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ABSTRACT

Intestinal oxidative stress triggers gut microbiota dysbiosis, which is involved in the etiology of post-
weaning diarrhea and enteric infections. Ellagic acid (EA) can potentially serve as an antioxidant sup-
plement to facilitate weaning transition by improving intestinal oxidative stress and gut microbiota
dysbiosis. Therefore, we aimed to investigate the effects of dietary EA supplementation on the attenu-
ation of intestinal damage, oxidative stress, and dysbiosis of gut microbiota in weanling piglets. A total of
126 piglets were randomly assigned into 3 groups and treated with a basal diet and 2 mL saline orally
(Ctrl group), or the basal diet supplemented with 0.1% EA and 2 mL saline orally (EA group), or the basal
diet and 2 mL fecal microbiota suspension from the EA group orally (FEA group), respectively, for 14 d.
Compared with the Ctrl group, EA group improved growth performance by increasing average daily feed
intake and average daily weight gain (P < 0.05) and decreasing fecal scores (P < 0.05). EA group also
alleviated intestinal damage by increasing the tight junction protein occludin (P < 0.05), villus height,
and villus height-to-crypt depth ratio (P < 0.05), while decreasing intestinal epithelial apoptosis
(P < 0.05). Additionally, EA group enhanced the jejunum antioxidant capacity by increasing the total
antioxidant capacity (P < 0.01), catalase (P < 0.05), and glutathione/oxidized glutathione (P < 0.05), but
decreased the oxidative metabolite malondialdehyde (P < 0.05) compared to the Ctrl group. Compared
with the Ctrl group, EA and FEA groups increased alpha diversity (P < 0.05), enriched beneficial bacteria
(Ruminococcaceae and Clostridium ramosum), and increased metabolites short-chain fatty acids
(P < 0.05). Correspondingly, FEA group gained effects comparable to those of EA group on growth per-
formance, intestinal damage, and intestinal antioxidant capacity. In addition, the relative abundance of
bacteria shifted in EA and FEA groups was significantly related to the examined indices (P < 0.05).
Overall, dietary EA supplementation could improve growth performance and attenuate intestinal
damage and oxidative stress by regulating the gut microbiota in weanling piglets.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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The weaning age of piglets is approximately 3 wk in intensive
swine production while the natural weaning age is approximately
17 wk (Jensen, 1986). The early weaning of piglets is frequently

accompanied by transient anorexia, severe intestinal damage, in-
fections, and diarrhea due to sudden changes in diet, social re-
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et al., 2007b). These multiple issues encountered in piglets during
early weaning led to the overuse of antibiotics and dietary sup-
plementation of zinc and copper beyond nutritional requirements,
burdening the environment and public health (Gresse et al., 2017;
Yazdankhah et al., 2014). Europe has introduced legislation to limit
the amount of zinc oxide added to feed to less than 150 mg/kg
(Starke et al., 2014). With the expansion of the ban on antibiotics for
swine disease, growth promotion in China, and restrictions on
copper and zinc additions, the search for antibiotic alternatives has
become urgent (Allen et al., 2013, 2014; Gresse et al., 2017; Walsh
and Wu, 2016). Increasing evidences indicate that early weaning
stress leads to dysbiosis of gut microbiota, which is involved in the
etiology of diarrhea and enteric infections in piglets (Gresse et al.,
2017; Lalles et al., 2007a). Therefore, nonantibiotic functional ad-
ditives that could restore a balanced gut microbiota are potentially
effective agents that contribute to the weaning transition of piglets
(Gresse et al., 2017).

Oxidative stress in the inflamed gut lumen disturbs the oxygen-
sensitive niches where microbiota resides, thus triggering dysbiosis
of the gut microbiota (Donaldson et al., 2016; Gresse et al., 2017).
The gut microbiota shift effect of polyphenols has been found to
have various pharmacological effects, including anti-
neurodegenerative diseases (Nargeh et al, 2021), anti-
nonalcoholic fatty liver disease (Wang et al., 2021), and allevia-
tion of colitis (Zhao and Jiang, 2021). Furthermore, the gut micro-
biota of green tea polyphenol-treated mice improved intestinal
epithelial homeostasis and ameliorated experimental colitis, indi-
cating that gut microbiota mediates the function of polyphenols
(Wu et al,, 2021). Ellagic acid (EA), a polyphenol from several fruits
and Chinese herbs, has excellent antioxidant capacity (Cornélio
Favarin et al., 2013). The protective effects of EA against alcoholic
liver disease in mice are associated with the gut microbiota (Zhao
et al., 2021). Here, we aimed to investigate the effects of dietary
EA supplementation on the attenuation of intestinal damage,
oxidative stress, and dysbiosis of gut microbiota in weanling pig-
lets. Fecal microbiota transplantation (FMT) provides an effective
way to reveal the role of the gut microbiota in the pharmacody-
namic effects of natural active ingredients (Dong et al., 2021; Wu
et al., 2019). To test our hypothesis, we treated weanling piglets
with EA and transferred their fecal microbiota to FMT recipient
piglets.

2. Materials and methods
2.1. Animal ethics statement

Our animal trial was performed in accordance with the protocol
approved by the Scientific Ethics Committee of Huazhong Agri-
cultural University (approval number HZAUSW20210012).

