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Introduction: Peppermint contains substantial bioactive ingredients belonging to

the phytoestrogens, and its e�ects on the production of late-laying hens deserve

more attention. This study evaluated the e�ects of dietary peppermint extract

(PE) supplementation on egg production and quality, yolk fatty acid composition,

antioxidant capacity, and cecal microbiota in late-phase laying hens.

Method: PE powder was identified by UPLC-MS/MS analysis. Two hundred and

sixteen laying hens (60 weeks old) were randomly assigned to four treatments,

each for 28 days: (i) basal diet (control group, CON); (ii) basal diet + 0.1% PE; (iii)

basal diet + 0.2% PE; and (iv) basal diet + 0.4% PE. Egg, serum, and cecal samples

were collected for analysis.

Results: Dietary PE supplementation increased the laying rate, serum triglyceride,

immunoglobulin G, and total antioxidant capacity, while 0.2 and 0.4% PE

supplementation increased eggshell thickness, serum total protein level, and

superoxide dismutase activity of laying hens compared with the CON group (P

< 0.05). PE addition in diets increased the C14:0, C18:3n3, C18:3n6, C23:0, C24:0,

and C24:1n9 contents in the yolk. In addition, the egg yolk saturated fatty acid

content was higher (P < 0.05) in the 0.2 and 0.4% PE groups compared with the

CON and 0.1% PE groups. The microbiota analysis revealed that the cecal phylum

Proteobacteria was decreased (P < 0.05) in the PE-supplemented groups. A total

of 0.4% PE supplementation increased the cecal richness of gram-positive bacteria

and decreased the richness of gram-negative and potentially pathogenic bacteria

comparedwith the 0.1% PE group (P< 0.05). Microbial function prediction analysis

showed that the cecalmicrobiota of the PE groupwasmainly enriched by fatty acid

degradation, fatty acid metabolism, amino sugar metabolism, nucleotide sugar

metabolism, and other pathways. Regression analysis suggested that 0.28–0.36%

PE supplementation was the optimal level for improving egg production and

quality, antioxidant capacity, and yolk fatty acid in late-phase laying hens.
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Discussion: Dietary PE supplementation improved egg production and quality

(including yolk fatty acid composition) by increasing serum IgG and antioxidant

capacity and modulating the intestinal microbiota in late-phase laying hens.

KEYWORDS

laying hens, peppermint extract, egg production and quality, antioxidant capacity, cecal

microbiota

1. Introduction

The layer industry contributes to supporting sustainable food

sources and is considered an important part of the world’s livestock

production. The laying hens during the late phase of laying are

characterized by declining egg productivity, quality, and immunity,

which directly leads to increased mortality and reduced feeding

efficiency (van den Brand et al., 2004). In modern layer breeding,

the fast reduction in egg production is associated with decreased

ovarian function in layer hens after 60 weeks of age, marking

the beginning of the late-laying period (Rakonjac et al., 2014;

Chang et al., 2017). Since post-production occupies a large part

of the entire layer production cycle, improving the performance

of laying hens during the late-laying period will have great

economic significance.

Metabolic dysfunctions included immunity, oxidation–

reduction imbalance, and intestinal microbiota disturbance,

resulting in decreased overall health and production efficiency

in late-phase laying hens (Rattanawut et al., 2018). As a complex

microbial ecosystem, the gut microbiota is inextricably linked

with intestinal barrier function, immunity, and metabolic function

(Chen et al., 2019). Nutritional intervention can modulate the

structure of the intestinal microbiota and then regulate host

metabolism and overall health. For example, dietary essential

oils could increase feed efficiency and egg quality by regulating

microbial composition (Feng et al., 2021; Ding et al., 2022).

Moreover, discrepancies between laying hens in peak and late-

phase production are mainly associated with lipid metabolism

disorders, impairment of antioxidant properties, and energy

generation (Wang W. W. et al., 2019). Changes in lipid synthesis

and decomposition in laying hens could directly affect egg lipid

composition, which in turn reflects human dietary fatty acid

composition and body health (Lee et al., 2010). Owing to the

restriction on the use of in-feed antibiotics in animal production,

finding safe and effective feed additives for antibiotic alternatives is

necessary for the laying industry.

Plant extracts, as biologically active compounds, are safe and

free of residue and have been widely used as feed additives in

poultry production (Adewole et al., 2021). Peppermint (Mentha

piperita L.), as a traditional medicinal plant, has been widely used

in Chinese medicine. Peppermint has the medicinal functions

of dispelling wind, cooling, analgesia, and being antibacterial

and anti-inflammatory due to its bioactive components (Dorman

et al., 2003). Peppermint extract (PE) mainly contains volatile

oil, flavonoids, terpenoids, organic acids, and other components

(Grigoleit and Grigoleit, 2005). Flavonoids, as the main active

ingredient of peppermint leaf, have similar bioactivities with

estradiol and are considered important phytoestrogens. In recent

years, many studies have confirmed that flavonoids have a

remarkable regulatory effect on the gut microbiota composition

(Wang et al., 2022; Han et al., 2023). Moreover, flavonoids can

promote gut health by reducing pathogens (such as Proteobacteria,

Pseudomonas, and Staphylococcus) and increasing probiotics

(such as Bifidobacteria and Lactobacillus) (Zhang et al., 2019).

Peppermint flavone has strong antioxidant, antibacterial, and

immune-boosting properties (Kang et al., 2018). Peppermint has

recently been considered a feed additive with various application

prospects and has been widely studied in poultry production

(Abdel-Wareth and Lohakare, 2020). Therefore, we hypothesized

that the supplementation of PE in late-phase laying hens’ diets

would positively affect body metabolism, immunity, and microbial

composition, which might subsequently improve egg performance

and quality. Thus, the present study aimed to explore the effects of

PE on laying performance, egg quality, yolk fatty acid content, and

the cecal microbiota of laying hens during the late-laying period.

2. Materials and methods

2.1. Ethics statement

The animal operating procedures and care standards followed

in this study were reviewed and approved by the Animal

Protection and Utilization Professional Committee of the

Institute of Subtropical Agriculture, Chinese Academy of Science

(No. CAS20220120).

2.2. Preparation and metabolite analysis of
peppermint extract

Dried and cleaned peppermint leaves were obtained from a

commercial supply, pulverized, and passed through a 60-mesh

sieve. The peppermint powder was mixed with 75% ethanol

(V:V = 1:4), soaked, and extracted for 24 h. The mixture was

filtered through the gauze under negative pressure. The filtrate was

evaporated and concentrated by rotary evaporation at 180 × g and

75◦C and freeze-dried at −40◦C until completely dehydrated. The

obtained PE powder was sealed and stored at 4◦C until further use.

The identification and quantification of PE metabolites were

performed using an ultra-performance liquid chromatography

(UPLC)–tandem mass spectrometry (MS/MS) system. Fifty

milligram samples were extracted with 1.2mL of pre-cooled 70%

methanolic aqueous, mixed, and centrifuged at 4◦C, 10,000× g for
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10min. The extract supernatant was filtrated through the 0.22-µm

membrane and injected into the UPLC-MS/MS system with the

Agilent SB-C18 column (1.8µm, 2.1mm × 100mm, Agilent, CA,

United States). Mobile phase A was pure water with 0.1% formic

acid, and mobile phase B was acetonitrile with 0.1% formic acid.

The gradient program was as follows: 95% A and 5% B at 0min,

then 5% A and 95% B at 0–9min, and 95% A and 5.0% B at 10–

14min. The flow velocity was 0.35 mL/min, the column oven was

40◦C, and the injection volume was 2 µL. The HPLC effluent was

connected to an electrospray ionization (ESI)-triple quadrupole-

MS system. The identification of metabolites was carried out

according to public databases, such as MassBank, METLIN,

and MoToDBnd. Metabolite quantification was expressed as a

peak area integral based on the multiple reaction monitoring

(MRM) analysis.

