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ABSTRACT The broiler industry frequently encoun-
ters 2 common problems: excessive deposition of
abdominal fat and poor quality of meat. However, there
are limited nutritional manipulation strategies to
address these issues. While Anoectochilus roxburghii
(Wall.) Lindl., a traditional Chinese herb, has been
shown to have multiple beneficial effects in humans, its
potential roles in broiler chickens remain unexplored.
In this study, the effects of dietary supplementation
with  Anoectochilus roxburghii extract (ARE) on
growth performance, abdominal fat deposition, meat
quality, blood indices, and gut microbiota were investi-
gated in yellow-feather broiler chickens. A total of 90
twenty-one-day-old yellow-feather broilers were ran-
domly divided into 3 treatments, and each treatment
included 5 replicates with 6 birds per replicate. Birds
were fed a basal diet supplemented with 0, 0.15, or
0.30% ARE for 6 wk. The results showed that the inclu-
sion of ARE in the diet did not have any significant

effect on meat yield (P > 0.05). However, it did lead to
a reduction in abdominal fat deposition and an
improvement in meat quality (P < 0.05). Mechanisti-
cally, the addition of ARE inhibited lipid biosynthesis
and enhanced lipid breakdown in both the liver and
adipose tissue of the broilers. Furthermore, ARE sup-
plementation increased the antioxidase activities in the
muscle and serum of the broilers (P < 0.05). In addi-
tion, the supplementation of ARE optimized the diver-
sity and composition of the cecal microbiota,
particularly by lowering the ratio of Firmicutes to Bac-
teroidetes (P < 0.05). Moreover, the abundance of
some bacteria that were positively correlated with
abdominal fat deposition was reduced by ARE, and
vice versa (P < 0.05). Collectively, the results suggest
that ARE is a promising candidate as a feed additive
for reducing abdominal fat deposition and improving
meat quality in the broiler industry.
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INTRODUCTION

The modern broiler industry plays a crucial role in
providing animal protein for human growth and devel-
opment worldwide (Wen et al.,, 2019). To meet the
demand for the market, the industry employs energy-
dense feeds and intensive genetic selection to increase
carcass yield (Brito et al., 2021). These practices have

© 2023 The Authors. Published by Elsevier Inc. on behalf of Poultry
Science Association Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd
4.0/).

Received April 6, 2023.

Accepted June 1, 2023.

!Corresponding author: Ziyi.Song@gxu.edu.cn

2023 Poultry Science 102:102842

https://doi.org/10.1016/j.psj.2023.102842

led to significant improvements in economic traits such
as body weight gain, feed efficiency, and breast yield
(Leenstra and Cahaner, 1992; Kerr et al., 1999). How-
ever, these improvements have also caused undesirable
consequences, including the excessive accumulation of
abdominal fat and poor meat quality (Siegel, 2014; Sell-
Kubiak et al., 2017).

Generally, excessive fat deposition in chickens is
mainly caused by high dietary consumption of carbohy-
drates. Carbohydrates provide energy for efficient
muscle growth and facilitate lipid biosynthesis (Nemat-
bakhsh et al., 2021). In chickens, the liver is the primary
site for lipid metabolism, with more than 90% of de novo
fatty acids synthesized there (Ameer et al., 2014). When
lipid synthesis exceeds lipid oxidation in the liver, the


http://orcid.org/0000-0003-4306-4648
https://doi.org/10.1016/j.psj.2023.102842
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Ziyi.Song@gxu.edu.cn

2 WU ET AL.

excess lipids are packaged into very low-density lipopro-
teins (VLDL) and secreted into the bloodstream, where
they are taken up by fat tissues, primarily in the abdom-
inal cavity and the ovary (Ameer et al., 2014; Alvares et
al., 2019). This chronic positive energy balance ulti-
mately leads to overdeposition of abdominal fat, which
negatively impacts feed efficiency, meat production cost,
and consumer health (Siegel, 2014). Therefore, it is
urgent to develop strategies to address this problem.

In contrast, poor meat quality is believed to result
from genetic selection for the efficient production of
leaner meat (Sandercock et al., 2009). This selection has
not only reduced fat levels in the whole body but also
decreased intramuscular fat (IMF) levels (Hocquette
et al., 2010). As IMF levels are a key factor affecting
meat quality, meat with low IMF levels becomes
tougher, less moist, and less flavorful (Dunshea et al.,
2005). Poor meat quality adversely affects consumer
preference and consumption of broiler meat. Therefore,
it is imperative to increase muscle mass while concur-
rently improving meat quality.

Nutritional strategies have proven to be effective in
regulating lipid metabolism and improving meat quality
in birds. For instance, we previously found that dietary
supplementation with 0.05 or 0.10% B-hydroxy-B-methyl-
butyrate (HMB), a derivative of leucine, significantly
reduced abdominal fat deposition in layer chickens (Liao
et al., 2022). Additionally, lycopene (Wan et al., 2021)
and propionate (Li et al., 2021) have been reported to
lower lipid levels in broiler chickens. These feed additives
may reduce fat deposition by regulating hepatic lipid
metabolism and modulating gut microbiota function.
Furthermore, although the underlying mechanism is
unclear, acidifiers (Gao et al., 2021), aluminosilicates
(Banaszak et al., 2021), and conjugated linoleic acid (Du
et al., 2000) have been found to positively regulate meat
quality. Despite some progress, it is still uncommon for a
single feed additive to reduce fat deposition while simulta-
neously enhancing meat quality.

