mg/kg) administration to pregnant rats has been demonstrated
to improve antioxidant activity and to protect against oxidative mitochondrial damage in
the fetal rat brain [59,60]. In addition, pharmacological doses of melatonin (ranging from
0.1 to 4.0 mM) could reduce MDA content in rat brains in in vitro conditions [61]. Thus,
the present results indicating that antioxidant activity in sows and new-born piglets was
increased by dietary MT supplementation.

In general, maternal serum MT concentrations gradually increase during pregnancy,
and this is mainly ascribed to placental production [11]. Moreover, high MT levels in the
human placenta have been observed even during daytime in normal pregnancy, and lower
placental MT levels were detected in pregnancies complicated by preeclampsia compared
to normal pregnancies [52,62,63]. Our results showed that maternal MT supplementation
increased placental MT concentrations and melatonin receptors, suggesting a beneficial
effect of oral administration of MT in improving placental–fetal development. Supportively,
MT has been reported to protect the villous trophoblast against hypoxia/reoxygenation-
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induced oxidative stress and proposed as a potential preventive option for IUGR [64].
In addition, our results showed that maternal MT supplementation tended to increase
the average weight of live-born piglets, and markedly reduced the percentage of lower
birth weight piglets (BW < 900 g). Similarly, a previous report demonstrated that MT
supplementation during early-to mid-gestation can increase fetal weight at d 50 of gestation
in gilts [25]. Additionally, consistent with the previous study that MT supplementation
in undernourished pregnancy restored birth weight by increasing placental antioxidant
enzymes [18], our data showed that GSH-Px, SOD, and CAT activities in the placenta
were upregulated, and the content of MDA was decreased due to MT supplementation.
Furthermore, a recent study showed that MT could attenuate intrauterine inflammation-
induced placental oxidative stress via activating the Nrf2/ARE pathway [9]. Nrf2 performs
a critical role in regulating antioxidant enzymes and phase II detoxification enzymes by
the transcriptional activation of many genes containing ARE [65]. NQO1 is a detoxification
enzyme that reduces NADPH oxidase activity and ROS production [66]. In this study,
dietary supplementation with MT significantly increased the mRNA levels of antioxidant-
related genes involved in the Nrf2/ARE pathway (Nrf2, SOD, GPx1, and NQO1). Therefore,
these results may suggest that MT could promote fetal growth at least partly through its
reduction of placental oxidative stress via activating the Nrf2/ARE pathway.

Cytokines play a vital role in immune status and inflammatory response [67]. Pla-
cental oxidative stress is often associated with increased production of pro-inflammatory
cytokines, including IL-1β, IL-6, and IL-8 [68]. Excessive placental inflammation is asso-
ciated with several pregnancy complications, such as IUGR and stillbirth [69]. A recent
study showed that melatonin reverses the increase in IL-6 and TNF-α induced by hy-
poxia/reoxygenation in human primary villous trophoblasts [70]. In this study, maternal
melatonin (36 mg/d) supplementation during pregnancy significantly decreased concen-
trations of placental pro-inflammatory cytokines, especially TNF-α, which was consistent
with the results of a previous study in LPS-challenged mice [9]. TNF-α provokes various
biological effects on placental and endometrial cell types, such as cell fusion, apoptosis,
and hormone production [71]. A previous study has reported that TNF-α may inhibit
the growth of trophoblast cells [72]. In addition, the increased TNF-α expression in the
placenta was associated with impaired fetal development [73]. Thus, MT may improve
placental and fetal growth through reducing placental inflammatory response.

During middle and late gestation, the placenta is a rapidly growing organ [74]. In
this study, dietary MT supplementation increased placental weight per sow and tended
to increase placental weight per fetus, indicating an increase in placental growth. The
protein concentration, together with the ratio of RNA to DNA and protein to DNA in the
placenta have been recognized as valuable biological parameters to determine placental
growth and development [75]. DNA concentration was used as an index of hyperplasia,
and the protein/DNA and RNA/DNA ratios were used as indices of hypertrophy and
potential cellular protein synthetic activity, respectively [76]. In this study, maternal MT
supplementation elevated the placental protein/DNA and RNA/DNA ratios, which is
beneficial for the placental growth. In addition, the Ki67 protein is tightly linked to somatic
cell proliferation. A rapid decrease of Ki67 mRNA expression can be easily screened once
the cell enters the non-proliferative state [77]. In the present study, maternal MT supple-
mentation significantly decreased pro-apoptotic Caspase-3 mRNA expression and had a
tendency to increase Ki67 mRNA expression, suggesting that placental cellular proliferation
was enhanced. Supportively, data from ewes showed that maternal MT treatment had a
tendency to increase placental cellular proliferation in cotyledonary tissue [78]. Previous
study has found that pig placental weight is positively related to fetal weight [79]. Besides,
placental weight is widely used as a parameter of placental functional capacity [80,81]. An
important function of the placenta is to provide adequate oxygen and nutrients to the fetus
to maintain fetal growth [5]. Previous studies have shown that MT treatment in pregnant
ewes could improve oxygen supply to the fetus [82,83], and a potential mechanism may
be associated with a decrease in oxidative stress and an increase in nitric oxide levels,
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leading to an increase in umbilical blood flow [82]. In this study, fetal blood gases were not
measured; however, interestingly, the mRNA expression levels for a glucose transporter
(Glut3), amino acid transporters (SNAT2 and SNAT3), as well as peptide transporter 1
(Pept1) were significantly upregulated in the placentas of MT-supplemented sows. Up-
regulation of placental nutrient transporters can improve nutrient transfer to fetus, thus
promoting fetal growth [84,85]. Similarly, a previous report in ewes has indicated that
maternal MT supplementation improved fetal branched-chain amino acids uptake during
maternal nutrient restriction, which could be applied to alleviate IUGR [14].

