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a b s t r a c t

Dietary threonine (Thr) deficiency enhances triglyceride (TG) deposition in the liver of Pekin ducks,
which injures hepatic function and impairs growth performance. However, the underlying molecular
mechanisms remain unclear. In the present study, we investigated the effects of dietary Thr deficiency on
the expressions of proteins and phosphoproteins in liver of Pekin ducks, to identify the underlying
molecular changes. A total of 300 one-day-old ducklings were divided into 3 groups with 10 replicates of
10 birds. All ducks were fed corn-wheat-peanut meal diets containing 0.46%, 0.71%, and 0.96% Thr,
respectively, from 1 to 21 days of age. Growth performance, serum parameters, hepatic TG content, and
expression of genes involved in lipid metabolism of Pekin ducks were determined. A Thr deficiency group
(Thr-D, 0.46% Thr) and a Thr sufficiency group (Thr-S, 0.71% Thr) were selected for subsequent proteomic
and phosphoproteomic analysis. The results showed that Thr-D reduced the growth performance
(P < 0.001), and increased the plasma concentrations of cholesterol, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, and hepatic TG (P < 0.05). Thr-D increased gene expression related
to fatty acid and TG synthesis (P < 0.05). A total of 176 proteins and 259 phosphosites (containing 198
phosphoproteins) were observed to be differentially expressed as a result of Thr-D. The upregulated
proteins were enriched in the pathway related to amino acid metabolism, peroxisome. The down-
regulated proteins were enriched in linolenic and arachidonic acid metabolism, and the Janus kinase-
signal transducer and activator of transcription (JAK-STAT) signaling pathway. The upregulated phos-
phoproteins were enriched in the pathways related to fatty acid biosynthesis, fructose and mannose
metabolism, and glycolysis/gluconeogenesis. Thr-D reduced the phosphorylation of STAT1 at S729 and
STAT3 at S728, and expression of STAT5B. In contrast, Thr-D increased non-receptor tyrosine-protein
kinase (TYK2) expression and STAT1 phosphorylation at S649. Taken together, dietary Thr-D increased
hepatic TG accumulation by upregulating the expression of genes and proteins, and phosphoproteins
related to fatty acid and triglyceride synthesis. Furthermore, these processes might be regulated by the
JAK-STAT signaling pathway, especially the phosphorylation of STAT1 and STAT3.
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1. Introduction

As a limiting amino acid, threonine (Thr) plays a major role in
lots of metabolic processes in humans and poultry (Kidd and Kerr,
1996). The symptoms of experimental animals resulting from di-
etary Thr deficiency (Thr-D) are anorexia, excessive energy con-
sumption, impaired immunity, and growth inhibition (Jiang et al.,
2016; Ross-Inta et al., 2009; Xie et al., 2014; Zhang et al., 2016).
Previous studies indicated that dietary Thr-D leads to lipid accu-
mulation in the liver in rats (Methfessel et al., 1964), and also ele-
vates fat concentration of breast muscle and whole body in broilers
(Ciftci and Ceylan, 2004; Rangel-Lugo et al., 1994). Recently, we had
testified that dietary Thr deficiency elevates triglyceride content in
the liver and decreases abdominal fat percentage in ducks (Jiang
et al., 2017, 2019a, 2019b, 2020).

Lipid deposition in the liver is a complicated process, and it is
unclear how Thr is regulated in the processes. Previous research
found that Thr deficiency increases lipid deposition in the liver via
reducing lipid catabolism and increasing lipid synthesis pathways
(Methfessel et al., 1964). Indeed, we reported that several genes in
the liver involved in lipid uptake and fatty acid synthesis are upre-
gulated by dietary Thr-D in Pekin ducks (Jiang et al., 2019a).
Furthermore, hepatic transcriptomics analysis revealed that 1,125
genes differentially expressed in Pekin ducks are caused by dietary
Thr deficiency, and demonstrated that dietary Thr deficiency upre-
gulates the expression of genes involved in fatty acid and triglycer-
ide synthesis, and downregulates the expression of genes involved
in degradation of fatty acids and triglycerides (Jiang et al., 2019b).
However, the molecular mechanism underlying post-translational
regulation of Thr in hepatic lipid metabolism in Pekin ducks is less
well understood both quantitatively and qualitatively.