2.2. Animals and experimental treatments

We allotted 126 early weaning Landrace x Yorkshire piglets
(23 + 1 d of age) into 3 groups of 7 replicates (6 piglets per repli-
cate) and treated them with basal diet and 2 mL saline orally every
other day (Ctrl group), or basal diet supplemented with 0.1% EA
(content 82%, Tianxin Biotech Co., Ltd., Hubei, China) and 2 mL
saline orally every other day (EA group), or basal diet and 2 mL fecal
microbiota suspension from EA group orally every other day (FEA
group), respectively, for 14 d. Then, 20 piglets were sacrificed for
sampling (6 from the Ctrl group; 7 from the EA group, and 7 from
the FEA group). The composition of the basal experimental diet
(Table 1) is in accordance with the recommendations of the Na-
tional Research Standards Committee (NRC, 2012). The dose of di-
etary EA supplementation was based on the literature (Cornélio
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Cornélio Favarin et al., 2013) and the results of our prior pre-trial
(Fig. S1).

2.3. Blood and intestinal sample collection

We obtained the blood samples using heparinized vacutainer
tubes and then centrifuged them at 4 °C, 3,000 x g for 10 min.
Three 3-cm long segments of jejunum tissue (Prates et al., 2021;
Qiu et al,, 2021) were sampled from the middle portion of small
intestine and then rinsed with ice cold PBS. One segment was fixed
in 4% paraformaldehyde for analyzing intestinal morphology, and
the others were frozen immediately with dry ice. The feces samples
were collected from rectum and then immediately frozen with dry
ice. All frozen samples were then stored at —80 °C for the next
analysis.

2.4. Piglet growth performance and fecal scores

We determined piglets’ average daily gain (ADG), average daily
feed intake (ADFI) and fecal scores with the following scale:
1 = normal, solid feces; 2 = soft, looser than normal feces, slight
diarrhea; 3 = moderate diarrheic feces; 4 = liquid, severe diarrheic
feces for all pigs daily (Vi et al., 2005).

2.5. Histomorphology examination of the jejunum tissue

Jejunum tissues were fixed with 4% paraformaldehyde and then
packed with paraffin wax. Consecutive sections at 5 mm thickness
were stained with hematoxylin and eosin (H&E) for histo-
morphology examination. We determined villus height, crypt
depth, and villus height-to-crypt depth ratio of the jejunum tissue
at 40x magnification using a microscope (BX51, OLYMPUS, Japan).

2.6. Apoptosis assessment of jejunal epithelium

We determined apoptosis of jejunal epithelium using the ter-
minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay (Gavrieli et al., 1992). The average optical density (AOD) of
TUNEL (green) was determined using Image ] to determine the
apoptosis level of jejunal epithelium (Schneider et al., 2012).

2.7. Antioxidant indices determination of the jejunum tissue

We determined the antioxidant indices of total antioxidant ca-
pacity (T-AOC, BC1315), glutathione (GSH, BC1175)/oxidized gluta-
thione (GSSG, BC1185), malondialdehyde (MDA, BC0025), catalase
(CAT, BC0205), and nitric oxide (NO, BC1475) in jejunum tissue
according to the manufacturer's instruction of commercial kits
(Solarbio Science & Technology, Beijing, China). For tissue homog-
enates, 100 mg tissue was rinsed with PBS, homogenized in 1 mL of
PBS and the homogenates were centrifuged for 5 min at 5,000 x g,
and 4 °C. The supernatant was removed and assayed immediately.

2.8. Tight junction protein determination of the jejunum tissue

The jejunum tissues were suspended and homogenized in RIPA
buffer containing protease inhibitors using a Tissuelyser (65 Hz for
120 s). After centrifugation at 12,000 x g, 4 °C for 15 min, the su-
pernatants were collected and their protein concentrations were
determined using BCA kit (Thermo Scientific, 23250). An equivalent
amount of protein (12 ug) was separated by polyacrylamide gel
electrophoresis and transferred to a polyvinylidene fluoride
membrane. After TBST cleaning and sealing with 5% skim milk, the
membrane was incubated with rabbit polyclonal antibodies
occludin (Cell Signaling Technology, 911315, 1:1,000) and claudin-1
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Table 1

Ingredients and nutrients levels of basal diets (as-fed basis, %).
Item Content
Ingredients
Corn 20.02
Soybean meal 8
Expanded soy bran 10
Expanded corn 35.00
Fermented soybean meal 7.00
Soybean oil 1
Sucrose 3.00
Intestinal membrane protein powder (50% CP) 3.00
Low protein whey powder 6.00
Fish meal 3.00
L-Lysine HCI 0.45
DL-Methionine 0.15
L-Threonine 0.15
L-Tryptophan 0.03
Choline chloride 0.10
Limestone 0.90
Dicalcium phosphate 0.90
NaCl 0.30
Vitamin and mineral premix’ 1
Nutrient levels
DM 88.57
DE, MJ/kg 1435
CcpP 19.01
Ca 0.81
Total P 0.58
Available P 0.42
Lysine 1.41
Methionine 0.46
Methionine + Cystine 0.73
Threonine 0.87
Tryptophan 0.25

! Provided per kilogram of complete diet; vitamin A: 1,5500 IU; vitamin Ds:
3,000 IU; vitamin E: 40.0 mg; vitamin K: 1 mg; vitamin B;: 4.5 mg; vitamin
B,:10.5 mg; vitamin Bg: 7 mg; vitamin B;,: 0.04 mg; folic acid: 2.0 mg; nicotin-
amide: 45 mg; D-biotin: 0.3 mg; D-pantothenic acid: 25 mg; Fe (as FeSO4eH,0),
100 mg; Cu (as CuSO4e5H,0), 6 mg; Mn (as MnSO4e5H,0), 20 mg; Zn (as
ZnS04e7H,0), 90 mg; I (as KI), 0.14 mg; Se (as Na,SeO3e5H,0), 0.30 mg.