As a mitochondrial rich organ, the placenta requires a high level of ATP to support its
growth and the active transport of nutrients. However, mitochondria are the main source
of ATP and ROS formation, and also a target of ROS attack, which may lead to alterations
in their structure and function [17]. Several studies have identified that mitochondrial
dysfunction results from oxidative stress in the liver, intestine, and placenta [36,86]. In this
study, the content of mtDNA and the antioxidant defense system in placenta were improved
by dietary MT supplementation. Similarly, treatment of rotenone-induced impairment of
porcine embryos with MT increased mtDNA content and decreased ROS generation [87].
It has been reported that abnormal mtDNA content can be indicative of mitochondrial
dysfunction [88]. The NAD+ reduction is closely associated with the dysregulation of
mitochondria and energy homeostasis [89]. Our data showed that placental mitochondrial
function was increased by MT supplementation, as evidenced by increased placental ATP,
NAD+ levels, and mtDNA content. In addition, mitochondrial complexes I and III are
regarded as the major source of ROS generation [90]. Previous research has reported that
elevated ROS generation would lead to the rapid loss of the activities of mitochondrial com-
plexes [91]. Another study also showed a close link between enhanced ROS generation and
reduced mitochondrial complex I activity in the hypoxic human placenta [92]. In this study,
the mitochondrial complex I activity was increased by MT supplementation, suggesting a
decrease in ROS formation in the placenta of MT-supplemented sows. Furthermore, the
altered mtDNA amount is accompanied with changes in several transcriptional factors that
participate in mitochondrial biogenesis [93]. Accumulating evidence indicates that SIRT1
activation reduces oxidative stress and stimulates mitochondrial biogenesis [94,95]. In our
study, the protein abundance of SIRT1 was increased by dietary MT supplementation. Sim-
ilarly, a previous study reported that MT could activate the SIRT1 pathway, thus promoting
mitochondrial biogenesis and energy production [87]. Taken together, in this study, MT
may play a protective role against oxidative stress-induced mitochondrial dysfunction and
energy deficiency by improving mitochondrial biosynthesis.

5. Conclusions

In summary, our data indicated that dietary supplementation with MT in gestating
sows could improve maternal–placental–fetal redox status and enhance placental growth
and function, thereby improving pregnancy outcomes. The beneficial effects of MT might
be closely related to ameliorating placental antioxidant status, inflammatory response, and
mitochondrial dysfunction.
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Abstract: The poultry ovary is used as a classic model to study ovarian biology and ovarian cancer.
Stress factors induced oxidative stress to cause follicle atresia, which may be a fundamental reason
for the reduction in fertility in older laying hens or in aging women. In the present study, we set out
to characterize the relationships between oxidative stress and ovarian function. Layers (62 weeks
of age; BW = 1.42 ± 0.12 kg) were injected with tert-butyl hydroperoxide (tBHP) at 0 (CON) and
800 μmol/kg BW (oxidative stress group, OS) for 24 days and the role of melatonin (Mel) on tBHP-
induced ovary oxidative stress was assessed through ovary culture in vitro. The OS (800 μmol/kg
BW tert-butyl hydroperoxide) treatment decreased the reproduction performance and ovarian follicle
numbers. OS decreased the expression of SIRT1 and increased the P53 and FoxO1 expression of the
ovary. A decreased Firmicutes to Bacteroidetes ratio, enriched Marinifilaceae (family), Odoribacter
(genus) and Bacteroides_plebeius (species) were observed in the cecum of the OS group. Using Mel
in vitro enhanced the follicle numbers and decreased the ovary cell apoptosis induced by tBHP. In
addition, it increased the expression of SIRT1 and decreased the P53 and FoxO1 expression. These
findings indicated that oxidative stress could decrease the laying performance, ovarian function and
influence gut microbiota and body metabolites in the layer model, while the melatonin exerts an
amelioration the ovary oxidative stress through SIRT1-P53/FoxO1 pathway.

Keywords: follicle atresia; cecal microbiota; metabolomics; melatonin; SIRT1-P53/FoxO1 pathway;
ovary stress biomarker

1. Introduction

In recent years, there has been a growing interest in the role of reactive oxygen species
(ROS) and oxidative stress in female reproduction [1,2]. Oxidative stress refers to elevated
intracellular levels of ROS derived from cellular metabolism or environmental stimuli that
cause peroxidation of unsaturated lipids in cell membranes and oxidation of proteins and
DNA, leading to further damage of the cell integrity and normal functions [3,4]. Oxidative
stress has been proven to be linked to the internal mechanism for aging [5,6], many
environmental stressors and chemical toxicants (gamma radiation, mycotoxins, heavy
metals, pesticides, etc.), and health disorders [7–10]. Moreover, a large number of studies
have shown that an excessive increase in ROS production will induce rapid primordial
follicle loss and follicular atresia to lead to reproductive dysfunction [11–14]. However, the
underlying pathological and molecular mechanisms in oxidative stress-induced fertility
deterioration remain unexplored.
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Recent studies in mammals have found that oxidative stress affected nutrient metabolism,
altering the body’s homeostasis and exerting detrimental effects on the gut microbiota and
intestinal function [15,16]. In addition, it has been proved that gut microbial dysbiosis
is closely related to inflammation, diseases, and other stress disorders [17,18]. However,
until now, the underlying changes in microbiota and their relationship with reproductive
function under oxidative stress conditions had not yet been elucidated.