Due to the diverse chemical composition, traditional
Chinese medicine is increasingly being considered a trea-
sure for exploring new feed additives (Hu et al., 2019;
Zhang et al., 2021). Among them, Anoectochilus roxbur-
ghii (Wall.) Lindl., a traditional Chinese medicinal herb,
has been found to contain many bioactive chemicals, such
as polysaccharides, flavonoids, glycosides, organic acids,
volatile compounds, steroids, triterpenes, alkaloids, and
nucleosides (Ye et al., 2017). As a result, Anoectochilus
roxburghii extract (ARE) has been shown to have multi-
ple beneficial effects, such as antidiabetic, antilipemic,
anti-inflammatory, antiviral, liver-protective, renal-pro-
tective, immunomodulatory, abirritant, sedative, and
antineoplastic effects (Ye et al., 2017; Tian et al., 2022).
However, to date, it is still unclear whether the com-
pounds from Anoectochilus roxburghii (Wall.) Lindl. play
a role in birds’ lipid metabolism and meat quality.

Therefore, in this study, the effects and underlying
mechanisms of dietary supplementation with ARE on
abdominal fat accumulation and meat quality were eval-
uated in broiler chickens. Interestingly, the results

showed that ARE significantly reduced abdominal fat
deposition while improving meat quality. Regarding the
mechanisms, it was found that ARE enhanced lipid oxi-
dation and blocked lipid biosynthesis in both adipose tis-
sue and liver. Furthermore, ARE increased antioxidase
activities in muscle and serum. Finally, ARE optimized
the composition and function of gut microbiota. Overall,
the results indicate that ARE is a promising candidate
as a feed additive to overcome the problems faced by the
broiler industry.

MATERIALS AND METHODS
Animals and Experimental Protocol

All animal studies were conducted in compliance with
the protocols approved by the Animal Ethics Committee
of Guangxi University (GXU-2022-023). One hundred
and twenty 1-day-old yellow-feather broilers of Guangxi
Lingshan native chicken were purchased from a live-poul-
try market (Nanning, China) and housed in an environ-
mentally controlled room in Guangxi University Animal
Experimental Center. All birds were allowed free access
to diets and water. Twenty-day later, 90 broilers with
similar body weights were selected and randomly divided
into 3 groups, with 5 replicates per group and 6 chickens
per replicate. They were provided with either the basal
diet or the basal diet supplemented with different concen-
trations of ARE (0, 0.15%, or 0.30%) for 6 wk. ARE,
which was ordered from Xi’an Yuankui Biotechnology
Co., Ltd. (Xi’an, China), was prepared as following: The
dried Anoectochilus roxburghii (Wall.) Lindl. were
ground into a fine powder in a grinding machine and
passed through a 200-mesh sieve. The powder was then
refluxed with 95% ethanol in a ratio of 1 g:5 mL for 3 h,
with stirring every 30 min. This procedure was repeated
3 times, and the resulting solutions were filtered through
gauze and a suction filtration device. The filtrate was
combined and the filtrate residue was discarded. The con-
centrate was obtained by vacuum rotary evaporation at
50°C. The concentrate was then dried and powdered to
obtain the crude extract of Amnoectochilus roxburghii
(Wall.) Lindl. The basal diet was purchased from Nan-
ning Weimin Feed Co., Ltd. (Nanning, China) and the
diets’ compositions are presented in Table 1. All birds
were allowed free access to diet and water. For growth
performance analysis, body weight and feed intake were
measured every 2 wk. Average daily feed intake (ADFI)
was calculated based on the weight and feed intake data
of all chickens.

Slaughter Indicators and Organ Index

At the end of the trial, approximately 8 to 10 birds
with weights close to the average body weight of the
group were randomly selected from each group and fasted
for 12 h prior to slaughter. The following slaughter indica-
tors and organ indices were measured: slaughter rate,
evisceration rate, chest muscle rate, thigh muscle rate,
subcutaneous fat thickness, intramuscular fat width, and
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Table 1. Ingredient composition of basal diets.

Ingredients Percentage (%)
Corn 67.546
Soybean protein 1.804
Soybean meal 9.500
Wheat bran 4.500
Rice bran 4.500
CaCOg 2.255
CaHPOy, 1.804
Pig tallow 5.402
NaCl 0.363
DL-methionine 0.363
Premix' 0.005
Cholesterol 1.961

. oy 2
Nutrient composition™

ME (MJ /kg) 13.052
CP, % 12.976
Lys, % 0.600
Met, % 0.590

'Premix (per kg of diet): Vit A, 6,000 IU; Vit D3, 200 IU; Vit E, 10 IU;
Vit K, 0.05 mg; Vit By, 0.007 pg; pantothenic acid, 2.99 mg; riboflavin,
1.63 mg; Cu, 1.25 mg; Mn, 24.06 mg; Zn, 12.70 mg; Se, 0.06 mg; iodide,
0.35 mg.

%Values were calculated from data provided by Feed Database in China
(2020).

abdominal fat weight. Calculation methods were as fol-
lows: slaughter rate (%) = (weight of chicken after bleed-
ing and depilation/fasting weight) x 100; evisceration
rate (%) = (remaining weight after removal of trachea,
esophagus, fibrosac, intestine, spleen, pancreas, heart,
liver, glandular stomach, muscular stomach, abdominal
fat, and reproductive organs)/fasting body weight x 100;
abdominal fat rate (%) = (weight of abdominal fat/
(abdominal fat weight + eviscerated weight)) x 100;
chest/thigh muscle rate (%) = (left chest/thigh muscle
weight /slaughter weight) x 2 x 100.

