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Introduction: This study compared the efficacy of a Panax ginseng
polysaccharide (GPS) and Houttuynia cordata essential oil (HCEO) complex with
antibiotics in Arbor Acres broilers.
Methods: Three hundred 1-day-old broilers were randomly assigned to five
groups: a blank control group (C), an antibiotic group (A), and three groups
administered the GPS-HCEO complex via drinking water at 0.1 (M1), 0.3 (M2),
or 0.6 mL/L (M3).
Results: Compared with Group C, FCR was significantly decreased in Groups
M1, M2, and M3 during the early phase (P < 0.05). During the late phase
and the overall experimental period, FCR was significantly lower in Groups A,
M1, and M3 than in Group C (P < 0.05). For slaughter performance, the four
treatment groups showed no significant differences in slaughter rate, semi-
eviscerated rate, eviscerated rate, breast muscle rate, leg muscle rate, lean meat
rate, or wing rate compared with Group C (P > 0.05), whereas Group A had a
significantly lower abdominal fat rate than Group C and the three GPS-HCEO
groups (P < 0.05). Serum analysis showed that IgG, IgM, IgA, IL-1, and IL-10
levels remained unchanged compared with Group C (P > 0.05), whereas serum
triglyceride levels were increased in all treatment groups (P < 0.05). Antibiotic
supplementation impaired duodenal morphology and reduced cecal microbial
diversity, as reflected by the Simpson index, as well as the relative abundance of
Firmicutes and Tenericutes. Supplementation with 0.6 mL/L GPS-HCEO complex
achieved a feed conversion efficiency comparable to that of antibiotics. Unlike
antibiotics, the GPS-HCEO complex improved jejunal and ileal morphology, as
indicated by increased VH and V/C ratio, without disrupting the core microbial
structure. It also promoted the enrichment of the beneficial genera Aerococcus
and Jeotgalicoccus in the cecum.
Conclusions: These findings suggest that the GPS-HCEO complex has potential
as a feed additive for reducing antibiotic use in broiler production.
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Introduction

Globally, antibiotics are widely used in livestock and poultry
farming, primarily for disease prevention, Treatment, and
growth promotion, making significant contributions to the rapid
development of the industry (1). However, the long-term abuse of
antibiotics has caused serious public safety issues. On one hand, it
enhances the drug resistance of animal-derived bacteria, increasing
the difficulty of treating bacterial diseases (2); on the other hand,
resistance genes threaten human health through residues in
meat products and fecal discharge (3). As an increasing number
of countries emphasize antibiotic substitution in animal feed
and breeding, the development of safe and effective alternatives is
particularly important for improving livestock growth performance
and production efficiency.

Panax ginseng polysaccharide (GPS) is an important prebiotic
that can promote the proliferation of beneficial bacteria to
improve intestinal health. Additionally, it regulates immune
function by modulating the activity of various immune cells
(4). GPS has been widely used in livestock production; for
instance, Liu (5) found that adding 200 g/T GPS to the diet
improved the growth performance and immune indices of
Xuefeng black-bone chickens and reduced diarrhea and mortality
rates. Similarly, Yang (6) showed that in pigs, the addition
of 800 g/T GPS enhanced growth performance by improving
intestinal morphology and increasing intestinal short-chain fatty
acid content. However, the direct antibacterial activity of GPS is
relatively limited, whereas essential oil-derived substances have
been widely recognized internationally for their direct antibacterial
effects. Houttuynia cordata essential oil (HCEO) is the volatile
oil derived from Houttuynia cordata, with sodium houttuyfonate
as its core component, which exhibits positive antibacterial
and anti-inflammatory effects (7). Studies (8) have shown that
adding 1,000 g/T Houttuynia cordata extract to feed helps
improve growth performance and apparent nutrient digestibility
in goats, enhancing antioxidant, immune, and anti-inflammatory
responses. Moreover, a compound preparation composed of
Houttuynia cordata, Curcuma longa, and other components has
been reported to improve the survival rate of broilers infected
with Salmonella (9). Yan (10) also found that adding 1,000 g/T
Houttuynia cordata extract significantly reduced the abundance
of E. coli in the pig intestine without affecting the abundance
of Lactobacillus.

The effect of replacing antibiotics with a single active
ingredient is often limited. Based on the principle of mechanistic
complementarity, the synergistic application of multiple active
ingredients offers broader prospects for antibiotic substitution
(11). GPS and HCEO possess excellent complementarity in their
mechanisms of action; therefore, we hypothesized that their
synergistic combination could serve as an effective antibiotic
alternative. Arbor Acres broilers are fast-growing birds promoted
globally, and antibiotics are widely used in their breeding.
Consequently, this study aimed to compare the application effects
of a GPS and HCEO complex vs. antibiotics on Arbor Acres
broilers, analyzing growth performance, slaughter performance,
serum biochemistry, immune function, inflammatory factors,
intestinal morphology, and microbiota composition.

Materials and methods

Ethics statement

The Animal Ethics Committee of Hunan Agricultural
University (Changsha, China) reviewed and approved all
experimental protocols (HAU ACC 2022176).

Preparation of the GPS-HCEO complex and
experimental diets

The GPS-HCEO compound was prepared by mixing GPS and
HCEO at a weight ratio of 9:1, diluted with nine times the weight
of distilled water, and then emulsified with 1% Tween-80 to obtain
the GPS-HCEO complex. Multiple assays confirmed that the final
product contained 8% GPS and 1.2% sodium houttuyfonate. The
remaining formulation mainly consisted of distilled water, 1%
Tween-80, and minor volatile constituents of HCEO. The basal
det used in the experiment was provided by the Hunan Institute
of Animal Husbandry. The antibiotic diet was prepared by adding
50 g/T chlortetracycline (The effective content is 20%) and 50 g/T
salinomycin (The effective content is 20%) to the basal diet. The
composition and nutrient levels of the basal diet are shown in
Table 1.

