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Ferulic acid (FA) and vanillic acid (VA) are considered as major phenolic metabolites of cyanidin 3-
glucoside, a polyphenol that widely exists in plants that possess a protective effect against oxidative
stress and inflammation in our previous study. This study aimed to investigate the effect of FA and VA on
inflammation, gut barrier function, and growth performance in a weaned piglet model challenged with
lipopolysaccharide (LPS). Thirty-six piglets (PIC 337 � C48, 28 d of age) were randomly allocated into 3
treatments with 6 replicate pens (2 piglets per pen). They were fed with a basal diet or a diet containing
4,000 mg/kg of FA or VA. Dietary supplementation of VA significantly increased average daily gain (ADG)
(P < 0.05). Both FA and VA decreased serum levels of thiobarbituric acid reactive substances (TBARS),
interlukin (IL)-1b, IL-2, IL-6, and tumor necrosis factor (TNF)-a (P < 0.05), and enhanced the expression of
tight junction protein oclaudin (P < 0.05). Analysis of gut microbiota indicated that both FA and VA
increased the Firmicutes/Bacteroidetes ratio alongside reducing the relative abundance of the Pre-
votellaceae family including Prevotella 9 and Prevotella 2 genera, but enriched the Lachoiraceaea family
including the Lachnospiraceae FCS020 group (P < 0.05). Moreover, VA reduced the relative abundance of
Prevotella 7 and Prevotella 1 but enriched Lachnospira, Eubacterium eligens group, and Eubacterium
xylanophilum group (P < 0.05), while FA showed a limited effect on these genera. The results demon-
strated that both VA and FA could alleviate inflammation and oxidative stress, but only VA has a sig-
nificant positive effect on the growth performance of LPS-challenged piglets potentially through
modulating gut microbiota.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. 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/).
1. Introduction

Polyphenols are secondary metabolites in plant products with
multiple activities such as antioxidant, anti-inflammatory, and anti-
iation of Animal Science and
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bacterial activities (Xie et al., 2020; Wu et al., 2017; Daglia, 2012),
and thus have the potential to replace antibiotics in the breeding
industry (Fiore et al., 2020). Extensive studies have suggested that
polyphenols like epigallocatechin gallate (Yan et al., 2020), resver-
atrol (Chen et al., 2021) (He et al., 2019) and proanthocyanidins
(Chen et al., 2019) are able to alleviate oxidative stress and in-
flammatory response in pigs and poultry (Hu et al., 2019). Our
previous studies have also revealed that Lonicera caerulea L. poly-
phenols, mainly cyanidin 3-glucoside (C3G), can attenuate inflam-
mation in both high-fat diet and lipopolysaccharide (LPS)-induced
mouse models (Wu et al., 2017, 2018). However, most polyphenols
can be quickly degraded after ingestionwith a poor absorption rate,
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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and monophenol or phenolic acid metabolized by gut flora are
regarded as the main bioactive compounds that enter circulation
(Tan et al., 2019) (Wan et al., 2021). More than 20 kinds of C3G
metabolites have been identified in blood circulation (de Ferrars
et al., 2014b, de Ferrars et al., 2014a), while vanillic acid (VA),
protocatechuic acid (PCA), ferulic acid (FA) and their derivates are
considered as the potential bioactive metabolites against inflam-
mation (Wu et al., 2019; Amin et al., 2015).

In the natural world, FA is usually joined with polysaccharides
by covalent bonds in various plant cell walls like cereal bran, and
regarded as the main bioactive compound of angelica sinensis,
chuanxiong rhizoma, and ferula (Rosa et al., 2018). Vanillic acid is
an oxidized form of vanillin produced during the conversion of
vanillin into FA, and is one of the major components of “natural
vanilla” aroma as well as the main bioactive compound of rhizoma
picrorhizae (Rosa et al., 2018; Zhao and Moghadasian, 2008).
Studies in vitro have demonstrated that FA, VA and PCA possess
antioxidant and anti-inflammatory properties by directly bonding
with protein kinase repressing nuclear factor kappa-B (NF-kB)
signaling and activation of nuclear factor E2-related factor 2 (Nrf2)
signaling in cell models (Wang et al., 2010; Yin et al., 2019; Kim
et al., 2010). Considering the low absorption of polyphenol and
phenolic metabolites will reach the hindgut, the biological activity
of polyphenol appears to be closely linked with modulating gut
microbiota, which is an essential part of the intestinal microenvi-
ronment. It is well-known that gut microbiota-derived metabolic
substances like short-chain fatty acids and bacteriocin can promote
gut development and prevent diarrhea (Donia and Fischbach,
2015), whereas gut microbiota disturbance can induce intestinal
inflammation and barrier damage (Guevarra et al., 2018). Our
previous study found that PCA may attenuate intestinal inflam-
mation bymodulating gut microbiota (Hu et al., 2020), and thus we
hypothesized that VA and FA may have a similar effect due to their
chemical structures. Therefore, in the present study, we aimed to
clarify the effect of FA and VA on inflammation, gut barrier function
and growth performance from the aspect of gut microbiota in the
LPS-challenged weaned piglet model.

