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Abstract 

Background  Poor feather growth not only affects the appearance of the organism but also decreases the feed effi-
ciency. Methionine (Met) is an essential amino acid required for feather follicle development; yet the exact mecha-
nism involved remains insufficiently understood.

Methods  A total of 180 1-day-old broilers were selected and randomly divided into 3 treatments: control group 
(0.45% Met), Met-deficiency group (0.25% Met), and Met-rescue group (0.45% Met in the pre-trial period and 0.25% 
Met in the post-trial period). The experimental period lasted for 56 d, with a pre-trial period of 1–28 d and a post-trial 
period of 29–56 d. In addition, Met-deficiency and Met-rescue models were constructed in feather follicle epidermal 
stem cell by controlling the supply of Met in the culture medium.

Results  Dietary Met-deficiency significantly (P < 0.05) reduced the ADG, ADFI and F/G, and inhibited feather follicle 
development. Met supplementation significantly (P < 0.05) improved growth performance and the feather growth 
in broilers. Met-rescue may promote feather growth in broilers by activating the Wnt/β-catenin signaling pathway 
(GSK-3β, CK1, Axin1, β-catenin, Active β-catenin, TCF4, and Cyclin D1). Compared with Met-deficiency group, Met-res-
cue significantly (P < 0.05) increased the activity of feather follicle epidermal stem cell and mitochondrial membrane 
potential, activated Wnt/β-catenin signaling pathway, and decreased the content of reactive oxygen species (P < 0.05). 
CO-IP confirmed that mitochondrial protein PGAM5 interacted with Axin1, the scaffold protein of the disruption 
complex of the Wnt/β-catenin signaling pathway, and directly mediated Met regulation of Wnt/β-catenin signaling 
pathway and feather follicle development.

Conclusions  PGAM5 binding to Axin1 mediates the regulation of Wnt/β-catenin signaling pathway, and promotes 
feather follicle development and feather growth of broiler chickens through Met supplementation. These results pro-
vide theoretical support for the improvement of economic value and production efficiency of broiler chickens.
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Background
Feathers are complex ectodermal organs that cover the 
skin of poultry as appendages, accounting for about 8% 
of broilers’ body weight and consisting of about 90% 
protein [1]. Feathers are associated with structural, bio-
chemical and functional modifications of the skin [2], 
including reduced skin surface heat loss in broilers with 
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well-developed feathers, which reduces energy mainte-
nance costs and improves survival rates [3]. At present, 
modern intensive farming has caused different degrees of 
feather dysplasia in broilers. The problem of poor carcass 
quality and lower economic value of broilers due to poor 
feather development has become an important factor 
restricting the upgrading of the broiler industry. Methio-
nine (Met) is an essential amino acid required for protein 
synthesis and is the first limiting amino acid required in a 
diet based on a corn and soybean meal type broiler diet. 
Chicks have a high demand for protein due to the meta-
bolic needs of their feathers and muscles. Dietary Met-
deficiency delays the development of immune organs 
and reducing the growth performance of poultry [4, 5]. 
In addition, dietary Met supplementation can stimulate 
protein synthesis, reduce protein breakdown, improve 
protein conversion ratios and deposition, and improve 
growth performance of broilers by stimulating the syn-
thesis and release of growth factors [6, 7].

The Wingless/Int (Wnt) signaling pathway is a set of 
multi-downstream signaling pathways stimulated by the 
binding of Wnt ligand proteins and membrane protein 
receptors, which involves cellular functions necessary for 
embryonic and organ development, regulating the coor-
dinated development and stability of the environment 
in tissues, including cell fate regulation, mitotic activity, 
and cell polarity [8–10]. Wnt is the major regulatory fac-
tor for juvenile feathers, among which Wnt2b, Wnt5a, 
Wnt5b, Wnt7a, Wnt9a, Wnt9b and Wnt16 increase with 
the development of juvenile dorsal feathers [11]. Studies 
have shown that Wnt signaling is one of the key signals in 
maintaining a dense dermis and inducing hair follicle for-
mation in mammals [12–14]. Similar to mammals, Wnt 
signals regulate the dermal papillae of feather follicles to 
determine the formation of feather buds, feather shafts, 
and feather shapes [15, 16]. The Wnt/β-catenin pathway 
belongs to the classical Wnt signaling pathway, which is 
crucial for feather formation [17, 18].

Early studies of our research group have shown that 
injecting Met from different sources into embryonic 
eggs can significantly promote the growth of feather fol-
licles and feathers in broiler chicken embryos, and the 
Wnt/β-catenin signaling pathway is directly involved in 
regulating this process [19]. In addition, Wnt/β-catenin 
signaling can activate key mitochondrial proteins to pro-
mote mitochondrial biosynthesis, which is very impor-
tant for cell differentiation and tissue morphogenesis 
[20–23]. However, whether Met promotes feather growth 
and development of broilers by activating key mito-
chondrial proteins is still unclear. Here, we hypothesize 
that the promotion of feather follicle development by 
Met supplementation is partially mediated through the 
interaction of mitochondrial proteins phosphoglycerate 

mutase 5 (PGAM5) and Wnt/β-catenin signaling path-
way. We found that Met could improve the growth per-
formance of broiler chickens and regulate feather follicle 
development and feather formation through Met-rescue. 
We further identified how Met acted as an essential 
nutrient to affect epidermal stem cell activity in feather 
follicles, and the regulatory mechanism of mitochondrial 
PGAM5 and axis inhibition protein 1 (Axin1) in the acti-
vation of Wnt/β-catenin after Met-rescue. Therefore, this 
study aimed to investigate the effects and the  molecu-
lar mechanism of Met on the feather follicle development 
in broiler chickens.

Materials and methods
Animal experiment
A total of 180 1-day-old female yellow-feathered broil-
ers with similar body weight and of the same day of birth 
(provided by Suibei Experimental Animal Farm, Guang-
zhou, China) were randomly divided into 3 treatments 
with 6 replicates per treatment group and 10 broiler 
chickens per replicate. The experiment lasted for 56 d, 
including 1 to 28 d in the early stage of the experiment 
(28 d was the first molting cycle of yellow-feathered 
broiler chickens) and 29 to 56 d in the late stage. In the 
control group, birds were fed a basal diet throughout the 
experiment. Birds in the Met-deficiency group were fed a 
Met-deficiency diet during the whole trial period. Birds 
in Met-rescue group were fed a diet with Met-deficiency 
in the early stage of the experiment, and the basal diet in 
the late stage.

In this experiment, a corn-soybean basic diet was 
adopted, and the dietary composition and nutrient lev-
els were shown in Table  1 according to the nutritional 
requirements of yellow-feathered broiler chickens. During 
the experiment, 10 broiler chickens were raised in each 
cage (90 cm × 60 cm × 60 cm), and each treatment group 
had a consistent feeding environment. All broiler chick-
ens had access to feed and water, and the temperature, 
humidity and light in the hen house were kept at appro-
priate levels. Fasting weight was measured on d 1, 28 and 
56, respectively. Feed intake was recorded, and average 
daily gain (ADG), average daily feed intake (ADFI) and 
feed to gain ratio (F/G) were calculated at the early stage 
(1 to 28 d) and the late stage (29 to 56 d).

