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ABSTRACT Antibiotic overuse in poultry husbandry
poses a potential threat to meat safety and human
health. Lauric acid (LA) is a primary medium-chain
fatty acid (MCFA) with a strong antibacterial capac-
ity. The goal of this study was to evaluate the beneficial
effects of LA on the growth performance, immune
responses, serum metabolism, and cecal microbiota of
broiler chickens. One-day-old male Ross 308 broilers
were randomly divided into 4 groups: CON, fed a basal
diet; ANT, a basal diet supplemented with 75 mg/kg
antibiotic; LAsgy, a basal diet supplemented with
500 mg/kg LA; LA g, a basal diet supplemented with
1000 mg/kg LA. The feeding period was 42 d. The
results showed that LA significantly improved broiler
growth and immune functions, as evidenced by
increased body weight (BW) and average daily gain
(ADG), enhanced intestinal mucosal barrier, upregu-
lated immunoglobulins (IgA, IgM, and IgY), and down-
regulated inflammatory cytokines (IL-18, 1L-6, TNF-«,
IL-4, and IL-10) (P < 0.05). HPLC/MS-based metabo-
lome analysis revealed that the serum metabolites in the

LA group differed from those of CON and ANT groups.
LA markedly decreased the abundance of phosphatidyl-
cholines (PCs), increased lysophosphatidylcholines
(LysoPCs), and inhibited the sphingolipid metabolism
pathway, indicating its capacity to modulate lipid
metabolism. 16S rRNA sequencing indicated that LA
significantly altered cecal microbiota composition by
reducing  Phascolarctobacterium, Christensenella-
ceae_R-7 group, and Bacteroides, and increasing Fae-
calibacterium and Ruminococcaceae_ UCG-014 (P <
0.05). Furthermore, Spearman correlation analysis
revealed that changes in metabolism and microbiota
were highly correlated with the growth and immune
indices; strong links were also found between lipid
metabolism and microbial composition. Taken together,
LA promotes broiler growth and immune functions by
regulating lipid metabolism and gut microbiota. The
above findings highlight the substantial potential of LA
as a supplement in poultry diets and provide a new
strategy to reduce antibiotic usage and improve food
safety.

Key words: lauric acid, broiler, growth and immunity, lipid metabolism, gut microbiota

INTRODUCTION

In-feed antibiotics (IFAs) have been incorporated
into poultry diets for decades because of their favorable
effects on growth performance and disease prevention
(Arias and Koutsos, 2006; Dahiya et al., 2006). How-
ever, the continual feeding of IF As can lead to the devel-
opment and propagation of antibiotic resistance to
many pathogenic bacteria and poses a potential threat
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to food safety, the environment, and public health
(Cheng et al., 2014). Consequently, IFAs have been
severely limited or completely abolished in many coun-
tries. Lauric acid (LA) is a primary medium-chain fatty
acid (MCFA) with 12 carbon atoms that exists in
many natural products, particular in the coconut oil
(Dayrit, 2015). In addition to its modulation of meta-
bolic and immune functions (Dayrit, 2015;
Lappano et al., 2017), LA possesses significant antimi-
crobial properties, which has led to its gradual use as a
feed additive (Hanczakowska, 2017; Omonijo et al.,
2018). Studies have shown that LA significantly
increases feed intake and improves gut development and
nutrient absorption, enhancing animal growth (Simo-
Mirabet et al., 2017). LA could protect chickens against
Clostridium perfringens and Eimeria-induced necrotic
enteritis (Yang et al., 2019). Although studies have
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investigated the beneficial effects of LA in poultry, the
underlying mechanisms remain unclear.

Gut microbiota is a diverse ecosystem inhabiting
the gastrointestinal tract and comprises at least
10"*—10"* microbial cells and over 2,000 distinct spe-
cies (Flint et al., 2012). Factors such as shifts in host
diets, drugs, and stimuli may alter the microbial com-
position, thereby altering the physiological activities
of the host (Maier et al., 2018). The balance of this
microbiome is crucial to enhance nutrient metabo-
lism, the intestinal mucosal barrier, and immune
functions. It has been reported that beneficial intesti-
nal microbes can secrete enzymes that are not
encoded by the host genome to degrade polysacchar-
ides, synthesize vitamins, and produce short-chain
fatty acids (SCFAs) and tryptophan metabolites
(Agus et al., 2018; Rowland et al., 2018). These
metabolites transfer to various organs and tissues
through blood circulation, providing energy and regu-
lating various physiological activities.

LA has recently been reported to modulate the
composition and distribution of the gut microbiota.
Studies have shown that LA has low antimicrobial
activity against commensal lactic acid bacteria but
strong activity against pathogenic Bacteroides and
Clostridium (Matsue et al., 2019). In a piglet model,
LA administration significantly decreased the abun-
dance of Prevotella and increased Selenomonadales
(Sol et al., 2019). Glycerol monolaurate significantly
increased Fusobacterium, Mucispirillum, and nor-
ank_f Pedosphaeracea in aged hens (Liu et al.,
2020). Although the ability of LA to alter microbiota
has been shown, its contribution to host metabolism
and health remains unclear. This study first evalu-
ated the potential of LA in improving the growth
performance and immune functions of broiler chick-
ens. Then, HPLC/MS-based metabolomics were then
used to detect the changes in serum metabolites and
16S rRNA sequencing to analyze the gut microbial
composition. Spearman correlation analysis was con-
ducted to confirm the key role of the altered metabo-
lism and microbiota in LA-mediated beneficial
effects.