(Proteintech, 13050-1-AP, 1:1,000) at 4 °C overnight. The mem-
brane was then incubated with secondary antibody (1:10,000) at
room temperature for 1.5 h. Bands were measured by densitometry
using image | software and relative protein expression levels were
standardized with B-actin.

2.9. The mRNA expression of inflammation- and apoptosis-related
genes in jejunum tissue

Total RNA was extracted from jejunum tissues by TRIzol (Invi-
trogen). The concentration of total RNA was determined by a
spectrophotometer (NanoDrop 2000, Thermo Scientific), and 2 mg
total RNA was used for cDNA synthesis with reverse transcription
master mix (Thermo Fisher Scientific) according to the manufac-
turer's instructions. The qPCR (95 °C for 5 min; 40 cycles of 95 °C for
155,60 °C for 30 s and 72 °C for 30 s, and a final extension of 72 °C)
was performed using the iTaq Universal SYBR Green Super Mix
(Bio-Rad) on a CFX384 Real-Time PCR system (Bio-Rad) and the
gene expression were normalized to GAPDH. All RT-qPCR primer
pairs are listed in Table 3.

2.10. Fecal microbiota transplantation

We prepared fecal suspension according our previous protocol
(Xu et al, 2021a, 2021b). Briefly, piglets’ fresh feces samples
collected from EA group were immediately homogenized with O,-
free saline and then passed through the sterilized gauze and then a
0.224-mm stainless cell strainer was used to remove the particles.
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The re-suspended fecal suspension after centrifugation at 3,500 x g
for 10 min was used to treat piglets via oral administration (2 mL
per piglet every other day).

2.11. Gut microbiota profiling

The total genomic DNA of fecal bacteria was extracted using the
TGuide S96 Magnetic Soil/Stool DNA Kit (TIANGEN, China) ac-
cording to manufacturer's instructions. The integrity of DNA was
assessed by agarose gel electrophoresis. The genomic DNA was
used as a template for PCR amplification. Universal primers 515F
and 806R were used for PCR amplification of the V4 hypervariable
regions of 16S rRNA genes (515F, 5'-GTGYCAGCMGCCGCGGTAA-3/;
806R, 5'-GGACTACNVGGGTWTCTAAT-3'). The generated DNA pool
was then paired end sequenced (2 x 250) on an Novaseq 6000
platform (Illumina, San Diego, USA) at Biomarker Technologies Co,
Ltd. (Beijing, China).

We analyzed sequencing raw data using the Quantitative In-
sights into Microbial Ecology software package (version 2021.6)
(Bolyen et al., 2019). USEARCH (Edgar, 2013) (version 10.0) was
employed to cluster sequences into operational taxonomic units
(OTUs) with similarity over 97%. The taxonomy of each OTU
representative sequence was analyzed using Ribosomal Database
Project Classifier v.2.2 trained on the database Green-
gene_2013_5_99 and Silva (Release132) (Quast et al., 2013;
DeSantis et al., 2006) with 0.6 confidence values as cutoff. The alpha
diversity indices including Observed species, Chaol value, ACE
value, Shannon, and Simpson value were calculated by Mothur
(v1.31.2) (Schloss et al., 2009) with the corresponding rarefaction
curve drawn by software R (version 4.3.1). We performed principal
co-ordinates analysis (PCoA) analysis and permutational multivar-
iate analysis of variance (PERMANOVA, with 999 Monte Carlo
permutations) based on Bray—Curtis distances using the package
“vegan” in R software (version 4.3.1) (Wang et al., 2019). We
identified different bacteria using linear discriminant analysis ef-
fect size analysis (Segata et al., 2011).

2.12. Gut microbial function and metabolites analysis

We employed PICRUSt to predict the function of gut microbiota
based on 16S rDNA data and reference genome (Douglas et al.,
2020). Then, gas chromatography was used to determine the gut
microbial metabolites short chain fatty acids (SCFA) including

Table 2
Effects of ellagic acid (EA) and fecal microbiota transplantation (FMT) on the growth
performance of weaned piglets.’

Item Ctrl group EA group FEA group

Day 0 to 7

BW atd 0, kg 6.33 +1.38 6.35 + 0.60 5.63 +£0.75
BW atd 7, kg 6.81 + 1.38 6.86 + 0.62 6.16 + 0.77
ADFl, g 145.02 + 35.15 168.62 + 20.33 153.01 + 28.65
ADG, g 66.69 + 7.96" 80.24 + 5.90° 76.53 + 7.52%
F:G ratio 2.09 +0.11 1.90 + 0.63 1.83 +£ 0.53
Day 8 to 14

BW at d 14, kg 7.27 £ 1.39 6.54 + 0.63 5.86 +0.77
ADFI, g 176.42 + 17.41° 206.69 + 28.98% 198.28 + 40.07%°
ADG, g 70.28 + 8.99¢ 91.76 + 8.76% 89.53 + 10.36°
F:G ratio 240 +0.14 1.84 + 0.76 191 + 0.77

ADFI = average daily feed intake; ADG = average daily weight gain; F:G ratio = ratio
of feed to gain; d 0 = the day of weaning; d 7 = day 7 post weaning; d 14 = day 14
post weaning.
3 Within a row, means without a common superscript differs (P < 0.05).

! Data presented as mean + SEM. Ctrl group, piglets were fed the basal diet; EA
group, piglets were fed the basal diet supplemented with ellagic acid; FEA group,
piglets were fed the basal diet and received FMT from EA-treated piglets.
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Table 3
Primers sequences of target genes selected for analysis by real-time.