Melatonin (Mel, N-acetyl-5-methoxytryptamine), is an indoleamine, can be mainly
bio-synthesized in the pineal gland and the initial precursor of melatonin biosynthesis
is tryptophan [19,20]. Mel is also synthesized in numerous peripheral organs, including
the intestine, retina, skin and harderian gland [20,21]. It has been shown that Mel reduces
oxidative stress by scavenging pro-oxidative molecules such as superoxide anions and
detoxifying oxygen and nitrogen-based toxic reactant [21,22]. Melatonin has been shown
to have direct effects on ovarian function and microbiota [6,18,19]. Melatonin is identified
in human preovulatory follicular fluid, where its concentration is higher than that in
peripheral serum [20]. Previous studies have been suggested that Mel may enhance follicle
growth by increasing levels of antioxidant enzymes and reproductive hormones in laying
hens [22,23]. These findings suggest that Mel is related to the reproductive process, but the
underlying mechanism is unclear.

As an NAD+-dependent protein deacetylase, silent information regulator 1 (SIRT1)
is involved in the deacetylation of histones and transcriptional factors regulating the
cell cycle, and has been a principal modulator of metabolism and resistance to oxidative
stress [24–26]. SIRT1 was found to be ubiquitously expressed in the ovaries of animals,
and has also been involved in the regulation of ovarian aging, follicular development,
and oocyte maturation [24,27]. Previous research has shown that SIRT1 is involved in the
protective effects of melatonin [28]; however, the exact mechanism is not elucidated. Foxo1
(forkhead box O1), a member of the FOXO transcription factor family, is an important
player in regulating cell fate and combating oxidative stress and a downstream target of
SIRT1 [29,30]. Is the SIRT1-FoxO1 pathway involved in the antioxidative stress function of
melatonin in the ovary?

The poultry ovary is a classic model for studying ovarian biology, follicular devel-
opment and ovarian cancer. In this study, we hypothesized that oxidative stress would
decrease ovarian function by changing body metabolism and gut microbiota, while Mel
administration would prevent oxidative damage and maintain the ovarian function of
laying hens. Thus, this study aimed to investigate the negative effect of oxidative stress on
ovary function, gut microbiota and serum metabolome in a layer model. We also deter-
mined the modulating effect of melatonin on ovarian follicle atresia in order to identify the
relationship between melatonin and oxidative stress-induced ovarian dysfunction in vitro.

2. Materials and Methods

2.1. Animals, Diets and Design

Thirty Lohmann laying hens (62 week of age; BW = 1.42 ± 0.12 kg) were randomly
allocated into two experimental groups (n = 15). Layers were received an intraperitoneal
injection of 5 mL of 0 (CON, phosphate-buffered saline) or 800 μmol/kg BW (oxidative
stress group, OS; the dosage were determined according to Kučera et al. 2014) tert-butyl
hydroperoxide (tBHP) at 9 a.m. on the 8th, 15th and 22nd day of the 24-day experiment.
The experiment protocol is depicted in Figure 1(Aa). All hens were housed in an environ-
mentally controlled room (45–60% relative humidity, 22 ± 2 ◦C temperature; lighting cycle,
16 h/day; 05:00 a.m. to 09:00 p.m. for light). Hens were supplied with water ad libitum
and fed the same amount (100 g/kg) of complete feeding mixture in mash form (the diet
nutrient composition is shown in Supplementary Materials Table S1).
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Figure 1. Oxidative stress (induced by tBHP) reduced egg-laying rate, ovary indices and serum hormone levels
(Experiment 1). Data are means ± SEM represented by vertical bars or plot individual values ± SEM. (A) Schematic
illustration of the experimental design. In Experiment 1, layers were fed the same basal diet for 24 days and with the tBHP
(OS) or PBS (CON) injection at 9 AM of the d 8, 15, and 21. In Experiment 2, the ovaries of 7-day-old chickens are isolated
for in vitro culture, and received different culture medium with 0 tBHP + 0 melatonin (−tBHP − Mel), 50 μmol/mL tBHP
(+tBHP − Mel), and 50 μmol/mL tBHP + 100 ng/mL melatonin (+tBHP + Mel). (B) Body weight. (C) Egg-laying rate
after challenge. (D) Ovarian relative weight. (E) Serum reproductive and metabolism-related hormone levels. (F) Serum
serotonin levels, and (G) Serum melatonin levels. FSH = follicle-stimulating hormone, IGF-1 = insulin-like growth factor-1,
CON = same dosage of PBS, OS = 800 μmol/kg BW of tBHP. Statistical significance was evaluated by t-test, * p < 0.05,
** p < 0.01.
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2.2. Sample Collection and Measurements

Oviposition time of the laying hens was recorded, and blood samples of each hen
were collected immediately following the first oviposition in the series according to the
method described by Ren [31]. Serum samples were obtained from these blood samples
by incubation at 4 ◦C for 30 min and subsequent centrifugation at 1500× g for 20 min.
The same hens were then sacrificed with an overdose intravenous injection of sodium
pentobarbital (300 mg/kg BW), the ovary was immediately harvested after washing with
phosphate-buffered saline (PBS; pH = 7.2–7.4) and placed into 4% paraformaldehyde
(pH = 7.2) fixation and paraffin for ovarian follicle counts (H&E) (described in 2.6) and cell
apoptosis (TUNEL) analysis. The cecum contents were carefully collected, immediately
placed in cryogenic vials, stored immediately at −20 ◦C in a portable freezer, delivered to
the laboratory and stored at −80 ◦C until DNA extraction.