MATERIALS AND METHODS
Animal Experimental Design

The experimental procedures were approved by the
Animal Care and Use Committee of Zhejiang A&F
University and performed in accordance with the Ani-
mals in Research: Reporting In Vivo Experiments
(ARRIVE) guidelines for reporting animal research
(Kilkenny et al., 2012). Ethical approval for animal
survival was provided by the Animal Ethics Commit-
tee of Zhejiang A&F University. A total of 384 one-
day-old male Ross 308 broiler chickens were ran-
domly divided into 4 groups with 8 replicates. Each
repetition was allocated to a cage (12 birds per cage)
that had raised wire floors. The treatment groups

were as follows: broilers fed a basal diet (CON), a
basal diet supplemented with 75 mg/kg aureomycin
(ANT), a basal diet supplemented with 500 mg/kg
LA (LAsq0), and a basal diet supplemented with
1000 mg/kg LA (LA000)- LA was provided by Vega-
max Biotechnology Co., Ltd. (Huzhou, China). The
feeding period was 42 d. Broilers were housed in an
air-conditioned room, and the temperature was main-
tained at 20.0 to 25.0°C. Feed and water were pro-
vided ad libitum. Broiler management was performed
according to the guidelines of Aviagen (2016). The
basal diet was formulated to meet the nutrient
requirements suggested by the National Research
Council (1998), and the recipes and nutrients are
listed in Table S1.

Evaluation of Growth Performance

To evaluate the growth performance of broilers, body
weight (BW) of 8 repetitions (12 birds per repetition) in
each group was measured on d 1, 21, and 42, and average
daily gain (ADG) was calculated. The feed intake of
each period was measured to calculate the average daily
feed intake (ADFI) and feed conversion ratio (FCR).

Sample Collection

At the end of the feeding trial, one broiler was ran-
domly taken from 8 repetitions in each group (N = 8
per group) and sacrificed by an injection of sodium
pentobarbital (20 mg/kg BW) (Shao et al., 2019).
Blood was collected from the wing vein, and serum
samples were obtained by centrifuging at 4000g for
15 min. After dissection, intestinal tissues and cecal
contents were collected. All samples were stored at
-80°C until analysis.

Intestinal Morphological Analysis

Tissue samples from the jejunum and ileum were fixed
in 10% buffered formalin saline, dehydrated, infiltrated
with xylene, embedded in paraffin, sliced, and stained
with hematoxylin and eosin (H&E). The tissue struc-
ture was observed using an optical microscope (Nikon,
Tokyo, Japan). Villus height and crypt depth were mea-
sured at 10 visual fields of each intestinal sample in each
group (N = 8 per group).

Analysis of Imnmune Factors in Serum

Levels of immunoglobulin A (IgA), immunoglobulin
M (IgM), immunoglobulin Y (IgY), interleukin-18
(IL-1B), interleukin-6 (IL-6), tumor inflammatory fac-
tor-a (TINF-a), interleukin-4 (IL-4), and interleukin-10
(IL-10) were determined according to the manufac-
turer’s instructions (Huamei Biological Engineering
Research Institute, Wuhan, China), and measured with
a multifunctional microplate reader (SynergyTM HI,
BioTek, Winooski, VT, USA).
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Untargeted HPLCIMS-based Metabolomics

Metabolites were performed on a Thermo UHPLC
system equipped with an ACQUITY BEH C18 column
(Waters, Milford, MA, USA) coupled to a Thermo
UHPLC-Q Exactive Mass Spectrometer (Waters, Mil-
ford, USA). Briefly, metabolites were extracted from
serum samples using a methanol:water (4:1, v/v) solu-
tion, homogenized, ultrasonicated, and allowed to stand
for proteins to be precipitated. After centrifugation, the
supernatant was transferred to sample vials for LC-MS/
MS analysis. Quality control samples were prepared and
tested in the same manner. Mass spectrometry detection
was conducted in either the positive or negative ion
mode (full scan mode from 70 to 1,050 m/z) with a capil-
lary temperature of 400°C, spray voltage of 2.8 kV in
negative mode and 3.5 kV in positive mode, sheath gas
flow rate of 40 psi, and aus gas flow rate of 30 psi. Data
acquisition was performed using the data-dependent
acquisition mode.