TABLE 1 Composition and nutrient levels of basal diets (air-dry basis).

Items %

Corn 63

Soybean meal 22

Wheat bran 0.3

Corn protein meal 7

Soybean oil 1.6

Limestone 1.4

Ca(HCO3)2 2

NaCL 0.2

Premix1) 2.5

Total 100

Nutrients

CP 23

Ca 1

P 0.5

ME(MJ/kg) 13

Methionine 0.5

Lysine 1.5

1)The premix provided per kilogram of diet: vitamin A (retinyl acetate), 12,000 IU; vitamin D3
(cholecalciferol), 2,500 IU; vitamin E (DL-α-tocopheryl acetate), 20 IU; menadione, 1.3 mg;
thiamin, 2.2 mg; riboflavin, 8.0 mg; nicotinamide, 40 mg; choline chloride, 400 mg; calcium
pantothenate, 10 mg; pyridoxine HCl, 4 mg; biotin, 0.04 mg; folic acid, 1 mg; vitamin B12
(cobalamin), 0.013 mg; Fe (from ferrous sulfate), 80 mg; Cu (from copper sulfate), 8.0 mg;
Mn (from manganese sulfate), 110 mg; Zn (from zinc sulfate), 60 mg; I (from calcium iodate),
1.1 mg; Se (from sodium selenite), 0.3 mg.
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Animal husbandry and experimental design

Three hundred healthy 1-day-old Arbor Acres (AA) broilers
(38.66 ± 0.61 g/bird) were selected and randomly divided into
five treatment groups, with three replicates per group and 20
birds per replicate. Each replicate included two cages: one cage
containing 10 male broilers and one cage containing 10 female
broilers. The five groups were: Blank Control (Group C), Antibiotic
Group (Group A), and three experimental groups administered
the GPS-HCEO complex via drinking water at Low (Group M1,
0.1 ml/L), Medium (Group M2, 0.3 ml/L), and High (Group
M3, 0.6 ml/L) doses. Group C and the three M groups were
fed the antibiotic-free basal diet, while Group A was fed the
diet supplemented with chlortetracycline and salinomycin. The
experiment lasted for 42 days, divided into the early phase (0–21
days) and the late phase (21–42 days). The birds were raised in cages
with ad libitum access to feed and water. Feeding occurred twice
daily. Temperature, humidity, vaccination program and lighting
conditions were strictly maintained according to standard Arbor
Acres broiler management procedures, with regular cleaning,
disinfection, and ventilation of the chicken coop.

Growth performance

Broilers were weighed at 1, 21, and 42 days of age (2 birds
per replicate, half male and half female) to calculate the average
body weight, recorded as BW0, BW21, and BW42, respectively.
Average daily gain (ADG) was calculated as (BWd—BW0)/d. Feed
intake was recorded over 21 days by weighing offered and residual
feed. Average daily feed intake (ADFI) was calculated as (Total feed
offered–Total residual feed)/21. The feed conversion ratio (FCR)
was calculated based on ADG and ADFI.

Slaughter performance

At 42 days of age, two birds with body weights close to the
average body weight of each replicate were selected, including one
male and one female bird. After fasting for 12 (with water available),
blood was collected, and the birds were slaughtered. Carcass weight,
semi-eviscerated weight, eviscerated weight, breast muscle weight,
leg muscle weight, lean meat weight, wing weight, and abdominal
fat weight were measured according to the “Terminology and
Measurement Methods for Poultry Production Performance”
(NY/T 823-2020). Corresponding percentages (slaughter rate,
semi-eviscerated rate, eviscerated rate, breast muscle rate, leg
muscle rate, lean meat rate, wing rate, and abdominal fat rate)
were calculated.

Serum biochemical indices

After the 42-day trial, blood was drawn from the wing veins
of two selected birds per replicate. Serum was separated by
centrifugation and stored at −80 ◦C. A Mindray BS-240VET
automatic animal biochemical analyzer (kits purchased from

Nanjing Jiancheng Bioengineering Institute) was used to measure
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
total cholesterol (TC), creatinine (CREA), urea (UREA), glucose
(Glu-G), triglycerides (TG), total protein (TP), albumin (ALB), and
globulin (Glo).

Immune indices and inflammatory factors

Serum collected at the end of the trial was analyzed for IgM,
IgG, IgA, IL-1, and IL-10 levels using ELISA kits according to
the manufacturer’s instructions (Nanjing Jiancheng Bioengineering
Institute, China).

Small Intestine morphology

At 42 days, segments of the duodenum, jejunum, and ileum
were collected, fixed, washed, cleared in xylene, embedded in
paraffin, sectioned, and stained with hematoxylin-eosin (HE).
Images of villi, crypts, and muscle layers were captured under an
optical microscope. Villus height (VH) and crypt depth (CD) were
measured using the Mshot Digital Microscopy Imaging System, and
the villus height/crypt depth ratio (V/C) was calculated.