Gene Primer sequences (5'-3') Size, bp Temperature, °C

TNF-o F: ACCTCCTCTCTGCCATCAAG 173 60
R: CTGCCCAGATTCAGCAAAGT

IL-16 F: ATTCAGGGACCCTACCCTCTC 92 60
R: ATCACTTCCTTGGCGGGTTC

IL-1a F: GCATGTGCTGAGCCTTTGTA 181 60
R: CCTGGTCCTCCCAAGATTGT

IL-6 F: GATGCTTCCAATCTGGGTTCA 62 58
R: CACAAGACCGGTGGTGATTC

IL-10 F: CGGCCCAGTGAAGAGTTTCT 98 60
R: GGCAACCCAGGTAACCCTTA

SoD F: GAGACCTGGGCAATGTGACT 118 60
R: CTGCCCAAGTCATCTGGTTT

GCLC F: CAAACCATCCTACCCTTTGG 172 58
R: ATTGTGCAGAGAGCCTGGTT

GCLM F: GATGCCGCCCGATTTAACTG 159 58
R: ACAATGACCGAGTACCGCAG

HO-1 F: CGCTCCCGAATGAACACTCT 148 60
R: GCGAGGGTCTCTGGTCCTTA

NQO-1 F: ATCACAGGTAAACTGAAGGACCC 229 60
R: TGGCAGCGTATGTGTAAGCA

B-Actin F: TCTGGCACCACACCTTCT 114 57
R: TGATCTGGGTCATCTTCTCAC

TNF-a = tumor necrosis factor-a; IL = interleukin; SOD = superoxide dismutase;
GCLC = glutamate cysteine ligase catalytic subunit; GCLM = glutamate-cysteine
ligase regulatory subunit; HO-1 = heme oxygenase-1; NQO-1 = phosphate adenine
dinucleotide quinone oxidoreductase-1.

acetic acid, propionic acid, butyric acid, valeric acid, isobutyric acid,
and isovaleric acid in jejunal content and colonic content (Yan et al.,
2019).

2.13. Data processing and statistics analysis

Experimental data were analyzed using Excel 2016 for one-way
ANOVA and the Duncan multiple comparison test with GraphPad
8.0 software. Results were presented as mean + SEM and the sig-
nificance was presented as *P < 0.05, **P < 0.01, and ***P < 0.001. P-
values between 0.05 and 0.10 were considered as indicative of a
trend.

3. Results

3.1. Dietary EA supplementation and FMT improved diarrhea,
intestinal barrier function and redox imbalance in weaning piglets

To determine the effect of dietary EA supplementation on
weaning stress in piglets and the role of gut microbiota in this ef-
fect, we treated weanling piglets with dietary EA supplementation
and transferred their fecal microbiota to piglets in FEA group. As
shown in Table 2, EA increased ADFl on d 14 (P < 0.05), ADGon d 7
(P < 0.05) and d 14 (P < 0.01) compared with the Ctrl group. FEA
group increased ADG on d 14 (P < 0.05) compared with the Ctrl
group.

The effects of dietary EA supplementation and FMT on diarrhea,
intestinal damage, and redox imbalance in weanling piglets are
shown in Fig. 1. Compared with the Ctrl group, EA group decreased
piglets’ fecal scores on d 7 (P < 0.05) and d 14 (P < 0.05), while FEA
group decreased the scores on d 14 (P < 0.05), but not on d 7
(Fig. 1A). Compared with the Ctrl group, EA group (P < 0.05) and
FEA group (P < 0.01) both increased the expression of the tight
junction protein occludin, but had no effect on claudin-1 expression
(Fig. 1B). In addition, EA increased antioxidant indices, including
GSH/GSSG (Fig. 1C, P < 0.05), T-AOC (Fig. 1D, P < 0.01), and CAT
(Fig. 1E, P < 0.05); and reduced oxidative metabolite MDA (Fig. 1F,
P < 0.05) in jejunum tissue compared with the Ctrl group.
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Compared with the Ctrl group, FEA group had comparable effects
than EA on antioxidant indices including increased GSH/GSSG, T-
AOC, and CAT (Fig. 1C—E, P < 0.05), and reduced oxidative metab-
olite MDA (Fig. 1F, P < 0.05). Both EA and FEA groups had no sig-
nificant effect on NO level (Fig. 1G, P > 0.05).

3.2. Dietary EA supplementation and FMT improved intestinal
morphology and epithelial apoptosis in weanling piglets

The intestinal morphology and epithelial apoptosis of weanling
piglets are shown in Fig. 2. Compared with Ctrl group, EA and FEA
groups ameliorated the epithelium damages of lamina propria
gland and the villus integrity (Fig. 2A). EA increased villus height
(P < 0.05) (Fig. 2B) and villus height-to-crypt depth ratio (P < 0.05)
(Fig. 2D), but decreased the AOD of TUNEL staining (P < 0.05)
(Fig. 2E) when compared with the Ctrl group. Both EA and FEA
groups had no significant difference on crypt depth (Fig. 2C).

3.3. Dietary EA supplementation and FMT regulated the expression
of genes related to inflammatory cytokines and antioxidant
indicators in weanling piglets

The expression levels of antioxidant indices and inflammatory
factor-related genes in the jejunal tissue are shown in Fig. 3.
Compared with the Ctrl group, EA group improved the antioxidant
capacity of weanling piglets by increasing the mRNA levels of HO-
1(P < 0.05) (Fig. 3A), GCLC (P < 0.05) (Fig. 3C), and GCLM (P < 0.01)
(Fig. 3D) in jejunum tissues. FEA group increased mRNA level of
GCLM (P < 0.01) (Fig. 3D). Both EA and FEA groups had no statis-
tically significant influence on the mRNA levels of inflammatory
cytokines, although FEA group tended to increase the mRNA levels
of the anti-inflammatory cytokine IL-10 (Fig. 31) compared with the
Ctrl group.