2.3. Culture of Layer Ovaries In Vitro

Ovaries organ from 7-day-old chickens were used to evaluate the effect of Mel on
oxidative stress-induced follicle atresia. Ovary culture was performed in vitro as previously
described [32,33]. Ovary were cultured in graded level of melatonin and tBHP (−tBHP −
Mel = 0 Mel + 0 tBHP; +tBHP − Mel = 50 μmol/mL+ 0 Mel: +tBHP + Mel = 50 μmol/mL+
100 pg/mL) according to the previous study and also the melatonin levels in ovarian tissue.
The in vitro experiment procedure is depicted in Figure 1(Ab).

2.4. Reproduction Performance and Blood Hormone Assay

Egg-laying rates were recorded every day and the body weight of the layer was
recorded on the onset and end day of the experiment (n = 15). On day 24 of the animal trial,
blood samples were collected (n = 10) from the wing after 12 h of fasting and the serum
were separated by incubation at 4 ◦C for 30 min and subsequent centrifugation at 1500× g
for 20 min. Commercial enzyme-linked immunosorbent assay (ELISA) kits were used to
detect the serum concentration of estrogen (estradiol, ABIN5524298), follicle-stimulating
hormone (FSH, ELISAGenie, CHFI00020, London, UK), insulin-like growth factor-1 (IGF-1,
ELISAGenie, CHFI00088), leptin (ELISAGenie, CHEB0024), melatonin (IBL, #RE54021,
Germany) and serotonin (Abcam, ab133053, Cambridge, UK).

2.5. Tissue Antioxidant Capacity

The activities of the following enzymes (n = 10) [superoxide dismutase (SOD), glu-
tathione s-transferase (GST)], Cu-ZnSOD and MnSOD the levels of protein carbonyl (PC),
total antioxidant capacity (T-AOC) and glutathione (GSH) and malondialdehyde (MDA) in
ovarian tissue were determined by colorimetric enzymatic assays, and serum MDA concen-
tration was measured by chemical colorimetric method, using an ELISA microplate reader
(Tecan Co., Grodingen, Austria) and assay kits (T-SOD, A001-1-2; A004-1-1; Cu-ZnSOD,
A001-4-1; GST, A004-1-1; PC, A087-1-2; T-AOC, A015-1-2; GSH, A005-1-2; MDA, A003-1),
which were purchased from Nanjing Jiancheng Bioengineering Institute of China. All
assays were conducted and interpreted according to the manufacturer’s manual without
any modification.

2.6. Histology and Follicle Counts

The quantification of ovarian follicles (n = 10) was performed as previously described
with small modifications [29,30]. In brief, paraffin-embedded ovaries were serially sec-
tioned at 5-μm thickness and stained with H&E for morphological observation. Every
fifth section was counted for both ovaries in vivo experiment and in vitro cultured trial.
Different classes of ovarian follicles were defined as previously described [22,34]. Those
with oocytes surrounded by one layer of flattened five to eight somatic cells were defined
as primordial follicles. Primary follicles consisted of an oocyte surrounded with one layer
containing one enlarged cell or a whole layer of cuboidal pre-granulosa cells. Prehierar-
chical follicles contained more than one layer of granulosa cells, including small white
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follicles (SWFs, 2–4 mm), large white follicles (LWFs, 4–6 mm) and small yellow follicles
(SYFs, 6–8 mm). Atretic follicles were defined as previously described [34,35]: early-aretic
follicles were traversed by few or no blood vessels, and the granulosa cell layer had become
either partially or completely detached from the basement membrane; the surface of the
progressed-atretic follicles was opaque, the granulosa cell layer was totally disorganized
within the follicle.

2.7. TUNEL Assay

At the end of experiment, the ovary tissue (n = 10) was quickly removed and placed
immediately into methylaldehyde; then a TUNEL assay was performed, using an In Situ
Cell Apoptosis Detection Kit I (POD), according to the manufacturer’s protocol (Roche
Group, Switzerland). Using BA200Digital (Mike Audi Industrial Group Co., Ltd., Xiamen,
China) for image acquisition. The diaminobenzidine reacted with the labeled sample to
generate an insoluble brown (light green in Experiment 2) signal, while blue-green to
greenish tan signified nonapoptotic cells. Overall, 100 images were taken to measure cell
apoptosis, and apoptosis rate was defined as the percentage of apoptotic cells (granulosa
cells) in 100 granulosa cells counted. Observations were conducted in four different
directional areas of each follicle. If the positive cells in the four areas of a follicle exceeded
one-third, the follicle was defined as atretic. The percentage of atretic follicles (less than
2 mm in diameter) per section was calculated as the number of atretic follicles.

2.8. Ovary Function Related mRNA Expression by Real-Time PCR

The total RNA and real-time RT-PCR were carried out as described previously [9].
In brief, total RNA were extracted with Trizol followed by DNase1 treatment to remove
genomic DNA. Gene expression of caspase 3, caspase 9, Bcl-2 (B-cell lymphoma-2), Bax,
SIRT1 (silent information regulator 1), FoxO1 (forkhead box O1), and P53 was determined
by quantitative real-time PCR in the ovary of layers by ABI 7900 Real-Time PCR system
(ABI Biotechnology, Eldersburg, MD, USA). The primer information for all the genes is
listed in Supplementary Materials Table S2. Each sample was assayed in triplicate and
β–actin was used as the house-keeper genes. The 2−ΔΔCT method was used to calculate
target gene expression, and mRNA expression in CON was used as baseline relative to
treatment groups (i.e., fold-change).