2.3. Bird management and experimental
design

Based on a similar body weight, a total of 216 healthy laying

hens at 60 weeks old were selected and randomly assigned into

four groups. Each group contained nine replicates with six hens

per replicate, and two hens were assigned to an individual cage.

All hens were adapted for 5 days and fed a basal diet (corn–

soybean meal). Four treatment groups included the control group

(CON), hens fed the basal diet, and the treatment groups: hens fed

the basal diet supplemented with 0.1% PE (LPE group), 0.2% PE

(MPE group), or 0.4% PE (HPE group). The feeding trial lasted

for 28 days. All hens had free access to water, nipple drinkers,

and feed at all times. Temperature, humidity, and lighting were

set according to the standardized commercial layer farms. The

composition and nutrient levels of the basal diet are presented in

Supplementary Table S1.

2.4. Sample collection

At the end of the feeding trial, three eggs per replicate

(n = 27 eggs/group) were collected for egg quality and yolk

fatty acid content determination. Nine representative hens per

group, close to the average body weight, were selected for sample

collection. Blood samples (3mL) were collected from the wing

vein of the chicken and kept in vacuum tubes for 30min, and

then, serum was obtained after centrifugation at 3,000 × g for

10min at 4◦C and stored at −20◦C for biochemical indicators and

antioxidant index analyses. Chickens were killed by instantaneous

cervical dislocation. A total of 20 g cecal contents were collected,

immediately frozen in liquid nitrogen, and stored at −80◦C for

microbiota composition analysis.

2.5. Determination of laying performance
and egg quality

The feed intake, egg production, and egg weight were recorded

daily to calculate the average daily feed intake (ADFI), average

egg weight, and feed/egg ratio. Albumen height, yolk color, and

Haugh unit were measured using a multi-function egg analyzer

(Israel Orka Food Technology Ltd., Ramat Hasharon, Israel). Egg

height and width were measured and recorded to calculate the egg

shape index (height/width × 100). The thickness of the eggshell

was measured using an eggshell thickness gauge (Israel Orka Food

Technology Ltd., Ramat Hasharon, Israel). The Egg Force Reader-

01 (Israel Orka Food Technology Ltd., Ramat Hasharon, Israel) was

used to measure the eggshell strength.

2.6. Analysis of serum biochemical
parameters

Serum biochemical parameters, including aspartate

aminotransferase (AST), alkaline phosphatase (ALP), cholesterol

(CHOL), glucose (GLU), high-density lipoprotein-cholesterol

(HDL-C), immunoglobulin G (IgG), immunoglobulin M (IgM),

low-density lipoprotein-cholesterol (LDL-C), triglyceride (TG),

total protein (TP), uric acid (UA), and urea nitrogen (UN) were

measured using commercially available kits (Roche, Mannheim,

Germany) and the Beckman CX4 automatic biochemical analyzer

(cobas c311; Roche Diagnostics GmbH, Mannheim, Germany).

2.7. Determination of serum oxidative
stress-related indices

The serum total antioxidant capacity (T-AOC), superoxide

dismutase (SOD), and glutathione peroxidase (GSH-Px)

activities and the level of malondialdehyde (MDA) were

assessed by commercially available assay kits (Nanjing Jiancheng

Biotechnology Institute, Nanjing, China) using the Microplate

Reader Infinite M200 PRO (Tecan, Männedorf, Switzerland) as

described previously (Bai et al., 2021).

2.8. Determination of fatty acid contents of
egg yolk

The fatty acid contents of egg yolks were determined using

high-performance liquid chromatography–mass spectrometry

(HPLC/MS). In brief, 0.1 g of freeze-dried yolk sample was

weighed and homogenized with 800 µL of 50% acetonitrile/water

(v/v) for 1min at room temperature. After centrifuging at 10,000

× g for 15min at 4◦C, 400 µL of supernatant was collected and

thoroughly mixed with 200 µL of 3-NPH (200mM) and 200

µL of EDC (120mM; containing 6% pyridine and 400 ng/mL of

acetic acid D3), respectively. The mixture was homogenized for

1min, incubated for 1 h at 40◦C, and shaken every 5min. After

incubation, the samples were centrifuged at 10,000 × g for 15min

at 4◦C, and the supernatants were filtered through a 0.22-µm

filter membrane and diluted 10-fold with 50% acetonitrile–water

(containing 100 ng/mL of internal standard) for LC-MS/MS

(Waters Corp., Milford, MA, USA) analysis. The contents of

saturated fatty acid (SFA), monounsaturated fatty acid (MUFA),

and polyunsaturated fatty acid (PUFA) were calculated.
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2.9. Cecal DNA extraction and sequencing

One cecal content sample was selected from each replicate

(n = 9 per group) for the cecal microbiota study. The total

bacterial genomic DNA was extracted from 0.20 g of cecal

contents using a commercial DNA Isolation Kit (MO BIO

Laboratories, Carlsbad, USA) according to the CTAB/SDA method

(Cuiv et al., 2011). 16S rRNA high-throughput sequencing was

used to analyze the composition and diversity of the cecal

microbiota by the Biomarker Technologies Company (Beijing,

China). Polymerase chain reaction (PCR) amplification of the

bacterial 16S rRNA gene in the V4 region was amplified using the

universal forward primer F (5′-ACTCCTACGGGAGGCAGCA-3′)

and the reverse primer R (5′-GGACTACHVGGGTWTCTAAT-

3′) (Huang et al., 2020). Obtained sequencing library QC was

performed on an Illumina NovaSeq 6000 (Illumina, San Diego,

USA) and converted into sequenced reads using base-calling

analysis. The unique barcodes were read on Flash software for

each sample and merged with acquired splicing sequences as

raw tags. All assembled HiSeq sequences were deposited in

the NCBI Sequence Read Archive (SRA) under the accession

number PRJNA907168.

2.10. Sequencing data analysis

The UCHIME (version 4.2) software was used to identify

and remove chimeric sequences to obtain effective tags; all high-

quality tags (threshold value at 97%) were clustered into operational

taxonomic units (OTUs). Based on the UNITE taxonomy database,

representative sequences of OTU were annotated and compared

with the microbial reference database. The R language tool

was used to generate the community structure map at different

classification levels. Species abundance tables were generated

using the QIIME software. Linear discriminant analysis (LDA)

effect size (LEfSe) analysis was performed to reveal the bacterial

biomarkers with statistically significant differences among groups.

Moreover, PICRUST software was used to predict functional

gene composition by comparing species composition information

based on 16S sequencing data. The KEGG pathway and function

abundances were calculated by OTU abundance according to

the KEGG database. The differences in metabolic pathways of

functional genes of microbial communities among the four groups

were observed by the KEGG metabolic pathway analysis. BugBase

was used to predict organism-level microbiome phenotypes (Ward

et al., 2017). In addition, Spearman’s correlation analysis between

cecal microbiota and laying performance, egg quality, serum

biochemical and antioxidant indicators, and yolk fatty acid

composition was performed in R software (v 3.2.1).

2.11. Statistical analysis

All data except microbiota data were analyzed using IBM

SPSS 22.0 software (SPSS Inc., USA). Data are presented as

means ± SEM. One-way ANOVA and the Tukey test were

performed to analyze differences among different treatment

groups. The linear and best-fit quadratic models for dietary

PE supplementation dose were determined by regressions of

estimation curves. Based on 16S rRNA sequencing data, Kruskal–

Wallis analysis was used to compare the differences among

treatment groups after non-parametric tests. Differences were

considered significant if P < 0.05, and 0.05 ≤ P < 0.10 was

considered a trend.