Measurement of Meat Quality

After slaughtering the chickens, the left chest and
thigh muscles were separated to evaluate the meat
quality. The following indices were measured 45 min
postmortem using standardized protocols. To deter-
mine the pH value, a pH meter electrode (pH-STAR,
Matthaus, Pottmes, Germany) was inserted into the
muscle slit, and the pH values were measured 5 times
to obtain the average value. For flesh color and electri-
cal conductivity, a flesh color analyzer (OPTO-STAR,
Matthdus, Pottmes, Germany) and a conductivity
meter (LF-STAR, Matthdus, Péttmes, Germany) were
used, respectively, and the average values were
obtained after 5 measurements. To measure the shear
force, the chest muscles were cooked in plastic bags in a
water bath at 80°C to an internal temperature of 72°C
for 30 min and then cooled to room temperature. The
muscles were then cut into strips (1 cm x 1 cm x 3 cm)
along the muscle fibers using a digital meat tenderness
meter (Shear tester C-LM3B, Tenovo International
Co., Limited, Beijing, China), and the shear force val-
ues were recorded. The tests were repeated 3 times, and
the average values were taken.

Sample Collection

Before slaughter, blood samples were obtained from
the pterygoid veins and stored at 4°C overnight. The
next day, the samples were centrifuged at 3,000 x g for
10 min to obtain serum. At the time of slaughter, tissue
samples, including abdominal fat tissues, livers, and
chest muscles, were carefully isolated using forceps and
scissors. The isolated samples were then wrapped in
aluminum foil, placed in liquid nitrogen and stored at
—80°C for subsequent analysis. To collect intestinal con-
tents, ceca were opened, and the luminal contents were
collected using sterile forceps. The collected contents
were placed in a 1.5 mL Eppendorf tube on ice, frozen in
liquid nitrogen for 15 s, and then stored at —80°C in the
laboratory before shipment.

Serum and Tissue Biochemical Analysis

The biochemical parameters of serum, liver, and chest
muscle, including triglyceride (T'G), total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), glutathi-
one peroxidase (GSH-Px), and superoxide dismutase
(SOD), were measured using assay kits (A110-1-1,
A111-1-1, A112-1-1, A113-1-1, A006-2-1, and S0103,
respectively) following the manufacturer’s instructions.
These kits were purchased from Nanjing Jiancheng Bio-
engineering Institute (Nanjing, China).

Hematoxylin and Eosin Staining

The hematoxylin and eosin (H&E) staining proce-
dure followed a previously described protocol (Liao
et al., 2022). Liver and abdominal adipose tissues were
fixed in 4% fixative (P1110, Solar Biotechnology Co.,
Beijing, China) and then sent to Wuhan Servicebio Bio-
technology Co., Ltd. for embedding, slicing, and H&E
staining. The adipocyte cell area of the tissue sections
was analyzed using an optical microscope and ImagelJ
software (Version 1.53t).

Total RNA Extraction and Quantitative
Real-Time PCR

Fifty milligrams of liver, abdominal fat, or chest mus-
cle tissues were ground in 1 mL of Trigent (MF 034-01,
Meri 5 Biotechnology Co., Ltd., Beijing, China) using a
tissue grinder (KZ-III-F, Wuhan Service Biotechnology
Co., Ltd., Wuhan, China), and total RNA was extracted
according to the manufacturer’s instructions. The all-in-
one first-strand cDNA Synthesis Super Mix (AE 341-02,
Transgen, Beijing, China) was used to synthesize cDNA
from 1 ug of total RNA. Real-time fluorescent quantita-
tive PCR was performed using 2 x RealStar Green Fast
Mixture (GenStar, Beijing, China), with -actin as the
internal reference. The primer sequences used in this
study are listed in Table 2. The analysis was conducted
using the 272AC ethod.
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Table 2. Primers used for a quantitative polymerase chain reaction.

