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Dietary supplementation with 
mulberry leaf flavonoids and 
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regulating the p38 MAPK/Nrf2 
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Introduction: This study aimed to investigate the regulatory effects of mulberry 
leaf flavonoids and carnosic acid complex (MCC) on the growth performance, 
intestinal morphology, antioxidant, and p38 MAPK/Nrf2 pathway in broilers.

Methods: A total of 256 healthy 8-day-old female yellow-feathered broilers 
were randomly divided into 4 equal groups: a control group (CON) fed a basal 
diet, an antibiotic group (CTC) supplemented with 50  mg/kg chlortetracycline, 
and two experimental groups (MCC75, MCC150) fed basal diets with 75  mg/kg 
and 150  mg/kg of MCC, respectively. The experiment lasted for 56  days, with 
days 1–28 designated as the initial phase and days 29–56 as the growth phase.

Results: The results on the growth performance showed that diets supplemented 
with MCC and CTC decreased the feed-to-gain ratio (F/G), diarrhea rate, and 
death rate, while significantly increasing the average daily weight gain (ADG) 
(p  <  0.05). Specifically, the MCC150 group enhanced intestinal health, indicated 
by reduced crypt depth and increased villus height-to-crypt depth ratio (V/C) 
as well as amylase activity in the jejunum. Both the MCC and CTC groups 
exhibited increased villus height and V/C ratio in the ileal (p  <  0.05). Additionally, 
all treated groups showed elevated serum total antioxidant capacity (T-AOC), 
and significant increases in catalase (CAT) and glutathione peroxidase (GSH-
Px) activities were observed in both the MCC150 and CTC groups. Molecular 
analysis revealed an upregulation of the jejunal mRNA expression levels of PGC-
1α, Nrf2, and Keap1 in the MCC and CTC groups, as well as an upregulation of 
ileum mRNA expression levels of P38, PGC-1α, Nrf2, and Keap1 in the MCC150 
group, suggesting activation of the p38-MAPK/Nrf2 pathway.

Discussion: These findings indicate that dietary supplementation with MCC, 
particularly at a dosage of 150  mg/kg, may serve as a viable antibiotic alternative, 
enhancing growth performance, intestinal health, and antioxidant capacity in 
broilers by regulating the p38-MAPK/Nrf2 pathway.
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1 Introduction

The expansion of chicken farming is associated with substantial 
challenges, including environmental stressors, prevalent diseases, and 
substandard feeding practices, which significantly compromise the 
immune health and growth performance of broilers (1). While 
antibiotics have been employed to enhance disease resistance and boost 
production metrics, their use has been marred by considerable 
drawbacks, notably the specter of antibiotic residues persisting in poultry 
products (2). Antimicrobial resistance has escalated into a critical global 
health emergency, spurred by the overutilization and incorrect 
application of antibiotics within the realm of animal husbandry, which 
catalyzes the emergence of resistant microbial strains (3). Specifically, the 
poultry industry has been implicated as a major source of this problem, 
wherein the routine use of antibiotics for growth promotion has elicited 
heightened concern over potential impacts on human health and 
environmental safety (4). Therefore, it is urgent to explore alternative 
strategies to promote poultry growth and disease prevention. Plant 
extracts, which have been shown to possess antimicrobial, antioxidant, 
and immune-stimulating properties, emerge as a promising avenue for 
diminishing the reliance on antibiotics in poultry farming (5, 6).

Mulberry leaf flavonoids are one of the significant active 
components of mulberry plants, mainly including quercetin, 
kaempferol, rutin, morin and its derivatives (1). Extensive research 
indicates that these flavonoids can effectively improve the antioxidant 
properties and oxidative stress resilience of broilers, alongside 
bolstering their immunity and disease resistance (7, 8). Moreover, these 
compounds have been found to facilitate the growth and development 
of broilers, suggesting their promising utility in broiler production 
practices (1). Carnosic acid is a phenolic diterpenoid primarily 
extracted from rosemary and other Lamiaceae plants, and its content 
in air-dried rosemary leaves can range from 3 to 10% (9). There are 
currently few studies on the application of carnosic acid, which is a 
natural fat-soluble antioxidant with demonstrated antibacterial, anti-
inflammatory, and antioxidant effects (9, 10). Although these two 
natural chemicals have been the subject of extensive research in recent 
years due to their health benefits, their complexes have received 
comparatively little attention. Based on the extensive research on these 
two natural substances, we hypothesize that their complex has growth-
promoting and antioxidant effects on livestock and poultry, potentially 
serving as a substitute for antibiotics. Therefore, the major objectives 
of this study were to investigate the effects of dietary supplementation 
with mulberry leaf flavonoids and carnosic acid complexes (MCC) on 
broiler performance, nutrient digestibility, intestinal digestive enzymes, 
intestinal morphology, and antioxidant properties, to evaluate the 
potential of MCC as a green feed additive.

2 Materials and methods

2.1 Animal ethics statement

To ensure animal welfare, all experiments and methods are 
designed to minimize animal suffering. All experiments and sample 
collection procedures were performed according to the Chinese 
guidelines for animal welfare and were approved by the Institutional 
Animal Care and Use Committee of Hunan Agricultural University 
(Permit Number: CACAHU 2020-0821).

2.2 Animals and experimental treatments

A total of 256 healthy 8-day-old female yellow-feathered broilers, 
with an average initial body weight of 101.0 ± 2.0 g, were randomly 
divided into four groups. Each group had 8 replicates of 8 birds each. 
The four groups were denoted as the CON group (basal diet), the CTC 
group (basal diet with 50 mg/kg chlortetracycline), the MCC75 group 
(basal diet supplemented with 75 mg/kg MCC), and the MCC150 
group (basal diet supplemented with 150 mg/kg MCC). The addition 
dosage of MCC was determined based on the preliminary experiments 
of our research team. The experiment included a 7-day pretest period 
and a subsequent 56-day trial period. According to the standard 
nutritional requirement of broilers (Agricultural industry standard of 
the people’s Republic of China—chicken breeding standard NY/
T33-2004), the basic diet formula of the formal trial period was 
divided into two periods (d 1–28 and d 29–56), and its nutrient profile 
is shown in Table 1.

The MCC used in the experiment was sourced from Hunan 
Geneham Pharmaceutical Co., Ltd. It consisted primarily of 25% 
mulberry leaf flavone, 25% carnosic acid, and the remaining 
components served as carriers. Of which, mulberry leaf flavonoids 
were obtained by dissolving mulberry leaves in water, followed by two 
rounds of reflux, and subsequently concentrating and spray drying the 
filtrate. Carnosic acid was extracted from Salvia miltiorrhiza using 
alcohol, followed by high-pressure filtration and spray drying.

The experiment was conducted at the breeding base of Hunan 
Agricultural University. Prior to the test, the floor walls of the chicken 
house and the chicken cage underwent a cleaning, disinfection, and 
ventilation process for 3 days. The test chickens were raised in four-
layer fully enclosed chicken cages (60 cm width × 120 cm length × 
50 cm height) with artificial lighting throughout the test. The humidity 
was controlled at 50–70%, and the temperature was maintained at 
33–35°C from d 1–7 and at 27–31°C from d 8–14, gradually reducing 
to approximately 22°C until d 28. All birds were fed twice a day at 
08:00 h and 16:00 h. Water and feed (crumbled) were provided ad 
libitum, the chicken house was regularly cleaned, and immunizations 
were administered as per standard protocols.

2.3 Sample collection

At the end of the trial, one broiler close to the average weight of 
each replicate was chosen, weighed, and data were collected (8 birds 
per group, respectively). Subsequently, blood samples from the jugular 
vein were collected in 10 mL centrifuge tubes, centrifuged at 3,500 r/
min for 10 min at 4°C, and the obtained serum samples were stored at 

Abbreviations: MCC, Mulberry leaf flavone and carnosic acid complexes; ADFI, 

Average daily feed intake; DM, Dry matter; EE, Ether extract; T-AOC, Total 

antioxidant capacity; GSH-PX, Glutathione peroxidase; MDA, Malondialdehyde; 

β-actin, Beta-actin (loading control); TNF-α, Tumor necrosis factor; p38 MAPK, 

P38 mitogen-activated protein kinase; PGC-1ɑ, Peroxisome proliferator-activated 

receptorγcoactivetor-1ɑ; ADG, Average daily gain; F/G, Feed/gain; CP, Crude 

protein; CF, Crude fiber; SOD, Superoxide dismutase; CAT, Catalase; Nrf2, Nuclear 

factor erythroid 2-related factor 2; JNK, C-Jun N-terminal kinase; IL-6, 

Interleukin-6; IL-1β, Interleukin-1β.

https://doi.org/10.3389/fnut.2024.1428577
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Liu et al. 10.3389/fnut.2024.1428577

Frontiers in Nutrition 03 frontiersin.org

−20°C. The birds were euthanized by cervical dislocation. The spleen, 
thymus, and bursa of Fabricius were removed and weighed. The 
digesta from the middle jejunum was transferred to a 1.5 mL 
centrifuge tube, temporarily stored in liquid nitrogen, and then stored 
at −80°C. Additionally, samples for morphological analysis were 
collected from the middle jejunum and middle ileum (1–2 cm). The 
mucosa of jejunum and ileum was collected, rapidly frozen with liquid 
nitrogen, and stored at −80°C.