2.9. Western Blotting Assay

Total protein expression in ovarian tissues (n = 10; Experiment 2) were detected by
Western blotting as previously described [36,37]. Primary antibodies against FoxO1 (#2880;
1:1000 dilution; 78–82KD; Cell Signaling Technology), and P53 (#29453; 1:1000 dilution;
53KD; Novus), SIRT1 (#8469;1:1000 dilution; 110KD; Cell Signaling Technology) and β-actin
(#4970S) were obtained and a pre-study was performed to confirm its specificity. The goat
anti-rabbit IgG-HRP (1:10,000 dilution; Santa Cruz) was used as the secondary antibody.
Meanwhile, a mouse monoclonal antibody against β-actin (1:5000 dilution; ImmunoWay,
Plano, TX, USA) acted as a reference, and the goat anti-mouse IgG-HRP (1:10,000 dilution;
Santa Cruz) was used as the secondary antibody. Bound antibodies were detected by
the ECL Prime Western blotting detection reagent (GE-Healthcare) using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

2.10. Gut Microbiota and Short-Chain Fatty Acids (SCFA) Analysis

The composition of the microbial community in the cecum digesta (n = 10) was
assessed with high-throughput pyrosequencing as recently described [37]; the sequencing
and bioinformatics analysis were performed by Novogene Bioinformatics Technology Co.
(Tianjin, China). SCFA (n = 10) including acetate, propionate and butyrate in the cecum
content, were also analyzed using Agilent 6890 gas chromatograph (Agilent Technologies,
Santa Clara, CA, USA) following previous protocols [38].
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2.11. Metabolic Profiling Analysis

The ovarian tissue sample (n = 4) from laying hens (2 ovarian tissue samples from
the same treatment were pooled together to test the metabolic profiling, but 1 pooled
sample from replicate 9 and 10 were contaminated so only 4 pooled sample were used here)
were taken to analyze the effect of oxidative stress on ovarian metabolic and biochemical
alternation in layers. The method was performed by Novogene Bioinformatics Technology
Co. (Tianjin, China) according to the previous published (see the Supplementary Materials
files). Differences were indicated when p-value was <0.05, VIP (Variable Importance in the
Projection) > 1, and only fold changes >1.5 were considered.

2.12. Statistical Analysis

Data were analyzed by one-way analysis of variance (ANOVA) using GLM procedure
of SAS 9.2 (SAS Institute, Cary, NC, USA) and GraphPad Prism (GraphPad Inc., La Jolla,
CA, USA), and the difference between two treatments was performed by student t-test
(Experiment 1) and Tukey’s test (Experiment 2). The results are presented as mean ± SEM.

3. Results

3.1. Oxidative Stress Reduced Reproductive Performance, Ovary Indices and Serum Hormone
Concentration

The hens in the OS group presented lower egg-laying rate throughout the trial com-
pared to the CON group; moreover, the ovary indices were lower in hens challenged with
tBHP (Figure 1C,D; p < 0.05). A decrease in the serum concentration of estradiol, FSH,
IGF-1, serotonin and melatonin were observed in the OS group compared to the CON one
(Figure 1E–G; p < 0.05). No differences in body weight were noted between the CON and
OS groups (Figure 1B; p > 0.05).

3.2. tBHP Induced Oxidative Stress Decreased Ovarian Function

Compared to the CON group, layers challenged with tBHP had lower numbers of
primordial, prehierarchical and total follicles (Figure 2A,B; p < 0.05). The number of atretic
follicles and the ovary cell apoptosis rate were higher in the OS groups than in the CON
ones (Figure 2A,B and Figure 3A,B; p < 0.05). The levels of antioxidant parameters (T-SOD,
MnSOD, T-AOC) were decreased while concentration of oxidant products (PC, MDA)
and GSH (intracellular antioxidant) was higher in the OS treatment (Figure 2E,F; p < 0.05),
suggesting that the tBHP challenge induced oxidative stress in the ovary. The real-time PCR
results indicated that the mRNA expression level related to ovarian follicular apoptosis
factors (Bax, caspase 3, caspase 8, FoxO1, and P53) was greater, while the mRNA abundance
of anti-apoptotic genes (Bcl-2 and SIRT1) was lower in the OS group compared to the CON
group (Figure 2C,D; p < 0.05).

3.3. Oxidative Stress Reduced Cecal Short Chain Fatty Acids and Induced Gut Microbiota
Dysbiosis

The concentration of the main short chain fatty acids (acetic, propionic and butyric)
and the total SCFA in the cecum contents of layers treated with tBHP were lower compared
to those in the CON group (Figure 4A; p < 0.05). As suggested by the decrease in the ACE,
Chao1, and Simpson indexes relative to CON group, the tBHP challenge resulted in reduced
microbial diversity (Figure 4B,C; p < 0.05). Structural changes in intestinal microbiota were
assessed by PCoA based on the unweighted UniFrac metric, which indicated that layers in
both groups had obvious clustering (Figure 4D).
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Figure 2. Oxidative stress (induced by tBHP) decreased ovary function (Experiment 1). (A,B) Ovarian histology of layers
after 24 days treatment and follicle numbers at each developmental stage (PMF = primordial follicle; PF = primary follicle;
PHF = prehierarchical follicle; AF = atretic follicle). (C,D) RT-PCR analysis for mRNA expression levels related to ovarian
follicular apoptosis and antioxidant related gene expression. (E,F) Antioxidant capacity analysis for ovary with antioxidant
enzyme activities and oxidation product. Data are means ± SEM represented by vertical bars or plot individual values
(n = 10) ± SEM. CON = same dosage of PBS, OS = 800 μmol/kg BW of tBHP, Bcl-2 = B-cell lymphoma-2, SIRT1 = sirtuin 1,
FoxO1 = forkhead box O1, T-SOD = total superoxide dismutase, GST = glutathione S transferase, PC = protein carbonyl,
GSH = glutathione, T-AOC = total antioxidant capacity, MDA = malondialdehyde. Statistical significance was evaluated by
t-test, * p < 0.05, ** p < 0.01.
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Figure 3. Oxidative stress (induced by tBHP) increased the cell apoptosis rate of ovary (Experiment 1). (A) TUNEL analysis
for cell apoptosis in ovary; (B) The immunofluorescence results of TUNEL with the green color presents the positive cells.
Data are plot individual values (n = 10). CON = same dosage of PBS, OS = 800 μmol/kg BW of tBHP. Statistical significance
was evaluated by t-test, * p < 0.05.
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Figure 4. Oxidative stress (induced by tBHP) reduced cecal short chain fatty acid concentration (Experiment 1). Data are
means ±SEM represented by vertical bars or plot individual values. (A) Short chain fatty acid concentration in cecal digesta.
(B,C) Alpha diversity of cecum microbiota, with Observed species, Chao 1, ACE (B) and Shannon and Simpson index (C).
(D–F). The difference n = 10. Statistical significance was evaluated by the Student’s t-test, * p < 0.05.