Gene' Accession number Primer (5'—-3') Product size, bp

B-ACTIN NM _ 205518.2 F: TGCGTGACATCAAGGAGAAG 300
R: TGCCAGGGTACATTGTGGTA

SREBP-1c NM_204126.3 F: GCCCTCTGTGCCTTTGTCTTC 130
R: ACTCAGCCATGATGCTTCTTC

FAS NM_ 205155.4 F: TGAAGGACCTTATCGCATTGC 96
R: GCATGGGAAGCATTTTGTTGT

SCD1 NM_ 204890.2 F: GTTTCCACAACTACCACCATACATT 175
R: CCATCTCCAGTCCGCATTTT

ACC NM_ 205505.2 F: GCTTCCCATTTGCCGTCCTA 185
R: GCCATTCTCACCACCTGATTACTG

ELOVL6 NM_001031539.2 F: GGTGGTCGGCACCTAATGAA 169
R: TCTGGTCACACACTGACTGC

CD36 XM_038183702.1 F: TATCGTTTCGCAGTTCCTCGTGAAG 94
R: AGTTCTGGGATATGACCTCCTCTGTAC

FATP XM _027470622.2 F: GCCTGATGACGTGATGTACGACTG 113
R: AGAACTTCTTGCGGATGACGATGG

FABP NM204290 F: GCCTGACAAAATGTGCGACC 130
R: ATTAGGCTTGGCCACACCAG

APOA1 NM_205525.5 F: GTGACCCTCGCTGTGCTCTT 217
R: CACTCAGCGTGTCCAGGTTGT

APOB NM_001044633.1 F: GGTTACTCCCACGATGGCAA 113
R: AATGCCCTTCCTTCAGGAGC

ATGL NM_001113291.2 F: TCCTAGGGGCCTACCACATC 195
R: CCAGGAACCTCTTTCGTGCT

PPAR«x NM_001001464.1 F: TGCTGTGGAGATCGTCCTGGTC 166
R: CTGTGACAAGTTGCCGGAGGTC

CPTL NM_001012898.1 F: GGAGAACCCAAGTGAAAGTAATGAA 135
R: GAAACGACATAAAGGCAGAACAGA

PGCla NM_001330751.2 F: CAAAGGATGCGCTCTCGTTC 229
R: CCTCGTAGCTGTCATACCTGG

MyHCI NM_204587.4 F: AACGCCGCAACAACCT 331
R: TTCTTCTTCATCCGCTCC

MyHC Ila NM_204228.4 F: CCACCAATCCATACGACT 216
R: CTGGCTCTGCTTGCTCT

MyHC IIb NM_001013396.2 F: TGTGAGTCAAGGCGAGAT 347
R: CCAGAGCACCTACAGCAT

PPARy NM_001001460.2 F: TGACAGCGCCAGAGATTACA 93
R: CATCCATCGCAGACAGATCCA

16S rDNA Sequencing of Cecal Microbiome

The microbial DNA purification, PCR amplification,
and sequencing were performed by Shanghai Biozeron
Biotechnology Co., Ltd. (Shanghai, China). Briefly, the
cecal microbiome’s total genomic DNA was extracted
using the CTAB/SDS method, and the DNA concentra-
tion and purity were monitored on a 1% agarose gel.
The V3 to V4 hypervariable regions of the 16S rRNA
genes were then PCR amplified using primers 341F (5'-
CCTAYGGGRBGCASCAG-3') and 806R. (5-GGAC-
TACNNGGGTTAAT-3'). Sequencing was performed
on the Illumina NovaSeq 175 PE250 Platform (Illumina,
San Diego, CA). The sequenced raw files were submitted
to the SRA (PRJNA880611).

Analysis of 16S rDNA Sequencing

The sequence files were analyzed using QIIME2
(v2021.2.0). First, the original reads of each sample were
normalized to 40,000 reads. Then, the DADA2 module
was used to denoise the reads and create an amplicon
sequence variant (ASV) table (-p-trim-left-f15 -p-trim-
left-r20 -p-trunc-len-f250 -p-trunc-len-r240). Next, the
GreenGenes reference database (https://greengenes.Ibl.
gov, accessed on 20 July 2022) was downloaded and a

naive Bayesian classifier was used to assign taxonomic
labels to the ASVs. Alpha diversity indices (Shannon,
Simpson, Chaol, and ACE) were calculated using the
Vegan (v2.5-7, R software package) and beta diversity
was assessed by Phyloseq (v1.3.20, R software package).
The taxonomic abundance of specific genera was sum-
marized at the phylum and genus levels by amplicon
sequencing (v1.13.0, R software package). Linear dis-
criminant analysis (LDA) effect size (LEfSe) method
and the nonparametric Kruskal-Wallis rank sum test
were used to identify different populations in multiple
samples. Pearson correlation analysis was used to deter-
mine the correlation between the abundance of fecal
flora and biochemical indicators of fat and muscle. All
results were visualized using the ggplot2 package
(v3.3.5) in R software.

Statistical Analysis

The data analysis was conducted using SPSS 20.0.
One-way ANOVA followed by Duncan’s multiple range
tests were performed to test for significant differences
between treatments. Polynomial orthogonal contrasts
were used to determine the linear and quadratic
responses of measured parameters to dietary ARE
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Table 3. Effects of dietary ARE addition on growth performance and fat deposition in broilers.

Treatments Statistics
Index' 0% ARE 0.15% ARE 0.30% ARE SEM? Panova Pliear Puadratic
Initial BW, g 242.26 241.98 238.59 2.04 0.748 0.501 0.741
Final BW, g 901.82" 860.70" 830.99° 8.20 <0.001 <0.001 0.367
ADFI, g 412.79 403.31 402.26 2.41 0.145 0.076 0.388
Slaughtering rate, % 93.90 95.14 95.03 0.33 0.250 0.171 0.340
Eviscerated rate, % 54.58 56.60 55.08 0.62 0.407 0.748 0.197
Chest muscle rate, % 8.03" 10.13" 10.16" 0.29 <0.001 <0.001 0.030
Thigh muscle rate, % 13.29" 14.75 15.02° 0.23 0.001 0.001 0.125
Liver rate, % 2.21 2.08 2.12 0.04 0.507 0.435 0.391
Abdominal fat rate, % 7.59" 4.77" 477" 0.34 <0.001 <0.001 0.005
IFW, mm 9.77" 7.70" 7.79" 0.21 0.011 0.010 0.088
SFT, mm 5.52" 3.91" 4.06" 0.34 0.001 0.001 0.101
Mean adipocyte size, pum?> 2700.65" 710.68¢ 1658.70" 311.90 0.003 0.023 0.003

2bMeans within a row with different superscripts are different at P < 0.05.
! Abbreviations: ADF, average daily feed intake; BW, body weight; IFW, intermuscular fat width; SFT, subcutaneous fat thickness.