Feather follicle epithelial stem cell isolate and culture
On the 13 days of the embryonic development, the 
embryo was taken out and transferred to a culture dish. 
After cutting along the dorsal skin, the removed skin was 
cut into small pieces and transfer into a 50-mL centri-
fuge tube, and added the digestion solution, then incu-
bated in a 37 °C water bath shaker at 120 r/min for 1.5 h. 
After that, transfer the sample to another tube and add 
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the digestion solution again. Finally, obtain feather folli-
cle epidermal stem cells by filtering through a 40-μm cell 
strainer for subsequent culture.

In order to eliminate the effects of intracellular Met, 
cells were starved in Met-free DMEM/F12 medium 
for 6  h after inoculation 24  h. The cells were randomly 
divided into two experimental groups. The control group 
was given complete culture solution (10% fetal bovine 
serum, DMEM/F12 solution containing Met), and the 
Met-deficiency group was given complete culture solution 
(10% fetal bovine serum, DMEM/F12 solution without 
Met). Cell samples of the control group and Met-defi-
ciency group were collected after culture for 6 h. Based on 
the Met deficiency experiment, the culture medium of the 
Met deficiency group was replaced by the complete cul-
ture medium of the control group at 6 h, and the cells in 
this group were labeled as the Met supplement group, and 
continued to be cultured for 24 h (30 h total culture).

Sample collection and preparation
Slaughtering experiments were carried out on 28 and 
56 d, and 2 broiler chickens were randomly selected per 
replicate. The blood was collected from the wing veins of 
broiler chickens. After the blood collection of the wing 
vein was completed, birds were electrically stunned and 
exsanguinated, and the internal organs, feather and skin 
were dissected and collected. The blood samples were 
collected in 5-mL ordinary serum tubes, placed in an ice 
box for 45  min, and centrifuged at 1,000 ×g at 4  °C for 
10 min. The upper serum was absorbed and divided into 
500-μL centrifuge tubes and transferred to the refrigera-
tor at −80 °C for storage. The feathers of capital-cervical, 
dorsopelvic, dorsocaudal, pectoral, and humeral-alar 
were collected to measure feather quality and length in 
each area. The 4 cm  × 4 cm skin from these areas was 
clipped and placed in 1.5-mL centrifuge tube for molecu-
lar detection or fixed and preserved in 4% paraformalde-
hyde solution for preparation of tissue sections.

Determination of methionine and S‑adenosylmethionine 
concentrations
The concentrations of Met and S-adenosylmethionine 
(SAM) in serum and dorsal skin of broiler chickens were 
determined using the Met and SAM enzyme-linked immu-
nosorbent assay (ELISA) kit (Shanghai Enzyme-Linked Bio-
technology Co., Ltd., Shanghai, China). The methods and 
results were calculated according to the kit instructions.

Hematoxylin and eosin (H&E) and immunofluorescence (IF) 
staining
The dorsal skin tissue was taken out of the 4% paraform-
aldehyde solution and trimmed to a size of 2 cm × 2 cm 
along the direction of feather follicle growth. The skin 

tissue was washed with PBS buffer solution to remove the 
residual 4% paraformaldehyde solution on the surface. 
The skin tissue was put into the embedded box for dehy-
dration and transparency, and the transparent embedded 
box was immersed in the preheated 65 °C paraffin liquid 
and left for 1 h. The tissues in the embedding box were 
removed, put into the embedding mold, filled with par-
affin liquid, and solidified into tissue paraffin blocks on 
the freezing table at −20  °C. The paraffin blocks were 
placed on the paraffin microtome and cut into 5  μm 
thick sections along the growth direction of the feather 
follicle. The paraffin sections were dried in a constant 
temperature box at 37  °C for 48  h, and then hematoxy-
lin eosin staining and tissue IF detection were performed 
according to Chen  et al. [24]. Images were observed, 
photographed and recorded by inverted fluorescence 
microscope, and fluorescence signal intensity (FSI) was 
statistically analyzed with Image J software.

Cell activity and reactive oxygen species (ROS) 
concentration
Cell proliferation activity was measured using the Cell 
counting kit 8 (CCK8) (MedChemExpress, New Jersey, 
USA), and cell counts were performed by automatic cell 
counters. A total of 2 × 103 cells/well were seeded into a 
96-well plate, with 200 μL of complete culture medium 
and 10 μL of CCK-8 solution were added to each well. 
The plate was then incubated in a 37 °C, 5% CO2 incuba-
tor for 4 h. The absorbance at 450 nm was measured, and 
the data were recorded and analyzed.

After the cells were completely attached to the wall, 
the cell culture medium was removed, and a 20 μmol/L 
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) 
working solution was added, and incubated in a 5% 
CO2 incubator at 37  °C for 30  min. After incubation, 
the DCFH-DA working solution was removed and the 
cells were rinsed 3 times. After that, FSI was analyzed by 
Image J software.

Mitochondrial structure and function
The cells were inoculated into 6-well plates and 2  mL 
of complete culture solution was added to each well. 
After the cells had completely attached to the wall, the 
cell culture medium was sucked out. The Mito-Tracker 
Red (MTR) working solution with a concentration of 
20 nmol/L was added and incubated at 37 °C for 30 min 
to detect mitochondrial structure. The  1 × JC-1 staining 
solution was added and incubated at 37  °C for 30  min 
to detect mitochondrial membrane potential. After the 
incubation and rinsing according to the above method, 
the mitochondrial morphology of the cells and the mem-
brane potential level were observed, photographed and 
recorded, and FSI was analyzed using Image J software.
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RNA sequencing
The dorsal skin of broiler chickens in the control group, 
the Met-deficiency group and the Met-rescue group was 
selected during the supplementation period (56 d) after 
methionine deficiency. The work from RNA extraction 
to library construction and computer sequencing was 
entrusted to Shanghai Paisenol Biotechnology Co., Ltd. 
Differentially expressed genes were identified using the 
DESeq2 method with the criteria of fold change ≥ 2.0 and 
P-value < 0.05. Gene Ontology (GO, http://​geneo​ntolo​
gy.​org) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG, http://​www.​genome.​jp/​kegg) were used for func-
tional and signaling pathway cluster analysis of differen-
tially expressed genes.

Western blotting
About 50 mg of dorsal skin tissue was weighed and added 
to a centrifuge tube along with 500 μL of RIPA lysis 
buffer and 5 μL of protease inhibitor. After being ground, 
the supernatant was aspirated and transferred to a pre-
cooled 1.5-mL centrifuge tube to obtain the tissue pro-
tein. The concentration of homogenized tissue protein 

was determined using a BCA assay kit (Thermo Fisher 
Scientific, Rockford, IL, USA), and the samples were 
adjusted to the same concentration. An appropriate vol-
ume of 5 × loading buffer was added, and the mixture was 
boiled at 100 °C for 10 min, then stored at −20 °C. Refer 
to the previous method described by Chen et al. [24] for 
Western blotting. After the PVDF membrane was incu-
bated with ECL hypersensitive luminescent solution for 
1 min, the target band development image was obtained 
by a Protein Simple exposure instrument. The Image J 
software was used to analyze the gray value of the tar-
get strip development image. Antibody information is in 
Table 2.