3.4. Dietary EA supplementation and FMT shifted gut microbial
diversity in weanling piglets

We determined shifts in the gut microbiota of piglets using 16S
rDNA amplicon high-throughput sequencing. The curves in Fig. 4A
tend to be flat, indicating that there were sufficient sequencing data
to detect all species. The OTU distribution among the groups
showed that EA group shared more OTUs with FEA group than with
the Ctrl group (Fig. 4B). PCoA showed that the gut microbiota
among the groups was significantly different (Fig. 4C, P = 0.0071 by
PERMANOVA). Alpha diversity analysis showed that EA increased
the Observed species (P < 0.05), but had no statistically significant
effect on Chao1l, Shannon, Simpson, and Coverage compared to the
Ctrl group (Table 4). Compared with the Ctrl group, both EA and FEA
groups increased ACE although the difference was not statistically
significant.

3.5. Dietary EA supplementation and FMT altered gut microbial
structure in weanling piglets

Compared with the Ctrl group, the linked bar plots of the taxon
abundance illustrated that EA and FEA groups shifted the relative
abundance of bacteria at different taxon levels including phylum
(Fig. 5A) and species (Fig. 5B). Compared with the Ctrl group, EA
group increased the relative abundance of Tenericutes (P < 0.05,
Fig. 5C), Ruminococcaceae (P < 0.05, Fig. 5E), and Clostridium
ramosum (P < 0.01, Fig. 5H), but decreased the relative abundances
of Parabacteroides (P < 0.05, Fig. 5D); FEA group increased the
relative abundances of Ruminococcaceae (P < 0.05, Fig. 5E),
Enterobacteriaceae (P < 0.05, Fig. 5F), Fibrobacteres (P < 0.05,
Fig. 5G), C. ramosum (P < 0.01, Fig. 5G), Veillonella parvula (P < 0.05,
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Fig. 1. The effects of dietary ellagic acid (EA) supplementation and fecal microbiota transplantation (FMT) on diarrhea, intestinal damage, and redox imbalance in weanling piglets.
(A) Fecal scores on d 7 and 14. (B) Representative bands for Western blot. (C and D) Western blot of tight junction proteins claudin-1 and occludin in jejunum tissue, respectively. (E-
I) Antioxidant indices including GSH/GSSG, T-AOC, CAT, MDA, and NO in the jejunum tissue. Ctrl, the control group, where piglets were fed the basal diet; EA, the EA group, where
piglets were fed the basal diet supplemented with EA; FEA, the FEA group, where piglets were fed the basal diet and received FMT from EA-treated piglets. GSH/GSSG = glutathione/
glutathione (oxidized); T-AOC = total antioxidant capacity; CAT = catalase; MDA = malondialdehyde; NO = nitric oxide. Data presented as mean + SEM and significance was
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Fig. 2. The effect of dietary ellagic acid (EA) supplementation and fecal microbiota transplantation (FMT) on intestinal morphology and epithelial apoptosis in weanling piglets. (A)
H&E and TUNEL stained jejunum tissue. (B) Villus height. (C) Crypt depth. (D) Villus height-to-crypt depth ratio. (E) AOD of TUNEL staining. Scaler bar: 500 um (H&E), 100 pm
(TUNEL). Ctrl, the control group, where piglets were fed the basal diet; EA, the EA group, where piglets were fed the basal diet supplemented with EA; FEA, the FEA group, where
piglets were fed the basal diet and received FMT from EA-treated piglets. AOD = average optical density, H&E = hematoxylin and eosin stain; TUNEL = terminal deoxynucle otidyl
transferase dUTP nick end labeling; DAPI = 4/,6-diamidino-2-phenylindole. Data presented as mean + SEM and significance was presented as *P < 0.05 (n = 7).
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Fig. 3. The effect of dietary ellagic acid (EA) supplementation and fecal microbiota transplantation (FMT) on the gene expression of inflammatory cytokines and antioxidant factors
in weanling piglets. The genes of antioxidant indices in jejunum tissues including the following: (A) HO-1, (B) NQO-1, (C) GCLC, and (D) GCLM. The genes of inflammatory cytokines in
jejunum tissues including the following: (E) TNF-a, (F) IL-6, (G) IL-1a, (H) IL-16, and (I) IL-10. Ctrl, the control group, where piglets were fed the basal diet; EA, the EA group, where
piglets were fed the basal diet supplemented with EA; FEA, the FEA group, where piglets were fed the basal diet and received FMT from EA-treated piglets. HO-1 = heme oxygenase
—1; NQO-1 = quinone oxidoreductase-1; GCLC = glutamate cysteine ligase catalytic subunit; GCLM = glutamate cysteine ligase regulatory subunit; TNF-« = tumor necrosis factor—a,;
IL-6 = Interleukin-6; IL-18 = interleukin-1f; IL-1& = interleukin-1a; and IL-10 = interleukin-10. Data presented as mean + SEM and significance was presented as *P < 0.05 and

#p < 0.01 (n = 7).

Fig. 51), and Akkermansia muciniphila (P < 0.05, Fig. 5]), but
decreased the relative abundance of Parabacteroides (P < 0.01,
Fig. 5D).