2SEM = standard error of mean, n = 8—10.

concentrations. The results were expressed as mean
and pooled standard errors of the means (SEM). A
probability value of P < 0.05 was considered statistically
significant.

RESULTS

Effects of ARE on Growth Performance of
Broilers

As shown in Table 3, ARE had no significant effects
on feed intake, slaughtering rate, and eviscerated rate
(P> 0.05). However, there was a significant reduction in
body weight and abdominal fat percentage (AFP) (P <
0.05) in the ARE-supplemented group compared to the
control group (Figure 1A), and significant linear (P <
0.001) and quadratic relationships (P = 0.005) were
noticed between AFP and dietary ARE level. In agree-
ment with the reduction in AFP, intermuscular fat
width (IFW) and subcutaneous fat thickness (SFT)
(Table 3), as well as adipocyte size (Table 3 and
Figure 1B and C), were also decreased in the ARE-sup-
plemented group (P < 0.05). In contrast, chest and thigh
muscle percentages showed a slight but significant
increase (P < 0.05, Table 3), while liver percentage
remained unchanged in the ARE-supplemented group
compared to the control group. In summary, the most
prominent effect of ARE supplementation on broilers
was the reduction in abdominal fat deposition.

Effects of ARE on Liver and Serum Lipid
Parameters in Broilers

As shown in Table 4, consistent with the AFP results,
the levels of triglycerides (TG) in the liver and serum
were significantly lower in the ARE addition groups
(P < 0.05). Although the total cholesterol levels were
not significantly different between the groups (P >
0.05), the levels of LDL-C were reduced (P < 0.05) in
the ARE addition groups. In line with the improved lipid

profiles, the activities of serum antioxidative enzymes
(GSH-Px and SOD) were significantly increased by
ARE addition (P < 0.05), and significant linear relation-
ships (P < 0.05) were noted between GSH-Px and SOD
with dietary ARE level. These data suggest that ARE
supplementation improves lipid profiles in the liver and
serum of broilers.

Effects of ARE on Lipid Metabolism-Related
Gene Expression in Liver and Abdominal Fat
of Broilers

As depicted in Table 5, ARE treatment led to downre-
gulation of lipogenic genes including SCD1, FAS, ACC,
and FLOVLG6 in both liver and abdominal fat. On the
other hand, the expression of genes associated with lipid
uptake (CD36), lipolysis (A TGL), and lipid oxidation
(PPAR«x and CPT1) were upregulated following ARE
treatment (Table 5). Therefore, these findings suggest
that dietary ARE supplementation reduces abdominal
fat deposition by inhibiting lipid biosynthesis while pro-
moting lipid breakdown, but not by inhibiting lipid
uptake, in both liver and abdominal fat.

Effect of ARE on Meat Quality of Broilers

As shown in Table 6, ARE supplementation signifi-
cantly increased the pHysmin, electrical conductivity,
and TG levels of the chest muscle (P < 0.05). Addition-
ally, the shear force of the chest muscle was decreased
(P < 0.05), while the fresh color of the meat remained
unchanged (P > 0.05). Moreover, significantly quadratic
relationships were noticed between the measured muscle
TG levels and dietary ARE levels (P < 0.001), and sig-
nificant linear relationships was noticed between shear
force in chest muscle and dietary ARE levels (P <
0.001). These findings suggest that ARE supplementa-
tion improves the quality of broiler meat.
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Figure 1. Effects of dietary supplementation of ARE on fat deposition in broilers. (A) Representative abdominal pictures of the broilers. (B, C)
Representative images of abdominal adipose tissue with H&E staining. Scale bar, 300 um for upper panel (B) and 75 um for lower panel (C).

Effects of ARE on Gene Expression and
Antioxidation Activities in Muscles of
Broilers

As shown in Table 7, chest muscles from broilers sup-
plemented with ARE exhibited a significant upregula-
tion of the mRNA expression of peroxisome proliferator-
activated receptor gamma coactivator la (PGC1a), a
transcriptional coactivator that plays a role in convert-
ing fast glycolytic fibers to slow and oxidative fibers
(Shu et al., 2014). Consistent with the upregulation of
PGC1a, ARE addition increased the mRNA expression
levels of oxidative fiber markers such as MyHC I and
MyHC Ila, while also decreasing the expression of glyco-
lytic fiber gene MyHC IIb (Table 7). Additionally, ARE-
supplemented broilers had elevated mRNA levels of per-
oxisome proliferator-activated receptor y (PPARY), a
master regulator of adipogenesis (Spaas et al., 2022;
Table 7). Furthermore, the activities of antioxidative
enzymes (GSH-Px and SOD) were also upregulated in
chest muscle by ARE addition (Table 7). Collectively,
these molecular data suggest that ARE addition remod-
els muscle fiber types and improves antioxidative

activities, contributing to the improvement of meat
quality in broilers.