2. Materials and methods

The animal experiment protocol used for the present study was
approved by the Hunan Agricultural University Institutional Animal
Care and Use Committee.

2.1. Materials and reagents

Antibodies against occludin, claudin-1, zonula occludens 1 (ZO-
1), and corresponding secondary antibodies were purchased from
Proteintech Group, Inc. (Chicago, IL, USA). Ferulic acid (�98%) and
vanillic acid (�98%) were provided by Shanghai Yuanye Bio-
Technology Co., Ltd (Shanghai, China). Lipopolysaccharide (Escher-
ichia coli Serotype O55:B5) was purchased from SigmaeAldrich (St.
Louis, MO, USA). The ingredients for the basal diet were provided by
Hunan Liuyanghe Feedstuff Co., Ltd (Changsha, Hunan, China).

2.2. Experimental design and diets

Thirty-six weaned piglets (Pig Improvement Company line
337 � C48, 28 d of age) were randomly allocated into 3 treatments
with 6 replicate pens (2 barrows per pen). Piglets were housed in
fully slatted pens and had free access to feed and water. Piglets in
the control group (CTL) were fed with a basal diet according to NRC
(2012) (Table S1), while the other 2 treatments were fed a diet
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supplementedwith 4,000mg/kg of FA (FA group) or 4,000mg/kg of
VA (VA group), respectively, for 21 d. All piglets were challenged
with LPS (10 mg/kg BW) on d 14 and 21 (2 h before sacrifice) through
intraperitoneal injection based on our previous study (Hu et al.,
2020).

2.3. Sample collections

On d 21 of the trial, 6 piglets (one from each replicate pen) from
each group were sacrificed after being anesthetized by sodium
pentobarbital (50 mg/kg BW). Blood samples (10 mL) were
collected from the jugular vein into anticoagulant-free vacuum
tubes and centrifuged at 1,500 �g for 10 min to get the serum after
standing at room temperature for 30 min. Cecal contents were
collected immediately into sterile tubes and snap-frozen in liquid
nitrogen before storage at �80 �C for further DNA extraction. Two
ileum segments (around 2 cm long) were sampled and gently
washed in normal saline; one was used for collecting mucosal
scrapings for detecting the mRNA expressions of tight junction
proteins, and another was immediately fixed in phosphate-
buffered paraformaldehyde (4%, pH 7.6) for immunohistochemical
staining.

2.4. Measurement of inflammatory cytokines and antioxidant
indices in serum

The antioxidant indices and inflammatory cytokines were
measured as described before (Yuan et al., 2020) (Wu et al., 2015).
Briefly, serum levels of interleukin (IL)-1b, IL-2, IL-6, and tumor
necrosis factor-a (TNF-a) were measured with respective ELISA kits
(Elabscience Biotechnology Co., Ltd, Wuhan, Hubei, China) ac-
cording to the manufacturer's instructions, while the activity of
total superoxide dismutase (T-SOD), glutathione peroxidase (GSH-
Px), total antioxidant capacity (T-AOC) and the level of thio-
barbituric acid reactive substances (TBARS) were determined in
serum by using respective assay kits (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China) according to the manufacturer's
instructions.