Proteomics and phosphoproteomic analysis are useful technolo-
gies with which to explore the key proteins involved in regulating
metabolic pathways influenced by specific nutrients or other dietary
factors (Ardito et al., 2017; Wang et al., 2006). Transcriptome and
proteome analysis clarified the genes and proteins related to the
pathway that increases hepatic lipid deposition in rat induced by zinc
deficiency (Dieck et al., 2005). Phosphoproteomic identified phos-
phorylation sites related to increased lipid metabolism in adipose
tissue in dairy cows fed diets with conjugated linoleic acid (Daddam
et al., 2021). Thus, proteomics and phosphoproteomic technologies
could comprehensively can protein expressions and protein phos-
phorylation data, which would help to increase understanding of
hepatic lipid deposition induced by dietary Thr deficiency.

Therefore, the current study was executed to elucidate the he-
patic protein and phosphoprotein expressions in the liver of Pekin
ducks fed with Thr deficient diets by applying proteomics and
phosphoproteomic technology to elucidate the potential molecular
alterations related to hepatic lipid accumulation caused by Thr
deficiency.

2. Materials and methods

2.1. Animal ethics statement

The experimental procedures were approved by the Animal
Management Committee (in charge of animal welfare issues) of the
Institute of Animal Science, Chinese Academy of Agricultural Sci-
ences (IAS 2020-113).

2.2. Animals and experimental design

A total of 300 male Pekin ducks (1 day old) were randomly
distributed to 3 treatments (10 replicate cages with 10 ducklings/
cage). All the experimental ducks were fed a basal diet (Table 1) or

the basal diet with addition of 0.25% and 0.50% Thr from 1 to 21
days of age. The basal diet was prepared to meet the requirements
of Pekin ducks according to the National Research Council
(NRC, 1994). The experimental birds were housed in cages
(200 cm � 100 cm � 40 cm) with wire floors. Feed and water were
accessed freely. The dietary Thr concentrations were 0.41% (Thr
deficiency, Thr-D), 0.66% (Thr sufficiency, Thr-S), and 0.91% (Thr
excess, Thr-E) by calculation.

2.3. Sample collection and preparation

At 21 days of age, the weight of the bird and surplus diet was
measured after 12 h fasting to calculate the average body weight of
animals in each cage for each treatment. Then 3 ducks were selected
from each pen and blood was collected from the jugular vein into a
heparinized syringe. The plasma was separated from the blood by
centrifuging at 1,000� g for 15min, andwas frozen at�20 �C. The 3
selected ducks were euthanized by CO2 inhalation. Liver was
separated and frozen in liquid nitrogen, and another part of the liver
was frozen at�20 �C. The other 4 birds fedwith 0.46% Thr and 0.71%
Thr were euthanized by CO2 inhalation and liver samples were
collected for phosphoproteomic and proteomics analysis.

2.4. Plasma parameters

Plasma indicators, such as low-density lipoprotein cholesterol
(LDLC), triglycerides (TG), high-density lipoprotein cholesterol
(HDLC) and total cholesterol, were detected by an automatic ana-
lyser (Hitachi 7080, Tokyo, Japan) according to the protocol of a
commercial kit (Maccura, Sichuang, China).

2.5. Hepatic triglycerides

The hepatic TG concentrations were detected according to the
instructions of commercial kits (Nanjing Jiangcheng Bioengineering
institute, NanJing, China).

Table 1
Composition and nutrient levels of the basal diet for Pekin ducks from 1 to 21 days of
age (%, as fed basis).