Raw data were preprocessed by importing them into
Progenesis QI 2.3 (Nonlinear Dynamics, Waters, Mil-
ford, MA, USA). At least 80% of the metabolic features
were retained. After filtering and normalization, mass
spectra of the metabolic features were identified using
the accurate mass, MS/MS fragment spectra, and iso-
tope ratio difference and searching the Human Metabo-
lome Database (http://www.hmdb.ca/) and Metlin
database (https://metlin.scripps.edu/). Multivariate
statistical analysis was performed using the Majorbio
Cloud Platform (https://cloud.majorbio.com) using
ropls (Versionl.6.2, http://bioconductor.org/packages/
release/bioc/html/ropls.html) R package from Biocon-
ductor. Principal component analysis (PCA) was per-
formed using unit variance conversion. Partial least
squares discriminant analysis (PLS-DA) was per-
formed using Pareto scaling methods to differentiate
groups. Two hundred permutation tests were conducted
for the parameters R? and Q? to confirm the reliability
of the model. Metabolite clustering analysis was con-
ducted by averaging, hierarchical clustering, and Euclid-
ean algorithms. Differential metabolites from the
Top100 enriched compounds were analyzed using a one-
way ANOVA and Tukey’s test. The pathways were
enriched based on KEGG (http://www. genome.jp/
kegg/). Annotation analysis was conducted using scipy.
stats (Python packages) (https://docs. scipy.org/doc/
scipy/) using Fisher’s exact test.

16S rRNA-based Microbiota Analysis

Microbial DNA from cecal contents was extracted
using the E.Z.N.A. Soil DNA Kit (Omega Bio-tek, Nor-
cross, GA according to the manufacturer’s protocols.
The bacterial 16S rRNA was amplified using the V3-V4
region primer 338F  (5-ACTCCTACGGGAGG
CACAG-3") and 806R (5'-GGACTACHVGGGTWTC-
TAA T-3"). After amplification and purification, the
amplicons were pooled in equimolar amounts and
paired-end sequenced using an Illumina MiSeq platform

(Illumina, San Diego, CA, USA) according to the proto-
cols of Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China).

Raw fastq files were quality-filtered using Trimmo-
matic and merged using FLASH 1.2.1 (https://ccb.jhu.
edu/software/FLASH /index.shtml). Operational taxo-
nomic units (OTUs) were clustered with a 97% thresh-
old using UPARSE (version 7.1, http://drive5.com
uparse/). Statistical analysis was performed using the
Majorbio Cloud Platform (https://cloud.majorbio.
com). The taxonomy of each 16S rRNA gene sequence
was analyzed using the RDP Classifier algorithm
(http://rdp.cme.msu.edu/) with a confidence threshold
of 70%. Mothur1.30.2 (https://www.mothur.org/wiki/
Download mothur) was used to calculate the Shannon
index. B-diversity, based on unweighted UniFrac dis-
tance, was calculated using QIIME1.9.1 (http://qiime.
org/install /index.html), and statistical analysis was
conducted using the ANOSIM method. Linear discrimi-
nant analysis (LDA) effect size (LEfSe) analysis was
performed to identify biomarkers of microbial taxa
based on an LDA score > 2.0 (http://huttenhower.sph.
harvard.edu/galaxy /root?tool _id=lefse upload).

VFA Analysis

The concentrations of VFAs were determined using
headspace sampler gas chromatography (Agilent Tech-
nologies, Wilmington, DE, USA) according to previous
studies (Thanh et al., 2009; Yang et al., 2019). The
external standards of VFAs (acetic acid, propionic acid,
butyric acid, isobutyric acid, valerate acid, and isovale-
ric acid) and metaphosphoric acid were purchased from
Macklin Biochemical Co., Ltd. (Shanghai, China). One
gram of cecal content was blended with 6% phosphorous
acid (m/v, 1:4) and injected into Agilent Technologies
GC7890 Network System, equipped with a 30 m x 0.25
mm x 0.25 um column with a flame ionization detector.

Statistical Analysis

Data for growth performance, immune factors, mor-
phological, and VF A analyses are presented as the mean
+ SEM and analyzed using SPSS Version 21.0 (SPSS
Inc., Chicago, IL). One-way ANOVA and Tukey’s mul-
tiple comparison tests were performed to evaluate the
variation among and between the groups. P < 0.05 indi-
cates statistically significant. Figures were prepared
using GraphPad Prism 8.0. Data analysis and figure
preparation for the metabolome and microbiome were
performed on the Majorbio Cloud Platform as men-
tioned above.

Correlation assays were conducted between the differ-
ential serum metabolites, significant gut microbes (at
the genus level), growth indices (BW and ADG), and
immune parameters (immunoglobulins and inflamma-
tory cytokines). Data were inputted into SPSS Version
21.0 to calculate the correlation coefficients based on
Spearman’s correlation distance. Heatmaps were
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prepared using GraphPad Prism 8.0 to assess bivariate
relationships between variables. * P < 0.05, ** P < 0.01,
*** P <0.001.