Cell co‑immunoprecipitation
The 8 × 105 cells/well were inoculated into a 6-well plate. 
After the cells were fully attached to the wall, 300 μL of 
lysis/rinsing buffer and 3 μL of protease inhibitor were 
added to each well for lysis at 4 °C for 30 min. The cells 
were then scraped off with a cell scraping and transferred 
to a 1.5-mL centrifuge tube, centrifuged at 8,000 × g, at 
4  °C for 10  min. After centrifugation, supernatant was 
taken to determine the concentration of cell protein 
samples to homogenize the concentration of cell protein 
samples, and co-immunoprecipitation (CO-IP) was per-
formed in accordance with the previous method [25].

Statistical analysis
SPSS software (version 27.0, SPSS Inc., Chicago, IL, 
USA) was used for statistical analysis and the data were 
expressed as mean ± standard error of the mean (SEM). 
The t-test was used to analyze the differences between 
the two groups, and the results among the three groups 
were analyzed by one-way analysis of variance (ANOVA) 
and Tukey test. The criterion for significant difference 
was P < 0.05.

Results
Methionine promotes growth performance and feather 
follicle development of broiler chickens
The design of the animal feeding experiment  is shown 
in Fig.  1A.  In the study, the body weight (BW) of birds 
during the whole stage of feeding was not affected by 
Met (Fig.  1B). In the pre-trial period of the experi-
ment (1 to 28 d, Met deficiency), the ADG and ADFI of 
broiler chickens in Met-deficiency group were signifi-
cantly decreased (P < 0.05) compared with the control 
group, and F/G was significantly decreased (P < 0.05) as 
well (Fig. 1B). Compared with the control group, dietary 
Met-deficiency significantly decreased (P < 0.05) the con-
centrations of Met and SAM (Fig. 1C) in dorsal skin and 
serum of broiler chickens. In addition, Met-deficiency 
significantly decreased (P < 0.05) the feather length of 

Table 1  Composition and nutrient levels of basal diets, % as-fed 
basis

a Premix provides for per kilograms: Vitamin A, 15,000.00 IU per kg of feed; 
Vitamin D, 3,000.00 IU; Vitamin E, 25.50 IU; Vitamin K3, 2.10 mg; Vitamin B1, 
2.40 mg; Vitamin B2, 9.00 mg; Vitamin B6, 5.10 mg; Vitamin B12, 0.02 mg; Niacin, 
48.00 mg; Pantothenic acid, 12.00 mg; Folic acid, 1.2.00 mg; Biotin, 0.06 mg; 
Copper, 5.00 mg; Iron, 69.00 mg; Zinc, 84.00 mg; Manganese, 98.60 mg; Iodine, 
1.14 mg; Selenium, 0.30 mg

Items Control Met-deficiency

Corn 65.00 65.00

Soybean meal 23.60 23.60

Corn gluten 4.00 4.00

Soybean oil 3.00 3.00

Limestone 1.20 1.20

Dicalciumphosphate 1.60 1.60

Sodium chloride 0.30 0.30

Premixa 1.00 1.00

L-Lysine 0.10 0.10

DL-Methionine 0.20 0.00

Zeolite powder 0.00 0.20

Total 100.00 100.00

Nutrient levels (Calculated values)

  Metabolic energy, MJ/kg 12.55 12.55

  Crude protein 19.10 19.10

  Lysine 0.95 0.95

  Methionine 0.45 0.25

  Methionine + Cysteine 0.85 0.65

  Calcium 0.90 0.90

  Phosphorus 0.64 0.64

  Non-phytate pohosphorus 0.42 0.42

http://geneontology.org
http://geneontology.org
http://www.genome.jp/kegg
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pectoral, dorsopelvic and humeral-alar (Fig.  1D), the 
feather weight of dorsopelvic (Fig.  1E), and the feather 
follicle diameter and length of dorsal bundle feathers 
(Fig. 1F).

In the post-trial period (d 29 to 56, Met supplementa-
tion), compared with Met-deficiency group, the ADG, 
ADFI and F/G (Fig. 2A) in Met-rescue group were signifi-
cantly increased (P < 0.05). The concentrations of Met and 
SAM in the dorsal skin and serum of the Met-rescue group 
recovered (P > 0.05) to the levels of the control group 
(Fig. 2B). The feather length of capital-cervical, dorsopel-
vic, pectoral and humeral-alar (Fig.  2C) was significantly 
increased (P < 0.05) after Met supplementation, and the 
dorsopelvic feather weight was also significantly increased 
(P < 0.05) (Fig.  2D). In addition, Met-rescue significantly 
increased (P < 0.05) the diameter and length of the feather 
follicles compared with the Met-deficiency (Fig. 2E).

Met‑rescue up‑regulates the expressions of Wnt/β‑catenin 
signaling and mitochondrial PGAM5
Pearson correlation analysis (Fig.  3A) showed that the 
average correlation coefficient between the control 
group and Met-deficiency group was 0.898, the average 
correlation coefficient between the control group and 
Met-rescue group was 0.917, and the average correlation 
coefficient between the Met-deficiency group and Met-
rescue group was 0.881. The principal component analy-
sis (PCA) showed that there was an 88.2% difference in 
PCA1, and a 5% difference in PCA2 (Fig. 3B).

As shown in Fig. 3C, compared with the control group, 
the differential genes in the Met-deficiency group were 
mainly enriched in the AMP metabolic process, SAM 
metabolic process and positive regulation of embryonic 

development. Compared with Met-deficiency group 
(Fig. 3E), the differential genes in Met-rescue group were 
mainly enriched in GTPase regulator activity. Oxidore-
ductase activity, NAD or NADP as acceptor and oxidore-
ductase activity, acting on CH-OH group of donors and 
other GO types. The results suggest that the differen-
tial genes of Met-deficiency are mainly involved in Met 
metabolism and energy metabolism (Fig.  3C). KEGG 
analysis showed that Met-deficiency was differentially 
expressed in Wnt signaling pathway (Fig. 3D). Compared 
with Met-deficiency group, there was no significant dif-
ference in the expression of Wnt signaling pathway in 
Met-rescue group (Fig.  3F), suggesting that Met-defi-
ciency is closely related to Wnt signaling pathway.

As shown in Fig. 3G, Met-deficiency increased (P < 0.05) 
the expression level of Axin1 protein, and decreased 
(P < 0.05) the expression levels of Active β-catenin, β-catenin, 
transcription factor 4 (TCF4) and Cyclin D1 proteins. Com-
pared with Met-deficiency group (Fig. 3H), dietary Met res-
cue decreased (P < 0.05) Axin1 protein expression level and 
upregulated the protein expressions of β-catenin, β-catenin 
TCF4 and Cyclin D1 (P < 0.05). Met-deficiency significantly 
decreased (P < 0.05) the expression levels of cytochrome c 
oxidase subunit IV (COX IV) and PGAM5 compared with 
the control group (Fig. 3I). The expression levels of COX IV 
and PGAM5 were up-regulated (P < 0.05) after dietary Met 
supplementation (Fig. 3J).