3. Results

3.1. Principal composition analysis of
metabolites in the peppermint extract

The principal compositions of PE metabolites are abundant

and complex, including flavonoids, phenolic acids, terpenoids,

alkaloids, and tannins. Based on the peak area score, the top

10 substances in each category are listed in Table 1. Flavonoids

in PE mainly include chrysosplenetin, 6-C-methylquercetin-

3-O-rutinoside, kaempferide, and luteolin-7-O-rutinoside.

Phenolic acids in PE include ethyl caffeate, mudanoside A,

and 3,4-dimethoxycinnamic acid. Terpenoids in PE contain

corosolic acid, jasminoside C, and sugiol. Alkaloids in PE

contain yibeinoside A, perlolyrine, and alanine betaine. Lignans

and coumarins in PE mainly include 3-hydroxycoumarin,

esculetin, and coumarin. Other metabolites also contain tannins

(3,3′,4-O-trimethylellagic acid and corilagin), organic acids

(2-isopropylmalic acid and L-citramalic acid), lipids (γ-linolenic

acid and lysoPC 18:0), amino acids and derivatives [N(6), N(6)-

dimethyl-L-lysine, and (3-hydroxypropanoyl)-L-leucine], and

nucleotides and derivatives [N-(1-deoxy-1-fructosyl)-leucine

and crotonoside].

3.2. Peppermint extract increases laying
performance in late-phase laying hens

The effects of PE on laying performance in late-phase laying

hens are presented in Table 2. Dietary PE supplementation

increased the laying rate (P < 0.05) compared with the CON

group. Moreover, dietary PE supplementation had significant

linear and quadratic effects on the laying rate (P = 0.004, linear

model: Y = 62.621 + 52.67X; P = 0.005, quadratic model: Y

= 58.67 + 163.32X−265.53X2, estimated optimal dose required

was 0.31% PE) and feed/egg ratio (P = 0.018, linear model:

Y = 3.42–2.72X; P = 0.024, quadratic model: Y = 3.64–8.43X

+ 13.90X2, estimated optimal dose required was 0.30% PE).

There was no difference in ADFI or average egg weight among

dietary groups.

3.3. Peppermint extract improves egg
quality in late-phase laying hens

The egg quality results of laying hens are listed in Table 3.

The supplementation of MPE and HPE increased the shell

thickness (P < 0.05) compared with the CON and LPE
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TABLE 1 Identification of metabolites in peppermint extract.

Class Compounds Formula Molecular
weight (Da)

Ionization
model

Peak area
score

Flavonoids Chrysosplenetin

(5,4′-Dihydroxy-3,6,7,3′-tetramethoxyflavone)

C19H18O8 3.74E+02 [M+H]+ 5.51E+07

6-C-Methylquercetin-3-O-rutinoside C28H32O16 6.24E+02 [M+H]+ 3.62E+07

Kaempferide (3,5,7-trihydroxy-4′-methoxyflavone) C16H12O6 3.00E+02 [M-H]- 3.23E+07

Luteolin-7-O-rutinoside C27H30O15 5.94E+02 [M+H]+ 3.15E+07

Chrysoeriol; 5,7,4′-trihydroxy-3′-methoxyflavone C16H12O6 3.00E+02 [M-H]- 3.10E+07

Gardenin C C20H20O9 4.04E+02 [M+H]+ 3.01E+07

Diosmetin-7-O-glucuronide C22H20O12 4.76E+02 [M+H]+ 2.87E+07

Kaempferol-3-O-glucuronide C21H18O12 4.62E+02 [M-H]- 2.74E+07

Robinson-7-O-neohesperidin C28H32O14 5.92E+02 [M+H]+ 2.57E+07

Eupatilin-7-O-glucoside C24H26O12 5.06E+02 [M+H]+ 2.45E+07

Phenolic acids Ethyl caffeate C11H12O4 2.08E+02 [M-H]- 5.88E+07

Mudanoside A C14H18O9 3.30E+02 [M+H]+ 4.34E+07

3,4-Dimethoxycinnamic acid C11H12O4 2.08E+02 [M-H]- 4.34E+07

5′-Glucosyloxyjasmanic acid C18H28O9 3.88E+02 [M-H]- 2.84E+07

Glucosyringic acid C15H20O10 3.60E+02 [M-H]- 2.83E+07

Methyl coumalate C7H6O4 1.54E+02 [M-H]- 2.75E+07

2,5-Dihydroxybenzoic acid; Gentisic Acid C7H6O4 1.54E+02 [M-H]- 2.59E+07

2,3-bis[(2e)-3-(3,4-dihydroxyphenyl)prop-2-enoyl]-

2,3-dihydroxybutanedioic

acid

C22H18O12 4.74E+02 [M-H]- 2.58E+07

Salvianolic acid A C26H22O10 4.94E+02 [M-H]- 2.55E+07

Gallic acid C7H6O5 1.70E+02 [M-H]- 2.55E+07

Terpenoids 2,3-Dihydroxyurs-12-en-28-oic acid (corosolic acid) C30H48O4 4.72E+02 [M-H]- 4.37E+07

Jasminoside C C16H24O7 3.28E+02 [M+H]+ 3.20E+07

Sugiol C20H28O2 3.00E+02 [M+H]+ 2.60E+07

3,19-Dihydroxyurs-12-en-28-oic acid (pomolic acid) C30H48O4 4.72E+02 [M-H]- 2.18E+07

7-Oxodehydroabietic acid C20H26O3 3.14E+02 [M+H]+ 2.09E+07

3α,12β,15α,21β,24-pentahydroxyserratane C30H50O8 5.38E+02 [M+H]+ 1.94E+07

2,3-Dihydroxylup-20(29)-en-28-oic acid (alphitolic

acid)

C30H48O4 4.72E+02 [M-H]- 1.90E+07

2,3-Dihydroxy-12-ursen-28-oic acid C30H48O4 4.72E+02 [M-H]- 1.83E+07

5-formyl-2,7-dihydroxy-1-methyl-9,10-

dihydrophenanthrene

C16H14O3 2.54E+02 [M+H]+ 1.77E+07

Loliolide C11H16O3 1.96E+02 [M+H]+ 1.67E+07

Alkaloids Yibeinoside A C33H53NO7 5.75E+02 [M+H]+ 9.68E+07

Perlolyrine C16H12N2O2 2.64E+02 [M+H]+ 4.35E+07

Alanine betaine C5H11NO2 1.17E+02 [M+H]+ 2.93E+07

N-(1-Deoxy-1-fructosyl)aminononanoic acid C15H29NO7 3.35E+02 [M+H]+ 2.89E+07

(1R,3S)-1-methyl-1,2,3,4-tetrahydro-β-carboline-3-

carboxylic acid

C13H14N2O2 2.30E+02 [M+H]+ 2.79E+07

20-Ethyl-4beta-(acetoxymethyl)-7,8-diacetoxy-

1alpha,6beta,14alpha,16beta-tetramethoxyaconitane

C31H47NO10 5.93E+02 [M+H]+ 2.04E+07

Stachydrine C7H13NO2 1.43E+02 [M+H]+ 1.86E+07

(Continued)
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TABLE 1 (Continued)

Class Compounds Formula Molecular
weight (Da)