2.4 Growth performance

The broilers were weighed on the 0th, 28th, and 56th days of the 
experiment, and the feed intake was recorded during the experiment 
to calculate the average daily feed intake (ADFI), average daily gain 
(ADG), feed conversion ratio (F/G), diarrhea rate, and death rate of 
broilers in the early, late, and overall stages. The diarrhea rate was 
calculated as follows: Diarrhea rate (%) = number of diarrhea broilers/ 
(total number of broilers × total experimental days) × 100. Diarrhea 
was defined as watery manure with an irregular shape.

2.5 Immune organ index

The immune organ index (n = 8) was calculated by dividing the 
fresh weight (g) of the immune organs (thymus, spleen and bursa of 
Fabricius) by the pre-slaughter weight (g) of the chickens (6).

Immune organ indexes Immune organ weight g

body we

%

/

( ) = × ( )100

iight g( ) .

2.6 Apparent digestibility of nutrients

During the final 7 days of the experiment (d 50–56), 0.3% titanium 
dioxide (TiO2) was added to the diet as an exogenous indicator, and 
feed samples were randomly collected from each group and stored for 
testing. Fecal samples were collected on the last 4 days of the test 

period (d 53–56), and approximately 50 g of representative fecal 
samples were collected daily in the fecal pan under each cage using a 
five-point method to remove debris such as feathers and dander in the 
feces, and 10 mL of 10% dilute sulfuric acid was added to each 100 g 
of feces for nitrogen fixation and stored in a freezer at 20°C. The fecal 
samples were then properly combined, primary dried for 
approximately 6 h at 65°C, and weighed before being kept for testing. 
The crude extract content of ether in feces and feed was determined 
by the Soxhlet extraction method, the crude ash content of feces and 
feed was determined by high temperature ignition at 550°C, the crude 
protein content was determined by the Kjeldahl method, and the 
crude fiber content was determined by a semi-automatic fiber detector. 
The apparent digestibility of nutrients in the diet was calculated 
according to the following formula (11):

AD G1 F2 G2 F1% /( ) = − ×( ) ×( )  ×1 100.

AD, apparent digestibility of nutrients in the diet; G1, content of 
titanium in the diet; F1, content of a nutrient in the diet; G2, content 
of titanium in feces; F2, content of a nutrient in feces.

2.7 Intestinal digestive enzyme activity

The amylase (AMY, Kit Serial No: C016), lipase (LIP, Kit Serial 
No: A054), and trypsin (TP, Kit Serial No: A080) levels in jejunal 
contents (n = 8) were determined following the protocols of 
commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China), according to the manufacturer’s instructions.

2.8 Morphological structure of intestinal 
tract

Briefly, intestinal samples were dehydrated and embedded in 
paraffin (Thermo Fisher Scientific, Kalamazoo, MI, United States), 
and then sectioned into 4-μm thick histological slices for hematoxylin 
and eosin staining (HE). Representative fields were chosen for 

TABLE 1 Ingredients and nutrients composition of the basal experimental diet (air-dry basis, %).

Ingredients 1–28  days 29–56  days Nutrient levelb 1–28  days 29–56  days

Corn 62.20 67.50 ME (MJ/kg) 12.40 12.54

Soybean meal 28.00 28.00 CP 20.49 18.80

Puffed soybeans 6.00 0.00 Lysine 1.13 1.00

Soybean oil 0.10 1.20 Methionine 0.46 0.40

DL-Methionine 0.10 0.10 Cystine + Methionine 0.83 0.74

Dicalcium phosphate 1.50 1.30 Ca 1.00 0.90

Stone powder 1.20 1.10 AP 0.45 0.40

Choline 0.10 0.00

NaCl 0.30 0.30

Premixa 0.50 0.50

Total 100.00 100.00

aProvided per kilogram of diet: 50 mg of Cu; 50 mg of Fe; 50 mg of Mn; 60 mg of Zn; 1 mg of I; 0.5 mg of Se; 50,000 IU of vitamin A; 15,000 IU of vitamin D3; 130 IU of vitamin E; 10 mg of 
vitamin K3; 20 mg of vitamin B1; 0.5 mg of vitamin B2; 0.5 mg of vitamin B6; 75 mg of vitamin B12; 0.4 mg of biotin; 30 mg of pantothenic acid; 6 mg of folic acid; 160 mg of nicotinic acid.
bCalculated values.
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photography from a large number of randomly selected 
non-continuous fields. The ratio of villus height to crypt depth was 
calculated by measuring intestinal villus height and crypt depth with 
IMAGEEX, an image analysis program included in the YLE-21DY 
microscopic imaging system (Leica, Germany).

2.9 Serum antioxidant

The activities of total superoxide dismutase (T-SOD, Kit Serial No: 
A001), glutathione peroxidase (GSH-Px, Kit Serial No: A005), catalase 
(CAT, Kit Serial No: A007), total antioxidative capacity (T-AOC, Kit 
Serial No: A015), and the content of malondialdehyde (MDA, Kit 
Serial No: A003) were assayed (n = 8) using colorimetric methods with 
a Microplate Reader (Infinite M200 PRO, TECAN, Switzerland). The 
assays were conducted using the commercial kits purchased from 
Nanjing Jiancheng Biotechnology Co., Ltd. (Nanjing, China) and 
following their corresponding procedures.

2.10 Expression of antioxidation-related 
gene in the intestinal p38-MAPK/Nrf2 
pathway

Total RNA (n = 8) was extracted from the jejunum and ileum 
mucosa by using the Trizol method (R401-01, Vazyme, Nanjing, 
China), and then reverse transcription and real-time quantitative PCR 
were performed using the reverse transcription kit (R223-01, Vazyme, 
Nanjing, China) and fluorescence quantitative kit (Q711-02, Vazyme, 
Nanjing, China), respectively. The quality and quantity of extracted 

RNA were determined using a Nanodrop Spectrophotometers 
(IMPLEN, CA, United  States) and a Qubit Fluorometer (Life 
Technologies, CA, United States). The primers for the target gene were 
synthesized by Tsingke Biotechnology Co., Ltd. (Table 2). Real-time 
PCR analysis of the gene expression was performed using SYBR Green 
(Thermo Fisher Scientific, MA) on an ABI 6 flex real-time PCR 
instrument (Thermo Fisher Scientific). The reaction conditions were 
as follows: 50°C for 2 min, 95°C for 10 min; 40 cycles of 95°C for 15 s, 
60°C for 1 min. Melt curve analysis was performed to confirm the 
PCR amplification specificity (12). The target gene relative expression 
was calculated according to the 2−ΔΔCt method and the housekeeping 
gene β-actin was chosen as an internal reference gene.

2.11 Statistical analysis

SPSS 22.0 statistical software (SPSS Inc., Chicago, IL, United States) 
was used for general linear model (univariate) analysis. The Duncan’s 
multiple comparison method was employed for significant difference 
analysis, with p < 0.05 serving as the criterion for significant difference, 
and p < 0.01 indicating extremely significant difference. All results were 
expressed as mean ± standard deviation (SD).

3 Results

3.1 Growth performance

The effects of dietary supplementation of MCC on growth 
performance are presented in Table 3. In the 1–28 d period, the F/G 

TABLE 2 Sequence of primers for real-time PCR.