Effects of ARE on Diversity and Composition
of Cecal Microbiota in Broilers

First, dietary supplementation of ARE significantly
increased the alpha diversity of the intestinal flora (P <
0.01), as the indices for diversity (Shannon and Simp-
son) and richness (ACE and Chaol) of bacteria were all
elevated by ARE addition when compared with the con-
trol group (Figure 2A). Then, the PCoA showed that
the cecal microbiome from the control and experimental
groups were in distinct clusters, suggesting that ARE
altered the beta diversity of the intestinal flora
(Figure 2B). Next, the gut microbial composition was
analyzed in detail based on the abundance of bacteria.
As shown in Figure 2C, Firmicutes and Bacteroidetes
were the most abundant phyla, but notably the ratio of
Firmicutes to Bacteroidetes was shifted in favor of the
Bacteroidetes (Figure 2D, P < 0.05). At the genus level,
the dominant species were  Oscillospira and
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Table 4. Effects of dietary ARE addition on biochemical parameters of serum and liver in broilers.

Treatments Statistics

Index' 0% ARE 0.15% ARE 0.30% ARE SEM” Panova Plinear Puadratic
Liver TG, mmol/mg 18.50° 12.84" 13.27" 0.92 0.013 0.016 0.094
Liver TC, mmol/mg 11.07 .02 8.10 0.77 0.186 0.152 0.309
Serum TG, mmol/L 0.37° 0.31°" 0.26" 0.14 0.001 <0.001 0.875
Serum TC, mmol /L 5.02 4.94 4.70 0.14 0.628 0.356 0.803
Serum LDL-C, mmol /L 2.24" 1.54"" 1.34" 0.13 0.010 0.004 0.311
Serum HDL-C, mmol /L 2.20 2.26 2.33 0.05 0.593 0.312 0.989
Serum GSH-Px, pmol/g protein 13.26" 21.54" 22.55" 1.25 0.001 0.012 0.0465
Serum SOD, units/mg protein 2.78" 3.66°" 8.86" 1.03 0.026 0.012 0.273

»P\Means within a row with different superscripts are different at P < 0.05.

!Abbreviations: GSH-Px, glutathione peroxidase; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
SOD = superoxide dismutase; T'C = total cholesterol; TG = triglyceride.

2SEM = standard error of mean, n = 8.

Table 5. Effects of dietary supplementation of ARE on expression of lipid metabolism-related genes in broilers.

Treatments Statistics
Tissues Gene' 0% ARE 0.15% ARE 0.30% ARE SEM” Ponova Plinear Puadratic
Liver Fatty acids synthesis
SREBP-1¢ 1.00 0.90 0.83 0.06 0.535 0.275 0.889
SCD1 1.00 0.52 0.72 0.11 0.230 0.317 0.161
FAS 1.00" 0.34" 0.62"" 0.11 0.033 0.111 0.030
AccC 1.00" 0.25" 0.36" 0.12 0.012 0.016 0.050
ELOVL6 1.00" 0.75"" 0.43" 0.10 0.045 0.014 0.823
Fatty acids uptake
CD36 1.00" 1.92° 2.24" 0.18 0.006 0.002 0.325
APOA1 1.00 2.79" 2.54" 0.24 0.001 0.003 0.017
APOB 1.00 0.95 0.89 0.07 0.822 0.540 0.951
Fatty acids breakdown
PPARa 1.00 3.43" 3.15" 0.39 0.009 0.011 0.051
ATGL 1.00° 5.75" 3.56" 0.54 <0.001 0.002 0.051
CPT1 1.00" 4.91° 2.79"" 0.64 0.034 0.202 0.020
Adipose Fatty acids synthesis
SREBP-1c¢ 1.00° 0.31" 0.52" 0.10 0.010 0.027 0.019
SCD1 1.00° 0.31" 0.24" 0.10 0.001 0.001 0.069
FAS 1.00 0.56 0.73 0.09 0.155 0.235 0.121
Acc 1.00" 0.42" 0.42" 0.10 0.009 0.007 0.099
ELOVLG 1.00 0.23" 0.41" 0.13 0.035 0.049 0.069
Fatty acids uptake
CD36 1.00" 2.15"" 3.89" 0.44 0.017 0.005 0.714
FATP 1.00" 3.96" 4.60" 0.62 0.029 0.013 0.313
FABP 1.00" 3.41° 3.64" 0.39 0.004 0.003 0.118
Fatty acids breakdown
PPARx 1.00" 3.43" 3.15" 0.39 0.009 0.011 0.051
ATGL 1.00° 3.87° 2.46" 0.34 <0.001 0.022 <0.001
CPT1 1.00 4.91° 2.79"" 0.64 0.034 0.202 0.020

b\ eans within a row with different superscripts are different at P < 0.05.

! Abbreviations: ACC, acetyl-CoA carboxylase; APOA1, apolipoprotein Al; APOB, apolipoprotein B; A TGL, adipose triglyceride lipase; CD36, fatty
acid transferase; CPT-1, carnitine palmitoyltransferase 1; ELOVLG6, fatty acid elongase 6; FABP, fatty acid-binding protein; FAS, fatty acid synthase;
FATP, fatty acid transporter; PPARw, peroxisome proliferator-activated receptor-a; SCD1, stearoyl-CoA desaturase-1; SREBP-1¢, sterol regulatory
element binding protein 1.

2SEM = standard error of mean, n = 6—8.

Table 6. Effects of dietary ARE addition on indices of meat quality in broilers.