Met‑rescue increases feather follicle epidermal cell 
proliferation and upregulates Wnt/β‑catenin signaling
As shown in Fig.  4A, supplementation of Met for 24  h 
significantly increased (P < 0.05) the proliferation of 
feather follicle epidermal stem cells. The activity of 

Table 2  Antibodies used for this study

Axin1 Axis inhibition protein 1, CK1 Casein kinase 1, COX IV Cytochrome c oxidase subunit IV, TCF4 Transcription factor 4, PGAM5 Phosphoglycerate mutase 5

Antibody Company Catalog Dilution ratio Species reactivity

Active β-catenin Cell Signaling Technology 8814 1:1,000 (WB) Rabbit

Axin1 Cell Signaling Technology 2087 1:1,000 (WB);
1:100 (IF)

Rabbit

β-Catenin Abcam 16051 1:1,000 (WB);
1:100 (IF)

Rabbit

CK1 Cell Signaling Technology 2655 1:1,000 (WB); Rabbit

COX IV Cell Signaling Technology 4850 1:1,000 (WB);
1:500 (IF)

Rabbit

Cyclin D1 Santa Cruz Biotechnology 8396 1:1,000 (WB) Mouse

PGAM5 Santa Cruz Biotechnology 515880 1:1,000 (WB);
1:500 (IF)

Mouse

TCF4 Santa Cruz Biotechnology 166699 1:1,000 (WB) Mouse

β-Actin Zen BioScience 250136 1:5,000 (WB) Mouse

Goat Anti-Mouse Zen BioScience 511103 1:5,000 (WB) Mouse

Goat Anti-Rabbit Zen BioScience 511203 1:5,000 (WB) Rabbit
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feather follicle epidermal stem cells was significantly 
decreased (P < 0.05) under Met-deficiency for 6, 12 and 
24  h (Fig.  4B). The activity of feather follicle epidermal 
stem cells was significantly increased (P < 0.05) after 24 h 
by Met supplementation following 6 h of Met deficiency.

As shown in Fig.  4C, Met-deficiency for 6  h signifi-
cantly decreased (P < 0.05) the protein expression of 

Active β-catenin, β-catenin and TCF4, and significantly 
increased (P < 0.05) the protein expression of Axin1 in 
feather follicle epidermal stem cells. The protein fluo-
rescence signal of β-catenin in feather follicle epider-
mal stem cells was significantly decreased (P < 0.05), 
and the Axin1 protein fluorescence signal was signifi-
cantly increased (P < 0.05) in Met-deficiency group after 

Fig. 1  Methionine-deficiency reduced growth performance, feather formation and feather follicle development. A Flowchart of animal 
experiment. B Growth performance of broiler chickens in the pre-trial period (n = 6). The results are presented as mean ± SEM, *P < 0.05, the same 
as below. C Methionine and SAM concentration in skin tissue and serum of broiler chickens with methionine-deficiency (n = 12). D and E Feather 
weight (D) and feather length (E) of broiler chickens with methionine-deficiency (n = 12). F Feather follicle development of broiler chickens 
with methionine-deficiency (n = 6). Scale bar at 200 μm. Control, Control group; Met-deficiency, Methionine deficiency group; Met-rescue, 
Methionine supplement group; BW, Body weight; ADG, Average daily gain; ADFI, Average daily feed intake; F/G, Feed to gain ratio; Met, Methionine; 
SAM, S-Adenosylmethionine
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6  h (Fig.  4D). The expression of key proteins in Wnt/β-
catenin signaling pathway in feather follicle epidermal 
stem cells was significantly increased (P < 0.05) by Met 
rescue for 24 h after Met-deficiency (Fig. 4E). In addition, 
Met supplementation up-regulated the expression of 
β-catenin (Fig. 4F) protein fluorescence signal (P < 0.05), 
and decreased the expression of Axin1 (Fig. 4F) protein 
fluorescence signal (P < 0.05).

Met‑rescue repairs mitochondrial distribution 
and dysfunction
Compared with the control group, MTR and DCFH-
DA fluorescence staining showed that mitochondria 
of feather follicle epidermal stem cells were scattered 
and fragmented after Met-deficiency (Fig.  5A), and the 
ROS levels of mitochondria were significantly (P < 0.05) 
increased (Fig.  5C). Compared with the Met-deficiency 

Fig. 2  Methionine-rescue improved growth performance, feather formation and feather follicle development. A Growth performance of broiler 
chickens in the post-trial period (n = 6). B Methionine and SAM concentration in skin tissue and serum of broiler chickens with methionine-rescue 
(n = 12). C and D Feather weight (C) and feather length (D) of broiler chickens with methionine-rescue (n = 12). E Feather follicle development 
of broiler chickens with methionine-rescue (n = 6). Scale bar at 200 μm. Control, Control group; Met-deficiency, Methionine deficiency group; 
Met-rescue, Methionine supplement group; BW, Body weight; ADG, Average daily gain; ADFI, Average daily feed intake; F/G, Feed to gain ratio; Met, 
Methionine; SAM, S-Adenosylmethionine
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group, the mitochondrial distribution was concentrated 
(Fig.  5B), and the ROS levels (Fig.  5E) of mitochondria 
were significantly decreased (P < 0.05) after Met res-
cue. As shown in Fig. 5D, for JC-1 staining, the level of 

mitochondrial membrane potential in feather follicle epi-
dermal stem cells with Met deficiency was significantly 
decreased (P < 0.05) by fluorescence microscopy. Com-
pared with the Met-deficiency group, the mitochondrial 

Fig. 3  Methionine-rescue regulates Wnt/β-catenin pathway and mitochondrial function. A Pearson correlation analysis of whole genes 
in control group, methionine-deficiency group and methionine-rescue group (n = 4). B Principal component analysis of genes in control group, 
methionine deficiency group and methionine-rescue group samples (n = 4). C and D GO enrichment analysis (C) and KEGG enrichment analysis (D) 
of differential genes in dorsal skin tissue of broiler chickens between control group and Met-deficiency group. E and F GO enrichment analysis (E) 
and KEGG enrichment analysis (F) of differential genes in dorsal skin tissue of broiler chickens between Met-deficiency group and Met-rescue group. 
G and I Methionine deficiency (28 d) on the expression of key proteins of Wnt/β-catenin (G) and mitochondria related proteins (I) in the dorsal 
skin of broiler chickens. H and J Methionine deficiency is followed by dietary methionine supplementation, and its influences in key proteins 
of Wnt/β-catenin (H) and mitochondria related proteins (J) in the dorsal skin of broiler chickens. Control, Control group; Met-deficiency, Methionine 
deficiency group; Met-rescue, Methionine supplement group; Axin1, Axis inhibition protein 1; TCF4, Transcription factor 4; COX IV, Cytochrome c 
oxidase subunit IV; PGAM5, Phosphoglycerate mutase 5
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Fig. 4  Methionine-rescue promotes feather follicle epidermal cell proliferation and Wnt/β-catenin pathway. Cell count assay (A) and CCK-8 assay 
(B) were used to detect the effect of methionine deficiency on feather follicle epidermal stem cell proliferation at 6 h, 12 h and 24 h. And the activity 
of feather follicle epidermal stem cells at 6 h, 12 h and 24 h was detected after 6 h of methionine deficiency followed by methionine 
supplementation. After feather follicle epidermal stem cells were deficient in methionine for 6 h, Western blotting (C) detected the expression 
of Wnt/β-catenin key proteins, and immunofluorescence assay (E) detected the expression of Axin1 and β-catenin proteins. D and F After 6 h 
of methionine deficiency and 24 h of treatment, Wnt/β-catenin key proteins, and Axin1 and β-catenin proteins were determined by the same 
method. Scale bar at 100 μm. Control, Control group; Met-deficiency, Methionine deficiency group; Met-rescue, Methionine supplement 
group; CCK8, Cell counting kit 8; Axin1, Axis inhibition protein 1; TCF4, Transcription factor 4; COX IV, Cytochrome c oxidase subunit IV; PGAM5, 
Phosphoglycerate mutase 5
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membrane potential level was significantly increased 
(P < 0.05) by Met supplementation (Fig. 5F).