Cecal microbiota composition

After the 42-day trial, cecal digesta samples were collected
from two birds in each replicate, immediately frozen in liquid
nitrogen, and stored at −80 ◦C until further analysis. Total
genomic DNA was extracted from the cecal digesta samples
using the PowerSoil R© DNA Isolation Kit (QIAGEN, Germany).
DNA quality and concentration were assessed using a NanoDrop
ND-2000 spectrophotometer (Thermo Fisher Scientific Co., Ltd.,
China). Qualified DNA samples were then submitted to Shanghai
Personal Biotechnology Co., Ltd. for library construction and high-
throughput sequencing. Paired-end sequencing of community
DNA fragments was performed on an Illumina platform with a
read configuration of 2 × 250 bp. The V3–V4 hypervariable region
of the bacterial 16S rRNA gene was amplified using the primer
pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) in a T100 Thermal Cycler
PCR system (Bio-Rad, USA). PCR products were extracted from
2% agarose gels, purified using a PCR Clean-Up Kit (YuHua,
Shanghai, China) according to the manufacturer’s instructions,
and quantified using a Qubit 4.0 fluorometer (Thermo Fisher
Scientific Co., Ltd., China). Sequencing data were processed
using standard bioinformatic procedures. Tags were clustered into
operational taxonomic units (OTUs) at a 97% sequence similarity
threshold using USEARCH software. Taxonomic annotation of
OTUs was performed against the SILVA reference database.
Bioinformatics analysis was performed for Alpha diversity and
species composition. To identify the bacterial taxa that were
differentially represented at the genus or higher taxonomic levels,
linear discriminant analysis coupled with effect size (LEfSe) was
performed, where linear discriminant analysis (LDA) method was
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used to rank the features differing between the groups, and a LDA
score >3 was considered significant.

Statistical analysis

Statistical analysis was performed with SPSS 22.0 software
(IBM, USA). Data were tested for normal distribution using the
Kolmogorov–Smirnov (K-S) test. The non-normally distributed
data was transformed using their respective arctangent, while
the normally distributed data was left unchanged. Differences
between groups were examined using one-way analysis of variance
(ANOVA) with Duncan’s post hoc test (the model included
treatment as the fixed effect, with treatment df = 4 and error df =
10), when the homogeneity of variance is not significant (P > 0.05).
When the homogeneity of variance is significant (P < 0.05), using
Welsh ANOVA test with Tamhane post hoc test. The linear and
quadratic effects of dietary GPS-HCEO complex supplementation
dose were evaluated by regression analysis. All the results were
expressed as mean ± standard deviation (SD). Differences were
considered significant at P < 0.05.

Results

Growth performance

As shown in Table 2, in the early phase, the FCR of Group A
decreased by 0.05 compared to Group C, and Groups M1, M2,
and M3 decreased by 0.12, 0.14, and 0.14, respectively, though
these differences were not statistically significant (P > 0.05). In the
late phase, the FCR of Group A and the three GPS-HCEO groups
was significantly lower than that of Group C (P < 0.05), with the
M groups showing FCRs close to Group A. Over the full period,
adding antibiotics or the GPS-HCEO complex did not significantly
affect ADFI or ADG compared to Group A, but there was a trend
toward reduced FCR (0.05 < P < 0.1).

As presented in Table 2, ADG was not significantly affected by
dietary treatment throughout the experimental period compared
with Group C (P > 0.05). In the early phase, Group M1 showed
a lower ADFI than Group A (P < 0.05), whereas ADFI did not
differ significantly between the four treatment groups and Group
A during the late phase or the overall period (P > 0.05). Compared
with Group C, FCR was significantly reduced in Groups M1, M2,
and M3 during the early phase (P < 0.05). In the late phase and over
the entire experimental period, Groups A, M1, and M3 exhibited
significantly lower FCR than Group C (P < 0.05).

Slaughter performance

Table 3 indicates that compared to Group C, neither Group
A nor the Groups M1, M2, M3 showed significant differences
in slaughter rate, semi-eviscerated rate, eviscerated rate, breast
muscle rate, leg muscle rate, lean meat rate, or wing rate (P >

0.05). However, the leg muscle rate showed a linear increasing

trend with increasing levels of the GPS-HCEO complex (0.05 <P
(Linear) <0.1). Additionally, the abdominal fat rate in Group A was
significantly lower than in Group C and the Groups M1, M2, and
M3 (P< 0.05), while the abdominal fat rates in Groups M1, M2, and
M3 were comparable to Group C(P > 0.05).

Serum biochemical indices

Compared to Group C (Table 4), Group A and Groups M1,
M2, and M3 showed no significant effects on serum ALT, AST, TC,
CREA, UREA, Glu-G, TP, ALB, or Glo levels (P> 0.05). However,
serum TG levels in these four groups were significantly higher than
in Group C (P < 0.05).

Immune indices and inflammatory factors

Compared to Group C (Table 5), there were no significant
differences in serum immune indices (IgM, IgG, IgA) or
inflammatory factors (IL-1, IL-10) in the other four experimental
groups (P > 0.05).

Intestinal morphology

As shown in Table 6, in the duodenum, compared with Group
C, no significant differences were observed in VH or CD among the
four treatment groups (P > 0.05), whereas the V/C ratios in Groups
A and M2 were significantly lower than that in Group C (P < 0.05).

In the jejunum, compared with Group C, Groups A, M1, and
M2 showed no significant differences in VH, CD, or V/C (P >

0.05), whereas Group M3 showed significantly increased VH and
V/C (P < 0.05).

In the ileum, compared with Group C, no significant differences
were observed in VH or CD among the four treatment groups (P >

0.05). The V/C ratios in Groups M1, M2, and M3 were comparable
to that in Group A (P > 0.05), whereas Group M3 showed a
significantly higher V/C ratio than Group C (P < 0.05).