Treatments Statistics
Index' 0% ARE 0.15% ARE 0.30% ARE SEM” Poova Pinear Pnadratic
Flesh color 72.35 76.87 67.38 1.62 0.052 0.190 0.038
PHy5min 5.78" 5.84"" 6.16" 0.07 0.036 0.016 0.324
EC, 1S/cm 3.38" 7.48" 7.76" 0.56 <0.001 <0.001 0.046
Shear force, N 4.27" 3.83"" 3.05" 0.14 <0.001 <0.001 0.458
Muscle TG, mmol /g protein 0.13" 0.20" 0.11" 0.13 0.001 0.240 <0.001

»PMeans within a row with different superscripts are different at P < 0.05.
! Abbreviations: EC, electrical conductivity; TG, triglyceride.
2SEM = standard error of mean, n = 8.
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Table 7. Effects of dietary supplementation of ARE on muscle fiber-related gene expression and antioxidants activities in broilers’

muscle.
Treatments Statistics

Index' 0% ARE 0.15% ARE 0.30% ARE SEM” Panova Plinear Puadratic
PGCla 1.00" 5.31" 23.92" 2.82 <0.001 <0.001 0.047
MyHC' T 1.00" 1.34"" 211" 0.19 0.036 0.013 0.531
MyHC Ila 1.00" 4.15" 1.33" 0.48 <0.005 0.715 0.001
MyHC IIb 1.00 0.82 0.85 0.13 0.848 0.650 0.734
PPARy 1.00° 4.26" 811" 0.83 <0.001 <0.001 0.767
Muscle GSH-Px, umol/g protein 107.25" 136.43" 101.09" 5.71 0.018 0.616 0.006
Muscle SOD, units/mg protein 13.26" 21.54" 292.55" 1.25 0.001 0.001 0.084

b\ eans within a row with different superscripts are different at P < 0.05.

! Abbreviations: GSH-Px, glutathione peroxidase; MyHC, myosin heavy chain; PGCla, peroxisome proliferator-activated receptor-gamma coactivator;
PPARy, peroxisome proliferator-activated receptor-y; SOD, superoxide dismutase.

2SEM = standard error of mean, n = 8.

Ruminococcus (Figure 2E). Furthermore, LEfSe analy-
sis was used to identify taxa that were discriminative
between groups. As shown in Figure 2F, ARE altered
the differentially abundant taxa between the control
and ARE groups at the OUTs. For example, at the
genus level, the dominant genera in the control group
were Oscillospira, whereas in the ARE addition group,
Blautia and Lactobacillus were more specific. Overall,
these data suggest that ARE supplementation modifies
the diversity and composition of the intestinal micro-
biota in broilers.

Correlation Analysis Between Cecal
Microbiome and the Phenotypes

To reveal the relationship between the cecal micro-
biome, abdominal fat, and meat quality, Pearson corre-
lation analysis was performed among cecal microbiota,
abdominal fat rate, muscle rate, muscle TG level, and
other parameters. The top 20 genus-level floras which
significantly correlated with the phenotype parameters
were shown in Figure 3A. Specifically, the abundance of
Phascolarctobacterium, which was positively correlated
with abdominal fat deposition (Figure 3B) and nega-
tively correlated with muscle TG levels (Figure 3C), was
significantly reduced by ARE addition (Figure 3D, P <
0.01). By contrast, Clostridium abundance, which was
inversely correlated with abdominal fat rate (Figure 3E)
but positively correlated with TG levels in muscles
(Figure 3F), was significantly elevated by ARE addition
(Figure 3G, P < 0.05). Collectively, these analyses indi-
cate that the intestinal microflora is involved in the con-
tribution of ARE in alleviating fat deposition and
improving the meat quality of broilers.

DISCUSSION

Excessive abdominal fat deposition and poor meat
quality have emerged as 2 major problems negatively
affecting the modern broiler industry. This study dem-
onstrated that dietary supplementation of ARE effi-
ciently reduced abdominal fat deposition while
improving meat quality in yellow-feather broilers. To

date, only a few Chinese herb extracts have been
reported to have such effects, such as curcumin (Zhang
et al., 2015; Xie et al., 2019). Therefore, the findings
here are significant in the development of new feed addi-
tives to address the challenges facing the broiler industry
today.

Excessive accumulation of adipose tissue in broilers is
mainly caused by adipocyte hypertrophy rather than
hyperplasia (Everaert et al., 2022). Thus, reduction in
fat mass is primarily reflected in the reduction of cell size
but not cell number. Consistently, in this study it was
observed that dietary supplementation of ARE effi-
ciently reduced adipocyte size and lipid accumulation in
the adipose tissue. The decrease in cell size was likely
due to the reduction in stored lipid in adipocytes, which
is usually determined by a complex balance of fatty acid
uptake, de novo lipid biosynthesis, lipolysis, and fatty
acid oxidation. In birds, the liver is the major site for de
novo fatty acid synthesis, accounting for more than 90%
of it (Nematbakhsh et al., 2021). Thus, the lipid metabo-
lism in both liver and adipose tissues was investigated
and was found that ARE inhibited lipid biosynthesis
while promoting lipid breakdown, indicating the
involvement of liver in ARE-induced fat reduction in
broilers. Similarly, a recent study revealed that Anoecto-
chilus roxburghii polysaccharide, one of the main ingre-
dients of ARE, could protect mice against diet-induced
obesity and fatty liver partially by promoting lipid
mobilization in both adipose tissue and liver (Tian et al.,
2022). Although the mechanisms underlying the regula-
tion of lipid metabolism by ARE remain unclear, it is
possible that the mTOR- and AMPK-mediated path-
ways are involved, as they act as metabolic hubs for lipid
homeostasis (Lamming and Sabatini, 2013; Pang et al.,
2021). Further studies are needed to confirm this
hypothesis.