Ionization
model

Peak area
score

Caffeoylcholine C14H20NO4 2.66E+02 [M]+ 1.82E+07

4-(2-Pyridylazo)-N,N-dimethylaniline C13H14N4 2.26E+02 [M+H]+ 1.59E+07

2-Amino-5-[(1-carboxy-2-phenylethyl)amino]-5-

oxopentanoic

acid

C14H18N2O5 2.94E+02 [M+H]+ 1.53E+07

Lignans and

coumarins

3-Hydroxycoumarin C9H6O3 1.62E+02 [M-H]- 5.54E+07

Esculetin (6,7-Dihydroxycoumarin) C9H6O4 1.78E+02 [M-H]- 5.28E+07

Coumarin C9H6O2 1.46E+02 [M+H]+ 4.35E+07

Skimmin (7-hydroxycoumarin-7-O-glucoside) C15H16O8 3.24E+02 [M+H]+ 1.56E+07

3,4-Dihydro-4-(4′-hydroxyphenyl)-5,7-

dihydroxycoumarin

C15H12O5 2.72E+02 [M+H]+ 2.09E+07

Eucommin A C27H34O12 5.50E+02 [M-H]- 2.08E+07

Tracheloside C27H34O12 5.50E+02 [M-H]- 2.01E+07

Isoscopoletin-β-D-glucoside C16H18O9 3.54E+02 [M+H]+ 1.20E+07

5′-Methoxymatairesinoside C27H34O12 5.50E+02 [M-H]- 1.92E+07

Hydroxymethyl coumarin glucoside C16H18O8 3.38E+02 [M+H]+ 1.50E+07

Others γ-Linolenic acid C18H30O2 2.78E+02 [M-H]- 1.32E+08

N-(1-Deoxy-1-fructosyl)Leucine C12H23NO7 2.93E+02 [M-H]- 1.15E+08

LysoPC 18:0 C26H54NO7P 5.23E+02 [M+H]+ 3.46E+07

N(6),N(6)-Dimethyl-L-lysine C8H18N2O2 1.74E+02 [M+H]+ 3.26E+07

(3-hydroxypropanoyl)-L-leucine C9H17NO4 2.03E+02 [M-H]- 3.18E+07

Crotonoside; 2-Hydroxyadenosine C10H13N5O5 2.83E+02 [M+H]+ 2.76E+07

2-Isopropylmalic Acid C7H12O5 1.76E+02 [M-H]- 2.70E+07

L-Citramalic acid C5H8O5 1.48E+02 [M-H]- 2.34E+07

3,3′ ,4-O-Trimethylellagic acid C17H12O8 3.44E+02 [M+H]+ 5.52E+06

Corilagin C27H22O18 6.34E+02 [M-H]- 3.07E+06

TABLE 2 E�ects of dietary supplementation with peppermint extract (PE) supplementation on the laying performance of late-laying hens.

Items Groups1 P-values

CON LPE MPE HPE PE Linear Quadratic

Laying rate, % 61.20± 4.78a 78.13± 3.32b 79.63± 1.88b 76.90± 3.74b 0.019 0.004 0.014

ADFI, g/d/hen 102.47± 1.57 99.14± 0.92 99.62± 1.01 100.34± 1.16 0.217 0.222 0.286

Average egg weight, g 52.13± 0.54 52.02± 0.46 52.84± 0.57 51.15± 0.44 0.198 0.398 0.648

Feed/egg ratio 3.35± 0.35 2.77± 0.14 2.72± 0.13 2.67± 0.15 0.133 0.018 0.024

1CON, control group, basal diet; LPE, the control diet+ 0.1% PE; MPE, the control diet+ 0.2% PE; HPE, the control diet+ 0.4% PE. Data are expressed as means± SEM (n= 9). Means within

a row with different superscripts are significantly different (P < 0.05).

groups. Dietary PE supplementation reduced (P < 0.05) the

yolk color compared with the CON group. Regression analysis

showed that the yolk color intensity decreased quadratically

(P = 0.046) and significantly fitted a quadratic model: Y

= 10.44–13.70X+22.22X2, indicating that 0.31% PE resulted

in the lowest yolk color. Albumen height, Haugh unit, shell

strength, and shape index showed no significant difference among

dietary groups.
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TABLE 3 E�ects of dietary supplementation with peppermint extract (PE) on the egg quality of late-laying hens.

Items Groups1 P-values

CON LPE MPE HPE PE Linear Quadratic

Egg weight, g 49.76± 1.41 52.51± 0.59 52.21± 1.38 49.95± 1.02 0.221 0.944 0.381

Albumen height 5.63± 0.30 6.04± 0.27 5.33± 0.21 5.47± 0.04 0.190 0.569 0.657

Yolk color 10.00± 0.31b 8.86± 0.14a 8.71± 0.18a 9.00± 0.26a 0.002 0.089 0.034

Haugh unit 77.04± 1.94 80.69± 1.77 76.43± 1.04 78.86± 1.08 0.211 0.356 0.660

Shell strength, pa 4.14± 0.14 4.23± 0.24 4.22± 0.14 4.03± 0.18 0.844 0.713 0.936

Shell thickness, mm 0.37± 0.01a 0.36± 0.01a 0.39± 0.01b 0.39± 0.01b 0.002 0.057 0.195

Shape index, % 73.98± 0.57 75.13± 0.01 77.03± 1.19 75.81± 2.61 0.130 0.894 0.732

1CON, control group, basal diet; LPE, the control diet+ 0.1% PE; MPE, the control diet+ 0.2% PE; HPE, the control diet+ 0.4% PE. Data are expressed as means± SEM (n= 9). Means within

a row with different superscripts are significantly different (P < 0.05).

3.4. Peppermint extract alters serum
biochemical parameters in late-phase
laying hens

To evaluate the effects of dietary PE on serum biochemical

parameters, blood samples collected on day 29 of the trial

were analyzed using an automatic biochemical analyzer (Table 4).

Compared with the CON groups, the serum TP level was increased

(P < 0.05) in the MPE and HPE groups, while TG and IgG levels

were increased (P < 0.05) in the PE-supplemented groups. In

addition, dietary PE-supplemented groups displayed a trend for

an increased (P = 0.081) serum CHOL level. Regression analysis

showed that the serum UA level significantly increased (P =

0.034) and fitted a quadratic model: Y = 3.17 + 30.78X−60.75X2,

indicating that 0.25% PE was the optimal level of supplementation.

There were no effects on serum ALP, AST, Glu, HDL-C, IgM,

LDL-C, or UN levels among dietary groups.

3.5. Peppermint extract improves serum
antioxidant indices in late-phase laying
hens

The effects of PE supplementation on serum antioxidant

indices in late-phase laying hens are presented in Table 5. Dietary

PE supplementation increased (P< 0.05) the serumT-AOC activity

compared with the CON group. Compared with the CON and

LPE groups, the serum SOD activity was increased (P < 0.05)

in the MPE and HPE groups. Moreover, serum SOD activity was

higher (P < 0.05) in the HPE group compared with the MPE

group. Regression analysis showed that dietary PE treatment had

significant linear and quadratic effects on the serum activities of

T-AOC (P = 0.005, linear model: Y = 1.15 + 2.16X; P = 0.003,

quadratic model: Y = 0.85 + 6.99X−11.25X2, estimated optimal

dose required was 0.31% PE) and SOD (P = 0.001, linear model: Y

=−1.44+ 65.38X; P= 0.001, quadratic model: Y= 1.84+ 11.95X

+ 124.45X2). There was no difference in the serumGSH-PX activity

or MDA level among dietary groups.

3.6. Peppermint extract increases the fatty
acid content of egg yolk in late-phase
laying hens

The fatty acid composition results of egg yolk are listed in

Table 6. The contents of C14:0, C18:3n3, C18:3n6, C23:0, and C24:0

in the PE-supplemented groups (LPE, MPE, and HPE), C24:1n9 in

the MPE group, and C16:1 in the HPE group were increased (P <

0.05), whereas the content of C20:3 in the HPE group was decreased

(P < 0.05) compared with the CON group. Dietary MPE and HPE

supplementation increased (P < 0.05) the SFA content in the yolk

compared with the CON and LPE groups. The C15:0 content in the

egg yolk was higher (P < 0.05) in the HPE group compared with

the CON and LPE groups. Dietary PE supplementation had trends

toward increasing the contents of C16:0 (P = 0.094), C17:0 (P =

0.053), C18:0 (P = 0.089), and C20:3n3 (P = 0.090) in the egg yolk.