RESULTS

LA Supplementation Promoted Growth
Performance of Broilers

As shown in Table 1, broilers administered ANT and
LA showed an increasing trend in BW and ADG during
the 42 d feeding period. On d 42, BW was significantly
upregulated by ANT and LA treatments (P < 0.05),
and the value for the LAqyy group was the highest
(2609.74 £ 37.74). As for ADG, ANT treatment per-
formed best in the 1 to 21 d stage, whereas the LA (g
group was best during the 22 to 42 d stage and entire
feeding (1—42 d) periods. ADFT in the ANT and LA g
groups was decreased during 1 to 21 d in comparison to
the CON (P < 0.05) but showed no difference during 1
to 42 d (P > 0.05). FCR exhibited a marked decrease
when adding ANT and LA during 1 to 21 d (P < 0.05)
but did not elicit significant changes thereafter. These
results showed that broilers supplemented with LA had
similar or better growth performance than those supple-
mented with ANT, and 1,000 mg/kg was the optimal
dosage.

LA Improved Intestinal Mucosal Structure of
Broilers

Figure 1 displays the histological structure of the
jejunum and ileum on d 42. Compared to the CON
group, more complete villi were observed in the LA and
ANT groups. As shown in Figure 1A, the villus length
of the jejunum was significantly increased in the LA-
treated groups (P < 0.05). LA and ANT had dramati-
cally decreased crypt depth (P < 0.05), and a marked

Table 1. Effect of LA on growth performance of broilers.

reduction occurred in the LA ;g9 group compared to the
ANT group (P < 0.05). The villus/crypt ratio was signif-
icantly upregulated by LA and ANT treatments, with
the highest was in the LA goo group. Similar trends were
also observed in ileum morphology (Figure 1B). These
results indicated that LA could maintain the intestinal
structure of broilers, contributing to an enhanced intes-
tinal mucosal barrier.

LA Enhanced Immune Functions and
Inhibited Inflammation of Broilers

As shown in Figure 2A, broilers fed LA exhibited
marked upregulation of the levels of serum immunoglo-
bulins (IgA, IgM, and IgY) (P < 0.05), whereas ANT
treatment exhibited no significant difference (P > 0.05).
Figure 2B shows the expression of the inflammatory
cytokines. Levels of IL-18 and IL-6 was markedly
increased in the ANT group (P < 0.05) but exhibited no
changes in LA-treated broilers. Compared to the CON
and ANT, LA significantly reduced the expression of
TNF-w, IL-4, and IL-10 (P < 0.05).

Multivariate Analysis of Untargeted LCIMS
Metabolomics

An untargeted HPLC/MS metabolomics analysis was
conducted to analyze the differences in serum metabo-
lites. PCA analysis showed that metabolic variation in
positive ions were found among the 3 groups
(PC1 = 23.5%, PC2 = 10.6%); dots of negative ions in
the LA group were separated from the CON and ANT
groups (PC1 = 16.1%, PC2 = 10.6%) (Figure 3A).
Figure 3B illustrates the PLS-DA analysis. Obvious
changes in positive ions were obtained: component
1 = 12.1%, cumulative R*Y at 0.455, Q? at 0.268; Com-
ponent 2 = 6.73%, cumulative R%Y at 0.922, Q* at
0.395. Negative ions in the 3 groups were also completely

Items CON ANT LAsq LA000 P-value
BW(g)

1d 39.26 £+ 0.41 39.25 + 0.49 39.08 +0.38 39.21 +£0.35 0.989
21d 816.22 £ 10.37b 859.31 £ 14.45ab 851.93 £ 13.28ab 877.94 £ 16.35a 0.028
42d 2451.63 £+ 43.68b 2565.50 £ 35.43a 2564.13 £ 24.76a 2609.74 £ 37.74a 0.028
ADG(g/d)

1-21d 26.45 £ 0.52b 28.07 £ 0.32a 27.89 + 0.45ab 26.87 £ 0.31ab 0.024
22—42d 86.07 + 2.06 89.34 £ 1.59 90.11 £1.35 91.15 + 2.25 0.263
1-42d 58.84 £ 1.06b 61.4 + 0.81ab 61.59 &+ 0.61ab 62.70 £+ 0.92a 0.027
ADFI

1-21d 44.99 £+ 0.43a 41.21 £ 0.67b 43.31 + 1.51ab 40.63 + 0.67b 0.008
22—42d 223.21 £3.98 240.46 £ 4.79 244.70 £ 4.03 244.36 £ 9.33 0.052
1-42d 102.65 = 1.59b 105.93 + 1.50ab 110.00 £ 1.47a 107.68 + 2.24ab 0.038
FCR

1-21d 1.70 £ 0.03a 1.48 £ 0.02b 1.56 + 0.06b 1.51 £ 0.03b 0.001
22—42 d 1.73 £ 0.04 1.79 £ 0.03 1.81 £0.03 1.78 £ 0.09 0.734
1-42d 1.75 £ 0.02 1.73 £0.02 1.79 £ 0.02 1.72 £ 0.05 0.379