Regarding meat quality, it was found that ARE sup-
plementation, especially at the low dose, significantly
improved the meat quality of broilers. This conclusion is
supported by several key findings: First, several impor-
tant meat quality indices were improved by ARE, such
as pHysmin, electrical conductivity, intramuscular fat
content, and shear force. Second, there was a shift in
muscle fiber type from glycolytic to oxidative, which is
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Figure 2. Effects of dietary supplementation of ARE on cecal microbial diversity and composition in broilers. (A) Alpha diversity analysis.
(B) Principal coordinates analysis (PCoA). (C) Microbiota composition analysis at the phylum level. (D) Relative abundance of Firmicutes and
Bacteroidetes. (E) Microbiota composition analysis at the genus level. (F) LEfSe analysis (sort by P value). All the results are shown as the means

4 SD; *P < 0.05, **P< 0.01 (n=5).

known to have a positive effect on meat quality (Ismail
and Joo, 2017; Hwang et al., 2019). Lastly, the activities
of antioxidant enzymes (GSH-Px and SOD) were upre-
gulated, indicating that ARE enhances the protection of

muscle structure from damage caused by reactive oxy-
gen species (ROS), peroxides, and oxygen free radicals
produced by muscle metabolism (Weydert and Cullen,
2010). This is an intriguing finding because many
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Figure 3. Combined analysis of cecal microbiota and broilers phenotypes. (A) Heatmap showing correlation analyses between muscle quality
and lipid metabolism-related parameters and relative abundances of gut microbiota. Only the top 20 significant correlations are displayed. (B, E)
Correlation of the relative abundances of Phascolarctobacterium (B) or Clostridium (E) with liver TG level and abdominal fat rate. (C, F) Correla-
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nutritional strategies can either reduce abdominal fat
accumulation or improve meat quality (Ji et al., 2021;
Liet al., 2021). That is likely due to the fact that ARE is
composed of multiple active components, such as poly-
saccharides, flavonoids, glycosides, organic acids, ste-
roids, alkaloids, etc., and each component has unique
biological effects (Ye et al., 2017). Future studies are
needed to determine which ingredients in ARE play a
predominant role in the improvement of fat deposition
and meat quality.

The gut microbiota has been shown to have a variety
of effects on the host, from shaping the structure and
function of the gut to modulating the development,
metabolism, immunity, and nervous system of the host
(Nicolas and Chang, 2019). In this study, it was found
that the addition of ARE increased the diversity of the
microbiome while profoundly altering its composition.
Notably, ARE reduced the ratio of Firmicutes to Bacter-
oidetes at the phylum level, which has been found to be
positively related to improved lipid metabolism in the
host (Fan and Pedersen, 2021). Therefore, the modified
cecum microbiota may be involved in mediating ARE-
induced abdominal fat reduction in broilers. Addition-
ally, significant changes was observed in the abundance
of Phascolarctobacterium and Clostridium, which have
been previously reported to be positively or negatively
associated with the development of obesity (Yang et al.,
2010; Lecomte et al., 2015; Yang et al., 2021), respec-
tively. Therefore, the microbiota may also be another
factor shaping host lipid metabolism. Although the
exact mechanism remains unknown, short-chain fatty
acids (SCFAs) are expected to play a role in the link
between bacteria and host lipid metabolism (He et al.,
2020). SCF As are one of the main metabolic products of
bacteria and can be absorbed and rapidly transported
from the intestine to the liver and other tissues (He et
al., 2020). Furthermore, SCFAs, particularly butyrate,
have been shown to regulate host lipid metabolism by
promoting fatty acid oxidation and inhibiting lipid bio-
synthesis (He et al., 2020). Thus, in future studies, intes-
tinal SCFA content should be measured to further
investigate this speculation.

However, it is worth noting that there are several
limitations to this study. First, the Guangxi Lingshan
native chicken was used as a model breed in this
investigation, rather than an internationally commer-
cialized yellow-feather or white-feather broiler line.
This slow-growing breed with high fat deposition
differs from internationally fast-growing breeds.
Although nutritional regulation of lipid metabolism is
conserved among different breeds, it is still necessary
to verify the effects of ARE on other chicken breeds
before the widespread application of ARE in broiler
production. Additionally, due to space constraints,
only 90 broilers with similar body weights were used
in this study. The small size of the birds may have
unpredictable effects on the experimental results.
Therefore, further research involving larger sample
sizes is needed to explore the effects of ARE on fat
deposition and meat quality in broilers.

CONCLUSIONS

This study aims to determine the effects of dietary
ARE supplementation on fat deposition, meat quality,
and cecum microbiota in broilers. The results have indi-
cated that ARE significantly reduces the fat deposition
but improves the meat quality. Mechanistically, ARE
inhibits lipid biosynthesis while promoting lipid break-
down in both liver and abdominal fat. Besides, ARE
enhances the activities of antioxidative enzymes in the
muscle and serum. Moreover, ARE remodels the micro-
bial diversity, composition, and function. In a word,
these findings suggest that ARE is a promising candi-
date to be a new feed additive for reducing abdominal
fat deposition and improving the meat quality in
broilers.
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