Regression analysis showed that dietary PE had significant

effects on the contents of C14:0 (P = 0.010, linear model: Y = 1.44

+ 1.02X; P = 0.012, quadratic model: Y = 1.33 + 2.79X−4.15X2,

estimated optimal dose required was 0.34% PE), C15:0 (P = 0.001,

linear model: Y = 0.08 + 0.44X; P = 0.003, quadratic model: Y

= 3.09 + 0.3X + 0.33X2), C17:1 (P = 0.007, linear model: Y =

0.06 + 0.41X; P = 0.026, quadratic model: Y = 0.08 + 0.15X +

0.62X2), C20:2 (P = 0.020, linear model: Y = 0.43 + 0.93X; P

= 0.030, quadratic model: Y = 0.32 + 2.57X-3.83X2, estimated

optimal dose required was 0.33% PE), C22:5n-6 (P = 0.011, linear

model: Y = 0.56 + 1.66X; P = 0.039, quadratic model: Y =

0.50 + 2.57X−2.13X2, estimated optimal dose required was 0.36%

PE), C24:1n9 (P = 0.020, linear model: Y = 9.31 + 4.91X; P =

0.016, quadratic model: Y = 8.61 + 15.92X−25.75X2, estimated

optimal dose required was 0.31% PE), and SFA (P = 0.010, linear

model: Y = 161.10 + 91.31X; P = 0.021, quadratic model: Y =

155.41+ 221.83X−314.79X2, estimated optimal dose required was

0.35% PE). Moreover, dietary PE supplementation had significant

linear effects on the contents of C17:0 (P = 0.039, linear model:

Y = 0.39 + 0.55X) and C20:3n3 (P = 0.025, linear model: Y =

0.62 + 1.39X), while having significant quadratic effects on the

contents of C18:3n3 (P = 0.034, quadratic model: Y = 0.15 +

1.49X−2.61X2, estimated optimal dose required was 0.28% PE)

in the egg yolk. Other fatty acid contents of egg yolk showed no

significant difference among dietary groups.
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TABLE 4 E�ects of dietary supplementation with peppermint extract (PE) on the serum biochemical indicators of late-laying period hens.

Items2 Groups1 P-values

CON LPE MPE HPE PE Linear Quadratic

ALP, U/L 448.00± 113.37 351.88± 90.94 440.44± 74.12 398.00± 116.27 0.877 0.685 0.880

AST, U/L 225.29± 14.06 248.14± 13.27 245.14± 12.34 242.88± 11.25 0.599 0.684 0.817

CHOL, mmol/L 2.27± 0.20 3.69± 0.42 4.03± 0.75 4.70± 0.80 0.081 0.917 0.068

Glu, mmol/L 15.80± 0.31 15.29± 0.38 14.73± 0.34 15.43± 0.25 0.180 0.247 0.194

HDL-C, mmol/L 0.91± 0.12 0.88± 0.12 0.82± 0.10 0.75± 0.21 0.872 0.555 0.809

IgG, g/L 0.07± 0.01a 0.09± 0.01b 0.09± 0.01b 0.09± 0.01b 0.002 0.219 0.184

IgM, g/L 0.06± 0.01 0.07± 0.01 0.06± 0.01 0.05± 0.01 0.272 0.129 0.250

LDL-C, mmol/L 0.30± 0.05 0.40± 0.09 0.67± 0.25 0.55± 0.14 0.371 0.935 0.376

TG, mmol/L 4.01± 0.59a 7.31± 0.64b 7.52± 1.01b 9.33± 1.70b 0.022 0.323 0.187

TP, g/L 54.33± 1.55a 58.61± 1.92ab 61.03± 3.01b 63.09± 1.94b 0.050 0.353 0.083

UA, mg/dL 5.23± 0.99 5.66± 0.71 5.41± 0.71 5.39± 0.66 0.984 0.325 0.034

UN, mmol/L 1.03± 0.16 0.86± 0.14 0.83± 0.20 0.84± 0.16 0.823 0.570 0.758

1CON, control group, basal diet; LPE, the control diet+ 0.1% PE;MPE, the control diet+ 0.2% PE; HPE, the control diet+ 0.4% PE. 2ALP, alkaline phosphatase; AST, aspartate aminotransferase;

CHOL, cholesterol; Glu, glucose; HDL-C, high-density lipoprotein-cholesterol; IgG, immunoglobulin G; IgM, immunoglobulin M; LDL-C, lipoprotein-cholesterol; TG, triglyceride; TP, total

protein; UA, uric acid; UN, urea nitrogen. Data are expressed as means± SEM (n= 9). Means within a row with different superscripts are significantly different (P < 0.05).

TABLE 5 E�ects of dietary supplementation with peppermint extract (PE) on the serum antioxidant indices of late-laying period hens.

Items2 Groups1 P-values

CON LPE MPE HPE PE Linear Quadratic

GSH-PX, U/mL 350.35± 11.63 359.8± 11.01 372.98± 3.82 364.25± 7.95 0.413 0.896 0.167

MDA, nmol/mL 20.75± 2.27 17.02± 1.89 18.04± 1.08 18.31± 1.51 0.530 0.968 0.595

SOD, U/mL 2.75± 0.31a 3.34± 0.59a 9.91± 0.87b 26.38± 1.70c 0.001 0.001 0.001

T-AOC, U/mL 0.72± 0.06a 1.60± 0.14b 1.69± 0.15b 1.86± 0.22b 0.001 0.005 0.003

1CON, control group, basal diet; LPE, the control diet+ 0.1% PE; MPE, the control diet+ 0.2% PE; HPE, the control diet+ 0.4% PE. 2GSH-Px, glutathione peroxidase; MDA, malondialdehyde;

T-AOC, total antioxidant capacity; SOD, superoxide dismutase. Data are expressed as means ± SEM (n = 9). Means within a row with different superscripts are significantly different (P <

0.05).

3.7. Peppermint extract regulates the
composition and function prediction of the
cecal microbiota

To assess the cecal microbiota composition in response to PE

supplementation, the cecal contents of laying hens were collected

for metagenomic sequencing. We evaluated the differences in

the alpha-diversity indices among the different treatment groups

(Figure 1A). Dietary MPE supplementation decreased (P <

0.05) the OTU number, Chao1, and ACE indices, while HPE

supplementation increased (P < 0.05) the OTU number, Chao1,

and ACE indices in the cecal contents of laying hens compared

with the CON group. Moreover, the OTU number, Shannon,

Simpson, Chao1, and ACE indices were higher (P < 0.05) in

the HPE group than in the MPE group, while the Shannon

index was lower (P < 0.05) in the LPE group than in the

HPE group.

The results of principal coordinate analysis (PCoA, Figure 1B)

and non-metric multidimensional scaling (NMDS, Figure 1C)

showed that the cecal β-diversity of the CON group intersected

and distinguished itself from other PE treatments. The microbiota

community composition in cecal contents at the phylum and genus

levels is shown in Figure 1D. At the phylum level, the relative

abundance of Bacteroidetes accounted for at least 50%, followed

by Firmicutes, Proteobacteria, and Desulfobacterota. Taxonomic

differences in the microbial community at the phylum and

genus levels are shown in Figure 2. Dietary PE supplementation

decreased (P < 0.05) the relative abundance of Proteobacteria at

the phylum level. At the genus level, dietary MPE supplementation

decreased the relative abundance of unclassified_Bacteroidales

and increased Megamonas compared with the CON group (P

< 0.05). Dietary LPE supplementation increased the relative

abundances ofMegamonas and unclassified_F082 (P < 0.05), while

dietary HPE supplementation decreased unclassified_Bacteroidales

and increased unclassified_Clostridia_vadinBB60_group, when

compared with the CON group (P < 0.05). Additionally, the

relative abundance of Prevotellaceae_UCG_001 was higher

(P < 0.05) in the HPE group compared with the other

four groups.