3.6. Dietary EA supplementation and FMT altered the function and
metabolites of the gut microbiota in weanling piglets

We determined the functional shifts of the gut microbiota using
PICRUSt2 and further analyzed their differences with STAMP (Parks
et al.,, 2014). Compared with the Ctrl group, EA group increased the
functions of carbohydrate metabolism, biosynthesis of other sec-
ondary metabolites, glycan biosynthesis and metabolism, and
digestive system, but decreased the functions of infectious parasitic
diseases, infectious bacterial diseases, metabolism of cofactors and
vitamins, folding, sorting and degradation, metabolism of other
amino acids, energy metabolism, membrane transport, and amino
acid metabolism (P < 0.01, Fig. 6A), and FEA group increased the
functions of glycan biosynthesis and metabolism, digestive system,
carbohydrate metabolism, and biosynthesis of other secondary
metabolites, but decreased the functions of infectious bacterial
diseases, metabolism of cofactors and vitamins, membrane trans-
port, energy metabolism, folding, sorting and degradation, and
metabolism of other amino acids (P < 0.05, Fig. 6B).

Among the shifted gut microbial functions, Carbohydrate
Metabolism function refers to the gut microbiota fermenting car-
bohydrates in a strictly anaerobic environment to produce SCFA.
Compared with the Ctrl group, EA group not only increased con-
centrations of acetic acid (P < 0.05), propionic acid (P < 0.01),
butyric acid (P < 0.05), and total SCFA (P < 0.001) in colonic content,
but also increased the acetic acid and total SCFA in jejunal content
(P < 0.05), while FEA group increased the concentrations of
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propionic acid (P < 0.05) and total SCFA in colonic content
(P < 0.01), and also increased the total SCFA in jejunal content
(P < 0.05) (Table 5).

3.7. Dietary EA supplementation attenuated intestinal damage and
oxidative stress in association with gut microbiota in weanling
piglets

The Spearman rank correlation coefficient and significance
testing (Fig. 7) showed that Parabacteroides was negatively corre-
lated with jejunum_total SCFA (P < 0.01), jejunum_acetic acid
(P < 0.05), colon_butyric acid (P < 0.01), colon_propionic acid
(P < 0.01), colon_total SCFA (P < 0.05), and colon_acetic acid
(P < 0.05); but was positively correlated with TUNEL(AOD)
(P < 0.01). Fibrobacteres was positively correlated with the
expression of antioxidant-related genes (GCLM, NQO-1, GCLC, and
HO-1) (P < 0.05), antioxidant indices (GSH/GSSH, T-AOC, CAT, and
SOD) (P < 0.05), and anti-inflammatory factor IL-10 (P < 0.01); but
was negatively correlated with TUNEL(AOD) (P < 0.05), NO
(P < 0.05), MDA (P < 0.05), and the pro-inflammatory factors (IL-6,
IL-1a, TNF-a, MDA, and IL-1B) (P < 0.05). C. ramosum was positively
correlated with GCLM (P < 0.05), NQO-1(P < 0.05), GCLC (P < 0.05),
GSH/GSSH (P < 0.05), T-AOC (P < 0.05), and SOD (P < 0.05), but
negatively correlated with TUNEL(AOD) (P < 0.05). V. parvula was
positively correlated with GCLM (P < 0.05), NQO-1(P < 0.05), GCLC
(P < 0.05), HO-1(P < 0.05), GSH/GSSH (P < 0.05), T-AOC (P < 0.05),
and SOD (P < 0.05), but negatively correlated with IL-18 (P < 0.01),
MDA (P < 0.01), TNF-a. (P < 0.05), IL-1a. (P < 0.05), and NO (P < 0.05).
A. muciniphila was positively correlated with GCLM (P < 0.05), GCLC
(P <0.05),HO-1(P < 0.05), GSH/GSSH (P < 0.05), and SOD (P < 0.05),
but negatively correlated with MDA (P < 0.05), IL-1a. (P < 0.05), IL-6
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Fig. 4. The effect of dietary ellagic acid (EA) supplementation and fecal microbiota transplantation (FMT) on the gut microbiota in weanling piglets. (A) Rarefaction curve of species
counts. (B) Venn diagram of OTU distribution among groups. (C) The structure shifts (beta diversity) presented by PCoA plot based on Bray—Curtis distances and assessed by
PERMANOVA analysis. Ctrl, the control group, where piglets were fed the basal diet; EA, the EA group, where piglets were fed the basal diet supplemented with EA; FEA, the FEA
group, where piglets were fed the basal diet and received FMT from EA-treated piglets. OTU = operational taxonomic units; PCoA = principal coordinates analysis. Data presented as

mean + SEM. (n = 7).

Table 4
Effects of ellagic acid (EA) and fecal microbiota transplantation (FMT) on the gut
microbial diversity of weanling piglets.'

Item Ctrl group EA group FEA group

Alpha diversity

Observed species ~ 440.67 + 30.82%  485.71 + 23.32%°  491.71 + 104.62?

ACE 508.45 + 31.25 531.50 + 21.17 560.24 + 69.15
Chao1l 521.58 + 35.40 537.86 + 21.98 567.64 + 76.15
Simpson 0.96 + 0.016 0.97 + 0.012 0.94 + 0.033
Shannon 5.85 + 0.50 6.18 £ 0.35 5.57 + 1.011
Coverage 0.99 + 0.00010 0.99 + 0.00010 0.99 + 0.00020

3¢ Within a row, means without a common superscript differs (P < 0.05).

! Data presented as mean + SEM. Ctrl group, piglets were fed the basal diet; EA
group, piglets were fed the basal diet supplemented with ellagic acid; FEA group,
piglets were fed the basal diet and received FMT from EA-treated piglets.