PGAM5 interacts with Wnt/β‑catenin signaling pathway 
to regulate methionine metabolism and feather follicle 
development
As shown in Fig. 6A and B, compared with the control 
group, Met-deficiency significantly decreased (P < 0.05) 
mitochondrial COX IV and PGAM5 protein expression 
and IF signals in feather follicle epidermal stem cells. 
Compared with the Met-deficiency group, Met rescue 
for 24 h significantly increased (P < 0.05) mitochondrial 
COX IV, PGAM5 protein expression and IF signals in 
feather follicle epidermal stem cells (Fig. 6C and D). The 

results of CO-IP (Fig. 6E) showed that there were bands 
in the expression of PGAM5 and Axin1 proteins in IP 
group, but no bright bands in casein kinase 1 (CK1), 
glycogen synthase kinase 3β (GSK-3β), β-catenin and 
p-β-catenin proteins, indicating that PGAM5 interacts 
with the key protein Axin1 in Wnt/β-catenin signaling 
pathway. There was no interaction with CK1, GSK-3β, 
β-catenin and p-β-catenin.

Discussion
Dietary Met‑rescue promotes growth performance 
and feather follicle development
As the first limiting amino acid for the growth of broiler 
chickens, Met is important for protein synthesis and 
feather development [26]. In addition, since broilers 

Fig. 5  Met-rescue repairs mitochondrial distribution and dysfunction. A and B Mito-Tracker Red fluorescence staining was used to detect 
mitochondrial morphology of feather follicle epidermal stem cells with methionine deficiency for 6 h. C After the feather follicle epidermal stem 
cells were treated with methionine deficiency for 6 h, mitochondrial reactive oxygen species were detected by DCFH-DA fluorescence probe. D 
Mitochondrial membrane potential was detected by JC-1 fluorescence probe. E  and  F The mitochondrial function of feather follicle epidermal 
stem cells supplemented for 24 h after 6 h methionine deficiency was determined by the same method. Scale bar at 100 μm. Control, Control 
group; Met-deficiency, Methionine deficiency group; Met-rescue, Methionine supplement group; ROS, Reactive oxygen species; DCFH-DA, 
2′,7′-Dichlorodihydrofluorescein diacetate
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cannot synthesize enough Met to meet the relative needs 
of organisms for maintenance and growth, Met require-
ments generally rely on dietary Met supplementation. 
Therefore, 0.45% Met content was provided as the con-
trol group to meet the nutritional requirements. Dietary 
amino acid imbalance can alter feed intake and affect 
the intake of essential nutrients. The lack of Met in the 
diet may affect the utilization of nutrients and induce 
disease [27, 28]. It is clear from the present study that 
dietary Met-deficiency significantly reduced the ADG, 
ADFI, and F/G, which were consistent with the results of 
Fagundes et  al. [29]. Met-rescue mitigates this negative 
effect on growth performance, indicating the importance 
of dietary adequate Met levels in production.

Feather growth requires a large number of amino 
acids, which are composed of keratin with highly cross-
linked disulfide bonds of cysteine residues in epidermal 
cells [30]. Due to feather growth needs, broilers have a 
high requirement for cysteine. However, cysteine is a 
non-essential amino acid in the animal diet because the 
animal body can convert excess Met to cysteine. When 
Met enters the organism, it begins its metabolic pathway 
such as the Met cycle, sulfur transfer pathway, or poly-
amine synthesis pathway. Methionine is absorbed into 
the bloodstream and then transported to the skin tissue 
via the blood. In the skin tissue, Met and ATP are syn-
thesized into SAM under the catalysis of methionine 
adenosyltransferase. S-Adenosylmethionine is then con-
verted into homocysteine, and finally, cysteine is pro-
duced under the action of cystathionine β-synthase and 
cystathionine γ-lyase [31]. In the present study, com-
pared with the control group, dietary Met-deficiency 
resulted in significantly lower levels of Met and SAM in 
skin tissue and serum of broiler chickens. As expected, 
Met-rescue resulted in a significant increase in Met and 
SAM in skin tissue and serum. The utilization efficiency 
of Met in feathers accounts for 96%, which indicates that 
Met is mainly converted into cysteine through the sul-
fur transfer pathway for feather growth [32]. The higher 
the proportion of Met in the diet, the higher the flux of 
the corresponding sulfur transfer pathway, which means 

that more Met is converted to cysteine to meet the body’s 
needs. When the methionine/lysine ratio is low in diet, 
the flux through the homocysteine re-methylation path-
way increases, which means that the conversion rate of 
Met to cysteine is reduced [33, 34]. In addition, the extra 
SAM enters the polyamine synthesis pathway as a pro-
pylamine donor to regenerate Met [35]. Therefore, the 
concentration of Met in the diet is directly related to the 
growth and development of poultry feathers. Zeng et al. 
[36] also confirmed that dietary Met deficiency would 
lead to low feather coverage and poor growth of the 
fourth primary feather length of Peking ducks. Consist-
ent with the previous study, the feather length of pec-
toral, dorsopelvic and humeral-alar of broiler chickens 
with dietary Met-deficiency was significantly decreased 
compared with the control group, indicating that dietary 
Met-deficiency leads to poor feather growth.

Met‑rescue improves mitochondrial structure and function
The sulfur-containing amino acid Met is a key metabo-
lite with important effect on translation, epigenetics, 
cell proliferation and various signaling cascades. Feather 
length correlates with the proliferative activity of feather 
follicle epithelial stem cells [37]. Mitochondria play an 
important metabolic function in eukaryotes. Their pri-
mary role is to produce energy in the form of ATP, and 
they are also involved in maintaining the cellular redox 
state, transforming and biosynthesizing metabolites, and 
signal transduction. The results of this study indicated 
that the activity of feather follicle epidermal stem cells 
was significantly reduced and mitochondrial distribution 
was abnormal under Met-deficiency conditions. Impaired 
mitochondrial function, manifested as increased ROS 
concentrations and reduced membrane potential lev-
els, may cause feather follicle epithelial stem cells to fail 
to respond appropriately to key signaling pathways for 
proliferation and differentiation. Moreover, excess ROS 
induces harmful oxidative modification of proteins and 
lipids, affecting key cellular processes involved in energy 
metabolism and protein balance, and disrupting key cel-
lular processes involved in feather follicle development 

(See figure on next page.)
Fig. 6  PGAM5 interacts with Wnt/β-catenin pathway to regulate methionine metabolism and feather follicle development. A and B Western 
blotting and immunofluorescence assay detected the expression of COX IV and PGAM5 in feather follicle epidermal stem cells after 6 h 
of methionine deficiency. C and D After 6 h of methionine deficiency followed by supplementation, the expression of COX IV and PGAM5 in feather 
follicle epidermal stem cells was detected at 24 h using Western blotting and immunofluorescence assay. E The interaction between PGAM5 
and key proteins β-catenin, p-β-catenin, GSK-3β, CK1 and Axin1 of Wnt/β-catenin signaling pathway was detected by co-immunoprecipitation. 
PGAM5 antibody was used as bait and HRP Goat Anti-Mouse IgG was used as negative control. The proteins interacting with the bait proteins were 
precipitated by co-immunoprecipitation. F PGAM5 mediates the activation of Wnt/β-catenin signaling pathway by methionine to regulate feather 
growth in broiler chickens. Scale bar at 100 μm. Control, Control group; Met-deficiency, Methionine deficiency group; Met-rescue, Methionine 
supplement group; COX IV, Cytochrome c Oxidase Subunit IV; PGAM5, Phosphoglycerate mutase 5; CK1, Casein kinase 1; GSK-3β, Glycogen synthase 
kinase 3β; Axin1, Axis inhibition protein 1; TCF4, Transcription factor 4
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Fig. 6  (See legend on previous page.)