As shown in Figure 3A, LEfSe analysis showed that 39

biomarkers were significantly different among the four treatment

groups, including 12, 8, 3, and 16 biomarkers in the CON, LPE,
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TABLE 6 E�ects of dietary supplementation with peppermint extract (PE) on the fatty acid composition of eggs in late-laying period hens.

Items, ng/mg Groups1 P-values

CON LPE MPE HPE PE Linear Quadratic

C14:0 1.43± 0.05a 1.63± 0.07b 1.74± 0.08b 1.67± 0.06b 0.012 0.010 0.012

C15:0 0.10± 0.02a 0.12± 0.01a 0.17± 0.02ab 0.20± 0.03b 0.018 0.001 0.003

C16:0 19.41± 0.74 21.74± 1.45 23.52± 1.73 23.35± 1.19 0.094 0.087 0.127

C16:1 3.48± 0.20a 4.85± 0.25b 4.28± 0.49ab 4.80± 0.36b 0.016 0.236 0.411

C17:0 0.38± 0.02 0.46± 0.04 0.53± 0.05 0.51± 0.04 0.053 0.039 0.062

C17:1 0.13± 0.03 0.14± 0.03 0.13± 0.02 0.17± 0.04 0.762 0.007 0.026

C18:0 51.30± 2.40 42.79± 5.36 59.24± 7.72 57.04± 2.92 0.089 0.147 0.230

C18:1n9c 5.64± 0.26 5.88± 0.53 6.16± 0.69 13.74± 7.36 0.409 0.101 0.259

C18:1n9t 6.77± 0.28 6.75± 0.57 7.21± 0.87 7.42± 0.50 0.773 0.136 0.337

C18:2n6t 0.16± 0.01 0.21± 0.02 0.22± 0.03 0.22± 0.01 0.200 0.182 0.225

C18:2n6c 18.16± 1.40 22.41± 2.20 20.67± 4.79 23.29± 1.62 0.547 0.212 0.291

C18:3n3 0.16± 0.02a 0.29± 0.02b 0.29± 0.04b 0.31± 0.02b 0.002 0.060 0.034

C18:3n6 0.16± 0.02a 0.31± 0.03b 0.31± 0.05b 0.31± 0.02b 0.002 0.144 0.059

C20:0 13.60± 1.03 11.34± 1.85 17.30± 5.21 21.38± 1.27 0.115 0.275 0.262

C20:2 0.38± 0.03 0.44± 0.08 0.5± 0.12 0.64± 0.04 0.112 0.020 0.030

C20:3 0.43± 0.05a 0.64± 0.14ab 0.61± 0.14ab 0.93± 0.1b 0.034 0.012 0.038

C20:3n3 0.61± 0.05 0.65± 0.14 0.61± 0.16 0.99± 0.10 0.090 0.025 0.087

C20:4n6 22.45± 1.73 24.87± 2.77 24.88± 4.02 25.15± 1.61 0.878 0.417 0.603

C20:5n3 0.11± 0.02 0.23± 0.04 0.26± 0.08 0.24± 0.04 0.142 0.087 0.190

C21:0 2.99± 0.89 1.95± 0.49 1.32± 0.16 1.97± 0.30 0.199 0.748 0.021

C22:2 0.17± 0.02 0.21± 0.05 0.23± 0.05 0.27± 0.06 0.486 0.057 0.162

C22:3 2.05± 0.20 2.12± 0.36 2.30± 0.64 3.37± 0.36 0.139 0.057 0.150

C22:4 1.12± 0.10 0.98± 0.09 1.11± 0.15 1.35± 0.12 0.177 0.004 0.017

C22:5n-6 0.69± 0.12 0.53± 0.09 0.91± 0.22 0.95± 0.12 0.168 0.011 0.039

C22:5n-3 10.82± 1.18 9.59± 1.47 8.49± 2.07 11.44± 0.81 0.495 0.325 0.501

C23:0 45.67± 3.68a 54.89± 1.79b 55.53± 2.02b 58.35± 2.14b 0.007 0.069 0.065

C24:0 13.95± 0.7a 17.53± 0.87b 17.31± 0.77b 17.88± 1.23b 0.016 0.124 0.161

C24:1n9 9.00± 0.29a 10.16± 0.22b 10.49± 0.34b 10.91± 0.39b 0.001 0.020 0.016

SFA2 156.56± 5.01a 157.88± 8.47a 193.26± 14.48b 192.83± 8.12b 0.005 0.010 0.021

MUFA2 25.02± 0.71 27.61± 1.34 28.32± 1.94 37.04± 7.7 0.223 0.077 0.184

PUFA2 59.04± 4.57 63.44± 6.31 66.9± 11.64 67.28± 4.32 0.796 0.963 0.829

6n-6 45.47± 2.84 48.79± 5.35 41.76± 3.51 45.77± 2.16 0.631 0.826 0.933

6n-3 12.51± 1.03 12.34± 1.37 13.39± 1.51 12.53± 0.85 0.933 0.919 0.921

6n-6/6n-32 3.71± 0.19 4.06± 0.32 4.17± 0.17 3.75± 0.28 0.516 0.930 0.312

1CON, control group, basal diet; LPE, the control diet + 0.1% PE; MPE, the control diet + 0.2% PE; HPE, the control diet + 0.4% PE. 2SFA (saturated fatty acid) = C6:0 + C7:0 + C10:0 +

C13:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C21:0 + C23:0 + C24:0; MUFA (monounsaturated fatty acid) = C16:1 + C17:1 + C18:1n9c + C18:1n9t + C24:1n9; PUFA

(polyunsaturated fatty acid)= C18:2n6t+ C18:2n6c+ C18:3n3+ C18:3n6+ C20:2+ C20:3+ C20:3n3+ C20:4n6+ C20:5n3+ C22:2+ C22:3+ C22:4+ C22:5n-6+ C22:5n-3; Σn-6/Σn-3

= (C18:2n6t + C18:2n6c + C18:3n6 + C20:4n6 + C22:5n-6)/(C18:3n3 + C20:3n3 + C20:5n3 + C22:5n-3). Data are expressed as means ± SEM (n = 9). Means within a row with different

superscripts are significantly different (P < 0.05).

MPE, and HPE groups, respectively. BugBase analysis was used

to estimate the metabolic phenotype prediction (Figure 3B). The

relative abundances of gram-negative and potentially pathogenic

bacteria were downregulated, while gram-positive bacteria

were upregulated in the HPE group compared with the LPE

group (P < 0.05).

Significant differences in the KEGG pathways at level 3

based on PICRUSt gene prediction information between the two
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FIGURE 1

Overall structure and composition of the cecal microbiota after dietary supplementation with peppermint extract (PE). (A) The microbial

alpha-diversity indices (including OTU number, Shannon, Chao 1, and Simpson indices) of the cecal microbiota. (B) Unweighted UniFrac principal

coordinate analysis (PCoA) estimates for the cecal microbiota. (C) Non-metric multidimensional scaling (NMDS) estimates for cecal microbiota. (D)

The relative abundance of cecal bacteria at phylum (left) and genus (right) levels, respectively. CON, control group, basal diet; LPE, the control diet +

0.1% PE; MPE, the control diet + 0.2% PE; HPE, the control diet + 0.4% PE. Data are expressed as means ± SEM (n = 8). Means within a row with

di�erent superscripts are significantly di�erent (P < 0.05).

groups are shown in Figure 4. Microbial gene functions related

to metabolic pathways, including phosphonate and phosphinate

metabolism and metabolic pathways, were upregulated, while fatty

acid degradation and flagellar assembly were downregulated in

the LPE group (P < 0.05; Figure 4A) compared with the CON

group. Metabolic pathways, fructose and mannose metabolism,

amino sugar and nucleotide sugar metabolism, and sphingolipid

metabolism were upregulated (P < 0.05), while fatty acid

degradation and fatty acid metabolism were downregulating (P

< 0.05) in the MPE group compared with the CON group

(Figure 4B). Dietary HPE supplementation upregulated (P < 0.05)

several metabolic pathways, including homologous recombination

and thiamine metabolism, while downregulated (P < 0.05)

glutathione metabolism, fatty acid degradation, the PPAR signaling

pathway, and benzoate degradation compared to the CON group

(Figure 4C).