Target gene Accession no. Nucleotide sequence of primers (5′-3′) Product size (bp)

β-actin NM_205518.2 F: ATGATGATATTGCTGCGCTCGT 139

R: CCCATACCAACCATCACACCCT

JNK NM_205095.1 F: TGACCGAGTGAGGAGACGAT 211

R: ACTGTATCGAACGCAGCACA

TNF-ɑ NM_204267 F: TGTGTATGTGCAGCAACCCGTAGT 229

R: GGCATTGCAATTTGGACAGAAGT

IL-6 NM_204628.1 F: AAATCCCTCCTCGCCAATCT 106

R: CCCTCACGGTCTTCTCCATAAA

p38 MAPK NM_001353939.1 F: GCGAGTCCCTAATGCCTACG 199

R: ACAACTGTTGAGCCACACTCA

IL-1β NM_204524.1 F: ACTGGGCATCAAGGGCTACA 142

R: GCTGTCCAGGCGGTAGAAGA

PGC-1ɑ XM_015285697.2 F: CCAAAGGACACGCTCTAGATCA 76

R: TCTCGATCGGGAATATGGAGAA

Nrf2 XM_025152148.1 F: ATCACGAGCCCTGAAACCAA 143

R: GGCTGCAAAATGCTGGAAAA

Keap1 XM_025145847.1 F: GTACCAGATCGACAGCGTGG 197

R: GGCAGTGGGACAGGTTGAAG

JNK, c-Jun N-terminal kinase; TNF-ɑ, tumor necrosis factor-ɑ; IL, interleukin; p38 MAPK, p38 mitogen-activated protein kinase; PGC-1ɑ, peroxisome proliferator-activated receptor γ 
coactive-tor-1ɑ; Nrf2, Nuclear factor erythroid 2-related factor 2; Keap1, kelch like ECH associated protein 1.
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ratio was significantly lower (p < 0.05) in MCC75 group compared to 
the in the CON group, while no significant difference (p > 0.05) was 
observed in ADFI and ADG among the 4 groups. In the 29–56 d 
period, the MCC150 and CTC groups exhibited significantly higher 
ADG (p < 0.05) and lower F/G ratio (p < 0.05) compared to the CON 
group. There was no significantly difference (p > 0.05) observed in 
ADFI among the 4 groups. In the whole period of the experiment, the 
F/G ratio, the diarrhea rate, and the dead panning rate were lower 
(p < 0.05) in the CTC, MCC75, and MCC150 groups compared to the 
CON group. Additionally, compared to the CON group, both the 
MCC75 and CTC groups exhibited significantly greater ADG 
(p < 0.05).

3.2 Immune organ indexes

Table 4 showed the effect of MCC on the immune organ indexes 
of broilers. The spleen index of the MCC 75 group was markedly 
higher (p < 0.05) than that of the CON and CTC groups. However, 
there were no significant differences in the thymus index and bursa 
index among the 4 groups (p > 0.05).

3.3 Apparent digestibility

The apparent digestibility of dry matter (DM) was significantly 
higher (p < 0.05) in the MCC150 group than in the CON group 
(Table  5). Furthermore, ether extract (EE) digestibility markedly 
improved by 7.66, 7.19, and 6.66% (p < 0.05) in the CTC, MCC75, and 
MCC150 groups, respectively, compared to the CON group. 
Additionally, the content of crude protein (CP) was significantly 
greater (p < 0.05) in the MCC75 and MCC150 groups compared to the 
CON and CTC groups, while no significant difference was observed 
among crude fiber (CF) and ash digestibility (p > 0.05).

3.4 Intestinal digestive enzyme activity

The digestive enzyme activity of amylase, lipase, and trypsin in the 
jejunum of broilers was presented in Table 6. Compared with the 
control group, the amylase activity in the jejunum was significantly 
increased in the MCC and CTC groups (p < 0.05). However, no 
significantly differences were observed in the activities of jejunal lipase 
and trypsin among the 4 groups (p > 0.05).

TABLE 3 Effect of mulberry leaf flavonoids and carnosic acid complex (MCC) on growth performance of broilers.

Items Groups p-value

CON CTC MCC75 MCC150

d 1–28 ADFI (g/d) 45.75 ± 0.56 44.83 ± 0.56 44.35 ± 0.56 44.83 ± 0.56 0.333

ADG (g/d) 19.20 ± 0.39 19.82 ± 0.39 20.30 ± 0.39 19.32 ± 0.45 0.215

F/G 2.39 ± 0.05a 2.26 ± 0.05ab 2.19 ± 0.05b 2.31 ± 0.05ab 0.033

d 29–56 ADFI (g/d) 91.88 ± 1.55 90.72 ± 1.55 88.66 ± 1.55 87.60 ± 1.79 0.267

ADG (g/d) 29.77 ± 0.55b 32.09 ± 0.55a 30.77 ± 0.55ab 31.68 ± 0.63a 0.032

F/G 3.09 ± 0.07a 2.84 ± 0.07b 2.88 ± 0.07ab 2.77 ± 0.08b 0.027

d 1–56 Initial BW (g) 102.89 ± 1.07 100.98 ± 0.93 99.75 ± 0.93 100.98 ± 0.93 0.193

Final BW (g) 1475.14 ± 17.08b 1554.46 ± 17.08a 1529.64 ± 17.08ab 1512.21 ± 17.08ab 0.021

ADFI (g/d) 67.97 ± 0.78 67.69 ± 0.78 66.50 ± 0.78 66.03 ± 0.90 0.309

ADG (g/d) 24.49 ± 0.30b 25.96 ± 0.30a 25.53 ± 0.30a 25.50 ± 0.34ab 0.012

F/G 2.78 ± 0.05a 2.61 ± 0.05b 2.61 ± 0.05b 2.59 ± 0.05b 0.024

Diarrhea rate (%) 7.84 ± 0.43a 2.16 ± 0.43b 1.65 ± 0.43b 0.77 ± 0.43b <0.001

Death rate (%) 9.38 ± 1.69a 1.56 ± 1.69b 1.56 ± 1.69b 1.56 ± 1.69b <0.001

Data are presented as mean ± SD (n = 8). In the same row, values with no letter or the same letter superscripts mean no significant difference (p > 0.05), while with different small letter 
superscripts indicate a significant difference (p < 0.05). CON, basal diet; CTC, basal diet with 50 mg/kg chlortetracycline; MCC75, basal diet supplemented with 75 mg/kg MCC; MCC150, 
basal diet supplemented with 150 mg/kg MCC; BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; F/G, feed-to-gain ratio.

TABLE 4 Effect of mulberry leaf flavonoids and carnosic acid complex (MCC) on indices immune organs of broilers (%).

Items Groups p-value

CON CTC MCC75 MCC150

Spleen index, % 0.17 ± 0.02b 0.17 ± 0.02b 0.23 ± 0.02a 0.20 ± 0.02ab 0.021

Thymus index, % 0.24 ± 0.02 0.23 ± 0.02 0.18 ± 0.02 0.25 ± 0.02 0.136

Bursa index, % 0.21 ± 0.02 0.22 ± 0.02 0.18 ± 0.02 0.18 ± 0.02 0.553

Data are presented as mean ± SD (n = 8). In the same row, values with no letter or the same letter superscripts mean no significant difference (p > 0.05), while with different small letter 
superscripts indicate a significant difference (p < 0.05). CON, basal diet; CTC, basal diet with 50 mg/kg chlortetracycline; MCC75, basal diet supplemented with 75 mg/kg MCC; MCC150, 
basal diet supplemented with 150 mg/kg MCC.
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TABLE 7 Effect of mulberry leaf flavonoids and carnosic acid complex (MCC) on intestinal tissue morphology in broilers.

Items Groups p-value

CON CTC MCC75 MCC150

Jejunum Villus height, μm 716.28 ± 40.52 784.16 ± 40.52 830.97 ± 36.99 814.21 ± 40.52 0.218

Crypt depth, μm 139.04 ± 3.74a 134.45 ± 4.10a 138.28 ± 4.10a 122.45 ± 4.10b 0.035

V/C ratio 5.15 ± 0.36b 5.82 ± 0.40b 6.14 ± 0.36ab 6.65 ± 0.40a 0.024

Ileum Villus height, μm 496.42 ± 49.24b 749.69 ± 55.04a 696.46 ± 55.04a 707.37 ± 60.30a 0.006

Crypt depth, μm 155.31 ± 3.12a 148.77 ± 3.12ab 146.2 ± 3.12ab 141.01 ± 3.12b 0.031

V/C ratio 3.24 ± 0.31b 5.03 ± 0.25a 4.76 ± 0.25a 5.01 ± 0.28a 0.001

Data are presented as mean ± SD (n = 8). In the same row, values with no letter or the same letter superscripts mean no significant difference (p > 0.05), while with different small letter 
superscripts indicate a significant difference (p < 0.05). CON, basal diet; CTC, basal diet with 50 mg/kg chlortetracycline; MCC75, basal diet supplemented with 75 mg/kg MCC; MCC150, 
basal diet supplemented with 150 mg/kg MCC; V/C ratio, villus height-to-crypt depth (V/C) ratio.

3.5 Histomorphology of intestinal tract

Dietary MCC150 decreased the crypt depth (p < 0.05) and 
increased the V/C ratio value (p < 0.05) in the jejunal (Table  7; 
Figure 1). In the ileal, the villus height and villus height-to-crypt 
depth (V/C) ratio value were increased (p < 0.01) in the CTC, 
MCC75, and MCC150 groups. Furthermore, the MCC150 group 
decreased the crypt depth in the ileal compared to the CON group 
(p < 0.05).