CON, a basal diet; ANT, a basal diet + 75 mg/kg antibiotic; LAsq, a basal diet -+ 500 mg/kg lauric acid; LA oo, & basal diet + 1000 mg/kg lauric acid;
ADG, average daily gain; ADFI, average daily feed intake; BW, body weight; FCR, feed conversion ratio. Data were shown as Mean £+ SEM and analyzed
by one-way ANOV A Tukey's test. Different letters (a, b, ¢) in each parameter represent significant (P < 0.05).
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Figure 1. Broiler intestinal morphologic analysis by H&E staining. (A) The structure of jejunum, 40 x magnification, scale bar: 200 um. (B)
The structure of ileum, 100 x magnification, scale bar: 100 um. Villus length and crypt depth were drawn in the images, and calculated by randomly
measuring with 10 visual fields of each sample in each group (N = 8). CON: a basal diet; ANT: a basal diet + 75 mg/Kg antibiotic; LAsg: a basal
diet + 500 mg/Kg lauric acid; LAgo: a basal diet + 1000 mg/Kg lauric acid. Data were shown as Mean £ SEM and analyzed using one-way
ANOVA Tukey's test. Different letters (a, b, ¢, d) in each parameter represent significant (P < 0.05).

separated: Component 1 = 13%, cumulative R’Y at
0.448, Q* at 0.283; Component 2 = 9.1%, cumulative
R?Y at 0.893, Q* at 0.471. The hierarchical clustering
heatmap also demonstrated an apparent deviation of
LA from CON and ANT (Figure 3C).

LA Modulated Lipid Metabolism of Broilers

We then targeted the Topl00 enriched metabolites to
further analyze the metabolic changes. Twenty-four differ-
ential metabolites were identified, and LA significantly
altered the levels of compounds, primarily the lipids
(Figure 4). Specifically, LA markedly downregulated the
abundance of phosphatidylcholines (PCs), i.e., PC(16:0/
20:4(8Z,11Z,147,17Z)), PC(18:0/20: 4(8Z, 11Z,14Z,17Z)),
PC(18:0/20:5(5Z,  8Z,11Z,14Z,177)),  PC(16:0/22:6
(4Z.72,10Z, 13Z,16Z,19Z)), PC(18:0/22:6 (4Z, 7Z,10Z,

137Z,16Z,19 7)), PC(20: 4(8Z,117Z,14Z,177)/P-18:0), PC
(18:0/22:4 (7Z,10Z,13Z,16Z)), and PC(16:0/16:1(9Z)), and
increased lysophosphatidylcholine (LysoPC 18:0) and lyso-
phosphatidylethano-lamine(LysoPE 18:2(9Z,127Z) /0:0).

KEGG annotation showed that most compounds
belonged to the lipid and amino acid metabolism
pathways (FigureS1A). As shown in Figure 5A,
sphingolipid metabolism was the dominant pathway
(P < 0.001), followed by cysteine and methionine
metabolism, phenylalanine metabolism, tryptophan
metabolism, and beta-alanine metabolism (P < 0.05).
The KEGG pathway map of sphingolipid metabolism
revealed that LA significantly downregulated the
abundance of L-serine, Sphingosine-1P, and 3-O-sul-
fogalactosylceramide (d18:1/18:0) (P < 0.01, P <
0.05, P < 0.05, respectively) (Figure S1B and
Figure 5B), indicating its role in inhibiting sphingo-
lipid metabolism.
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Figure 2. Effect of LA on the levels of immunoglobulins and inflammatory cytokines in broilers. (A) Concentrations of serum immunoglobulins.
(B) Levels of serum inflammatory cytokines. Data were shown as Mean + SEM and analyzed by one-way ANOVA Tukey's test (N = 8 in each
group). Different letters (a, b, ¢) in each parameter represent significant (P < 0.05).

LA Altered Gut Microbiota Composition of
Broilers

As shown in Figure 6A, the total number of OTUs in
the CON, ANT, and LA groups were 623, 612, and 602,
respectively. The LA treatment resulted in fewer unique
OTUs (6) than the CON (19) and ANT (9) groups. No
obvious changes were found in the Shannon index, repre-
senting a-diversity (Figure 6B). g-diversity displayed
as PCoA scatterplot demonstrated a significant differ-
ence in microbiota structure among the 3 groups (ANO-
SIM r=0.1520, P =0.0160), although overlapping
clusters were also found (Figure 6C). Alterations in
microbiota composition were analyzed at the phylum
and genus levels. There were a marked increase in Pro-
teobacteria in the ANT group (4.05%) when compared
to the CON (3.30%) and LA (1.54%) groups (P < 0.05)
(Figure 6D). Differences at the genus level are shown
in Figure 6E and F. Phascolarctobacterium were signif-
icantly decreased by LA and ANT treatments (P <
0.05). LA markedly downregulated the richness of the
Christensenellaceae_ R-7 _group and Bacteroides com-
pared to the CON (P < 0.01 and P < 0.05, respectively)
but exhibited no significance with ANT. Marked upre-
gulation of Faecalibacterium and Ruminococca-
ceae_ UCG-014 was induced by LA supplementation
(P < 0.01 and P < 0.05, respectively). Interestingly,

ANT treatment led to a significantly increased propor-
tion of Escherichia-Shigella compared to the CON and
LA groups (P < 0.01).