2.5. Real-time PCR

The mRNA expression of tight junction proteins including ZO-1,
occludin, and claudin-1 was determined in ileum mucosa by real-
time quantitative PCR as described previously (Hu et al., 2020), b-
actin was used as a housekeeping gene to normalize target gene
transcript levels and the primers of genes (Sangon Biotech,
Shanghai, China) are shown in Table S2. The PCR reactions were
performed in a 20-mL total reaction volume, which included 10 mL of
2 � SybrGreen qPCR Master Mix (Thermo Scientific), 0.4 mL each of
the forward and reverse primers (10 mmol/L), 2 mL of cDNA tem-
plate, and 7.2 mL of sterilized water. The PCR was carried out on a
LightCycler480 Real-Time PCR system (Rotkreuz, Switzerland). The
thermal cycler parameters were as follows: 3min at 95 �C, 45 cycles
for 5s at 95 �C, 30 s at 6 �C. The stability of the b-actin genes was
evaluated by measuring the fluctuation range of the Ct values.

2.6. Immunohistochemical staining

The immunohistochemical staining of ileum segments was
performed as described in our previous study (Hu et al., 2020). In
brief, sections of ileum were incubated with specific primary anti-
body (occludin, claudin-1 or ZO-1 with a dilution rate of 1:100) at
4 �C overnight, followed by incubation with corresponding HRP-



R. Hu, S. Wu, B. Li et al. Animal Nutrition 8 (2022) 144e152
conjugated secondary antibody at 37 �C for 30 min, and then
immunostained with DAB chromagen before being counterstained
with Hematoxylin (SigmaeAldrich, St. Louis, MO, USA). Stained
sections were observed by using aMotic BA210Tmicroscope (Motic
China Group Co. Ltd., Xiamen, Fujian, China).

2.7. DNA extraction and 16S rRNA sequencing

The extraction of DNA from cecal contents and 16S rRNA gene
sequencing was performed as described previously (Hu et al., 2020;
Yuan et al., 2020). The V3-4 hypervariable region of the bacterial
16S rRNA gene was amplified with the primers 338F (50-ACTCC-
TACGGGAGGCAGCA-30) and 806R (50-GGACTACHVGGGTWTCTAAT-
30). For each cecum content, a 10-digit barcode sequence was added
to the 50 end of the forward and reverse primers (provided by
Allwegene Technology Inc., Beijing, China). The PCR was carried out
on a Mastercycler Gradient (Eppendorf, Germany) using 25 mL re-
action volumes, containing 12.5 mL KAPA 2G Robust Hot Start Ready
Mix, 1 mL Forward Primer (5 mmol/L), 1 mL Reverse Primer (5 mmol/
L), 5 mL DNA (total template quantity is 30 ng), and 5.5 mL H2O.
Cycling parameters were 95 �C for 5 min, followed by 28 cycles of
95 �C for 45 s, 55 �C for 50 s and 72 �C for 45 s with a final extension
at 72 �C for 10 min. The PCR products were purified using a QIA-
quick Gel Extraction Kit (QIAGEN, Germany), quantified using Real
Time PCR, and sequenced on Miseq platform at Allwegene Tech-
nology Inc., Beijing, China. After the run, image analysis, base call-
ing and error estimation were performed using Illumina Analysis
Pipeline Version 2.6, and then the dataset was analyzed using
QIIME (Version 1.8.0).

2.8. Statistical analysis

Results were expressed as means ± SD. The significant differ-
ences between groups were analyzed by one-way analysis of vari-
ance tests, followed by Fisher's least significant difference (LSD)
and Duncan's multiple range tests with the SPSS statistical program
(SPSS19, IBM Corp., Armonk, NY, USA). Correlations were analyzed
by using linear regression model and spearman correlation anal-
ysis. A probability of P < 0.05 was considered significant.

3. Results

3.1. The effect of FA and VA on growth performance of piglets

As shown in Table 1, supplementation of VA significantly
increased the final body weight (BW) and ADG of piglets
(P ¼ 0.004), while FA showed no significant change, as compared
Table 1
The effect of ferulic acid and vanillic acid on growth performance of lipopolysac-
charide (LPS)-induced weaned piglets.