3.6 Serum antioxidation

According to the data presented in Table 8, it can be observed that 
dietary supplementation with MCC75, MCC150, and CTC significantly 
increased the T-AOC values in serum (p < 0.01). Additionally, the CAT 
activities were significantly increased (p < 0.05) in the CTC and 

MCC150 groups compared to the CON group. It is worth noting that 
dietary supplementation with MCC150 also led to an increase in 
GSH-Px levels (p < 0.05). However, there were no significant differences 
(p > 0.05) in T-SOD and MDA levels among the 4 groups.

3.7 Expression of antioxidant related genes 
in intestinal p38-MAPK/Nrf2 pathway

In the jejunum, dietary supplementation with CTC, MCC75, 
and MCC150 decreased (p < 0.05) the relative mRNA expression 
abundance of C-Jun N-terminal kinase (JNK), while increasing the 
mRNA levels of Peroxisome proliferator-activated 
receptorγcoactivetor-1ɑ (PGC-1) and nuclear factor erythroid 
2-related factor 2 (Nrf2) (p < 0.05) (Figure 2).

In the ileum, dietary supplementation with MCC150 increased 
the relative mRNA expression abundance of P38 mitogen-activated 

TABLE 5 Effect of mulberry leaf flavonoids and carnosic acid complex (MCC) on nutrient apparent digestibility of broilers (%).

Items Groups p-value

CON CTC MCC75 MCC150

DM 94.82 ± 0.24b 95.25 ± 0.24ab 95.52 ± 0.26ab 95.95 ± 0.24a 0.019

CP 72.45 ± 1.28b 73.28 ± 1.28b 77.27 ± 1.28a 77.41 ± 1.28a 0.019

EE 82.15 ± 1.46b 88.44 ± 1.46a 88.06 ± 1.46a 87.62 ± 1.46a 0.015

CF 39.99 ± 4.51 38.64 ± 4.03 40.32 ± 4.03 43.62 ± 4.51 0.870

Ash 22.18 ± 2.23 25.23 ± 1.93 26.80 ± 1.93 24.80 ± 2.07 0.491

Data are presented as mean ± SD (n = 8). In the same row, values with no letter or the same letter superscripts mean no significant difference (p > 0.05), while with different small letter 
superscripts indicate a significant difference (p < 0.05). CON, basal diet; CTC, basal diet with 50 mg/kg chlortetracycline; MCC75, basal diet supplemented with 75 mg/kg MCC; MCC150, 
basal diet supplemented with 150 mg/kg MCC; DM, dry matter; CP, crude protein; EE, ether extract; CF, crude fiber.

TABLE 6 Effect of mulberry leaf flavonoids and carnosic acid complex (MCC) on digestive enzyme activity of jejunum in broilers.

Items Groups p-value

CON CTC MCC75 MCC150

α-Amylase (U/mgprot) 170.34 ± 96.05c 766.99 ± 96.05a 394.85 ± 88.93bc 538.28 ± 83.18ab 0.005

Lipase (U/mgprot) 244.52 ± 97.45 622.76 ± 97.45 362.44 ± 97.45 440.84 ± 97.45 0.071

Trypsin (U/mgprot) 19173.67 ± 8230.13 29111.33 ± 7361.25 18689.53 ± 8230.13 19395.61 ± 7361.25 0.366

Data are presented as mean ± SD (n = 8). In the same row, values with no letter or the same letter superscripts mean no significant difference (p > 0.05), while with different small letter 
superscripts (a, b, and c) indicate a significant difference (p < 0.05). CON, basal diet; CTC, basal diet with 50 mg/kg chlortetracycline; MCC75, basal diet supplemented with 75 mg/kg MCC; 
MCC150, basal diet supplemented with 150 mg/kg MCC.
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protein kinase (P38), PGC-1, Nrf2, and Kelch like ECH associated 
protein 1 (Keap1) (p < 0.05) (Figure 3). Notably, the mRNA expression 
levels of Nrf2 were markedly higher (p < 0.05) in the MCC150 group 
than in the CTC group.

4 Discussion

Flavonoids, which are anti-inflammatory and antioxidant 
chemicals, can influence animal immunity and growth performance 
by regulating lipid metabolism, immunological function, and growth 
axis function (1, 7). Simultaneously, carnosic acid, a plant phenolic 
acid molecule, exhibits antibacterial, anti-inflammatory, antioxidant, 
hypoglycemic, and hypolipidemic properties (9, 10). It can function 
as an antibiotic replacement by modulating lipid metabolism and 
blocking cholinesterase, thereby improving animal growth (13). A 
previous study found that dietary supplementary with 200 mg/kg, 
400 mg/kg, and 800 mg/kg of flavonoid (quercetin) could increase 

ADG in broilers (14). In the present study, the ADG increased and the 
F/G ratio, diarrhea rate, and dead panning rate decreased when 
supplemented with MCC or chlortetracycline, indicating that the 
synergistic effect of MCC could promote broiler growth and 
development with comparable antibiotic efficacy. Nutrient metabolism 
can influence animal growth, and it has been demonstrated that 
mulberry leaf flavonoids increase the rate of metabolism in calves after 
weaning (1). Moreover, because flavonoids have a structure similar to 
estradiol, they can interact with the hypothalamus and pituitary gland, 
helping to regulate hormone levels and promote growth in animals. 
Qi et al. (15) also revealed that Allium flavones could boost serum 
hormone and insulin-like growth factor-1 levels, thereby promoting 
broiler chicken growth. Therefore, the promotive effect of MCC on 
growth performance is likely closely associated with the presence of 
mulberry leaf flavonoids. These results suggest that supplementing an 
appropriate amount of MCC into the diets of broilers is feasible.

The immune organ index is commonly used to measure the 
immune system function and overall health status of animals. There 

FIGURE 1

Morphological structure of jejunum and ileum in yellow-feathered broilers (HE staining, 40×). CON, basal diet; CTC, basal diet with 50  mg/kg 
chlortetracycline; MCC75, basal diet supplemented with 75  mg/kg MCC; MCC150, basal diet supplemented with 150  mg/kg MCC.

TABLE 8 Effect of mulberry leaf flavonoids and carnosic acid complex (MCC) on serum antioxidant indexes of broilers.

Items Groups p-value

CON CTC MCC75 MCC150

T-AOC (U/mL) 0.97 ± 0.11c 1.82 ± 0.11a 1.30 ± 0.10b 1.54 ± 0.10ab <0.001

SOD (U/mL) 773.95 ± 45.99 866.15 ± 45.99 811.54 ± 65.03 692.42 ± 49.16 0.105

GSH-Px (U/mL) 1588.80 ± 41.30b 1709.68 ± 41.30ab 1611.58 ± 41.30ab 1729.74 ± 38.64a 0.049

CAT (U/mL) 13.69 ± 1.67b 20.21 ± 1.56a 17.92 ± 1.67ab 19.75 ± 1.67a 0.038

MDA (nmol/mL) 12.25 ± 1.40 12.49 ± 1.52 11.83 ± 1.52 12.52 ± 1.52 0.987

Data are presented as mean ± SD (n = 8). In the same row, values with no letter or the same letter superscripts mean no significant difference (p > 0.05), while with different small letter 
superscripts (a, b, and c) indicate a significant difference (p < 0.05). CON, basal diet; CTC, basal diet with 50 mg/kg chlortetracycline; MCC75, basal diet supplemented with 75 mg/kg MCC; 
MCC150, basal diet supplemented with 150 mg/kg MCC; T-AOC, total antioxidant capacity; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; MDA, 
malondialdehyde.
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FIGURE 2

Effect of MCC on antioxidation-related gene expression in p38-MAPK/Nrf2 pathway in jejunum. Bars represent the means ± SD (n  =  8), bars with 
different letters on top represent statistically significant results (p  <  0.05). CON, basal diet; CTC, basal diet with 50  mg/kg chlortetracycline; MCC75, 
basal diet supplemented with 75  mg/kg MCC; MCC150, basal diet supplemented with 150  mg/kg MCC; JNK, c-Jun N-terminal kinase; TNF-ɑ, tumor 
necrosis factor-ɑ; IL, interleukin; p38 MAPK, p38 mitogen-activated protein kinase; PGC-1ɑ, peroxisome proliferator-activated receptor γ coactive-tor-
1ɑ; Nrf2, nuclear respiratory factor 2; Keap1, kelch like ECH associated protein 1.

is a positive correlation between the immunological organ index and 
immune organ development, and immune function rises with 
immune organ index (16). The thymus, spleen, and Fabricius bursa 
play crucial roles as immune organs in birds, and their indices serve 
as valuable indicators for assessing the organism’s immune status (8, 
17). The thymus functions as a central immune organ that secretes T 
lymphocytes and also plays a significant role in the neuroendocrine 
network (8). The spleen, as an important peripheral immune organ, 
directly affects broiler immunity (6, 17). Furthermore, previous 
research has demonstrated that plant flavonoids can promote the 
development of immune organs and enhance animal immunity (8). 
For example, the supplementation of alfalfa flavonoids in the feed can 
enhance the growth performance, spleen and bursa weights, as well as 
aspartate transaminase activity of meat geese (8). The results of this 
experiment and the above conclusion show some similarities, as MCC 
was observed to increase the spleen index and facilitate the 
development of immune organs. This effect could potentially 
be attributed to the action of mulberry leaf flavonoids in increasing 
protein synthesis and secretion while fully promoting the immune 
mechanisms of the spleen.