Ingredients Content Nutrient levels1 Content

Corn 24.8 Metabolizable energy, kcal/kg 2918
Peanut meal 20.0 Crude protein 19.87
Wheat 48.5 Lysine 1.14
Dicalcium phosphate 1.85 Methionine 0.48
Limestone 1.13 Methionine þ Cysteine 0.72
Salt 0.30 Tryptophan 0.24
Methionine 0.23 Arginine 1.38
Tryptophan 0.06 Threonine 0.41
Lysine 0.66 Valine 0.76
Valine 0.12 Isoleucine 0.64
Isoleucine 0.11 Calcium 0.90
Corn starch þ Thr2 0.30 Total phosphorus 0.68
Premix3 0.50 Nonphytate phosphorus 0.45
Total 100

1 These values are as formulated.
2 Crystalline threonine supplements added in place of equivalent weights of corn

starch.
3 Supplied per kilogram of total diet: Cu (CuSO4�5H2O), 10 mg; Fe (FeSO4�7H2O),

60 mg; Zn (ZnO), 60 mg; Mn (MnSO4�H2O), 80 mg; Se (NaSeO3), 0.3 mg; I (KI),
0.2 mg; choline chloride, 750 mg; vitamin A (retinyl acetate), 8,000 IU; vitamin D3

(cholecalciferol), 3,000 IU; vitamin E (DL-a-tocopheryl acetate), 20 IU; vitamin K3

(menadione sodium bisulphate), 2 mg; thiamine (thiamine mononitrate), 1.5 mg;
riboflavin, 4 mg; pyridoxine hydrochloride, 3 mg; cobalamin, 0.02 mg; calcium-D-
pantothenate, 10 mg; nicotinic acid, 50 mg; folic acid, 1 mg; and biotin, 0.15 mg.
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2.6. RNA isolation and qPCR

RNA isolation, reverse transcription, and quantitative PCR (qPCR)
were conducted according to the protocol of commercial kits (Code
no. 9109, RR036A, RR820A, TaKaRa, DaLian, China). Briefly, 0.5 mg of
total RNAwas used to synthesize cDNA according to instructions. The
mRNA abundance of target genes was determined by performing
qPCR, with b-actin used as a housekeeping gene, and was calculated
with the method of 2-△△Ct reported by a previous reference (Livak
and Schmittgen, 2001). Primers are listed in Table S1.

2.7. Analysis of proteomics and phosphoproteomic in liver

Eight samples (4 biological replicates per group) from the 0.46%
Thr and 0.71% Thr groups were used for proteomics and phos-
phoproteomic analysis according to the description of a previous
study(Li et al., 2020). Briefly, the sample was ground into cell
powder under liquid nitrogen, and dissolved in lysis buffer with 4
volumes of powder (8 M urea, 1% phosphatase inhibitors, 1% Pro-
tease Inhibitor Cocktail). Then the solution was centrifuged at
12,000 � g at 4 �C for 10 min, and gathered for further analysis.
Then the supernatant was precipitated with cold 20% trichloro-
acetic acid (TCA) for 2 h at �20 �C, and washed with cold acetone 3
times. The volume of solutionwas decreased in 5mM dithiothreitol
at 56 �C for 30 min, and alkylated in 11 mM iodoacetamide for
15 min in darkness. The sediment was then diluted with 100 mM
TEAB, and added trypsin (1:50 trypsin-to-protein mass ratio) for
digestion overnight, and then was digested for 4 h again in 1:100
trypsin-to-protein mass ratio.

The peptide sediment was resuspended in 0.5 M TEAB buffer
and labelled using TMT Mass Tag Labeling kits according to the
protocol (Thermo Scientifc). The tryptic peptides were fractionated

Table 2
Effects of dietary threonine levels on growth performance of ducks from 1 to 21 days
of age.

Item Low Middle High Pooled SEM P-value

Body weight, g 611.89b 1,362.99a 1,352.67a 25.51 <0.001
Weight gain, g/d 26.42b 62.20a 61.71a 1.02 <0.001
Feed intake, g/d 42.53b 90.39a 90.89a 1.62 <0.001
Feed:Gain, g/g 1.61a 1.4b 1.47b 0.03 <0.001

Low ¼ Basal diet without threonine supplementation; Middle ¼ Basal diet supple-
mented with 0.25% threonine; High ¼ Basal diet supplemented with 0.50% threo-
nine.
a, b Mean values with different superscript letters are significantly different
(P < 0.05).