Item Treatments1 P-value

CTL FA VA

Initial BW, kg 8.9 ± 0.15 8.85 ± 0.08 8.86 ± 0.04 0.680
Final BW, kg 17.17 ± 0.53b 17.7 ± 0.51b 18.39 ± 0.49a 0.003
ADG, g 413.75 ± 30.64b 442.92 ± 24.31b 476.25 ± 24.02a 0.004
ADFI, g 598.71 ± 5.48 615.46 ± 47.39 642.38 ± 21.78 0.449
F:G 1.45 ± 0.11 1.39 ± 0.08 1.35 ± 0.06 0.157

ADG ¼ average daily gain; ADFI ¼ average daily feed intake; F:G ¼ feed-to-gain
ratio.
a,b Data were shown as means ± SD (n ¼ 12), values with different letters differ
significantly (P < 0.05).

1 CTL, a basal diet; FA, a basal diet containing 4,000 mg/kg ferulic acid; VA, a basal
diet supplemented with 4,000 mg/kg vanillic acid.
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with the CTL group. Both VA and FA showed no significant effect on
the average daily feed intake (ADFI) and feed-to-gain ratio (F:G) of
the piglets.

3.2. FA and VA attenuated inflammation and oxidative stress in
piglets

Serum cytokines including IL-1b, IL-2, IL-6 and TNF-a were
measured to assess the inflammatory status in piglets. Fig. 1 shows
that both FA and VA significantly decreased serum levels of IL-1b
(Fig. 1A), IL-2 (Fig. 1B), IL-6 (Fig. 1C) and TNF-a (Fig. 1D) (P < 0.05
compared to the CTL group). There was no significant difference in
the levels of IL-2, IL-6 and TNF-a between the VA and FA group, but
the IL-1b level of the VA group was significantly lower than that of
the FA group (P < 0.05).

Antioxidant indicators including T-AOC, GSH-Px, T-SOD and
TBARS, an end-product of lipid peroxidation, were measured to
evaluate the oxidative status of piglets. As shown in Fig. 2, sup-
plementation of FA or VA decreased the level of TBARS (Fig. 2B) and
the activity of GSH-Px (Fig. 2D) (P < 0.05 compared to CTL group),
however, both FA and VA showed no significant effect on T-AOC
level (Fig. 2A) and T-SOD activity (Fig. 2C).

3.3. FA and VA enhanced the expression of tight junction protein
occludin

The expression of tight junction proteins including ZO-1,
occludin and claudin-1 were measured by Real-time PCR and
immunohistochemical staining to assess the intestinal mechanical
barrier function. As shown in Fig. 3, supplementation of FA or VA
increased the mRNA (Fig. 3C) and protein (Fig. 3F) expression of
occluding (P < 0.05), as compared with the CTL group. However,
both FA and VA showed a limited effect on the expression of ZO-1
(Fig. 3A and D) and claudin-1 (Fig. 3B and E).

3.4. Modulation of gut microbiota by FA and VA

As microbes play a significant role in gut health and barrier
function, cecal microbiota was characterized using 16S rRNA gene
sequencing. As shown in Fig. 4, VA significantly decreased the
Chao1 index (Fig. 4A) as compared with the CTL group (P < 0.05),
while both VA and FA showed no significant effect on the Shannon
index (Fig. 4B). However, the principal component analysis (Fig. 4C)
and analysis of similarities (ANOSIM) (Fig. 4D) revealed that VA and
FA had a significant effect on the composition of cecal microbiota,
and there was an apparent difference between the clusters of the
FA, VA and CTL groups.

At the phylum level, both FA and VA decreased the relative
abundance of Bacteroidetes and increased the relative abundance of
Firmicutes as compared with the CTL group (P < 0.05) (Fig. 5A and
B), but only VA had a significant positive effect on the Firmicutes/
Bacteroidetes ratio (Fig. 5C). At the family level, both FA and VA
decreased the relative abundance of Prevotellaceae (P < 0.05),
whereas only VA, but not FA, increased the relative abundance of
Lachnospirceae significantly (Fig. 5D and E). Further analysis at the
genus level showed that the relative abundance of Prevotella 9,
Prevotella 7, Prevotella 2 and Prevotella 1, which belong to the family
of Prevotellaceae, were significantly down-regulated by VA, while
only Prevotella 9 and Prevotella 2 were reduced significantly by FA
(Fig. 5F). On the other hand, VA, but not FA, significantly up-
regulated the relative abundance of genera belong to the family
of Lachnospirceae including Eubacterium eligens group, Lachnospira
and Eubacterium xylanophium group, although both VA and FA
increased the relative abundance of Lachnospiraceae FCS020 group
(P < 0.05) (Fig. 5G).