As analyzed by Adonis and LEfSe (log10 LDA > 3), the tBHP challenge significantly
reduced the relative abundance of Firmicutes (Phylum), Lactobacillus (genus), Faecalibac-
terium (genus), unidentified_Prevotellaceae (genus), Prevotella_sp_KHD1 (Species), Butyricic-
occus (Species), and Clostridiales_bacterium_DJF-B152 (species) (Figure 4E,F; Figure 5A–E;
Figure 6; p < 0.05), while it led to an increase in the enrichment of Proteobacteria (Phylum),
Marinifilaceae (family), Odoribacter (genus) and Clostridiales_bacterium_77_5d (species). The
Firmicutes to Bacteroidetes ratio was also lower in the OS group compared with the CON
group (Figure 6; p < 0.05).
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Figure 5. Oxidative stress (induced by tBHP) changed microbiota diversity (Experiment 1). Data are means ± SEM
represented by vertical bars or plot individual values. (A,B) The bacteria abundance enrichment difference in the genus.
(C) The principal coordinate analysis (PCoA) of the cecum microbiota based on unweighted UniFrac metrc. (D,E) The
relative abundance of the top 10 phylum (D) and genus (E). The difference n = 10. Statistical significance was evaluated by
the Student’s t-test, * p < 0.05.

296



Antioxidants 2021, 10, 1422

Figure 6. Oxidative stress (induced by tBHP) changed microbiota enrichment (Experiment 1). Data are means ±SEM
represented by vertical bars or plot individual values. (A) Linear discrimination analysis coupled with effect size (LEfSe)
identified most differentially abundant taxa in the cecum with LDA significant threshold > 3 were shown. (Red) CON
enriched taxa; (Green) OS enriched taxa. (B) Analysis of different species between groups at different levels. (a) Family, (b)
Genus, (c) Species. The difference n = 10. Statistical significance was evaluated by the Student’s t-test.
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3.4. Oxidative Stress Changed Amino Acid Biosynthesis and Ovarian Serotonin and Melatonin
Concentration

In this study, a total of 481 metabolites were identified; the layer in the OS group
showed a notable metabolite alteration as compared to the CON group, as showed by PLS-
DA analysis (Figure 7A). We observed that 30 metabolites were altered between the OS and
CON groups, of which 21 of them were downregulated, and the rest 9 were upregulated
(Figure 7B,C; p < 0.05, VIP > 1). The significantly altered metabolites were distributed as
amino acids, lipids, organic acids, nucleosides, sugar alcohol, aliphatic acyclic compounds,
aromatic heteropolycyclic compounds, and aliphatic heteromonocyclic compounds. In
order to identify possible pathways relevant to the development of oxidative stress, all
of the attributed metabolites were subjected to a high-quality KEGG metabolic pathways
database (Figure 7C). As shown in Figure 8D, the concentration of differential metabolites
in the corresponding metabolic pathways of Tryptophan metabolism, Pyruvate metabolism,
Gap junction and Citrate cycle (TCA cycle) (p < 0.05). The concentrations of serotonin
and melatonin in the ovary of layers challenged with tBHP were increased (Figure 8A,B;
p < 0.05), which was similar to the observed pattern of metabolomic profile (Figure 7B,C;
p < 0.05, VIP > 1).

Correlations between metabolites and microbiota with significant differences between
the two groups were obtained via Spearman’s correlation analysis. As shown in Figure 8E,
we observed that the bacteria genera, including Oscillospira, unidentified_Prevotellaceae and
Odoribacter were most closely related to the changed metabolites in the ovary of OS group
(p < 0.05). In particular, bacteria of the Odoribacter genera were negatively correlated to the
concentration of S-Sulfo-L-Cysteine and positively correlated to the 5-Methoxyindole-3-
acetic acid (indole and its derivatives), while bacteria of the Oscillospira genera were related
mostly to the organic acids (anthranilic acid, (S)-2-Hydroxybutanoicacid) and nucleotide
metabolism process (UMP, uridine5-diphosphate).