Animal growth and development are related to apparent 
digestibility of nutrients, which can directly reflect the digest and 
absorb ability of the animal body (18). Recent studies have 

demonstrated the positive effects of rosemary extract on enhancing 
nutrient digestibility in weaned piglets (19). Additionally, 
supplementation of 1,000 mg/kg quercetin has been found to increase 
the apparent digestibility of DM and nitrogen in growing pigs (20). 
Moreover, flavonoids derived from mulberry leaves have shown the 
potential to improve the digestibility of DM, CF, and metabolizable 
energy in broilers (21). In the present study, our results showed that 
the MCC increased the apparent digestibility of DM, CP, and CF in 
broilers. This suggested that MCC could effectively improve the 
apparent digestibility of nutrients in broilers, with a similar effect to 
that of chlortetracycline. The rate of nutrient digestibility and 
absorption in animals has a favorable correlation with animal growth, 
which further supports the aforementioned finding that MCC could 
enhance broiler growth performance. Gut microbiota plays a crucial 
role in digestive processes and possess a diverse metabolic repertoire 
closely associated with food metabolism (22). Furthermore, a study 
has demonstrated that flavonoids and carnosic acid can induce 
changes in gut microbiota composition (23). Flavonoids can increase 
nutrient digestion and utilization by promoting the growth of 
probiotics in the intestine while inhibiting the growth of harmful 
bacteria (24). Therefore, it is hypothesized that the MCC could 
improve nutrient digestibility in broilers via influencing intestinal 
bacteria in broilers. Unfortunately, the intestinal bacteria were not 
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detected in our study. Mulberry leaf flavonoids could also improve 
nutritional digestion and absorption in broilers by boosting intestinal 
villus formation, expanding the area of intestinal digestion and 
absorption, and enhancing the activity and production of intestinal 
digestive enzymes (25).

The enzymes in the intestine of chickens, namely amylase, lipase, 
and trypsin, play a vital role in the digestion and breakdown of 
nutrients. Flavonoids have been proven to increase the activity of 
digestive enzymes. Ding et  al. (1) observed that mulberry leaf 
flavonoids might enhance the growth of intestinal villi in broilers and 
dramatically increase digestive enzyme activity. Figueroa-Perez et al. 
(26) demonstrated that flavonoids could boost the growth of good 
bacteria in the colon, limit the proliferation of dangerous bacteria, and 
enhance intestinal trypsin and amylase activity. Moreover, relevant 
studies have demonstrated that MCC could affect the composition 
and activity of the microbiota, improving the growth of intestinal 
epithelial cells and exerting beneficial effects on intestinal barrier 
function and gastrointestinal inflammation (27, 28). Our results 
showed that combining chlortetracycline with 150 mg/kg MCC could 
significantly increase the activity of jejunum-amylase in broilers, 
indicating that MCC could increase the activity of intestinal digestive 
enzymes in broilers. This may be  related to the modulation of 

microbial metabolism in the intestine by MCC, thereby promoting the 
secretion of digestive enzymes and enhancing the activity of relevant 
digestive enzymes (28).

The small intestine is the primary site of nutritional absorption 
in animals, and the morphological structure of the gut plays an 
essential role in the digestion and absorption of numerous nutrients 
(29). Under normal conditions, intestinal villi can significantly 
increase the surface area for nutrients digestion and absorption. 
Additionally, the crypt depth is inversely correlated with the ability 
of intestinal epithelial cells to secrete digestive juices, whereas a larger 
V/C ratio corresponds to a higher digestive and absorptive capacity 
in the intestine (30). By enhancing the alkaline phosphatase activity 
of intestinal epithelial cells, hawthorn flavone compounds can 
encourage epithelial cell growth and proliferation, enhance the 
intestinal epithelial barrier, and promote the development of 
intestinal villous tissue (31). Flavonoids have been shown to increase 
the height of the ileal villus in broilers (32). Additionally, carnosic 
acid improved intestinal crypt architecture and goblet cell loss, 
according to research conducted by Yang et al. (33). In mice with 
colitis, rosemary extract supplemented with carnosic acid was able to 
enhance intestinal barrier integrity (28). In this study, 150 mg/kg 
MCC could significantly increase the villus height and V/C value of 

FIGURE 3

Effect of MCC on antioxidation-related gene expression in p38-MAPK/Nrf2 pathway in ileum. Bars represent the means ± SD (n  =  8), bars with different 
letters on top represent statistically significant results (p  <  0.05). CON, basal diet; CTC, basal diet with 50  mg/kg chlortetracycline; MCC75, basal diet 
supplemented with 75  mg/kg MCC; MCC150, basal diet supplemented with 150  mg/kg MCC; JNK, c-Jun N-terminal kinase; TNF-ɑ, tumor necrosis 
factor-ɑ; IL, interleukin; p38 MAPK, p38 mitogen-activated protein kinase; PGC-1ɑ, peroxisome proliferator-activated receptor γ coactive-tor-1ɑ; Nrf2, 
nuclear respiratory factor 2; Keap1, kelch like ECH associated protein 1.
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the jejunum and ileum while decreasing the crypt depth in broilers. 
These results were in agreement with the previous research (34). 
Broilers’ intestinal tracts may benefit from the MCC because 
flavonoids lower oxidative stress by inhibiting inflammatory factors, 
down-regulating the expression of NADPH oxidase, and 
up-regulating the intestinal hormone glucagon-like peptide (GLP)-2, 
which strengthens the intestinal barrier (34). As a result, the MCC 
complex can promote the secretion of jejunal amylase, the 
development of intestinal villi, and effectively improve the 
morphological structure of the intestinal tract. This leads to a greatly 
increase in the digestion and absorption area of nutrients in the 
intestinal tract, and improves the apparent digestibility of nutrients 
in broilers, thereby improving broiler growth performance.

The strength of antioxidant performance is a key indicator of 
physical health, reflecting the level of the body’s antioxidant defense 
system and its ability to scavenge free radicals (35). SOD plays a vital 
role in scavenging superoxide anion radicals in the body and 
maintaining a balance between oxidation and anti-oxidation process 
(36). GSH-Px, as an essential peroxidase in the body, catalyzes the 
conversion of GSH into oxidized glutathione and efficiently 
eliminating hydrogen peroxide (37). SOD and GSH-Px can effectively 
eliminate excessive free radicals and prevent peroxides from 
damaging the structure and function of the cell membrane. 
Additionally, CAT decomposes hydrogen peroxide in the body and 
acts as an important antioxidant enzyme (36). The MDA is one of the 
byproducts of lipid peroxide metabolism in the body, created by the 
action of oxygen free radicals on the membrane. The MDA level is 
inversely connected with the level of cellular oxidative damage and 
can serve as an indirect indicator (38). Carnosic acid dramatically 
enhanced the levels of GSH and SOD, and decreased the level of 
MDA caused by DSS, according to Yang et al. (33); this indicates that 
carnosic acid could be important in the development of treatments 
for inflammatory disorders linked to oxidative stress. By controlling 
prooxidants and antioxidant enzymes, carnosic acid can increase 
broilers’ antioxidant capacity (39). It has been demonstrated that the 
bioavailability of flavonoids could limited when supplemented in 
animal diets and may be  less likely to directly exert antioxidant 
capacity (40). The mulberry leaf flavonoids are able to incorporate 
substantial antioxidant activity by scavenging free radicals and 
chelating metals (41). The antioxidant capacity increased and plasma 
MDA levels decreased when dietary supplementation of total 
flavonoids from Artemisia annua in Wenchang hens, as shown in a 
study by Guo et al. (7). Similarly, alfalfa flavonoids were found to 
enhance plasma T-AOC activity as well as the gene expression of 
antioxidant enzymes in broilers (42). Chen et  al. (43) also 
demonstrated that the flavonoid quercetin could alleviate changes in 
CAT and SOD activities in oxidatively injured cells. In the present 
study, our results showed that MCC and chlortetracycline could 
increase serum T-AOC levels and the activities of CAT and GSH-Px, 
indicating that MCC could effectively increase the antioxidant level 
of broilers, which was in agreement with a previous study in 
broilers (42).