(P < 0.05), NO (P < 0.05), and TUNEL(AOD) (P < 0.05). Tenericutes
was positively correlated with butyric acid (P < 0.05), total SCFA
(P < 0.05), and acetic acid (P < 0.001) in colonic content, but
negatively correlated with TUNEL(AOD) (P < 0.05). Ruminococca-
ceae was positively correlated with propionic acid in colonic con-
tent (P < 0.05) and IL-10 (P < 0.05).
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4. Discussion

Previous evidences suggest that anti-oxidative agents could
potentially function as antibiotic alternatives to facilitate the
weaning transition of piglets by restoring a balanced gut microbiota
(Gresse et al., 2017). Ellagic acid, a polyphenol, is widely present in
several fruits and Chinese herbs and has antioxidant activity and
regulatory effects on the gut microbiota (Cornélio Cornélio Favarin
et al., 2013; Zhao et al., 2021). However, the effect of EA on allevi-
ating weaning stress in piglets and the role of gut microbiota
remain unclear. Here, we determined, for the first time, the effect of
dietary EA supplementation on the attenuation of intestinal dam-
age, oxidative stress, and gut microbial dysbiosis in weanling pig-
lets. We found that dietary supplementation with 0.1% EA (1 g/kg
diet) improved diarrhea, intestinal barrier function, redox imbal-
ance, intestinal morphology, and intestinal epithelial cell apoptosis
in weanling piglets. Early weaning transition usually results in at-
rophy of the small intestine, reduced nutrient and electrolyte ab-
sorption, and reduced barrier function (Gresse et al., 2017). Dietary
EA supplementation not only improved intestinal barrier function
by increasing the expression of tight junction proteins claudin-1
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Fig. 5. The effect of dietary ellagic acid (EA) supplementation and fecal microbiota transplantation (FMT) on the taxon abundance of gut microbiota in weanling piglets. (A and B)
The relative abundance of gut microbiota at levels of phylum and species, respectively. (C-]) The relative abundance of differential bacteria among groups. Ctrl, the control group,
where piglets were fed the basal diet; EA, the EA group, where piglets were fed the basal diet supplemented with EA; FEA, the FEA group, where piglets were fed the basal diet and
received FMT from EA-treated piglets. Data presented as mean + SEM and significance was presented as *P < 0.05 and **P < 0.01 (n = 7).

and occludin, but also relieved intestinal atrophy by improving
villus height, crypt depth, villus height-to-crypt depth ratio, and
epithelial apoptosis in the jejunum. These improvements in intes-
tinal function were further supported by the increased ADG and
ADFI. Consistent with our results, Chen et al. (2018) found that
dietary chlorogenic acid, a polyphenol and antioxidant, improved
the growth performance of weaned piglets by maintaining intes-
tinal function. Oxidative stress in the inflamed gut lumen disturbs
the microbiota in oxygen-sensitive niche, thereby triggering dys-
biosis of the gut microbiota (Donaldson et al., 2016; Gresse et al.,
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2017). Piglet weaning is associated with severe intestinal damage
and oxidative stress (Campbell et al., 2013; Lalles et al., 2007b). In
this study, dietary EA supplementation relieved piglet intestinal
oxidative stress, as indicated by increased antioxidant indices of
GSH/GSSG, T-AOC, and CAT, as well as the reduced oxidative
metabolite MDA in jejunum tissue. The Nrf2 pathway can prevent
and reduce cell damage caused by oxidative stress, and plays an
important role in protecting the integrity of the intestinal tract by
regulating the production of pro-inflammatory cytokines and
inducing the production of antioxidant enzymes (Wen et al., 2019).
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Table 5

Short chain fatty acid (SCFA) concentrations in piglets’ colonic and jejunal content.’

Item, pmol/g

Ctrl group

EA group

FEA group

Colonic content

Acetic acid 72.56 + 13.46" 99.66 + 19.05% 86.35 + 10.47%°
Propionic acid 51.70 + 14.83¢ 79.32 + 10.81°% 68.54 + 8.36"
Butyric acid 22.75 + 8.63 37.55 £ 7.76 3130 £ 7.11
Isobutyric acid 5.65 + 3.52 6.85 + 3.48 7.71 + 426
Isovaleric acid 3.21+£293 5.18 + 3.06 5.30 +2.40
Valeric acid 290 + 1.33 4.85 + 1.61 4.89 + 1.82
Total SCFA 158.76 + 18.41°¢ 233.40 + 28.69? 204.09 + 13.82°
Jejunal content

Acetic acid 16.61 + 3.86° 24.83 + 6.92° 21.65 + 3.88%°
Propionic acid 2.28 +1.08 3.51 +1.11 3.20 + 091
Butyric acid 1.16 + 0.33 1.77 + 0.69 1.42 + 0.23
Isobutyric acid 0.12 + 0.04 0.17 + 0.04 0.16 + 0.04
Isovaleric acid 0.56 + 0.18 0.65 +0.14 0.62 +0.13
Valeric acid 0.14 + 0.03 0.17 + 0.06 0.18 + 0.08
Total SCFA 20.87 + 3.41°¢ 31.08 + 6.86° 27.22 + 3.40°

3¢ Within a row, means without a common superscript differs (P < 0.05).

! Data presented as mean + SEM. Ctrl group, piglets were fed the basal diet; EA
group, piglets were fed the basal diet supplemented with ellagic acid (EA); FEA
group, piglets were fed the basal diet and received fecal microbiota transplantation
from EA-treated piglets.