Page 13 of 15Zhang et al. Journal of Animal Science and Biotechnology           (2025) 16:35 	

[38]. After 24 h of Met-rescue, the mitochondrial distri-
bution and function of epidermal stem cells in feather 
follicles were restored to the control level. Based on Met 
metabolism and the results of this study, we proposed the 
hypothesis that Met regulates feather growth: the lack of 
Met in the medium will lead to the reduction of SAM, 
in cells, resulting in Met metabolism processes such as 
methylation and polyamine synthesis function obstruc-
tion, resulting in mitochondrial structural function 
abnormalities, which affect the proliferation and differen-
tiation of feather follicle epidermal stem cell.

Mitochondrial key protein PGAM5 activates Wnt/β‑catenin 
signaling pathway in feather follicle epidermal stem cell
PGAM5, a member of the phosphoglycerate mutase 
family, has attracted much attention due to its con-
served PGAM domain, and its ability to phosphorylate 
or dephosphorylate the substrate proteins serine, threo-
nine and histidine [39]. PGAM5 regulates mitochondrial 
biogenesis and mitochondrial phagocytosis by binding 
with proteins to maintain the normal operation of mito-
chondria and cell survival [40, 41]. PGAM5 is localized to 
the mitochondrial outer membrane, where it exhibits the 
capacity to interact with cytoplasmic proteins including 
Bcl-xL, Keap1, and Nrf2 [42, 43]. PGAM5 is regulated by 
various factors in different cellular Met processes, and 
its effects may be completely opposite. On the one hand, 
the amino acid sequence 25–28 of PGAM antagonizes 
the binding of apoptotic protein inhibitors to activated 
capsases, thereby inducing apoptosis. On the other hand, 
PGAM5 interacts with Bcl-xL in amino acid sequence 
125–156, participating in the resistance to apoptosis [42, 
44]. Interestingly, PGAM5 also has the opposite effect on 
the Wnt/β-catenin signaling pathway. Rauschenberger 
et  al. [45] found that the gradient of the Wnt/β-catenin 
signaling pathway that forms the head of Xenopus during 
early embryonic development is controlled by dephos-
phorylation of Dishevelled 2 (Dvl2) through PGAM5 
phosphatase activity. Therefore, PGAM5 is an antagonist 
of Wnt/β-catenin signaling pathway. Bernkopf et al. [46] 
showed that mitochondrial stress induced by carbonyl 
cyanoester 3-chlorophenylzone-stimulated cells leads to 
the release of endogenous PGAM5 into the cytoplasm, 
and β-catenin dephosphorylation, and mitochondrial 
biogenesis. The role of PGAM5 is different. We speculate 
that it may be due to the inconsistent amino acid sites cut 
by PGAM5, thus leading to its participation in different 
cellular metabolic processes.

The transcriptional co-activator effect of the Wnt/β-
catenin pathway depends on Wnt ligand. Wnt ligand 
binds Frizzled/LRP5/6 to form a terpolymer complex, 
and it is aggregated with Dvl to form a signalome for 
cytoplasmic endocytosis. The signalome further forms 

a polyvesicular body in which the destructive complex 
containing the scaffold protein Axin1 is sequestrated and 
phosphorylated. Phosphorylation of β-catenin is blocked 
and escapes its degradation fate to transcribe Wnt tar-
get genes [47]. However, β-catenin activation pathways 
independent of Wnt ligands have also been discovered, 
including RTK signaling pathway, PTEN-CAV1 signal-
ing pathway and platelet globulin pathway, whose essence 
is to stabilize the expression of β-catenin by inhibit-
ing the activity of the destruction complex [48]. Axin1, 
a cytoplasmic scaffold protein that disrupts complexes, 
is a negative regulator of the Wnt/β-catenin signaling 
pathway and a rate-limiting factor of the destruction of 
complexes, and has been found to be a β-catenin activa-
tion pathway independent of Wnt ligands. In hepatocel-
lular carcinoma cell lines, Axin1 functional inactivation 
activated the Wnt/β-catenin signaling pathway [49]. In 
addition, phosphorylated β-catenin accumulated in the 
destruction complex, and the composition of the destruc-
tion complex did not change during Wnt signaling, and it 
was speculated that saturation of the destruction complex 
would stabilize the newly synthesized non-phosphate 
β-catenin in the cytoplasm [50]. The results of this study 
indicate that PGAM5 interacts with Axin1 in feather 
follicle epidermal stem cells, and β-catenin expression 
is correlated with PGAM5. This suggests that PGAM5 
binds to Axin1 to activate the Wnt/β-catenin signal-
ing pathway and stabilize the expression of β-catenin in 
feather follicle epidermal stem cells (Fig. 6F).

Conclusion
This study showed that Met could improve growth per-
formance, promote feather follicle development and 
feather growth of broiler chickens. Axin1 promotes the 
dephosphorylation of β-catenin in the complex, activat-
ing the β-catenin activation pathway independent of Wnt 
ligand, thereby increasing the expression of β-catenin as 
well as increasing the levels of binding complex to inhibit 
the degradation of β-catenin. In this process, mitochon-
drial membrane protein PGAM5 is a binding protein of 
Axin1, and the PGAM5-Axin1 module indirectly medi-
ates the activation of Wnt/β-catenin signal by Met, 
which promotes feather follicle epidermal stem cells 
development.

Abbreviations
ADFI	� Average daily feed intake
ADG	� Average daily gain
ANOVA	� Analysis of variance
Axin1	� Axis inhibition protein 1
BW	� Body weight
CCK8	� Cell counting kit 8
CK1	� Casein kinase 1
CO-IP	� Co-immunoprecipitation
COX IV	� Cytochrome c oxidase subunit IV
DCFH-DA	� 2′,7′-Dichlorodihydrofluorescein diacetate



Page 14 of 15Zhang et al. Journal of Animal Science and Biotechnology           (2025) 16:35 

Dvl	� Dishevelled
F/G	� Feed to gain ratio
FSI	� Fluorescence signal intensity
GSK-3β	� Glycogen synthase kinase 3β
H&E	� Hematoxylin and eosin
Met	� Methionine
MTR	� Mito-Tracker Red
PCA	� Principal component analysis
PGAM5	� Phosphoglycerate mutase 5
ROS	� Reactive oxygen species
SAM	� S-Adenosylmethionine
SEM	� Standard error of the mean
TCF4	� Transcription factor 4
Wnt	� Wingless/Int

Authors’ contributions
SZ designed the experiments, analyzed the data, wrote the manuscript. 
YJC performed the animal experiment and analyzed the data. YXL and YQF 
performed the animal experiment. CQG provided the resources and financial 
support and reviewed the article.