Fig. 1. The effect of ferulic acid (FA) and vanillic acid (VA) on the production of inflammatory cytokines. Serum levels of (A) IL-1b, (B) IL-2, (C) IL-6 and (D) TNF-a were measured by
using ELISA kits. CTL, a basal diet; FA, a basal diet containing 4,000 mg/kg ferulic acid; VA, a basal diet supplemented with 4,000 mg/kg vanillic acid. Data were shown as means ± SD
(n ¼ 6) * refers to a significant difference (P < 0.05).

Fig. 2. The Effect of ferulic acid (FA) and vanillic acid (VA) on antioxidant indicators. Serum levels of indicators including (A) T-AOC, (B) TBARS, (C) T-SOD and (D) GSH-Px were
determined by using respective kits. CTL, a basal diet; FA, a basal diet containing 4,000 mg/kg ferulic acid; VA, a basal diet supplemented with 4,000 mg/kg vanillic acid. Data were
shown as means ± SD (n ¼ 6), * refers to a significant difference (P < 0.05). T-AOC ¼ total antioxidant capacity; TBARS ¼ thiobarbituric acid reactive substances; T-SOD ¼ total
superoxide dismutase; GSH-Px ¼ glutathione peroxidase.
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3.5. Correlation analysis between serum indicators and altered
microbiota

To further understand the role of whole gut microbiota in
regulating oxidative and inflammatory status, genera that had a
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relative abundance of greater than 0.05% were chosen to process
the correlation analysis with serum indicators. As shown in Fig. 6A,
a total number of 50 microbial genera were significantly correlated
with the levels of antioxidant indicators and cytokines. Based on
the crosscheck with the ANOVA and spearman's correlation results



Fig. 3. The effect of ferulic acid (FA) and vanillic acid (VA) on the expression of tight junction proteins. The mRNA expression of (A) zonula occludens 1 (ZO-1), (B) occludin, and (C)
claudin-1 was quantitated by real-time PCR, and the protein expression of (D) ZO-1, (E) occludin, and (F) claudin-1 was detected by immunohistochemical staining. In real-time PCR,
the data were shown as means ± SD (n ¼ 6) of mRNA relative expressions. In immunohistochemical staining, the pictures shown were the representative of 6 individual stained
sections photographed at 100� magnification, and tight junction proteins were stained yellow or brown-yellow. CTL, a basal diet; FA, a basal diet containing 4,000 mg/kg ferulic
acid; VA, a basal diet supplemented with 4,000 mg/kg vanillic acid. Data were shown as means ± SD (n ¼ 6). * refers to a significant difference (P < 0.05).

Fig. 4. The effect of ferulic acid (FA) and vanillic acid (VA) on cecal microbial community. The effect of FA and VA on (A) the Chao1 index and (B) Shannon index. (C) Principal
component analysis ordination plots of microbial communities in the CTL, FA and VA groups based on the BrayeCurtis distance metric. (D) Analysis of similarities (ANOSIM)
between CTL, FA and VA groups. CTL, a basal diet; FA, a basal diet containing 4,000 mg/kg ferulic acid; VA, a basal diet supplemented with 4,000 mg/kg vanillic acid. Data were
shown as means ± SD (n ¼ 6). * refers to a significant difference (P < 0.05).

R. Hu, S. Wu, B. Li et al. Animal Nutrition 8 (2022) 144e152
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(Fig. 6B), 13 genera were selected to perform linear regression an-
alyses. As shown in Fig. 6C, E. eligens group had a negative linear
correlation with IL-1b, IL-2, IL-6 and TNF-a (P < 0.05),
E. xylanophium group had a negative linear correlation with IL-1b
and IL-2 (P < 0.05), Prevotella 9 had a positive linear correlation
with the IL-1b, IL-2, IL-6 and TNF-a (P < 0.05), while Prevotella 7 had
a positive linear correlation with the IL-1b, IL-2 and IL-6 (P < 0.05).
Moreover, Fig. 6D shows that Prevotella 9 and Prevotella 7 had a
positive linear correlation with the TBARS level (P < 0.05), while
E. eligens group and Lachnospira had a negative linear correlation
with the TBARS level (P < 0.05).
Fig. 5. Modulation of gut microbiota by ferulic acid (FA) and vanillic acid (VA). (A) The relati
on the relative abundance of Bacteroidetes and Firmicutes, and (C) the ratio of Firmicutes to B
of each group), and (E) the effect of FA and VA on the relative abundance of microbial family
prevotella 7, prevotella 2 and prevotella 1 which belong to Prevotellaceae, and (G) Eubacterium
group which belong to Lachoiraceaea were analyzed by 16S rRNA gene sequencing. CTL, a
plemented with 4,000 mg/kg vanillic acid. Data were shown as means ± SD (n ¼ 6). * refe
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4. Discussion