Table 3
Effects of dietary threonine levels on plasma parameters and hepatic TG of ducks at
21 days of age.

Item Low Middle High Pooled SEM P-value

Cholesterol, mg/dL 7.22a 5.42b 5.42b 0.22 <0.001
TG, mM 0.37 0.41 0.41 0.014 >0.05
HDLC, mM 3.68a 2.80b 2.84b 0.063 <0.001
LDLC, mM 1.84a 1.47b 1.37b 0.061 <0.001
Hepatic TG, mmol/gprot 7.84a 6.36b 5.56b 0.48 <0.05

Low ¼ Basal diet without threonine supplementation; Middle ¼ Basal diet supple-
mented with 0.25% threonine; High ¼ Basal diet supplemented with 0.50% threo-
nine; TG ¼ Total triglycerides; HDLC ¼ High-density lipoprotein cholesterol;
LDLC ¼ Low-density lipoprotein cholesterol.
a, b Mean values with different superscript letters are significantly different
(P < 0.05).

Fig. 1. The effects of dietary threonine levels on gene expression in the Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway. Bars with different
superscript letters are significantly different (P < 0.05). STAT1 ¼ Signal transducer and activator of transcription 1; STAT3 ¼ Signal transducer and activator of transcription 3;
STAT5B ¼ Signal transducer and activator of transcription 5B; PDK2 ¼ Pyruvate dehydrogenase kinase 2; TYK2 ¼ Non-receptor tyrosine-protein kinase 2; PDGFRB ¼ Platelet-derived
growth factor receptor beta; ADIPOR ¼ Adiponectin receptor; JAK1 ¼ Janus kinase 1; JAK2 ¼ Janus kinase 2.
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with high pH reverse-phase HPLC with a C18 column (Agilent 300
Extend, 5 mm� 4.6mm� 250mm). Then, the solutions weremixed
into 6 tubes and dried with vacuum centrifuging.

The phosphopeptides were concentrated according to the pro-
tocol of IMAC. Briefly, dried peptides were resuspended with IMAC
microsphere suspensions, and the microsphere were collected by

centrifugation. The IMAC microspheres were washed sequentially
(50% ACN/6% TFA and 30% ACN/0.1% TFA). The concentrated phos-
phopeptides were then collected with elution buffer (10% NH4OH)
and lyophilized, and then dissolved in solvent in 0.1% formic acid
containing 2% acetonitrile. The LC-MS/MS analysis was conducted
as described in a previous study (Li et al., 2020). The MS/MS spectra

Fig. 2. The effects of dietary threonine levels on the expression of genes involved in lipid metabolism. Bars with different superscript letters are significantly different (P < 0.05).
ELOVL2 ¼ Elongation of very long chain fatty acids protein 2; ELOVL7 ¼ Elongation of very long chain fatty acids protein 7; PDK2 ¼ Pyruvate dehydrogenase kinase 2; FABP1 ¼ Fatty
acid-binding protein 1; ACLY ¼ ATP citrate lyase; MPC1 ¼ Mitochondrial pyruvate carrier 1; DGAT2 ¼ Diacylglycerol O-acyltransferase 2; ACAD11 ¼ Acyl-CoA dehydrogenase family
member 11; ACADSB ¼ Acyl-CoA dehydrogenase, short/branched chain; FADS1 ¼ Fatty acid desaturase 1; FADS2 ¼ Fatty acid desaturase 2; FASN ¼ Fatty acid synthase;
PPARa ¼ Peroxisome proliferator activated receptor a; SCD ¼ Stearoyl-CoA desaturase 1; ACACA ¼ Acetyl-CoA carboxylase alpha.