Cecal microbiota

α-diversity

As shown in Figure 1, compared with Group C, the Simpson
index was significantly decreased in Group A (P < 0.05). The
Simpson index in Group M1 was significantly higher than that
in Group A (P < 0.05). In Group M2, the Chao1, Shannon,
Simpson, and Observed_species indices were significantly higher
than those in Group A (P < 0.05). Similarly, the Shannon, Simpson,
and Observed_species indices in Group M3 were also significantly
higher than those in Group A (P < 0.05). However, compared
with Group C, no significant differences in α-diversity indices were
observed in Groups M1, M2, or M3 (P > 0.05).
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TABLE 2 Effect of GPS and HCEO complex on growth performance of broilers.

Item Treatment group P-value

C A M1 M2 M3 ANOVA Linear Quadratic

Pre-experiment

BW0 (g) 38.58 ± 0.69 38.82 ± 0.57 38.97 ± 1.02 38.54 ± 0.55 38.56 ± 0.27 0.904 0.794 0.656

BW21 (g) 550.22 ± 19.07 561.39 ± 0.40 540.29 ± 23.10 562.22 ± 3.96 579.25 ± 23.69 0.146 0.059 0.259

ADFI (g/d/bird) 46.54 ± 3.14a 46.20 ± 0.35a 42.76 ± 0.05b 44.31 ± 0.15ab 44.37 ± 0.49ab 0.049 0.294 0.061

ADG (g/d/bird) 24.13 ± 0.95 24.55 ± 0.38 23.62 ± 1.07 24.68 ± 0.17 25.49 ± 1.08 0.148 0.057 0.240

FCR 1.96 ± 0.07a 1.91 ± 0.02ab 1.84 ± 0.09b 1.82 ± 0.03b 1.81 ± 0.05b 0.022 0.016 0.110

Post-experiment

BW42 (g) 1,904.80 ±
27.80

2,020.81 ±
124.78

2,001.66 ±
142.48

1,953.53 ±
112.09

2,089.73 ±
173.48

0.488 0.159 0.794

ADFI (g/d/bird) 151.75 ± 5.49 139.19 ± 13.12 147.34 ± 6.35 148.79 ± 5.49 152.92 ± 11.87 0.425 0.811 0.369

ADG (g/d/bird) 64.50 ± 2.24 69.50 ± 5.93 69.59 ± 5.69 66.25 ± 5.15 71.93 ± 7.14 0.514 0.208 0.926

FCR 2.38 ± 0.01a 2.15 ± 0.10bc 2.13 ± 0.08c 2.26 ± 0.08ab 2.09 ± 0.05c 0.003 0.001 0.332

Full-experiment

ADFI (g/d/bird) 99.14 ± 1.15 92.69 ± 6.78 95.05 ± 2.88 96.55 ± 2.16 98.64 ± 3.06 0.270 0.998 0.059

ADG (g/d/bird) 44.31 ± 0.65 46.70 ± 3.04 46.60 ± 3.37 45.47 ± 2.66 48.71 ± 4.11 0.503 0.157 0.790

FCR 2.24 ± 0.04a 2.09 ± 0.07b 2.06 ± 0.08b 2.14 ± 0.06ab 2.05 ± 0.09b 0.036 0.024 0.237

Data are presented as least squares means based on 3 replicate observations per treatment, with each observation representing the average value of the corresponding measurements from one
male and one female bird within each replicate. BW, body weight; ADFI, average daily feed intake; ADG, average daily gain; FCR, feed conversion ratio; SEM, standard error of means. 1)C, a
blank control (basal diets); A, an antibiotic group (basal diets +50 g/T chlortetracycline + 50 g/T salinomycin); M1, basal diets+ GPS and HCEO complex via drinking water at 0.1 ml/L; M2,
basal diets+ GPS and HCEO complex via drinking water at 0.3 ml/L; M3, basal diets+ GPS and HCEO complex via drinking water at 0.6 ml/L. 2)The total p-value was obtained from the
ANOVA analysis conducted on the 5 groups. The p-values for the linear and quadratic terms were derived from the ANOVA analysis performed on the control group and the 3 dose groups.
a−cMeans within a variable with no common superscript differ significantly (p < 0.05).

Microbiota composition

At the phylum level (Top 10, Figures 2A, B), compared to
Group C, Group A showed a significant decrease in the abundance
of Firmicutes and Tenericutes, and a significant increase in
Bacteroidetes (P < 0.05). Groups M1, M2, and M3 showed no
significant difference in Firmicutes or Tenericutes abundance (P >

0.05). Group M2 had significantly higher Firmicutes abundance and
significantly lower Bacteroidetes abundance than Group A (P <

0.05). Regarding Tenericutes, M1 and M2 were significantly lower
than Group C (P < 0.05), but M3 was comparable to Group C.

At the genus level (Top 10, Figures 2C, D), compared to
Group C, Group A showed a significant increase in Bacteroides
and a significant decrease in Lactobacillus and Ruminococcus
(P < 0.05). Groups M1, M2, and M3 showed no significant
differences in Bacteroides or Lactobacillus abundance (P > 0.05).
For Ruminococcus, M1 and M3 were significantly lower than Group
C (P < 0.05), but M2 was comparable to Group C.

LEfSe analysis

As shown in Figure 3, differential bacterial enrichment was
observed in all five experimental groups when the LDA score
threshold was set at >3. At the genus level, the differentially
enriched bacteria in Group C mainly included Bacteroides,
Candidatus_Arthromitus, and AF12. In Group A, the enriched

genera were mainly Ruminococcus, Clostridium, and Arthrobacter.
In Group M1, the enriched genera were mainly Lactobacillus and
Thermoactinomyces. The differentially enriched genera in Group
M2 were Slackia and Streptococcus, whereas those in Group M3
were Aerococcus and Jeotgalicoccus.