Analysis of Taxonomic Biomarkers

The LEfSe analysis is illustrated in Figure 7TA. In
the CON group, the predominant bacteria belonged to
the same clade: phylum Patescibacteria, class Sacchari-
monadia, order Saccharimonadales, family Saccharimo-
nadaceae, and genus Candidatus Saccharimonas
(LDA > 3.0, P < 0.01). Taxonomic markers in the LA
group included the genera  Faecalibacterium
(LDA = 4.32, P < 0.05), unclassified f Vactivallaceae
(LDA=3.98, P < 0.05), Ruminococcaceae_ UCG-014
(LDA = 3.94, P < 0.05), Negativibacillus, CHKCI002
(LDA=2.96, P < 0.01), and Dielma (LDA=2.95, P <
0.05). ANT treatment significantly increased the abun-
dance of the Proteobacteria phylum (including ¢ Gam-
maproteobacteria, f Enterobacteriaceae, and
g_ Escherichia_ shigella, LDA > 3.5, P < 0.05), and
the phylum Actinobacteria (including ¢ Actinobacte-
ria, o Coriobacteriales, f  Atopobiaceae, and g_ Olse-
nella, LDA > 3.0, P < 0.05). These results suggest that
significant microbial variations exist among the groups.
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Figure 3. Multivariate analysis of the untargeted LC/MS metabolomics. (A) PCA plots display the variance of positive and negative ions
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The shade of colors indicates expression quantity.

LA Downregulated VFA Production of
Broilers

As displayed in Figure 7B, broilers treated with LA
showed a downward trend in cecal VFA production.
Specifically, LA significantly decreased acetic acid and
propionic acid levels compared to that in the CON group
(P < 0.01 and P < 0.05, respectively). The concentra-
tions of butyrate acid, isobutyric acid, and valerate acid

were also significantly decreased by LA treatment (P <
0.05). No significant differences were found in isovaler-
ate acid among the 3 groups (P > 0.05).

Spearman Correlation Analysis

Finally, we assessed the relationships between the dif-
ferential metabolites, gut microbes, growth, and immune
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parameters using Spearman’s correlation analysis. As
shown in Figure 8A, the PCs were highly positively
correlated with the cytokines, particularly 1L-6, TNF-«,
and IL-10, and negatively correlated with immunoglobu-
lins, whereas LysoPC exhibited a reverse relationship.
The 3 significant metabolites belonging to the sphingoli-
pid metabolism pathway were positively correlated with
cytokines and negatively correlated with immunoglobu-
lins. Figure 8B shows the correlation between growth
and immune parameters and gut microbes. An obvious
negative relationship was found between Phascolarcto-
bacterium and ADG. Bacteroides had the highest corre-
lations with most indices, a significant negative
correlation with BW, ADG, SIgA, IgM, and IgY, and a
marked positive correlation with TNF-«, IL-4, and IL-
10. Escherichia_ Shigella was significantly negatively
correlated with immunoglobulins and positively corre-
lated with cytokines, whereas Faecalibacterium and

Ruminococcaceae_ UCGO14 exhibited the opposite
trend. Figure 8C shows the correlation between the dif-
ferential genera and serum metabolites. Escherichia_ -
Shigella and Faecalibacterium were highly correlated
with the metabolites. Escherichia_Shigella was highly
positively correlated with almost all PCs. Faecalibacte-
rium exhibited a marked negative relationship with PCs
and Sphingosine-1P and a positive relationship with
LysoPC and LysoPE. Ruminococcaceae UCG-014
showed a negative relationship with PCs, whereas Bac-
teroides exhibited the opposite trend.

DISCUSSION

Due to the growing concerns regarding antibiotic resi-
dues on food safety, research currently has been focused
on developing substitutes to meet “Raised Without
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Antibiotics” requirements in poultry production. In the
present study, LA supplementation significantly pro-
moted the growth performance of broilers, which was
even better than that of aureomycin, indicating its
potential to replace antibiotics. Moreover, LA markedly
increased the intestinal villus length and V/C ratio. Lon-
ger villi indicate a greater absorption surface, whereas
the V/C ratio reflects more robust intestinal functions
(Chen et al., 2013; Hafez et al., 2017). It was reported
that LA could be used as an effective absorption
enhancer; LA prevented intestinal barrier dysfunction
and enhanced mucosal structure in mice challenged with
pathogens (Ghadiri et al., 2019). Consistent with previ-
ous studies, our results revealed the advantages of LA in
improving intestinal absorptive capacity and maintain-
ing the mucosal barrier.