When exposed to oxidative stress, Nrf2 migrates to the nucleus and
protects the cell by inducing the expression of various antioxidant
genes such as HO-1 and NQO1(Lee et al., 2019). The results showed
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that dietary EA supplementation increased the mRNA expression of
the HO-1 gene. Glutamate cysteine ligase (GCL) catalyzes the first
rate-limiting step in the production of the cellular antioxidant GSH
(Franklin et al., 2009). Dietary EA supplementation increased the
mRNA expression of GCLC and GCLM, which are the catalytic and
regulatory subunits of GCL, respectively (Lu, 2013). These antioxi-
dant gene expression levels were compared well with the increased
antioxidant indices in jejunum tissues.

Notably, FMT from EA-treated piglets had comparable effects on
attenuating diarrhea, intestinal morphology, epithelial apoptosis,
intestinal barrier function, and redox imbalance, suggesting that
the gut microbiota plays a vital role in relieving weaning stress in
piglets. Therefore, we determined the gut microbial shifts using 16S
rDNA sequencing and found that EA group and FEA group shared
more OTU numbers than with the Ctrl group, indicating that FMT
from EA-treated piglets shifted the piglets’ gut microbiota to EA-
treated piglets. This was further supported by the beta-diversity
analysis presented by PCoA. Alpha diversity analysis showed that
EA increased the number of observed species, which is consistent
with the results reported by Zhao et al. (2021). Taxon analysis
showed that EA increased the relative abundances of Tenericutes
and C. ramosum but decreased the relative abundance of Para-
bacteroides. FEA group increased the relative abundance of
Enterobacteriaceae, Streptococcaceae, C. ramosum, V. parvula, and
A. muciniphila, but decreased the relative abundance of Para-
bacteroides and Ruminococcaceae. Tenericutes are a unique class of
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bacteria that lack a cell wall and are typically parasites or com-
mensals of eukaryotic hosts (Skennerton et al., 2016). C. ramosum is
an anaerobic, spore-forming, gram-positive bacterium that pro-
motes serotonin (5-hydroxytryptamine, 5-HT) secretion, and
thereby modulating intestinal secretion and inflammation (Liu
et al., 2021; Mandic et al., 2019). In agreement well with our re-
sults, Jennings et al. (2021) found that higher intakes of berries and
apples/pears which contain a large group of plant-derived poly-
phenolic compounds were associated with a lower abundance of
Parabacteroides. Enterobacteriaceae includes both beneficial
commensal microbiota and opportunistic pathogens (Philips and
Blaser, 2015). The increase in Enterobacteriaceae caused by FEA
had no significant correlation with the examined indices, indicating
that these increased bacterial species or strains belonging to
Enterobacteriaceae were not harmful ones. Fibrobacteres are SCFA-
producing bacteria (Dalile et al., 2019; Den Besten et al., 2013), and
we found that Fibrobacteres had a significantly positive correlation
with antioxidant indices and a negative correlation with pro-
inflammatory factors and the apoptosis index. Recent data sug-
gest that V. parvula may play a protective role in the development of
the immune system in early childhood (Dzidic et al., 2018). In this
study, V. parvula had a significantly positive correlation with anti-
oxidant indices and negatively correlated with pro-inflammatory
factors. A. muciniphila increased in FEA group and was positively
correlated with antioxidant indices and negative correlation with
pro-inflammatory factors, and the apoptosis index which may be
due to its ani-inflammatory effect (Kim et al., 2020). Rumino-
coccaceae was positively correlated with IL-10, and propionic acid
in colonic content, which may be due to its ability to generate SCFA
(Liu et al., 2019).

We further found that EA and FEA groups both increased the
functions of Carbohydrate Metabolism, Glycan biosynthesis and
metabolism, Digestive system, and Biosynthesis of other secondary
metabolites. These increased functions of the gut microbiota were
related to metabolism function, especially Carbohydrate Meta-
bolism, which is responsible for the production of SCFA and has
been widely proven to benefit the host (Den Besten et al., 2013).
These functional shifts were consistent with the increased SCFA
concentrations in the colonic and jejunal contents. Gut microbiota
produced SCFA play a crucial role in maintaining intestinal ho-
meostasis (Van der Hee and Wells, 2021). Propionic acid improves
intestinal barrier function, inflammation, and oxidative stress via
signal transducer and activator of the transcription 3 signaling
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pathway (Tong et al., 2016). In addition, Reigstad et al. (2015) found
that the gut microbiota was able to promote 5-HT production in the
colon due to the effect of SCFA on enterochromaffin cells (Reigstad
et al., 2015). The 5-HT, a metabolite of tryptophan, regulates in-
testinal motility, secretion, inflammation, and epithelial develop-
ment (Liu et al., 2021). In addition, activation of G-protein-coupled
receptor 43 by SCFA is indispensable for the normal resolution of
intestinal inflammatory responses (Maslowski et al., 2009).
Therefore, the increase in SCFA by EA and FEA groups may
contribute to the attenuation of intestinal damage and oxidative
stress in weanling piglets. Spearman rank correlation coefficient
and significance testing showed that the identified different bac-
teria were significantly related to the examined indices, indicating
that the gut microbiota contributes to the effects of EA on attenu-
ating intestinal damage and oxidative stress in weanling piglets.

5. Conclusions

In summary, the present study demonstrated that dietary sup-
plementation with 0.1% EA significantly improved diarrhea, growth
performance, intestinal damage, gut microbial dysbiosis, and in-
testinal antioxidative capacity. FMT further suggested that the gut
microbiota mediated these beneficial effects of dietary EA supple-
mentation on facilitating weaning transition in piglets. Anti-
oxidative agents, such as natural polyphenols can be used as
antibiotics alternatives to improve weaning stress in piglets by
restoring a balanced gut microbiota.
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