3.5. Melatonin Ameliorates tBHP Induced Oxidative Stress Ovarian Dysfunction In Vitro

Seven-day-old chicken ovaries were cultured and treated with tBHP and Mel for
3 days in vitro, and the histological analysis revealed that the addition of tBHP in the cell
culture medium decreased the number of primordial follicles, primary and total follicles
and increased the number of atretic follicles, cell apoptosis rate, and also the proapoptotic
markers (Bax and caspase 3) in the ovary, whereas the addition of Mel was able to reverse
the detrimental effect of tBHP (Figure 8A–D; p < 0.05). The concentration of protein
oxidant products (PC) was higher in the ovary treated with tBHP, while it decreased after
Mel administration (Figure 8E; p < 0.05). SIRT1 gene expression and protein levels were
decreased, while FoxO1 and P53 were increased in the OS group; the addition of Mel was
able to reverse this effect (Figure 9F,G; p < 0.05).
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Figure 7. Oxidative stress (induced by tBHP) changed the serum metabolites. (A) The principal component analysis (PCA)
of the serum metabolites. (B) Heatmap of the different serum metabolites. (C) Ovarian different metabolites in OS group
compared to controls. p < 0.05.
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Figure 8. Oxidative stress (induced by tBHP) reduced increased serotonin and melatonin levels in the ovary and changed
body amino acid biosynthesis and metabolism. (A) Ovarian tissue melatonin levels. (B) Ovarian tissue serotonin levels.
(C) Description of the different metabolites between OS and CON group by volcano plot. (D) KEGG pathway enrichment
of target metabolites. (E) Spearsman Correlationship between metabolites and microbiota. Statistical significance was
evaluated by the Student’s t-test, * p < 0.05.
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Figure 9. Melatonin ameliorates oxidative stress (tBHP) induced ovarian dysfunction in vitro (Experiment 2). (A,B) Ovarian
histology and TUNEL analysis of layers after three days of treatment and follicle counts at each developmental stage
(PMF = primordial follicle; PF = primary follicle; AF = atretic follicle). TUNEL analysis for cell apoptosis in ovary (A,C)
showed the TUNEL results with the brown color presents the positive cells. (D) RT-PCR analysis for mRNA expression
levels related to ovarian apoptosis gene expression. (E) Antioxidant capacity analysis for ovary with oxidation product.
(F,G) the western blotting result of apoptosis associate protein (Bax, Bcl-2, caspase 3 and cleaved-caspase 3). Data are
shown as averages and error bars represent SEM± SEM; statistically significant differences are shown with different letters
(p < 0.05) with one-way ANOVA with Tukey’s test. −tBHP − Mel = 0 tBHP + 0 melatonin, +tBHP − Mel = 50 μmol/mL
tBHP, +tBHP + Mel = 50 μmol/mL tBHP + 100 ng/mL melatonin, Bcl-2 = B-cell lymphoma-2, SIRT1 = silent information
regulator 1, FoxO1 = forkhead box O1, PC = protein carbonyl, GSH = glutathione, MDA = malondialdehyde. Statistical
significance was evaluated by t-test, * p < 0.05, ** p < 0.01.

4. Discussion

Proper functioning of the ovary is critical to maintaining fertility and overall health,
and ovarian function depends on the maintenance and normal development of ovarian fol-
licles [39,40]. Accelerated metabolism occurs in rapidly proliferating granulosa cells (GCs)
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within developing follicles, leading to increased ROS production. Moreover, accumulating
evidence demonstrates that excessive ROS are the key signals in the initiation of apoptosis
in granulosa cells of both primordial and growing follicles by diverse stimuli, such as
alcohol, radiation, and smoking, as well as malnutrition and obesity [14,41,42]. Melatonin,
an endogenous component of follicular fluid, has been suggested to improve GCs resistance
to oxidative stress in vitro cell model [43–45]. In this study, we investigated the role of
Mel in protecting ovarian follicles from atresia via the SIRT1-FoxO1/P53 pathway; we also
examined the role of the gut microbiota in this process.

Oxidative stress induces apoptosis and affects cellular homeostasis, which results
from dysregulation between antioxidant and pro-oxidant availability [42]. PC and MDA
are produced during protein and lipid peroxidation, and they can be indicative of OS [46].
The markedly lower levels of T-SOD, Mn-SOD, T-AOC activities, along with significantly
elevated MDA and PC levels within the ovary of tBHP challenged layers (OS group) suggest
the presence of oxidative damage and also indicates that our model was successfully
established in the current study.

We observed that OS decreased the layers’ reproductive performance as indicated by
the lower egg-laying rate, decreased hormone levels (lower estradiol, FSH, IGF-1), and also
by the smaller primordial follicle reserve and increased atresia in the ovaries of the tBHP
challenged layers. In our previous study, we also found that oxidative stress (induced by
high levels of molybdenum and vanadium) decreased egg production in layers and the
addition of antioxidants (tea polyphenols) was able to reverse this effect by improving the
antioxidant capacity and gut microbiota balance [9,47]. Studies in mammals have found
that oxidative stress can reduce the number of follicles in each stage of the ovarian cycle
and impair ovarian function [48–52]. Additionally, previous studies have also reported
that oxidative stress decreases hormone secretion (including lower estradiol, FSH, LH and
IGF-1) and impairs the glutathione redox cycle [50,53]. Recent animal studies indicate that
IGF-1 exerts antioxidant effects and anti-inflammatory effects in animals [54,55]. Leptin
was demonstrated to exert an important role in the regulation of ovarian folliculogenesis
indirectly via control of luteinizing hormone and FSH secretion [52]; however, the OS did
not affect leptin levels, but decreased LH and FSH levels in the current study.

Interestingly, both melatonin and serotonin serum levels were decreased after the OS
challenge, but the levels of melatonin and serotonin levels were enhanced in the ovary,
while the addition of melatonin in the in vitro experiment was able to reverse these adverse
effects induced by the tBHP challenge. To date, there is a paucity of data elucidating the
mechanism contributing to the gut–ovary axis in the literature. In the present study, we
aimed to establish a link between the gastrointestinal microbiome and ovarian function.
In the current study, we found that the microbial diversity was reduced by the tBHP
challenge. In agreement with our observations, another study also reported that mice
fed a high-fat diet resulted in oxidative stress and the increased ROS levels disrupted the
intestinal microenvironment, ultimately resulting in dysbiosis [56,57].