Discussion

Growth performance is a key indicator for evaluating the
economic benefits of livestock breeding, with the FCR intuitively
reflecting growth efficiency (12). Behboodi et al. reported
that supplementation with 0.2–0.5 ml/L ImmunoMax, a plant
extract-based product, in drinking water improved the growth
performance of broilers (13). Liu (5) also confirmed that GPS
improved FCR in broilers. Plant essential oils have shown similar
effects. Adaszynska-Skwirzynska et al. found that supplementation
with 0.4 ml/L plant essential oils in drinking water significantly
improved feed conversion efficiency in broilers aged 22–42 days
(14). Xie (8) observed in goats that houttuynia cordata extract
reduced FCR by increasing crude protein and fiber digestibility.
Consistent with these previous findings, the present study showed
that dietary supplementation with a high dose of GPS-HCEO
complex significantly reduced FCR during the early, late, and
overall experimental periods. GPS, as a prebiotic, can promote
the proliferation of short-chain fatty acid-producing bacteria
in the intestine, thereby providing energy substrates such as
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TABLE 3 Effect of GPS and HCEO complex on slaughter performance of broilers.

Item Treatment group P-value

C A M1 M2 M3 ANOVA Linear Quadratic

SR (%) 83.82 ± 1.64 83.27 ± 0.68 83.25 ± 0.70 83.11 ± 1.64 84.29 ± 0.43 0.694 0.699 0.253

HEW (%) 77.30 ± 2.04 76.65 ± 0.70 76.62 ± 0.47 75.51 ± 1.21 76.91 ± 0.84 0.477 0.508 0.196

EW (%) 64.22 ± 1.74 63.30 ± 0.34 63.58 ± 0.58 62.24 ± 1.32 63.94 ± 0.32 0.309 0.480 0.114

LMR (%) 25.96 ± 1.34 23.79 ± 2.34 26.68 ± 1.48 27.53 ± 2.91 29.25 ± 4.96 0.295 0.216 0.859

PMR (%) 31.45 ± 0.58 33.07 ± 1.21 31.72 ± 1.48 30.80 ± 1.76 33.04 ± 0.25 0.152 0.244 0.189

LMP (%) 57.41 ± 1.57 56.86 ± 2.53 58.40 ± 1.75 58.33 ± 2.96 62.29 ± 4.76 0.262 0.099 0.437

WR (%) 8.69 ± 0.34 9.48 ± 0.97 9.17 ± 0.47 9.18 ± 0.56 9.32 ± 0.06 0.303 0.110 0.482

AFR (%) 2.44 ± 0.39a 1.11 ± 0.08b 2.00 ± 0.48a 2.23 ± 0.21a 2.05 ± 0.27a 0.005 0.340 0.565

Data are presented as least squares means based on 3 replicate observations per treatment, with each observation representing the average value of the corresponding measurements from one
male and one female bird within each replicate. SR, slaughter rate; HEW, half-eviscerated weight; EW, eviscerated weight; PMR, pectoral muscle rate; LMR, leg muscle rate; AFR, abdominal fat
rate; LMP, Lean meat percentage; WR, Wing rate; AFR, Abdominal fat rate. 1)C, a blank control (basal diets); A, an antibiotic group (basal diets +50 g/T chlortetracycline + 50 g/T salinomycin);
M1, basal diets+ GPS and HCEO complex via drinking water at 0.1 ml/L; M2, basal diets+ GPS and HCEO complex via drinking water at 0.3 ml/L; M3, basal diets+ GPS and HCEO complex
via drinking water at 0.6 ml/L. 2)The total p-value was obtained from the ANOVA analysis conducted on the 5 groups. The p-values for the linear and quadratic terms were derived from the
ANOVA analysis performed on the control group and the 3 dose groups. a,bMeans within a variable with no common superscript differ significantly (p < 0.05).

TABLE 4 Effect of GPS and HCEO complex on serum biochemical indices of broilers.

Item Treatment group P-value

C A M1 M2 M3 ANOVA Linear Quadratic

ALT (U/L) 2.60 ± 0.10 3.00 ± 0.79 2.13 ± 0.15 2.03 ± 1.15 2.10 ± 0.90 0.486 0.424 0.548

AST (U/L) 318.33 ± 52.81 259.93 ± 17.99 315.53 ± 33.37 320.90 ± 39.94 356.07 ± 61.44 0.194 0.368 0.514

TC (mmol/L) 3.82 ± 0.66 3.15 ± 0.57 2.92 ± 0.54 2.80 ± 0.28 3.32 ± 0.14 0.156 0.208 0.026

CREA (μmol/L) 11.00 ± 2.96 17.27 ± 15.63 13.97 ± 3.33 18.43 ± 7.04 11.90 ± 3.14 0.743 0.550 0.102

UREA (mmol/L) 0.42 ± 0.03 0.44 ± 0.09 0.62 ± 0.09 0.56 ± 0.16 0.70 ± 0.16 0.634 0.040 0.652

Glu-G (mmol/L) 12.31 ± 1.55 11.03 ± 1.53 10.31 ± 0.23 12.14 ± 1.37 10.59 ± 0.40 0.205 0.258 0.723

TG (mmol/L) 0.26 ± 0.01c 0.36 ± 0.04b 0.45 ± 0.04a 0.43 ± 0.06ab 0.47 ± 0.06a 0.001 0.001 0.022

TP (g/L) 27.87 ± 2.15 27.97 ± 2.93 28.70 ± 3.20 26.30 ± 2.34 28.73 ± 1.93 0.772 0.976 0.588

ALB (g/L) 10.70 ± 0.96 10.67 ± 0.85 11.13 ± 0.85 10.00 ± 1.13 10.70 ± 0.85 0.693 0.658 0.815