The results of Spearman’s correlation analysis between

the major genera and laying performance, egg quality, serum

biochemical and antioxidant indicators, and yolk fatty acid

composition were presented with a heatmap (Figure 5).
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FIGURE 2

Significantly di�erent cecal microbiota at phylum and genus levels after dietary supplementation with peppermint extract (PE). CON, control group,

basal diet; LPE, the control diet + 0.1% PE; MPE, the control diet + 0.2% PE; HPE, the control diet + 0.4% PE. Data are expressed as means ± SEM (n =

8). Means within a row with di�erent superscripts are significantly di�erent (P < 0.05).

Megamonas had significant positive relations with serum IgG

level (P < 0.05) and was negatively correlated with ADFI, Haugh

unit, and serum MDA level (P < 0.05). Fournierella showed

significant negative correlations with serum MDA levels and

shell thickness (P < 0.05). Bacteroides had significant positive

correlations with serum T-AOC activity, shape index, serum TP,

TG, and CHOL levels (P < 0.05) and were negatively correlated

with yolk color (P < 0.05). [Ruminococcus]_torques_group had

significant positive relations with average egg weight, serum HDL-

C level, GSH-Px activity, and shell strength (P < 0.05), and was

negatively correlated with Haugh unit and a ratio of Σn-6/Σn-3

(P < 0.05). Desulfovibrio showed significant negative correlations

with ADFI and albumen height (P < 0.05), and Synergistes had

significant positive relations with ADFI, Haugh unit, and serum

MDA level (P < 0.05). Sutterella and Prevotellaceae_Ga6A1_group

were positively correlated with serum GLU levels (P < 0.05).

unclassified_Ruminococcaceae was negatively correlated with

serum ALP activity (P < 0.05).

4. Discussion

In recent years, poultry producers have sought solutions to

enhance gut health, improve egg production performance, and

extend the laying period of late-phase laying hens. The beneficial

effects of medicinal plants as feed additives during the late-

phase laying period of hens have been reported earlier (An

et al., 2019; Peng et al., 2022). The addition of plant extracts,

as feed additives in poultry diets, effectively improves poultry

health and performance during the late-laying period. Therefore,

the present study was conducted to evaluate the beneficial

effects of PE supplementation on late-phase laying hens. Our

findings indicated that dietary PE supplementation increased the

laying performance and egg quality of late-phase laying hens

by improving the antioxidant capacity and altering the cecal

microflora composition.

Peppermint, as a traditional herb, has been found to have

beneficial effects on laying performance. Abdel-Wareth and

Lohakare (2014) reported that diets supplemented with peppermint

leaves could improve the feed conversion ratio and egg production

of laying hens during the late-laying period. It has also been

found that 296 mg/kg of peppermint oil positively affected feed

intake, egg production, and the conversion ratio of laying hens

(Abdel-Wareth and Lohakare, 2020), whereas, in the present

study, we found that dietary PE supplementation could improve

egg production but did not affect the feed efficiency of laying

hens during the late-phase laying period. Rahman et al. (2021)

also revealed that an ethanolic extract of peppermint had no

detectable differences in the feed conversion ratio of laying hens.

Our findings indicated that dietary PE supplementation of 0.30
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FIGURE 3

LEfSe analysis and bacterial phenotype prediction results of the cecal microbiota composition after dietary supplementation with peppermint extract

(PE). (A) Gut microbiota di�erences based on LDA score (log > 3); (B) The metabolic phenotype prediction (gram-negative, gram-positive, and

potential pathogenic bacteria) were compared using BugBase analysis. CON, control group, basal diet; LPE, the control diet + 0.1% PE; MPE, the

control diet + 0.2% PE; HPE, the control diet + 0.4% PE. Data are expressed as means ± SEM (n = 8). Means within a row with di�erent superscripts

are significantly di�erent (P < 0.05).

and 0.37% was required for optimal laying performance in late-

phase laying hens. The active components of peppermint, such

as menthol, menthone, and linalool, are considered the key

components for exerting beneficial effects, including enhancing

nutrient utilization, antioxidant capacity, and intestinal health.

However, these inconsistencies in the results might be correlated

with the feeding cycle, active ingredients, and supplementing dose.

Egg quality, as an important evaluation indicator for both

producers and consumers, is closely associated with economic

profitability in the egg-food industry (Lordelo et al., 2017). Eggshell

thickness is an important indicator of egg quality, and high

eggshell thickness contributes to protecting the contents of the

egg from mechanical impact and microbacterial invasion (Nys

et al., 2004). In the present study, dietary supplementation of

0.2 and 0.4% PE in late-phase laying hens increased eggshell

thickness, indicating that dietary PE can enhance the stability and

safety of eggs. In accordance with our results, dried peppermint

leaves or peppermint oil treatment could significantly increase

the eggshell thickness of laying hens (Akbari et al., 2016; Ding

et al., 2017). Herbal essential oils have been found to improve

eggshell quality by enhancing uterine health and promoting

calcium deposition in laying hens (Nadia et al., 2008; Wang H.

et al., 2019). Moreover, our findings also showed that dietary

PE supplementation decreased egg yolk color. Yolk color is one

of the important indices for evaluating egg quality because it

determines carotenoid deposition in the egg yolk. Once dietary

calcium or vitamin A levels are too high, egg yolk pigmentation

will be severely limited (Chen and Bailey, 1988). However, Cetingul

et al. (2012) reported that dietary peppermint supplementation

had positive impacts on yolk color in laying quails. Therefore, the

double-edged effects of PE on egg yolk color pigmentation need

further investigation.

Serum biochemical parameters reflect the health and metabolic

status of birds. Several studies demonstrated that peppermint oil
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FIGURE 4

Di�erences in the metabolic functions of the cecal microbiota after dietary supplementation with peppermint extract (PE). (A) T-test bar plot of

significantly di�erent metabolic pathways between CON and LPE groups; (B) T-test bar plot of significantly di�erent metabolic pathways between

CON and MPE groups; (C) T-test bar plot of significantly di�erent metabolic pathways between CON and HPE groups. CON, control group, basal

diet; LPE, the control diet + 0.1% PE; MPE, the control diet + 0.2% PE; HPE, the control diet + 0.4% PE. Data are expressed as means ± SEM (n = 8).
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FIGURE 5

Heatmap of Spearman’s correlations analysis. Spearman’s correlation coe�cients between the major genera and laying performance, egg quality,

serum biochemical and antioxidant indicators, and yolk fatty acid composition. *P < 0.05, **P < 0.01.

supplementation could linearly increase the TP level and decrease

the CHOL level in the serum of laying hens (Bozkurt et al.,

2012; Abdel-Wareth and Lohakare, 2020). In addition, Abdel-

Wareth and Lohakare (2014) also demonstrated that the serum

TP level increased significantly and the CHOL level decreased in

laying hens fed a diet containing 2% peppermint leaf powder.

Consistent with our findings, dietary PE supplementation resulted

in an increase in the serum TP level in late-phase laying hens.

High levels of serum TP reflect that the deposition of body

protein is at a high level, whereas, in the present study, the

serum TG and CHOL levels increased with the PE treatment. We

hypothesize that the effect of dietary PE on the regulation of lipid

metabolism is a complex network process due to its various active

components. IgG, one of the main types of immunoglobulins,

plays a vital role in immune regulation in poultry (Kim and

Lillehoj, 2019). Dietary PE supplementation effectively increased

the serum IgG level, indicating that dietary PE could enhance the

immunity of hens during the late-phase laying period. In contrast,

Rahman et al. (2021) reported that 200 mg/kg PE supplementation

caused a decrease in serum IgG levels in laying hens. The

conflicting effects on serum biochemical markers of peppermint

supplementation among several studies were possibly due to the

chemical composition and concentration of active ingredients;

however, further in-depth studies are necessary to reveal the

exact mechanism.