In this study, we observed that Firmicutes and Bacteroidetes were the most abundant
at the phylum level, and Bacteroides and Lactobacillus were the dominant genera in all
dietary treatments. The Firmicutes to Bacteroidetes ratio is an important biomarker of
gastrointestinal functionality and can be used as an indicator of eubiosis conditions in the
gastrointestinal tract [58]. Previous studies have also demonstrated that the gut microbiota
of obese subjects (humans) is characterized by a lower abundance of Firmicutes and a
higher abundance of Bacteroidetes compared to their lean counterparts [51]. At the same
time, it has been reported that oxidative stress has significantly increased the estimators of
richness and community diversity of the gut microbiota of sows [57]. In addition, other
studies have demonstrated that during conditions of intestinal dysbiosis, an excessive
bioavailability of ROS molecules can contribute to an increase in oxidative stress [59,60]. It
could be argued that these discrepancies may be related to the form of the type of animal
or the level of oxidative stress.
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In this study, although the cecal microbiota of the OS group was slightly similar to that
of the CON one, the abundance of Marinifilaceae, Odoribacter and Bacteroides_plebeius in the
OS group was significantly increased. Bacteroidetes are plant polysaccharide degraders and
propionate producers that can improve intestinal barrier function and reduce inflammation
and oxidative stress [46,61]. It has been reported that the relative abundance of Bacteroides
is enriched in the gut of the host treated with antioxidants [62]. Our observation is in
agreement with that of Wang [63], who found that oxidative stress significantly increases
the relative abundance of Bacteroides_f_Bacteroidaceae in the gut of sows.

In this study, we observed that tryptophan metabolism, pyruvate metabolism, and
the TCA cycle were disrupted by the tBHP challenge. While serotonin was upregulated,
anthranilic acid, succinic acid, and oxaloacetate were downregulated. Tryptophan is an
essential amino acid and is generally considered as the second-limiting amino acid in the
most based diets of layers. Tryptophan metabolized in animals comes from two sources:
one is an endogenous amino acid that is broken down by tissue protein, and the other is the
exogenous amino acid that is digested and absorbed from the diet [64]. It has been reported
that oxidative stress significantly decreased tryptophan/large neutral amino acids and
serotonin concentrations in pigs, suggesting that oxidative stress might increase tryptophan
metabolism [65]. This is consistent with our research results.

The tryptophan metabolism has been associated with various nutrients such as car-
bohydrates, proteins during the metabolic process [66]. An increase in the metabolism of
tryptophan during oxidative stress could affect other physiological processes. On the other
hand, tryptophan is also the precursor of Mel, and which can also be synthesized in the
ovary [22]. Therefore, the decreasing levels of tryptophan in serum may correspond to the
higher Mel and serotonin in the ovary. Pyruvate can realize the mutual conversion of carbo-
hydrates, lipids, and amino acids in the body through the acetyl CoA and tricarboxylic acid
cycles [67]. Therefore, pyruvate plays an important pivotal role in the metabolic connection
of the three major nutrients. Moreover, the increased metabolism of pyruvate in cases of
oxidative stress may be related to the increased need for oxygen and energy during the
production of ROS.

It has been shown that supplementing exogenous pyruvate can prevent oxidative
tissue stress [68]; however, in this study, we observed that oxidative stress promoted
pyruvate metabolism. This apparent discrepancy may be due to different experimental
models and different tissues tested, which needs to be clarified in further investigations.
Oxidative stress could affect the levels of metabolites from glycolysis and the TCA cycle
and production of adenine nucleotides [69]. In addition, it has been shown that an increase
in oxidative stress and a decrease in the TCA cycle enzymes activity may cause the distal
peripheral nerve to rely on truncated TCA cycle metabolism in rats [70]. Tryptophan
catabolism has been recognized as an important player in inflammation and immune
response. In this study, we found that oxidative stress caused a decrease in succinic acid
and oxaloacetate in the TCA, which is consistent with previous studies. Oxidative stress
will hinder the TCA and pyruvate metabolism, and ultimately affect the metabolism of
carbohydrates, lipids, and amino acids.

SIRT1 is an NAD+-dependent protein deacetylase, and it has been proved to be in-
volved in the protective effects of melatonin [71]. In this study, we found that melatonin
levels were decreased in oxidative stress and the exogenous addition of Mel could mitigate
the negative impact of oxidative stress and improve ovarian functionality in tBHP chal-
lenged layers. It has been shown that SIRT1 exerts its beneficial effects via the reduction
of oxidative stress and endoplasmic reticulum stress in mitochondria [28,72]. Our results
also indicated that the SIRT1 was increased by melatonin addition in vitro and decreased
FoxO1 and P53 expression. As reported previously, melatonin was able to protect mouse
granulosa cells against oxidative damage by inhibiting FoxO1-mediated autophagy [72,73].

The animal model we used (ovaries from laying hens) may be different from the
ovaries of productive mammalian animals. There are distinct histological and physiological
differences according to the reproductive stage of the animal. Moreover, “a link between
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the gastrointestinal microbiome and ovarian function” could be speculated in the current
animal model, but cannot be established for other species and humans especially. However,
the literature about oxidative stress on the ovary function of poultry is not well elucidated,
which needs to be explored in future studies.

5. Conclusions

In conclusion, we found that oxidative stress could decrease laying performance,
ovarian function and induce gut microbiota dysbiosis and disrupt serum metabolites in
tBHP challenged layers; melatonin was able to reverse the impact of oxidative stress at the
ovarian level through the SIRT1-P53/FoxO1 pathway (Graphical Abstract).
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