Glo (g/L) 17.17 ± 1.47 17.30 ± 2.10 17.57 ± 2.36 16.30 ± 1.21 18.03 ± 1.18 0.801 0.759 0.498

Data are presented as least squares means based on 3 replicate observations per treatment, with each observation representing the average value of the corresponding measurements from one
male and one female bird within each replicate. 1)C, a blank control (basal diets); A, an antibiotic group (basal diets +50 g/T chlortetracycline + 50 g/T salinomycin); M1, basal diets+ GPS and
HCEO complex via drinking water at 0.1 ml/L; M2, basal diets+ GPS and HCEO complex via drinking water at 0.3 ml/L; M3, basal diets+ GPS and HCEO complex via drinking water at 0.6
ml/L. 2)The total p-value was obtained from the ANOVA analysis conducted on the 5 groups. The p-values for the linear and quadratic terms were derived from the ANOVA analysis performed
on the control group and the 3 dose groups. a−cMeans within a variable with no common superscript differ significantly (p < 0.05).

propionate and butyrate for intestinal epithelial cell development
(15). HCEO can inhibit the growth of harmful intestinal bacteria
and reduce intestinal inflammation (16), creating a favorable
microenvironment for intestinal epithelial development. Therefore,
the improvement in FCR induced by the GPS-HCEO complex
may be attributed to the synergistic effects of GPS and HCEO
in promoting intestinal epithelial development and enhancing
nutrient absorption.

Slaughter performance is a crucial metric for production
efficiency (17). In the present study, compared with the control
group, leg muscle yield tended to increase linearly with increasing
dietary levels of the GPS-HCEO complex, and Group M3 showed
a 4.88% increase compared with the control group. This aligns
with Zheng (18) found that Yupingfeng polysaccharide increased
leg muscle yield in Qingyuan partridge chickens by 16.8%. The

increase in leg muscle yield by the GPS-HCEO complex may be
attributed to GPS reducing skeletal muscle fiber apoptosis (19)
or essential oil components promoting muscle hypertrophy by
increasing fiber area and diameter (20). Additionally, while the
abdominal fat rate of healthy Arbor Acres broilers is generally
maintained above 1.55% (21), the antibiotic group in this study
showed a rate of only 1.11%, significantly lower than the control
and GPS-HCEO groups. This may be because long-term antibiotic
use inhibits the differentiation of preadipocytes into adipocytes,
resulting in excessively low abdominal fat deposition (22).

Serum biochemical indices directly reflect animal metabolism
and health status (23), with TG content indicating lipid
metabolism. In this study, both the antibiotic group and the GPS-
HCEO groups significantly increased serum TG levels (P < 0.05),
suggesting both participate in lipid metabolism regulation. Lei
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TABLE 5 Effect of GPS and HCEO complex on serum immune indices and inflammatory factors of broilers.

Item Treatment group P-value

C A M1 M2 M3 ANOVA Linear Quadratic

IgM (ug/ml) 22.33 ± 3.05 23.16 ± 0.45 24.17 ± 4.21 23.79 ± 0.37 25.53 ± 4.41 0.767 0.326 0.979

IgG (ug/ml) 256.24 ± 10.29 265.00 ± 10.29 272.88 ± 40.72 255.34 ± 13.36 271.88 ± 23.91 0.835 0.662 0.997

IgA (ug/ml) 28.55 ± 0.83 30.03 ± 2.81 27.03 ± 3.49 28.02 ± 0.20 27.51 ± 3.28 0.743 0.744 0.730

IL-1 (pg/ml) 49.49 ± 6.21 51.37 ± 0.68 61.66 ± 8.00 53.08 ± 3.72 61.97 ± 14.05 0.236 0.243 0.757

IL-10 (pg/ml) 158.48 ± 17.56 178.78 ± 14.55 149.61 ± 13.67 141.61 ± 8.49 133.63 ± 35.72 0.148 0.175 0.972

Data are presented as least squares means based on 3 replicate observations per treatment, with each observation representing the average value of the corresponding measurements from one
male and one female bird within each replicate. IgM, Immunoglobulin M; IgG, Immunoglobulin G; IgA, Immunoglobulin A. 1)C, a blank control (basal diets); A, an antibiotic group (basal
diets +50 g/T chlortetracycline + 50 g/T salinomycin); M1, basal diets+ GPS and HCEO complex via drinking water at 0.1 ml/L; M2, basal diets+ GPS and HCEO complex via drinking water
at 0.3 ml/L; M3, basal diets+ GPS and HCEO complex via drinking water at 0.6 ml/L. 2)The total p-value was obtained from the ANOVA analysis conducted on the 5 groups. The p-values for
the linear and quadratic terms were derived from the ANOVA analysis performed on the control group and the 3 dose groups.

TABLE 6 Effect of GPS and HCEO complex on intestinal morphology of broilers.

Item Treatment group P-value

C A M1 M2 M3 ANOVA Linear Quadratic

Duodenum VH (μm) 1,583.37 ±
30.88ab

1,213.11 ±
205.87b

1,473.09 ±
233.63b

1,413.73 ±
78.31b

1,840.16 ±
285.78a

0.028 0.184 0.040

CD (μm) 260.02 ±
52.84

337.13 ±
50.93

286.02 ±
2.28

349.87 ±
38.53

293.03 ±
67.68

0.201 0.217 0.166

V/C 6.31 ± 1.34a 3.71 ± 0.88b 5.21 ± 0.79ab 4.07 ± 0.33b 6.39 ± 0.43a 0.007 0.681 0.007