To elucidate how MCC might enhance the antioxidant capacity of 
broilers, we examined the role of the p38 mitogen-activated protein 
kinase (p38 MAPK) signaling pathway. The p38 MAPK signaling 
pathway is a common mechanism for intracellular information 
transmission, primarily involved in gene transcription, stress 
response, inflammatory response, and cellular immune regulation 

(44). The p38 MAPK pathway is critical in regulating the expression 
of several antioxidant enzyme genes (45). Moreover, the p38 signaling 
pathway stimulates the production of the transcription factor Nrf2 
(46), which further enhances the cellular antioxidant defense system. 
Peroxisome proliferator receptor gamma coactivator 1 (PGC-1) is a 
transcriptional regulator that plays an important function in the anti-
oxidative stress system and can enhance the body’s antioxidant 
capacity by promoting the production of cellular antioxidant enzymes 
(47). The Nrf2-Keap1 signaling pathway is one of critical pathway for 
cellular protection against oxidative stress. Under normal 
physiological conditions, Nrf2 binds to Keap1, forming a complex that 
is recognized and degraded by the proteasome via polyubiquitinated 
markers. However, when the Nrf2-Keap1 pathway is activated, the 
complex dissociates, allowing Nrf2 to translocate into the nucleus. 
Once in the nucleus, Nrf2 binds to the antioxidant response element 
(ARE) and stimulates the transcription of genes involved in 
antioxidant enzymes, thereby enhancing cellular antioxidant capacity 
and tolerance to oxidative stress (48). Our results revealed that MCC 
and chlortetracycline could reduce JNK mRNA expression while 
increasing PGC-1 and Nrf2 mRNA expression in broiler jejunal 
mucosa. The combination of 150 mg/kg MCC increased the expression 
of p38, PGC-1, Nrf2, and Keap1 mRNA in broiler ileal mucosa. 
Flavonoids containing carnosic acid have been shown to possess 
robust antioxidant properties by activating the Nrf2-Keap1 pathway. 
Previous studies have reported that flavonoids facilitate the 
transcription of Nrf2 to the nucleus, where it binds to antioxidant 
response element (ARE) and stimulates the transcription of 
antioxidant proteins, phase II detoxifying enzymes, and other genes 
(49). Flavonoids may also interact with AhR (aryl hydrocarbon 
receptor), leading to the dissociation of the Keap1/Nrf2 complex and 
facilitating Nrf2 translocation into the nucleus, thereby enhancing the 
transcription of antioxidant enzymes such as superoxide dismutase, 
glutathione peroxidase, and catalase (50). Furthermore, Lee and Jang 
(51) demonstrated that carnosic acid could promote Nrf2 nuclear 
displacement, effectively reducing the generation of harmful ROS 
(reactive oxygen species) and promoting the translation of phase II 
antioxidant enzymes. Carnosic acid may also protect against 
DSS-induced decreases in Nrf2 protein levels by interfering with the 
interaction of Cullin3 and Keap1 (33). The results of this study were 
basically consistent with the above studies, suggesting that MCC 
could influence gene expression in the intestinal p38-MAPK/Nrf2 
signaling pathway and improve the ability of broilers to resist oxidative 
stress, and thus promote growth. However, further investigations are 
needed to elucidate the underlying mechanisms of p38-MAPK/Nrf2 
activation by MCC. Furthermore, it is widely recognized that 
antioxidants play a pivotal role in protecting against inflammatory 
diseases, as oxidative stress and inflammation are intricately 
interconnected (52, 53, 54). In light of this, it is plausible to 
hypothesize that MCC may also contribute to reducing inflammation 
in broilers, thus warranting further exploration.

5 Conclusion

Collectively, these results demonstrate that dietary supplementation 
with MCC could effectively improve growth performance, intestinal 
morphology, nutrient absorption, and antioxidant capacity in broilers, 
which may be  related to regulation of the MAPK/Nrf2 signaling 
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pathway. These findings provide valuable insights into the potential 
benefits of MCC for broiler performance. Thus, it is feasible and 
beneficial to use MCC at a dosage of 150 mg/kg as an antibiotic 
alternative in the diet of broilers. Future research will focus on 
elucidating the mechanisms of MCC’s effects on the MAPK/Nrf2 
pathway and assessing its long-term impacts and economic feasibility 
in commercial broiler production.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding authors.

Ethics statement

The animal study was approved and conducted in strict 
accordance with the guidelines recommended and ethically approved 
by the Institutional Animal Care and Use Committee of Hunan 
Agricultural University (Permit Number: CACAHU 2020-0821). The 
study was conducted in accordance with local legislation and 
institutional requirements.

Author contributions

CL: Investigation, Writing – original draft. HH: Data curation, 
Methodology, Validation, Writing – original draft. YC: Supervision, 
Writing – original draft, Writing – review & editing. YZ: Investigation, 
Writing – review & editing. TM: Methodology, Writing – review & 
editing, Software. BT: Investigation, Writing – review & editing. WH: 
Conceptualization, Formal analysis, Methodology, Writing – review 
& editing. XF: Data curation, Formal analysis, Methodology, Writing 
– review & editing. DX: Funding acquisition, Methodology, Project 
administration, Supervision, Validation, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by the Earmarked Fund for China Agriculture Research 
System (No. CARS-37), Natural Science Foundation of Hunan 
Province-China (2020JJ4364).

Acknowledgments

The authors would like to thank Dr. Hu Liu for his linguistic 
assistance during the preparation of this manuscript.

Conflict of interest

YZ was employed by Geneham Pharmaceutical Co., Ltd.
The remaining authors declare that the research was conducted in 

the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1428577/
full#supplementary-material

References
 1. Ding Y, Jiang X, Yao X, Zhang H, Song Z, He X, et al. Effects of feeding fermented 

mulberry leaf powder on growth performance, slaughter performance, and meat quality 
in chicken broilers. Animals. (2021) 11:3294. doi: 10.3390/ani11113294

 2. Wang S, Peng Q, Jia HM, Zeng XF, Zhu JL, Hou CL, et al. Prevention of Escherichia 
coli infection in broiler chickens with Lactobacillus plantarum B1. Poult Sci. (2017) 
96:2576–86. doi: 10.3382/ps/pex061

 3. Yemeke T, Chen HH, Ozawa S. Economic and cost-effectiveness aspects of vaccines 
in combating antibiotic resistance. Hum Vaccin Immunother. (2023) 19:2215149. doi: 
10.1080/21645515.2023.2215149

 4. Muhammad I, Pan S, Elken EM, Zhang H, Wang Y, Xu Y, et al. Antibiotic resistance 
of probiotics isolated from Chinese corn Stover silage. J Appl Anim Res. (2023) 
51:102–14. doi: 10.1080/09712119.2023.2165088

 5. Tabashsum Z, Alvarado-Martinez Z, Wall MJ, Aditya A, Biswas D. Combined effect 
of metabolites produced by a modified lactobacillus casei and berry phenolic extract on 
Campylobacter and microbiome in chicken cecum contents. J Food Sci. (2023) 
88:2358–594. doi: 10.1111/1750-3841.10580

 6. He S, Yu Q, He Y, Hu R, Xia S, He J. Dietary resveratrol supplementation inhibits 
heat stress-induced high-activated innate immunity and inflammatory response in 
spleen of yellow-feather broilers. Poult Sci. (2019) 98:6378–87. doi: 10.3382/ps/pez471

 7. Guo S, Ma J, Xing Y, Xu Y, Jin X, Yan S, et al. Artemisia annua L. aqueous extract as 
an alternative to antibiotics improving growth performance and antioxidant function in 
broilers. Ital J Anim Sci. (2020) 19:399–409. doi: 10.1080/1828051X.2020.1745696

 8. Chen Y, Gong X, Li G, Lin M, Huo Y, Li S, et al. Effects of dietary alfalfa flavonoids 
extraction on growth performance, organ development and blood biochemical indexes 
of Yangzhou geese aged from 28 to 70 days. Anim Nutr. (2016) 2:318–22. doi: 10.1016/j.
aninu.2016.09.004

 9. Birtić S, Dussort P, Pierre FX, Bily AC, Roller M. Carnosic acid. Phytochemistry. 
(2015) 115:9–19. doi: 10.1016/j.phytochem.2014.12.026

 10. Solomonov Y, Hadad N, Levy R. The combined anti-inflammatory effect of 
astaxanthin, lyc-O-mato and carnosic acid in vitro and in vivo in a mouse model of 
peritonitis. J Nutr Food Sci. (2018) 8:1000653. doi: 10.4172/2155-9600.1000653