*k kokk
57 17

represents P < 0.0 represents P <

LA has previously been shown to possess immunoreg-
ulatory functions in many studies. For example, coconut
oil (LA-enriched) could regulate IgG and IgA concentra-
tions in the plasma of sows (Bai et al., 2017). A mix of
LA and other organic acids significantly increased serum
IgM and IgG levels in weaned piglets (Han et al., 2020).
Similarly, we found that LA significantly upregulated
the concentrations of serum IgA, IgM, and IgY in
broilers. Furthermore, LA is well known for its antibac-
terial and anti-inflammatory properties. It acts as an
inhibitor of various pathogens, such as Clostridium diffi-
cile, Escherichia coli, and Campylobacter, and can sig-
nificantly reduce inflammation during infectious
diseases (Zeiger et al., 2017; Yang et al., 2018; Jin et al.,
2021). In the present study, LA markedly ameliorated
serum IL-6, TNF-«, IL-4, and IL-10 levels. Inflammatory
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Figure 6. Analysis of the composition of cecal microbiota. (A) Venn diagram of the total and unique OTUs in each group. (B) The Shannon
index reflecting « diversity. (C) B diversity shown as PCoA analysis. The distance algorithm was calculated by unweighted unifrac. (D) Analysis of
the significant differences of microbiota composition on phylum level. (E) The microbiota composition on genus level. (F) The significant genera
between groups. Data were shown as Mean + SEM and analyzed by one-way ANOVA Tukey's test (N = 8 in each group). * represents P < 0.05, **

represents P < 0.01.

cytokines are generally believed to be rapidly released
during infection or other stimuli, whereas they remain at
basal levels under physiological conditions (Kany et al.,
2019). In our study, broilers were raised under normal
conditions, and the inflammatory responses were not
highly activated. The lower levels of inflammatory cyto-
kines induced by LA treatment further indicated its abil-
ity to suppress inflammatory responses.

Our results showed that LA modulated lipid metabo-
lism by reducing the abundance of PCs and regulating
the sphingolipid metabolism pathway. PCs are the most
enriched phospholipid class in the serum and represent

an important biomarker for evaluating lipid absorption
and metabolism (Pacetti et al., 2004). They are normally
made from choline via the CDP-choline pathway,
secreted into bile, and required for lipoprotein assembly
and secretion (Li, 2008; Rey et al., 2011). Lower PCs are
believed to exert dual functions in inflammation. It has
been reported that PCs promote adipose tissue inflam-
mation in obesity (Petkevicius et al., 2019), whereas
polyene PC inhibits the inflammatory response in LPS-
stimulated macrophages and ameliorates rat arthritis
(Pan et al., 2017). We found that LA significantly
decreased the abundance of PCs, and PCs were
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positively correlated with inflammatory cytokines,
which were downregulated by LA treatment. Our results
indicated that LA might alleviate inflammation by
inhibiting PCs. Moreover, LA markedly increased the
LysoPC abundance. LysoPCs are a class of lipid biomo-
lecules derived from the cleavage of PCs and have a
direct role in alleviating systemic inflammatory disor-
ders (Cunningham et al., 2008). Accordingly, our study
showed that LysoPC was negatively correlated with
inflammatory cytokines and positively correlated with
IgM and IgY, which further suggests the protective role
of LA in inhibiting inflammation and enhancing immu-
nity. KEGG analysis showed that LA could modulate
sphingolipid metabolism by decreasing the levels of the
initial substrate L-serine and the major metabolic prod-
uct Sphingosine-1P (S1P). Sphingolipid metabolism
affects many cellular processes, including apoptosis, pro-
liferation, and senescence (Gault et al., 2010). It has
been reported that S1P participates in regulating cellu-
lar processes, normally remains at a low level, and has
been considered a tumor-promoting lipid (Le Stunff
et al., 2002; Oskouian and Saba, 2010). Thus, decreased
S1P by LA treatment reflected the optimal physiological
status of broilers, which is consistent with the view that
external stimuli activate S1P production and eventually
promote cell apoptosis (Wu et al., 2017). In brief, we
demonstrated that LA could modulate lipid metabolism,
contributing to enhanced immune functions and inhib-
ited inflammation in broilers.

We further demonstrated that LA has a strong ability
to alter the gut microbiota in broilers. It decreased the
total OTUs compared to CON and ANT, which was
probably caused by its strong antibacterial capacity. LA
has been reported to inhibit bacterial growth by creating

T T T T T
CON ANT LA CON ANT LA

of LDA scores for taxonomic biomarkers identified by LEfSe. LDA score
Data were shown as Mean + SEM analyzed by one-way ANOVA Tukey's