Jejunum VH (μm) 1,182.34 ±
74.28b

1,152.91 ±
147.42b

1,258.52 ±
175.92b

1,240.82 ±
103.89b

1,647.00 ±
308.37a

0.043 0.022 0.168

CD (μm) 307.87 ±
25.56

379.94 ±
55.44

321.65 ±
52.50

317.85 ±
76.82

246.50 ±
56.66

0.146 0.230 0.224

V/C 3.87 ± 0.44b 3.14 ± 0.89b 3.94 ± 0.31b 4.11 ± 1.07b 7.03 ± 2.34a 0.043 0.036 0.131

Ileum VH (μm) 874.18 ±
80.13

853.81 ±
147.38

898.34 ±
275.54

844.59 ±
83.16

1,046.52 ±
431.39

0.842 0.513 0.574

CD (μm) 205.28 ±
92.53

139.16 ±
28.65

273.36 ±
91.53

151.59 ±
29.36

119.12 ±
32.53

0.070 0.030 0.141

V/C 4.80 ± 1.83b 6.31 ± 1.35ab 3.56 ± 1.75b 5.82 ± 1.62ab 8.99 ± 2.46a 0.044 0.018 0.085

Data are presented as least squares means based on 3 replicate observations per treatment, with each observation representing the average value of the corresponding measurements from one
male and one female bird within each replicate. VH, villus height; CD, crypt depth; V/C, villus height to crypt depth ratio; SEM, standard error of means. 1)C, a blank control (basal diets); A,
an antibiotic group (basal diets +50 g/T chlortetracycline + 50 g/T salinomycin); M1, basal diets+ GPS and HCEO complex via drinking water at 0.1 ml/L; M2, basal diets+ GPS and HCEO
complex via drinking water at 0.3 ml/L; M3, basal diets+ GPS and HCEO complex via drinking water at 0.6 ml/L. 2)The total p-value was obtained from the ANOVA analysis conducted on the
5 groups. The p-values for the linear and quadratic terms were derived from the ANOVA analysis performed on the control group and the 3 dose groups. a,bMeans within a variable with no
common superscript differ significantly (p < 0.05).

(24) reported that antibiotics can interfere with lipid metabolism
through multiple mechanisms and generally lead to elevated serum
TG levels. Similarly, Bormon et al. (25) found that antibiotics
increased serum TG content in broilers, which is consistent with the
results of the present study. This phenomenon may be attributed
to antibiotic-induced disruption of the gut microbiota, leading to
an increase in bacterial populations associated with fat absorption
(26). Kwak et al. reported that GPS reduced the elevated serum
TG level in an endogenous hyperlipidemia model by increasing
the activity of lipoprotein lipase (LPL) in serum (27). Kang et al.
found that Houttuynia cordata extract attenuated the high-fat
diet-induced increase in serum TG levels by enhancing AMPK
phosphorylation (28). In addition, previous studies have shown
that plant polysaccharides and essential oils can improve intestinal

morphology and promote fat absorption (29, 30). The regulatory
effects of the GPS-HCEO complex on serum TG levels appear
to be inconsistent with some previous findings, which may be
related to differences in experimental models. In the present study,
the dietary fat level of broilers was relatively low. However, since
both the GPS-HCEO complex and antibiotics increased serum
TG levels in broilers, further studies are needed to examine the
expression of lipid metabolism-related genes and liver morphology
to determine whether the GPS-HCEO complex improves or
disrupts lipid metabolism.

Cytokines are crucial for evaluating immune function and
intestinal barrier health (31). Liou et al. reported that ginseng
extract dose-dependently increased serum IgG, IL-2, and IFN-γ
levels (32). In addition, Liu (5) found that supplementation with
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FIGURE 1

Effect of GPS and HCEO complex on α-diversity of cecal microbiota in broilers. 1)C, a blank control (basal diets); A, an antibiotic group (basal diets
+50 g/T chlortetracycline + 50 g/T salinomycin); M1, basal diets+ GPS and HCEO complex via drinking water at 0.1 ml/L; M2, basal diets+ GPS and
HCEO complex via drinking water at 0.3 ml/L; M3, basal diets+ GPS and HCEO complex via drinking water at 0.6 ml/L. *, **, ***: significant difference
(P < 0.05), *P < 0.05, **P < 0.01, ***P < 0.001.

200 g/T GPS increased serum IgG levels and decreased the levels of
pro-inflammatory cytokines, including TNF-α and IL-6, in broilers.
Unlike these previous findings, the present study showed that
dietary supplementation with the GPS-HCEO complex did not
significantly affect serum IgG, IgM, IgA, IL-1, or IL-10 levels in
broilers. This may be because the supplementation level used in
this study was insufficient to exert a marked immunomodulatory
effect. Yan (10) also found that Houttuynia cordata extract did not
affect serum IgG levels or lymphocyte proportions in pigs, which
is consistent with the present results and suggests that the GPS-
HCEO complex may have limited stimulatory effects on systemic
humoral immunity. Furthermore, the broilers used in the present
study were healthy and were not subjected to pathogen challenge.
Under normal physiological conditions, the immune system is
tightly regulated by homeostatic mechanisms, and serum IgG,

IgM, IgA, IL-1, and IL-10 levels may remain relatively stable or
low. Therefore, the immunomodulatory effects of dietary immune
regulators may be limited in healthy animals. Future studies should
consider increasing the supplementation level of the GPS-HCEO
complex and conducting bacterial challenge experiments to further
investigate its effects on immune function in broilers.