 11. Adeola O, Walk CL. Linking ileal digestible phosphorus and bone mineralization 
in broiler chickens fed diets supplemented with phytase and highly soluble calcium. 
Poult Sci. (2013) 92:2109–17. doi: 10.3382/ps.2013-03068

 12. Meng T, Liu C, Chen Y, Yu M, He J, Tan B, et al. Dietary Chito-oligosaccharide 
attenuates LPS-challenged intestinal inflammation via regulating mitochondrial 
apoptotic and MAPK signaling pathway. Int Immunopharmacol. (2024) 126:111153. doi: 
10.1016/j.intimp.2023.111153

 13. Geng W, Long SL, Chang YJ, Saxton AM, Joyce SA, Lin J. Evaluation of bile 
salt hydrolase inhibitor efficacy for modulating host bile profile and physiology 
using a chicken model system. Sci Rep. (2020) 10:4941. doi: 10.1038/
s41598-020-61723-7

 14. Abdel-Latif MA, Elbestawy AR, El-Far AH, Noreldin AE, Emam M, Baty RS, et al. 
Quercetin dietary supplementation advances growth performance, gut microbiota, and 

https://doi.org/10.3389/fnut.2024.1428577
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2024.1428577/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2024.1428577/full#supplementary-material
https://doi.org/10.3390/ani11113294
https://doi.org/10.3382/ps/pex061
https://doi.org/10.1080/21645515.2023.2215149
https://doi.org/10.1080/09712119.2023.2165088
https://doi.org/10.1111/1750-3841.10580
https://doi.org/10.3382/ps/pez471
https://doi.org/10.1080/1828051X.2020.1745696
https://doi.org/10.1016/j.aninu.2016.09.004
https://doi.org/10.1016/j.aninu.2016.09.004
https://doi.org/10.1016/j.phytochem.2014.12.026
https://doi.org/10.4172/2155-9600.1000653
https://doi.org/10.3382/ps.2013-03068
https://doi.org/10.1016/j.intimp.2023.111153
https://doi.org/10.1038/s41598-020-61723-7
https://doi.org/10.1038/s41598-020-61723-7


Liu et al. 10.3389/fnut.2024.1428577

Frontiers in Nutrition 12 frontiersin.org

intestinal mRNA expression genes in broiler chickens. Animals. (2021) 11:2302. doi: 
10.3390/ani11082302

 15. Qi S, Wang T, Chen R, Wang C, Ao C. Effects of flavonoids from Allium 
mongolicum regel on growth performance and growth-related hormones in meat sheep. 
Anim Nutr. (2017) 3:33–8. doi: 10.1016/j.aninu.2017.01.003

 16. Zhong Y, Zhang X, Hu X, Li Y. Effects of repeated lipopolysaccharide treatment on 
growth performance, immune organ index, and blood parameters of Sprague-Dawley 
rats. J Vet Res. (2018) 62:341–6. doi: 10.2478/jvetres-2018-0048

 17. Meng T, Deng J, Xiao D, Arowolo MA, Liu C, Chen L, et al. Protective effects 
and potential mechanisms of dietary resveratrol supplementation on the spleen of 
broilers under heat stress. Front Nutr. (2022) 9:821272. doi: 10.3389/
fnut.2022.821272

 18. Jiménez-Moreno E, Frikha M, de Coca-Sinova A, García J, Mateos GG. Oat hulls 
and sugar beet pulp in diets for broilers 1. Effects on growth performance and nutrient 
digestibility. Anim Feed Sci Technol. (2013) 182:33–43. doi: 10.1016/j.
anifeedsci.2013.03.011

 19. Yang M, Yin Y, Wang F, Bao X, Long L, Tan B, et al. Effects of dietary rosemary 
extract supplementation on growth performance, nutrient digestibility, antioxidant 
capacity, intestinal morphology, and microbiota of weaning pigs. J Anim Sci. (2021) 
99:skab 237. doi: 10.1093/jas/skab237

 20. Park JH, Sureshkumar S, Kim IH. Influences of dietary flavonoid (quercetin) 
supplementation on growth performance and immune response of growing pigs 
challenged with Escherichia coli lipopolysaccharide. J Anim Sci Technol. (2020) 
62:605–13. doi: 10.5187/jast.2020.62.5.605

 21. Has H, Yunianto VD, Sukamto B. The effectivity of fermented mulberry leaves with 
rumen liquor as broiler feed on final body weight, dry matter and crude fiber 
digestibility, and metabolic energy. Anim Prod. (2013) 15:173–9.

 22. Rowland I, Gibson G, Heinken A, Scott K, Swann J, Thiele I, et al. Gut microbiota 
functions: metabolism of nutrients and other food components. Eur J Nutr. (2018) 
57:1–24. doi: 10.1007/s00394-017-1445-8

 23. Al-Ishaq RK, Liskova A, Kubatka P, Büsselberg D. Enzymatic metabolism of 
flavonoids by gut microbiota and its impact on gastrointestinal cancer. Cancers. (2021) 
13:3934. doi: 10.3390/cancers13163934

 24. Pei R, Liu X, Bolling B. Flavonoids and gut health. Curr Opin Biotechnol. (2020) 
61:153–9. doi: 10.1016/j.copbio.2019.12.018

 25. Feng J, Liu X, Xu ZR, Wang YZ, Liu JX. Effects of fermented soybean meal on 
digestive enzyme activities and intestinal morphology in broilers. Poult Sci. (2007) 
86:1149–54. doi: 10.1093/ps/86.6.1149

 26. Figueroa-Pérez MG, Rocha-Guzmán NE, Perez-Ramirez IF, Mercado-Silva E, 
Reynoso-Camacho R. Metabolite profile, antioxidant capacity, and inhibition of 
digestive enzymes in infusions of peppermint (Mentha piperita) grown under drought 
stress. J Agric Food Chem. (2014) 62:12027–33. doi: 10.1021/jf503628c

 27. Stevens Y, Rymenant EV, Grootaert C, Camp JV, Possemiers S, Masclee A, et al. 
The intestinal fate of citrus flavanones and their effects on gastrointestinal health. 
Nutrients. (2019) 11:1464. doi: 10.3390/nu11071464

 28. Veenstra JP, Vemu B, Tocmo R, Nauman MC, Johnson JJ. Pharmacokinetic analysis 
of carnosic acid and carnosol in standardized rosemary extract and the effect on the 
disease activity index of DSS-induced colitis. Nutrients. (2021) 13:773. doi: 10.3390/
nu13030773

 29. Wang M, Yang C, Wang QY, Li JZ, Li YL, Ding XQ, et al. The growth 
performance, intestinal digestive and absorptive capabilities in piglets with different 
lengths of small intestines. Animal. (2020) 14:1196–203. doi: 10.1017/
S175173111900288X

 30. Wang JX, Peng KM. Developmental morphology of the small intestine of African 
ostrich chicks. Poult Sci. (2008) 87:2629–35. doi: 10.3382/ps.2008-00163

 31. Liu F, Zhang X, Ji Y. Total flavonoid extract from hawthorn (Crataegus pinnatifida) 
improves inflammatory cytokines-evoked epithelial barrier deficit. Med Sci Monit. 
(2020) 26:e920170–1. doi: 10.12659/MSM.920170

 32. Prihambodo TR, Sholikin MM, Qomariyah N, Jayanegara A, Batubara I, Utomo 
DB, et al. Influence of different forms of flavonoid on growth performance and gut 
morphology of broiler: a meta-analysis. IOP Conf Ser Mater Sci Eng. (2021) 1098:062024. 
doi: 10.1088/1757-899X/1098/6/062024

 33. Yang N, Xia Z, Shao N, Li B, Xue L, Peng Y, et al. Carnosic acid prevents dextran 
sulfate sodium-induced acute colitis associated with the regulation of the Keap 1/Nrf 2 
pathway. Sci Rep. (2017) 7:11036. doi: 10.1038/s41598-017-11408-5

 34. Oteiza PI, Fraga CG, Mills DA, Taft DH. Flavonoids and the gastrointestinal tract: 
local and systemic effects. Mol Asp Med. (2018) 61:41–9. doi: 10.1016/j.mam.2018.01.001

 35. Szczubiał M, Kankofer M, Wawron W, Krasucki J. The dynamics of changes in 
erythrocyte glutathione peroxidase activity and serum selenium content during the 
periparturient period in sows. Pol J Vet Sci. (2004) 7:21–6.