Intestinal barrier injury, disturbed gut microbiota, inflamma-
tion and oxidative damage are severe problems around weaning
and usually lead to impaired growth performance and increased
mortality of weaning piglets (Campbell et al., 2013). The intestinal
tract is perilously juxtaposed between the external environment
and the host immune system, and can be easily influenced by
dietary components (Fan and Pedersen, 2021). Intestinal epithelial
damage induced by oxidative stress and inflammation is one of
the leading causes of diarrhea in weaning piglets (Campbell et al.,
ve abundance of cecal microbial phyla (mean of each group), (B) the effect of FA and VA
acteroidetes in each group. (D) The relative abundance of cecal microbial family (mean
including Prevotellaceae and Lachoiraceaea, as well as genera including (F) prevotella 9,
eligens group, Lachnospira, Eubacterium xylanophium group, and Lachnospiraceae FC020
basal diet; FA, a basal diet containing 4,000 mg/kg ferulic acid; VA, a basal diet sup-
rs to a significant difference (P < 0.05).



Fig. 6. Correlation analysis between serum indicators and altered microbiota. (A) Heatmap of Spearman's correlation between anti-oxidant indicators, inflammatory cytokines and
gut microbiota. (B) Heatmap of the significant differences of genera correlated with the antioxidant indicators and cytokines levels. (C) Linear regression analyses between in-
flammatory cytokines and genera. (D) Linear regression analyses between anti-oxidant indicators and genera. Significant correlations were marked by *P < 0.05.
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2013; Smith et al., 2010). Our previous study found that PCA could
relieve intestinal inflammation and oxidative damage in weaned
piglets (Hu et al., 2020). Vanillic acid is a PCA methylation of the
40-hydroxy before being converted to FA by microbial activity
(Segura et al., 1999). Pharmacokinetics study revealed that VA and
FA showed a much higher serum concentration than C3G and PCA
after the consumption of C3G (de Ferrars et al., 2014a), which
suggesting that VA and FA are metabolites that can be easily
absorbed and are suitable for application. In vitro antioxidant and
free radical scavenging assay results have shown that both FA and
VA possess significant DPPH free radical scavenging abilities
(Mathew et al., 2015). However, the present study indicated that
supplementation of VA but not FA has a significant positive effect
on the growth performance of weaned piglets. The higher ADFI of
the VA group might be one of the potential reasons, as VA has a
unique fragrance and its precursor in the chemical industry,
known as vanillin, has been used as a phagostimulant in the swine
industry (Chen et al., 2017). Serum indicators indicated that both
FA and VA decreased the TBARS level, a biomarker of oxidative
stress, but showed limited effects on T-AOC and T-SOD. Interest-
ingly, the activity of GSH-Px, a major antioxidant enzyme, was
significantly decreased by both VA and FA. It may have been
caused by the changed gut microbiota, which has been considered
to be closely correlated with the level of oxidative stress in the
body (Cao, 2018), and our results revealed that Prevotella 2, a
genus that significantly correlated with GSH-Px activity (Hu et al.,
2020), was down-regulated by both FA and VA.