Funding
This work was supported by the National Natural Science Foundation of China 
(32372902), and Guangdong Special Support Program for Young Talents 
(NYQN2024007).

Data availability
All data generated or analyzed during this study are available from the cor-
responding author on request.

Declarations

Ethics approval and consent to participate
The animal experiment of chickens in the study was permitted by the Labora-
tory Animal Center of South China Agricultural University (NO. 2023g032) and 
was performed according to the guidelines established by this committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 16 November 2024   Accepted: 8 February 2025

References
	1.	 Aranberri I, Montes S, Wesoowska E, Rekondo A, Wrzeniewska-tosik K, 

Hans-jürgen G, et al. Improved thermal insulating properties of renew-
able polyol based polyurethane foams reinforced with chicken feathers. 
Polymers-Basel. 2019;11(12):2002.

	2.	 Mcnamara ME, Zhang F, Kearns SL, Orr PJ, Foleyz T, Zhou ZH, et al. Fossil-
ized skin reveals coevolution with feathers and metabolism in feathered 
dinosaurs and early birds. Nat Commun. 2018;9:2072.

	3.	 Morrissey KL, Widowski T, Leeson S, Sandilands V, Arnone A, Torrey S. The 
effect of dietary alterations during rearing on feather condition in broiler 
breeder females. Poult Sci. 2014;93(7):1636–43.

	4.	 Jankowski J, Ognik K, Konieczka P, Mikulski D. Effects of different levels 
of arginine and methionine in a high-lysine diet on the immune status, 
performance, and carcass traits of turkeys. Poult Sci. 2020;99(10):4730–40.

	5.	 Wen C, Jiang XY, Ding LR, Wang T, Zhou IM. Effects of dietary methionine 
on growth performance, meat quality and oxidative status of breast 
muscle in fast-and slow-growing broilers. Poult Sci. 2017;96(6):1707–14.

	6.	 Bodin L, Secula A, Chapuis H, Cornuez A, Lessire M, Cobo E, et al. Dietary 
methionine deficiency reduces laying performances of female common 
ducks and impacts traits of interest of their mule ducklings. Poult Sci. 
2019;98(11):5590–600.

	7.	 Jariyahatthakij P, Chomtee B, Poeikhampha T, Loongyai W, Bunchasak C. 
Effects of adding methionine in low-protein diet and subsequently fed 
low-energy diet on productive performance, blood chemical profile, and 
lipid metabolism-related gene expression of broiler chickens. Poult Sci. 
2018;97(6):2021–33.

	8.	 Albrecht LV, Tejeda-muñoz N, De Robertis EM. Cell biology of canonical 
Wnt signaling. Annu Rev Cell Dev Biol. 2021;37(1):369–89.

	9.	 Eubelen M, Bostaille N, Cabochette P, Gauquier A, Tebabi P, Dumitru AC, 
et al. A molecular mechanism for Wnt ligand-specific signaling. Science. 
2018;361(6403):eaat1178.

	10.	 Rim EY, Clevers H, Nusse R. The Wnt pathway: from signaling mechanisms 
to synthetic modulators. Annu Rev Biochem. 2022;91:571–98.

	11.	 Chen CK, Chang YM, Jiang TX, Yue Z, Liu TY, Lu J, et al. Conserved regula-
tory switches for the transition from natal down to juvenile feather in 
birds. Nat Commun. 2024;15:4174.

	12.	 Zhang B, Chen T. Local and systemic mechanisms that control the hair 
follicle stem cell niche. Nat Rev Mol Cell Bio. 2024;25(2):87–100.

	13.	 Harshuk-shabso S, Dressler H, Niehrs C, Aamar E, Enshell-seijffers D. Fgf 
and Wnt signaling interaction in the mesenchymal niche regulates the 
murine hair cycle clock. Nat Commun. 2020;11:5114.

	14.	 Hawkshaw NJ, Hardman JA, Alam M, Jimenez F, Paus R. Deciphering the 
molecular morphology of the human hair cycle: Wnt signalling during 
the telogen–anagen transformation. Br J Dermatol. 2020;182(5):1184–93.

	15.	 Cheng D, Yan X, Qiu G, Zhang J, Wang HW, Feng TT, et al. Contraction of 
basal filopodia controls periodic feather branching via Notch and FGF 
signaling. Nat Commun. 2018;9:1345.

	16.	 Xie WY, Chen MJ, Jiang SG, Yan HC, Wang XQ, Gao CQ. The Wnt/β-catenin 
signaling pathway is involved in regulating feather growth of embryonic 
chicks. Poult Sci. 2020;99(5):2315–23.

	17.	 Shyer AE, Rodrigues AR, Schroeder GG, Kassianidou E, Kumar S, Harland 
RM. Emergent cellular self-organization and mechanosensation initiate 
follicle pattern in the avian skin. Science. 2017;357(6353):811–5.

	18.	 Wang SH, Wang YD, Hu XM, Zhou YX, Yang YZ, Hou JH, et al. Dermal 
FOXO3 activity in response to Wnt/β-catenin signaling is required for 
feather follicle development of goose embryos (Anser cygnoides). Poult 
Sci. 2024;103(3):103424.

	19.	 Chen MJ, Xie WY, Pan NX, Wang XQ, Yan HC, Gao CQ. Methionine 
improves feather follicle development in chick embryos by activating 
Wnt/β-catenin signaling. Poult Sci. 2020;99(9):4479–87.

	20.	 Balatskyi VV, Sowka A, Dobrzyn P, Pivem OO. WNT/β-catenin pathway is a 
key regulator of cardiac function and energetic metabolism. Acta Physiol. 
2023;237(3):e13912.

	21.	 Yoon JC, Ng A, Kim BH, Bianco A, Xavier RJ, Elledge SJ. Wnt signaling 
regulates mitochondrial physiology and insulin sensitivity. Genes Dev. 
2010;24(14):1507–18.

	22.	 Hamanaka RB, Glasauer A, Hoover P, Yang S, Blatt H, Mullen AR, et al. 
Mitochondrial reactive oxygen species promote epidermal differentiation 
and hair follicle developmen. Sci Signal. 2013;6(261):ra8.

	23.	 Zhang BY, Liu Q, Wen W, Gao H, Wei W, Tang A, et al. The chromatin 
remodeler CHD6 promotes colorectal cancer development by regulating 
TMEM65-mediated mitochondrial dynamics via EGF and Wnt signaling. 
Cell Discov. 2022;8(1):130.

	24.	 Chen MJ, Zhou JY, Chen YJ, Wang XQ, Yan HC, Gao CQ. The in ovo injec-
tion of methionine improves intestinal cell proliferation and differentia-
tion in chick embryos by activating the JAK2/STAT3 signaling pathway. 
Anim Nutr. 2021;7(4):1031–8.

	25.	 Lin JS, Lai EM. Protein–protein interactions: co-immunoprecipitation. 
Bacter Pro Sec Sys. 2017;1615:211–9.

	26.	 Uddin ME, Van Lingen HJ, Da Silva-pires PG, Batonon-alavo DI, Rouffineau 
F, Kebreab E. Evaluating growth response of broiler chickens fed diets 
supplemented with synthetic DL-methionine or DL-hydroxy methionine: 
a meta-analysis. Poult Sci. 2022;101(5):101762.