Y. Jiang, Z. Zhuang, W. Jia et al. Animal Nutrition 13 (2023) 249e260

252



were searched with Maxquant search engine (v.1.5.2.8). The search
and bioinformatic analysis was conducted as per the description of
a previous study (Li et al., 2020).

2.8. Statistical analysis

Data was analysed using SAS 9.4 with a general linear model.
Statistical significance of means was assessed with Duncan's
method. P < 0.05 was considered statistically significant.

3. Results

3.1. Growth performance

The dietary Thr level affected the growth performance of ducks
(Table 2). Compared to Thr-S, Thr-D reduced the body weight (BW),
weight gain (WG), feed intake (FI), and feed to gain ratio (F:G) of
Pekin ducks (P < 0.001). However, Thr-E level had no influence on
BW, WG, FI, and F:G of Pekin ducks (P > 0.05).

Fig. 3. Proteomic analysis between a threonine deficiency group (Thr-D, 0.46% Thr) and a threonine sufficiency group (Thr-S, 0.71% Thr). (A) Boxplot of quantitative RSD distribution
of proteins between repeated samples. (B) The principal component analysis. (C) Volcano map of the differential proteins identified by proteomics analysis. (D) The number of
differentially expressed proteins by proteomics analysis.
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Fig. 4. Phosphoproteomic analysis between a threonine deficiency group (Thr-D, 0.46% Thr) and a threonine sufficiency group (Thr-S, 0.71% Thr). (A) Boxplot of quantitative RSD
distribution of phosphosites between repeated samples. (B) The principal component analysis. (C) Volcano map of the differential phosphosites by phosphoproteomic analysis. (D)
The number of differential phosphosites and expressed phosphoproteins identified by phosphoproteomic analysis. (E) Distribution of the number of different amino acid modi-
fication sites identified. (F) Subcellular localization charts of differentially expressed phosphoproteins.
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3.2. Serum parameters and hepatic lipid

Dietary Thr-D elevated the concentrations of cholesterol, LDLC
and HDLC in serum (Table 3, P < 0.001) and hepatic TG content.
However, Thr-E had no influence on cholesterol, LDLC and HDLC
concentrations in serum. Dietary Thr level had no influence on TG
concentration in serum.

3.3. Hepatic gene expression

Dietary Thr-D increased the mRNA expression of signal trans-
ducer and activator of transcription 1 (STAT1) mRNA, non-receptor
tyrosine-protein kinase (TYK2), platelet-derived growth factor re-
ceptor beta (PDGFRB), and adiponectin receptor (ADIPOR) (Fig. 1,
P < 0.05), and reduced STAT3 mRNA expression. Thr-E reduced
STAT3 mRNA expression (P < 0.05), and increased PDGFRB mRNA
expression (P < 0.05). Dietary Thr levels had no influence on the
mRNA expression of Janus kinase 1 (JAK1), JAK2, and vascular
endothelial growth factor C (VEGFC).

Dietary Thr-D increased the mRNA expression of elongation of
very long chain fatty acid protein 2 (ELOVL2), ELOVL7, fatty acid-
binding protein 1 (FABP1), pyruvate dehydrogenase kinase (PDK),
acetyl-CoA carboxylase alpha (ACACA), fatty acid synthase (FASN),
peroxisome proliferator activated receptor a (PPARa), diacylglycerol
O-acyltransferase 2 (DGAT2), ATP citrate lyase (ACLY), and mito-
chondrial pyruvate carrier 1 (MPC1) (Fig. 2, P < 0.05). Thr-E
increased FASN mRNA expression (P < 0.05), and had no influence
on mRNA expression of ELOVL2, ELOVL7, FABP1, PDK, ACACA, PPARa,
DGAT2, ACLY, and MPC1. Dietary Thr levels did not affect the mRNA
expression of fatty acid desaturase 1 (FADS1), FADS2, stearoyl-CoA
desaturase 1 (SCD1), acyl-CoA dehydrogenase, short/branched
chain (ACADSB), and acyl-CoA dehydrogenase family member 11
(ACAD11).