Weaning is associated with an early inflammatory response,
which presents increased pro-inflammatory cytokines like IL-1b,
IL-2, IL-6, and TNF-a after weaning (Pie et al., 2004). Both LPS and
pro-inflammatory cytokines can trigger the activation of pro-
inflammatory transcription factors such as NF-kB and exacerbate
150
not only inflammatory reactions but also impair intestinal integrity
(Dong et al., 2020). Our previous study found that C3G, the parent
polyphenol of FA and VA, can directly bind to transforming growth
factor b activated kinase-1 (TAK1) and inhibit the activation of NF-
kB (Wu et al., 2017). Another in vitro study also revealed that FA
could reduce LPS-induced pro-inflammatory cytokines (IL-1b, IL-2,
TNF-a) by inhibiting NF-kB and mitogen-activated protein kinase
(MAPK) signaling pathways in bovine endometrial epithelial cells
(Yin et al., 2019). In this study, both FA and VA significantly
decreased the levels of IL-1b, IL-2, IL-6, and TNF-a, which may
partially explain the enhanced expression of Oclaudin since the
overproduction of IL-6 and TNF-awas thought to have participated
in enhancing intestinal epithelial permeability (Hu et al., 2013).

It is widely acknowledged that gut microbiota possesses enzy-
matic and metabolic activities that involve the body's metabolism
and affect the health status of the host (Vrieze et al., 2012;
Tremaroli and Backhed, 2012). A recent study has suggested that
gut microbiota variation may be an essential mechanism leading to
intestinal inflammation (Tilg et al., 2020). Gut microbiota changes
dramatically after weaning (Guevarra et al., 2018), and disturbed
gut microbiota is the main effect of weaning on piglets to cause
intestinal system dysfunctions and result in intestinal barrier
injury, intestinal inflammation, and oxidative damage (Campbell
et al., 2013). Our previous studies have demonstrated that poly-
phenols may exhibit their biological function by regulating gut
microbiota (Wu et al., 2018; Hu et al., 2020). In this study, VA and FA
showed a different effect on the growth performance of piglets,
although they have similar chemical structures. It might be due to
their different influences on gut microbiota, in which only VA
significantly increased the Firmicutes/Bacteroides ratio, an index
that represents a highly efficient absorption of calories and sub-
sequent weight gain due to Firmicutes, which are more effective as
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an energy source than Bacteroidetes (Koliada et al., 2017). More-
over, the family of Lachnospiraceae, one of the producers of short-
chain fatty acids (Chen et al., 2019), was enriched by VA but not
FA, although Prevotellaceae, a family dramatically increased after
weaning (Guevarra et al., 2018), has been inhabited by both FA and
VA. Based on correlation analysis at the genus level, genera that
belong to the Lachnospiraceae are negatively correlated with the
inflammatory cytokines (E. eligens group and Eubacterium xylano-
philum group) and TBARS level (E. eligens group and Lachnospira).
Other studies have also indicated that E. eligens group and
E. xylanophilum group are considered as lactate-utilizing butyrate
producers, which can promote the production of the anti-
inflammatory cytokine IL-10 (Venkataraman et al., 2016; Sun
et al., 2018), and Lachnospira has been shown to be in low abun-
dance in Crohn's disease patients (Forbes et al., 2018). On the other
hand, Prevotella 9 and Prevotella 7, belonging to the Prevotellaceae
family, were positively correlated with inflammatory cytokines and
TBARS level. Prevotella, which has been reported to be highly
associated with levels of inflammation, was increased by a
carbohydrate-based diet from nursed to weaned piglets (Zhang
et al., 2019; Wu et al., 2011). These results suggested that the gut
microbes up-regulated by FA and VA like Lachnospira, E. eligens
group and E. xylanophilum group could have potential benefits to
piglets, while the Prevotellaceae family might be a target for alle-
viation of weaning stress response in the piglet.

5. Conclusion

Dietary supplementation of VA has a positive effect on the
growth performance of weaned piglets. Supplementation of FA or
VA can alleviate oxidative stress (TBARS), reduce the level of pro-
inflammatory cytokines (IL-1b, IL-2, IL-6 and TNF-a), and increase
the expression of tight junction protein oclaudin in LPS-challenged
weaned piglets. An analysis of gut microbiota reveals that VA
enriched genera belong to the Lachnospiraceae family, including
genera of Lachnospira, E. eligens group and E. xylanophilum group,
which are negatively correlated with the inflammatory cytokines
and TBARS levels. In addition, VA down-regulated the relative
abundance of Prevotellaceae, including genera of Prevotella 9, Pre-
votella 7, Prevotella 2 and Prevotella 1, which are positively corre-
lated with inflammatory cytokines and TBARS levels, whereas FA
only down-regulated Prevotella 9 and Prevotella 2.
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