	27.	 Ji M, Xu X, Xu Q, Hsiao YC, Martin C, Ukraintseva S, et al. Methionine 
restriction-induced sulfur deficiency impairs antitumour immunity 
partially through gut microbiota. Nat Metab. 2023;5(9):1526–43.

	28.	 Klünemann M, Romero LF, Acman M, Milfort MC, Fuller AL, Rekaya R, et al. 
Multitissue transcriptomics demonstrates the systemic physiology of 
methionine deficiency in broiler chickens. Animal. 2024;18(5):101143.

	29.	 Fagundes NS, Milfort MC, Williams SM, Da Costa MJ, Fuller AL, Menten JF, et al. 
Dietary methionine level alters growth, digestibility, and gene expression of 
amino acid transporters in meat-type chickens. Poult Sci. 2020;99(1):67–75.



Page 15 of 15Zhang et al. Journal of Animal Science and Biotechnology           (2025) 16:35 	

	30.	 Kang D, Shoaie S, Jacquiod S, Sørensen SJ, Ledesma-amaro R. Compara-
tive genomics analysis of keratin-degrading chryseobacterium species 
reveals their keratinolytic potential for secondary metabolite production. 
microorganisms. Microorganisms. 2021;9(5):1042.

	31.	 Zhu J, Berisa M, Schwörer S, Qin W, Cross JR, Thompson CB. Transsulfura-
tion activity can support cell growth upon extracellular cysteine limita-
tion. Cell Metab. 2019;30(5):865–76.

	32.	 Pacheco LG, Sakomura NK, Suzuki RM, Dorigam JCP, Viana GS, Leme BB. 
Efficiency of methionine and cystine utilization by broiler chickens using 
stable isotopes. J of Anim An N. 2019;104(1):224–9.

	33.	 Suzuki RM, Pacheco LG, Dorigamp JCP, Denadai JC, Viana, GS Varella HR, 
et al. Stable isotopes to study sulfur amino acid utilization in broilers. 
Animal. 2020;14(S2):s286–293.

	34.	 Parkhitko AA, Jouandin P, Moh SE, Perrimon N. Methionine metabolism 
and methyltransferases in the regulation of aging and lifespan extension 
across species. Aging Cell. 2019;18(6):e13034.

	35.	 Pegg AE. Functions of polyamines in mammals. J Biolo Chem. 
2016;291(29):14904–12.

	36.	 Zeng QF, Zhang Q, Chen X, Doster A, Murdoch R, Makagon M, et al. Effect 
of dietary methionine content on growth performance, carcass traits, 
and feather growth of Pekin duck from 15 to 35 days of age. Poult Sci. 
2015;94(7):1592–9.

	37.	 Millar SE. Hox in the niche controls hairy-geneity. Cell Stem Cell. 
2018;23(4):457–8.

	38.	 Castiglione GM, Xu Z, Zhou L, Duh EJ. Adaptation of the master antioxi-
dant response connects metabolism, lifespan and feather development 
pathways in birds. Nat Commun. 2020;11:2476.

	39.	 Ruiz K, Thaker TM, Agnew C, Miller-vedam L, Trenker R, Herrera C, et al. 
Functional role of PGAM5 multimeric assemblies and their polymeriza-
tion into filaments. Nat Commun. 2019;10:531.

	40.	 Sugo M, Kimura H, Arasaki K, Amemiya T, Hirota N, Dohmae N, et al. Syn-
taxin 17 regulates the localization and function of PGAM5 in mitochon-
drial division and mitophagy. Embo J. 2018;37(21):e98899.

	41.	 Yu B, Ma J, Li J, Wang DZ, Wang SS. Mitochondrial phosphatase PGAM5 
modulates cellular senescence by regulating mitochondrial dynamics. 
Nat Commun. 2020;11:2549.

	42.	 Ma K, Zhang Z, Chang R, Cheng H, Mu C, Zhao T, et al. Dynamic PGAM5 
multimers dephosphorylate BCL-xL or FUNDC1 to regulate mitochondrial 
and cellular fate. Cell Death Differ. 2020;27(3):1036–51.

	43.	 Oikawa D, Gi M, Kosako H, Shimizu K, Takahashi H, Shiota M, et al. OTUD1 
deubiquitinase regulates NF-κB-and KEAP1-mediated inflammatory 
responses and reactive oxygen species-associated cell death pathways. 
Cell Death Dis. 2022;13(8):694.

	44.	 Zhuang M, Guan S, Wang H, Burlingame AL, Wells JA. Ubstrates of IAP 
Ubiquitin Ligases Identified with a Designed Orthogonal E3 Ligase, the 
NEDDylator. Mol Cell. 2013;49(2):273–82.

	45.	 Rauschenberger V, Bernkopf DB, Krenn S, Jalal K, Heller J, Behrens J, 
et al. The phosphatase Pgam5 antagonizes Wnt/β-Catenin signal-
ing in embryonic anterior-posterior axis patterning. Development. 
2017;144(12):2234–47.

	46.	 Bernkopf DB, Jalal K, Brückner M, Knaup KX, Gentzel M, Schambony A, 
et al. J Pgam5 released from damaged mitochondria induces mitochon-
drial biogenesis via Wnt signaling. J Cell Biol. 2018;217(4):1383–94.

	47.	 Acebron SP, Niehrs C. β-catenin-independent roles of Wnt/LRP6 signaling. 
Trends Cell Biol. 2016;26(12):956–67.

	48.	 Aktary Z, Bertrand JU, Larue L. The WNT-less wonder: WNT-independent 
β-catenin signaling. Pigm Cell Melanoma R. 2016;29(5):524–40.

	49.	 Abitbol S, Dahmani R, Coulouarn C, Ragazzon B, Mlecnik B, Senni N, et al. 
AXIN deficiency in human and mouse hepatocytes induces hepato-
cellular carcinoma in the absence of β-catenin activation. J Hepatol. 
2018;68(6):1203–13.

	50.	 Li VS, Ng SS, Boersema PJ, Low TY, Karthaus WR, Gerlach JP, et al. Wnt 
Signaling through inhibition of β-catenin degradation in an intact Axin1 
complex. Cell. 2012;149(6):1245–56.


	Mitochondrial PGAM5 modulates methionine metabolism and feather follicle development by targeting Wntβ-catenin signaling pathway in broiler chickens
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Animal experiment
	Feather follicle epithelial stem cell isolate and culture
	Sample collection and preparation
	Determination of methionine and S-adenosylmethionine concentrations
	Hematoxylin and eosin (H&E) and immunofluorescence (IF) staining
	Cell activity and reactive oxygen species (ROS) concentration
	Mitochondrial structure and function
	RNA sequencing
	Western blotting
	Cell co-immunoprecipitation
	Statistical analysis

	Results
	Methionine promotes growth performance and feather follicle development of broiler chickens
	Met-rescue up-regulates the expressions of Wntβ-catenin signaling and mitochondrial PGAM5
	Met-rescue increases feather follicle epidermal cell proliferation and upregulates Wntβ-catenin signaling
	Met-rescue repairs mitochondrial distribution and dysfunction
	PGAM5 interacts with Wntβ-catenin signaling pathway to regulate methionine metabolism and feather follicle development

	Discussion
	Dietary Met-rescue promotes growth performance and feather follicle development
	Met-rescue improves mitochondrial structure and function
	Mitochondrial key protein PGAM5 activates Wntβ-catenin signaling pathway in feather follicle epidermal stem cell

	Conclusion
	References