The decline in laying performance and egg quality during the

late-phase laying period is mainly associated with the accumulation

of oxidative stress in long-term laying production (Liu et al.,

2018). Numerous studies have demonstrated that high levels

of reactive oxygen species accumulated in the ovaries of aged

chickens resulted in oxidative stress, sinus follicular atresia, and

granulosa cell apoptosis, which in turn, decreased reproductive

capacity (Agarwal et al., 2012; Rizzo et al., 2012). Therefore,

enhancing the antioxidant capacity of hens during the late-phase

laying period is an important measure to improve the laying

performance of laying hens. In recent years, various natural herb

extracts such as tea polyphenols (Zhou et al., 2021), Scutellaria

extracts (Varmuzova et al., 2015), and hesperidin (Khedr, 2015)

have been applied to reduce ovarian oxidative stress and improve

reproductive performance in laying hens. Dorman et al. (2009)

found that phenols and flavonoids, as the main active components

of PE, could effectively scavenge free radicals and protect tissues

from oxidative stress damage. In the present study, the serum

activities of T-AOC and SOD were increased in late-phase laying

hens supplemented with PE. T-AOC is the total antioxidant level

of various antioxidant substances and antioxidant enzymes. SOD is

one of the most representative enzymes in the antioxidant system,

which can eliminate superoxide anion free radicals (O−2) to protect

cells from damage. Collectively, dietary PE can improve the serum

activity of antioxidant enzymes to effectively ameliorate oxidative
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stress. The amelioration of oxidative stress by PE may contribute to

improving ovarian function and increasing the laying performance

and egg quality of hens during the late-phase laying period.

The fatty acid composition of egg yolks is also an important

part of assessing egg quality and nutritional value. The changes

in lipid metabolism in laying hens can directly affect yolk lipid

composition, and nutritional regulation is one of the main

pathways to changing the fatty acid contents. Previous studies have

confirmed that the dietary addition of plant extract could change

fatty acid composition in laying hens (Kaya et al., 2013; Duan

et al., 2022). In the present study, dietary PE supplementation

increased SFA and PUFA contents in the egg yolk, suggesting

that PE could regulate egg fat deposition. As a complete food

source for human nutrition, the fatty acid composition of eggs

is closely related to human health (Miranda et al., 2015). Studies

have found that dietary SFA may increase the plasma LDL-C

level and contribute to cardiovascular disease development (Griel

and Kris-Etherton, 2006). Intake of dietary PUFA could decrease

blood CHOL and LDL-C levels and thus reduce the incidence

of cardiovascular disease (Masquio et al., 2015). However, some

SFAs have potential physiological effects and are indispensable for

maintaining normal physiological functions in the body. Especially,

C18:0 can reduce the absorption of intestinal cholesterol and reduce

the occurrence of cardiovascular diseases, which is similar to n-

3 PUFA (Moyano et al., 2013). Our findings indicated that PE

supplementation increased the contents of C18:0, C18:3n3, and

C18:3n6 in the egg yolk. C18:3n3, as an important essential fatty

acid and a precursor to the synthesis of n-3 PUFA, can promote

brain and retina development (Calder, 2015). C18:3n6 can be

converted to C20:4n6 by metabolic pathways and contributes to

improving vision and memory, lowering plasma cholesterol, and

regulating nerves (Masquio et al., 2015). Moreover, we also found

that dietary PE supplementation had no impact on the n-6/n-3 ratio

in the egg. In agreement with our findings, Karadaolu et al. (2018)

also reported that n-6/n-3 ratios were not affected in laying hens

when supplemented with peppermint oil in the drinking water.

Taken together, dietary PE supplementation in late-phase laying

hens’ diets could improve the fatty acid composition of eggs, which

was consistent with the increased serum TG and CHOL levels.

Therefore, our findings suggest that the fatty acid content in egg

yolk was optimized at 0.21 to 0.36% of PE. To our knowledge, the

research on the effects of PE on the fatty acid composition of egg

yolk is limited, and further studies are needed to support more

detailed information on this topic.

The gut microbiota, a complex microbial ecosystem, is closely

linked to immunity and nutrient absorption (Zhao et al., 2019).

Structural changes in the intestinal microbiota have been described

as important biomarkers to assess the influence of a specific

dietary component (Hughes et al., 2019). In the present study,

dietary PE supplementation altered the intestinal microbiota

in laying hens during the late-phase laying period, including

a decrease in the abundance of Proteobacteria. Proteobacteria

are characterized by adherent and invasive properties, leading

to pro-inflammatory responses and even the development of

inflammatory bowel diseases (Mukhopadhya et al., 2012). An

increased abundance of Proteobacteria has been used as a potential

diagnostic marker to assess the occurrence of prevalence (Shin

et al., 2015). Thus, dietary PE may reduce the occurrence of

diseases in laying hens during the late-phase period by inhibiting

intestinal pathogens. In addition, dietary 0.2% PE supplementation

decreased the cecal microbial richness (Chao1 and ACE indices)

and the relative abundance of Unclassified_Bacteroidales, whereas

it increased the relative abundance of Megamonas. The 0.4%

PE diet increased the cecal microbial richness and the relative

abundances of Unclassi-fied_Clostridia_vadinBB60_group and

Prevotellaceae_UCG_001, whereas it decreased the relative

abundance of Unclassified_Bacteroidales. A recent study reported a

significant positive correlation between Unclassified_Bacteroidales

abundance and pro-inflammatory cytokines levels (Sun et al.,

2022). Megamonas, belonging to the phylum Firmicutes, could

ferment various carbohydrates to produce acetic, propionic, and

lactic acids, which were negatively associated with the incidence of

enteritis (Yachida et al., 2019). Prevotellace-ae_UCG_001 is often

considered a bacterium associated with a healthy plant-based diet,

acting as a probiotic in the human body (Ley, 2016). Changes

in the abundance of immune-associated flora (Proteobacteria

and Unclassified_Bacteroidales) in the cecum may be the key

to improving serum IgG levels. Collectively, the intervention

of dietary PE might play a critical role in improving intestinal

health by altering the cecal microbiota of laying hens during the

late-phase laying period.

Based on the prediction of microbial functions, the present

study first revealed the microbial phenotypes in late-phase laying

hens treated with different PE levels. The 0.4% PE diet reduces the

proliferation of gram-negative and potentially pathogenic bacteria

but improves the proliferation of gram-positive bacteria. These

findings are consistent with changes in the structure of the cecal

microflora caused by dietary PE supplementation in the present

study. In addition, the analysis of metabolic function showed

that dietary PE supplementation decreased fatty acid metabolism,

fatty acid degradation, and PPAR signaling pathways, which is

partly explained by the fact that dietary PE can promote fatty

acid deposition in the egg yolk of laying hens during the late-

phase laying period. However, the specific pathway regulation by

PE diets of fatty acid metabolism in late-phase laying hens needs

further verification.

5. Conclusion

In summary, this study provides compelling evidence that PE

is effective in improving egg production and quality in late-phase

laying hens through increasing antioxidant capacity, regulating

metabolism level, and altering cecal microbial communities, which

are associated with the regulation of laying rate, eggshell thickness,

serum IgG, antioxidant enzyme activities, the contents of C18:3n3

and C18:3n6 in the egg yolk, and microbial richness, metabolic

phenotypes, and functions. These findings indicate that PE has the

potential to be an egg production promoter for laying hens during

the late-phase laying period. Based on the regression analysis,

the optimal dosage of peppermint extract as a feed additive in

late-phase laying hens was 0.28 to 0.36%. This study highlights

the importance of PE supplementation during the late-phase

laying period.
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