Intestinal morphology is vital for gut health. VH reflects
intestinal absorptive capacity, CD reflects stem cell activity, and
the V/C ratio is positively correlated with growth rate (33). In
the present study, antibiotics reduced the duodenal V/C ratio in
broilers, but had limited effects on the jejunum and ileum. Zhang
et al. reported that long-term antibiotic use can impair the nutrient
absorption structure of the duodenum (34), which is consistent
with the findings of the present study. In addition, antibiotics
mainly affect host health by disrupting the gut microbiota (35).
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FIGURE 2

Effect of GPS and HCEO complex on cecal microbiota composition in broilers. 1)C, a blank control (basal diets); A, an antibiotic group (basal diets
+50 g/T chlortetracycline + 50 g/T salinomycin); M1, basal diets+ GPS and HCEO complex via drinking water at 0.1 ml/L; M2, basal diets+ GPS and
HCEO complex via drinking water at 0.3 ml/L; M3, basal diets+ GPS and HCEO complex via drinking water at 0.6 ml/L. a−cMeans within a variable
with no common superscript differ significantly (p < 0.05).

FIGURE 3

Linear discriminant analysis effect size (LEfSe) analysis integrated with linear discriminant analysis (LDA) revealed differentially abundant phylotypes in
different groups. 1)C, a blank control (basal diets); A, an antibiotic group (basal diets +50 g/T chlortetracycline + 50 g/T salinomycin); M1, basal diets+
GPS and HCEO complex via drinking water at 0.1 ml/L; M2, basal diets+ GPS and HCEO complex via drinking water at 0.3 ml/L; M3, basal diets+ GPS
and HCEO complex via drinking water at 0.6 ml/L.

The duodenum is an important site for bacterial colonization in
the small intestine, with higher bacterial abundance and diversity
than the jejunum and ileum (36). Therefore, the inconsistent effects
of antibiotics on intestinal morphology across different intestinal
segments may be related to differences in microbial abundance and
diversity among intestinal segments. In contrast, Selim (37) found
that 300 g/T plant essential oil improved VH and CD, and Liu (5)
observed that GPS increased intestinal V/C. Consistent with these

studies, the present study confirmed that dietary supplementation
with a high dose of the GPS-HCEO complex significantly improved
jejunal VH and V/C ratio, as well as ileal V/C ratio. These
results indicate that high-dose GPS-HCEO complex administration
can effectively improve intestinal morphology, promoting the
absorption of amino acids, carbohydrates, and fats, which is likely
a key reason for the observed improvements in leg muscle rate
and serum TG levels. It has been reported that the absorption
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of polysaccharides differs among intestinal segments, with plant
polysaccharide absorption mainly occurring in the ileum (38).
Ocelová et al. also found that the concentration of plant essential
oils in the jejunum of broilers was higher than that in the duodenum
(39). This may explain why the GPS-HCEO complex mainly
affected intestinal morphology in the jejunum and ileum, but had
a relatively limited effect on duodenal morphology. Further studies
are needed to verify the absorption and distribution characteristics
of the GPS-HCEO complex in different intestinal segments.

Physiology and metabolism are regulated by the microbiome.
McDonnell (40) found via meta-analysis that antibiotic exposure
reduces microbiota diversity and richness. Our results show that
antibiotics significantly reduced cecal Simpson indices, confirming
the disruptive effect of antibiotics on the microbiota. Bacteria of
the phyla Firmicutes and Tenericutes are integral to a healthy gut;
reduced Firmicutes abundance is often associated with infection
and inflammatory bowel disease (41), while decreased Tenericutes
correlates with barrier dysfunction (42). Bacteroidetes are dual-
natured, some aid polysaccharide digestion, while others produce
toxins that damage the epithelial barrier (43). Our results show
that antibiotics significantly reduced Firmicutes and Tenericutes
and increased Bacteroidetes, indicating that long-term antibiotic
use facilitates the proliferation of potentially harmful bacteria (44).
In contrast, Group M3 did not significantly alter the top 10 phyla
compared to Group C, suggesting the complex has a milder impact
on the microbiota. The LEfSe analysis showed similar results.
Antibiotic treatment enriched the potentially harmful genera
Clostridium and Arthrobacter in the intestine. The enrichment
of Clostridium is directly associated with the occurrence of
necrotic enteritis in broilers (45), whereas Arthrobacter is an
environmental microorganism closely related to milk spoilage (46).
In Group M3, the differentially enriched genera were Aerococcus
and Jeotgalicoccus. Aerococcus can ferment carbohydrates and
produce lactic acid (47), while Jeotgalicoccus has been associated
with short-chain fatty acid production (48). These findings suggest
that high-dose supplementation with the GPS-HCEO complex may
promote the enrichment of beneficial intestinal bacteria to some
extent, which is consistent with the findings of Zong et al. (4).

Study restrictions

This study systematically investigated the effects of antibiotics
and the GPS-HCEO complex on growth performance, slaughter
performance, serum biochemical indices, immune function,
intestinal morphology, and cecal microbiota in broilers. Although
linear and quadratic analyses were performed using the control
group and the GPS-HCEO complex groups, and the results
supported the application potential of the GPS-HCEO complex
in broilers, differences in the administration methods between
antibiotics and the GPS-HCEO complex may still affect the
direct comparison of their effects. In addition, the present
experiment included only three replicates, and the sample size
met only the minimum requirement. Therefore, further studies
with larger sample sizes are needed to validate these findings.
Therefore, further optimization studies using different broiler
breeds are warranted.

Conclusion

In summary, while long-term antibiotic supplementation in
feed reduced the FCR in Arbor Acres broilers, it also excessively
inhibited abdominal fat deposition, reduced V/C, and caused
a decline in the abundance of beneficial bacteria (Firmicutes,
Tenericutes). Administration of 0.6 ml/L of the Panax ginseng
polysaccharide and Houttuynia cordata essential oil complex
achieved an FCR comparable to the antibiotic group, promoted
the development of the jejunum, and ileum, and improved cecal
microbiota structure to a certain extent.
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