 36. Kwon K, Jung J, Sahu A, Tae G. Nanoreactor for cascade reaction between SOD 
and CAT and its tissue regeneration effect. J Control Release. (2022) 344:160–72. doi: 
10.1016/j.jconrel.2022.02.033

 37. Lapenna D. Glutathione and glutathione-dependent enzymes: from biochemistry 
to gerontology and successful aging. Ageing Res Rev. (2023) 92:102066. doi: 10.1016/j.
arr.2023.102066

 38. Tsikas D. Assessment of lipid peroxidation by measuring malondialdehyde (MDA) 
and relatives in biological samples: analytical and biological challenges. Anal Biochem. 
(2017) 524:13–30. doi: 10.1016/j.ab.2016.10.021

 39. Kim JY, Hong HL, Kim GM, Leem J, Kwon HH. Protective effects of carnosic acid 
on lipopolysaccharide-induced acute kidney injury in mice. Molecules. (2021) 26:7589. 
doi: 10.3390/molecules26247589

 40. Fraga CG. Plant polyphenols: how to translate their in vitro antioxidant actions to 
in vivo conditions. IUBMB Life. (2007) 59:308–15. doi: 10.1080/15216540701230529

 41. Galleano M, Verstraeten SV, Oteiza PI, Fraga CG. Antioxidant actions of 
flavonoids: thermodynamic and kinetic analysis. Arch Biochem Biophys. (2010) 
501:23–30. doi: 10.1016/j.abb.2010.04.005

 42. Ouyang K, Xu M, Jiang Y, Wang W. Effects of alfalfa flavonoids on broiler 
performance, meat quality, and gene expression. Can J Anim Sci. (2016) 96:332–41. doi: 
10.1139/cjas-2015-0132

 43. Chen Z, Yuan Q, Xu G, Chen H, Lei H, Su J. Effects of quercetin on proliferation 
and H₂O₂-induced apoptosis of intestinal porcine enterocyte cells. Molecules. (2018) 
23:2012. doi: 10.3390/molecules23082012

 44. Gao D, Nong S, Huang X, Lu Y, Zhao H, Lin Y, et al. The effects of palmitate on 
hepatic insulin resistance are mediated by NADPH oxidase 3-derived reactive oxygen 
species through JNK and p38MAPK pathways. J Biol Chem. (2010) 285:29965–73. doi: 
10.1074/jbc.M110.128694

 45. Sun Z, Huang Z, Zhang DD. Phosphorylation of Nrf2 at multiple sites by MAP 
kinases has a limited contribution in modulating the Nrf2-dependent antioxidant 
response. PLoS One. (2009) 4:e6588. doi: 10.1371/journal.pone.0006588

 46. Xu L, Wang J, Zhang H, Wu S, Yue H, Wan X, et al. Vitamin E supplementation 
enhances lipid oxidative stability via increasing vitamin E retention, rather than gene 
expression of MAPK-Nrf2 signaling pathway in muscles of broilers. Food Secur. (2021) 
10:2555. doi: 10.3390/foods10112555

 47. Baldelli S, Aquilano K, Ciriolo MR. Punctum on two different transcription 
factors regulated by PGC-1α: nuclear factor erythroid-derived 2-like 2 and nuclear 
respiratory factor 2. Biochim Biophys Acta Gen Subj. (2013) 1830:4137–46. doi: 
10.1016/j.bbagen.2013.04.006

 48. Gallorini M, Petzel C, Bolay C, Hiller KA, Cataldi A, Buchalla W, et al. Activation of 
the Nrf2-regulated antioxidant cell response inhibits HEMA-induced oxidative stress and 
supports cell viability. Biomaterials. (2015) 56:114–28. doi: 10.1016/j.biomaterials.2015.03.047

 49. Mann GE, Bonacasa B, Ishii T, Siow RC. Targeting the redox sensitive Nrf2–Keap1 
defense pathway in cardiovascular disease: protection afforded by dietary isoflavones. 
Curr Opin Pharmacol. (2009) 9:139–45. doi: 10.1016/j.coph.2008.12.012

 50. Zhang H, Tsao R. Dietary polyphenols, oxidative stress and antioxidant and anti-
inflammatory effects. Curr Opin Food Sci. (2016) 8:33–42. doi: 10.1016/j.cofs.2016.02.002

 51. Lee DK, Jang HD. Carnosic acid attenuates an early increase in ROS levels during 
adipocyte differentiation by suppressing translation of Nox 4 and inducing translation 
of antioxidant enzymes. Int J Mol Sci. (2021) 22:6096. doi: 10.3390/ijms22116096

 52. Vitali R, Palone F, Pierdomenico M, Negroni A, Cucchiara S, Aloi M, et al. Dipotassium 
glycyrrhizate via HMGB1 or AMPK signaling suppresses oxidative stress during intestinal 
inflammation. Biochem Pharmacol. (2015) 97:292–9. doi: 10.1016/j.bcp.2015.07.039

 53. Zhang L, Zhang J, Zang H, Yin Z, Guan P, Yu C, et al. Dietary pterostilbene exerts 
potential protective effects by regulating lipid metabolism and enhancing antioxidant 
capacity on liver in broilers. J Anim Physiol Anim Nutr (Berl). (2024) 108:1–13. doi: 
10.1111/jpn.13941

 54. Guan P, Yu H, Wang S, Sun J, Chai X, Sun X, et al. Dietary rutin alleviated the 
damage by cold stress on inflammation reaction, tight junction protein and intestinal 
microbial flora in the mice intestine. J Nutr Biochem. (2024) 130:109658. doi: 10.1016/j.
jnutbio.2024.109658

https://doi.org/10.3389/fnut.2024.1428577
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3390/ani11082302
https://doi.org/10.1016/j.aninu.2017.01.003
https://doi.org/10.2478/jvetres-2018-0048
https://doi.org/10.3389/fnut.2022.821272
https://doi.org/10.3389/fnut.2022.821272
https://doi.org/10.1016/j.anifeedsci.2013.03.011
https://doi.org/10.1016/j.anifeedsci.2013.03.011
https://doi.org/10.1093/jas/skab237
https://doi.org/10.5187/jast.2020.62.5.605
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.3390/cancers13163934
https://doi.org/10.1016/j.copbio.2019.12.018
https://doi.org/10.1093/ps/86.6.1149
https://doi.org/10.1021/jf503628c
https://doi.org/10.3390/nu11071464
https://doi.org/10.3390/nu13030773
https://doi.org/10.3390/nu13030773
https://doi.org/10.1017/S175173111900288X
https://doi.org/10.1017/S175173111900288X
https://doi.org/10.3382/ps.2008-00163
https://doi.org/10.12659/MSM.920170
https://doi.org/10.1088/1757-899X/1098/6/062024
https://doi.org/10.1038/s41598-017-11408-5
https://doi.org/10.1016/j.mam.2018.01.001
https://doi.org/10.1016/j.jconrel.2022.02.033
https://doi.org/10.1016/j.arr.2023.102066
https://doi.org/10.1016/j.arr.2023.102066
https://doi.org/10.1016/j.ab.2016.10.021
https://doi.org/10.3390/molecules26247589
https://doi.org/10.1080/15216540701230529
https://doi.org/10.1016/j.abb.2010.04.005
https://doi.org/10.1139/cjas-2015-0132
https://doi.org/10.3390/molecules23082012
https://doi.org/10.1074/jbc.M110.128694
https://doi.org/10.1371/journal.pone.0006588
https://doi.org/10.3390/foods10112555
https://doi.org/10.1016/j.bbagen.2013.04.006
https://doi.org/10.1016/j.biomaterials.2015.03.047
https://doi.org/10.1016/j.coph.2008.12.012
https://doi.org/10.1016/j.cofs.2016.02.002
https://doi.org/10.3390/ijms22116096
https://doi.org/10.1016/j.bcp.2015.07.039
https://doi.org/10.1111/jpn.13941
https://doi.org/10.1016/j.jnutbio.2024.109658
https://doi.org/10.1016/j.jnutbio.2024.109658

	Dietary supplementation with mulberry leaf flavonoids and carnosic acid complex enhances the growth performance and antioxidant capacity via regulating the p38 MAPK/Nrf2 pathway
	1 Introduction
	2 Materials and methods
	2.1 Animal ethics statement
	2.2 Animals and experimental treatments
	2.3 Sample collection
	2.4 Growth performance
	2.5 Immune organ index
	2.6 Apparent digestibility of nutrients
	2.7 Intestinal digestive enzyme activity
	2.8 Morphological structure of intestinal tract
	2.9 Serum antioxidant
	2.10 Expression of antioxidation-related gene in the intestinal p38-MAPK/Nrf2 pathway
	2.11 Statistical analysis

	3 Results
	3.1 Growth performance
	3.2 Immune organ indexes
	3.3 Apparent digestibility
	3.4 Intestinal digestive enzyme activity
	3.5 Histomorphology of intestinal tract
	3.6 Serum antioxidation
	3.7 Expression of antioxidant related genes in intestinal p38-MAPK/Nrf2 pathway

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