an acidic environment and disintegrating bacterial cell
walls (Anzaku et al., 2017). Accordingly, the decreased
microbiota might explain the downregulation of VFA
production with LA treatment. Previous studies support
these results. For example, feeding LA or coconut oil
markedly decreased the total VFAs in dairy cows
(Faciola et al., 2014), and LA dramatically affected
ruminal fermentation because of decreased VFAs
(Hristov et al., 2011). Furthermore, our study showed
that LA significantly changed the microbial composition
by decreasing the abundance of Phascolarctobacterium,
Christensenellaceae_ R-7 _group, and Bacteroides, and
increasing  Faecalibacterium  and  Ruminococca-
ceae_UCG-014. Phascolarctobacterium is a genus that
produces VFAs, including acetate and propionate
(Wu et al., 2017). The decrease in Phascolarctobacte-
rium further elucidated the cause of VFA declined by
LA treatment. Christensenellaceae R-T7 group affects
host BW and is enriched in individuals with a low body
mass index and negatively associated with ADG
(Goodrich et al., 2014; Fang et al., 2020). We observed a
slight negative correlation of this genus with BW and
ADG, but the correlation was not significant. Bacter-
oides is commonly considered to maintain a complex
and beneficial relationship with the host, including fer-
mentation of carbohydrates to produce VFAs as an
energy source for host utilization and is positively corre-
lated with growth performance (Zhu et al., 2021). How-
ever, our study showed an opposite trend: Bacteroides
was highly negatively correlated with growth parame-
ters, and LA significantly reduced its abundance.
Although Bacteroides plays an important role in pro-
moting host health, its species have also been implicated
in many diseases. B. fragilis has been shown to generate
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endotoxins and plays a role in driving proinflammation
(Lukiw, 2016; Chung et al., 2018); B. thetaiotaomicron
and B. vulgatus were found to enhance the pathogenicity
and expression of virulence genes in E. coli
(Wexler et al., 2017). Our results revealed that Bacter-
oides was negatively correlated with immunoglobulins
and positively correlated with inflammatory cytokines.
Thus, in our study, decreased Bacteroides with LA
treatment positively affected immune functions. Faeca-
libacterium was markedly upregulated in the LA group.

This genus is crucial for gut homeostasis and is consid-
ered a protective factor for the gut mucosa (Sokol et al.,
2009). The well-known species F. prausnitzii has been
shown to exhibit immunomodulatory and anti-inflam-
matory properties in many studies (Quévrain et al.,
2016; Lopez-Siles et al., 2017). We found that this genus
was positively correlated with immunoglobulins and
LysoPE and negatively correlated with PCs; thus, the
increased levels with LA treatment indicated its ability
to enhance immunity. Consistent with our results,
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broilers fed dietary vitamins harbored a higher ratio of
Faecalibacterium, contributing to the promotion of gut
health (Luo et al., 2013). The increased abundance of
Ruminococcaceae_ UCG-014 in LA treatment suggests
an improved microbiota because this genus is a stable
microbial component of the cecum and plays a critical
role in fiber degradation (Gaukroger et al., 2020). Addi-
tionally, the above 3 genera were highly negatively cor-
related with PCs and positively correlated with
immunoglobulins, suggesting that their increase might
contribute to modulating lipid metabolism and immu-
nity of broilers. Taken together, we speculate that the
microbiota altered by LA was the key factor in enhanc-
ing immune functions, suppressing inflammation, and
modulating lipid metabolism, which then eventually
improved the growth performance and health of
broilers.

Notably, the phylum Proteobacteria and its genus
Escherichia-Shigella were significantly increased in the
ANT treatment, and these results were further confirmed
by LefSE analysis. In our study, as a growth promoter
supplemented in an animal diet, the antibiotic was
applied at a subtherapeutic dosage and continuously fed
to the chickens for a long period. These conditions might
generate antibiotic-resistant bacteria. Concerns about
the development of bacterial resistance with IFA supple-
mentation have long been considered and ultimately lead
to prohibitive legislation/guidance by many countries
(Broom et al., 2017). Furthermore, antibiotics are
believed to disturb the stability and balance of the gut
ecosystem, thereby facilitating pathogen invasion and col-
onization (Rivera-Chavez et al., 2016). Therefore, it is
possible that supplementation with antibiotics increased
the abundance of FEscherichia-Shigella. Consistent with
our findings, previous studies have shown that the percen-
tages of Proteobacteria and FEscherichia-Shigella were
higher after antibiotic treatment (Li et al., 2019; Tian
et al., 2020). A high proportion of Proteobacteria and
Escherichia-Shigella reflects gut dysbiosis and is
associated with many diseases, such as diarrhea,
inflammatory bowel diseases, and pathogenesis of
colitis (Shin et al., 2015; Sun et al, 2019;
Zhang et al., 2020). In our study, Escherichia-Shi-
gella was positively correlated with the proinflam-
matory cytokines (IL-1p, IL-6, and TNF-«), whereas
ANT significantly upregulated the levels of IL-15
and IL-6. It was reported that the increase of Escheri-
chia-Shigella could lead to upregulated inflammatory
responses of broilers (Liu et al., 2020). Thus, the
increased levels of proinflammatory cytokines might
be caused by the increased Escherichia-Shigella. Pre-
vious studies have demonstrated that antibiotic treat-
ment can increase the inflammatory response. For
instance, early antibiotic intervention significantly
increased gene expression of proinflammatory cyto-
kines (IFN-y and IL-8) in a piglet model
(Zhang et al., 2017).

In summary, we found that LA promoted growth per-
formance, enhanced immune functions, inhibited inflam-
mation, modulated lipid metabolism, and altered the

cecal microbial composition in broilers. Our findings
highlight the substantial potential of LA as an antibiotic
substitute in poultry diets.
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