3.4. Proteomic and phosphoproteomic analysis

The relative standard deviation (RSD) of media intra-group for
proteomicswas lower than 0.1 for the 4 biological replicate samples
from the Thr-D group and Thr-S group (Fig. 3A), and PCA analysis
showed a difference between Thr-D and Thr-S groups (Fig. 3B),
indicating high reproducibility of the 4 repeated samples between
the two groups. A total of 5,005 proteins were identified in the
experiments. A total of 4,754 proteins was quantified, of which 176
were significantly altered (ratio change >1.3 in either direction and
P-value < 0.05) by Thr-D (Fig. 3C), of which 102 differential
expression proteins (DEP) were upregulated, and 74 DEP were
downregulated (Fig. 3D).

The media intra-group RSD for phosphoproteomic was similar
between the Thr-D and Thr-S groups (Fig. 4A). PCA analysis showed
a difference between the Thr-D and Thr-S groups (Fig. 4B). The
results indicated high reproducibility of the 4 repeated samples
between both groups. Meanwhile, a total of 6,347 quantified sites
were identified and 1,896 phosphoproteins were quantified within
the eight samples. Moreover, a total of 259 phosphosites showed a
significant difference (ratio change >1.3 in either direction and P-
value < 0.05) between the Thr-D and Thr-S groups (Fig. 4C and D),
including 232 phospho-serine (100 downregulated sites, 132
upregulated sites), 24 phosphothreonine (11 downregulated sites,
13 upregulated sites), and 3 upregulated phospho-tyrosine sites
(Fig. 4E). A total of 198 phosphoproteins were found to be signifi-
cantly different (ratio change >1.3 in either direction and P-
value < 0.05), of which 116 were upregulated and 82 were down-
regulated (Fig. 4D). More differential expression phosphorylated
proteins (DEPP) contained one or two phosphorylation sites, but a
small number of proteins were phosphorylated in up to 15 sites.
The DEPPweremainly distributed in the nucleus, mitochondria and
cytoplasm (Fig. 4F).

Fig. 5. Relative position-specific amino acid frequencies around serine/threonine-phosphorylated sites.
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3.5. Conserved sequence motif

The phosphosites were subjected to motif-X software for
conserved sequence analysis. There were 113 enriched motifs, of
which 7 phosphoserine motifs and 6 phosphothreonine motifs
were highly enriched motifs (fold increase >15). The motifs of [SD],
[TD] and [TP] were frequently occurred in the present study. The
number of phosphoserine motifs was higher than that of phos-
phothreonine motifs. The fold increases in motifs [SDDD] and [TPP]
were as high as 24.1 and 24.7, respectively (Fig. 5).

3.6. KEGG analysis

KEGG pathway analysis indicated that all DEP were mainly
grouped into 18 functional classes (Fig. 6A), such as “linolenic acid

metabolism”, “steroid hormone biosynthesis”, “ABC transporters”,
“glycine, serine, and Thr metabolism”, “arachidonic acid meta-
bolism”, “biosynthesis of amino acids”, “Glutathione metabolism”

and “aminoacyl-tRNA biosynthesis”. All the differentially expressed
phosphoproteins were grouped into 14 functional classes (Fig. 6B),
such as “fatty acid biosynthesis”, “ABC transporter”, “peroxisome”,
“fatty acid metabolism”, “parathyroid hormone synthesis, secretion
and action” and “insulin signalling pathway”. Protein functional
analysis showed proteins PDK, uccinyl-CoA:3-ketoacid coenzyme A
transferase 1 (OXCT1) and ACLY were downregulated, and MPC1,
ELOVL2, FABP1 and TYK2 were upregulated by Thr-D (Table 4).

All the differentially expressed protein and phosphoproteins in
the present study were classified into 4 categories (Fig. 7A and B):
Q1 (0 < ratio < 0.67), Q2 (0.67 < ratio < 0.77), Q3 (1.3 < ratio < 1.5)
and Q4 (ratio > 1.5) according to a previous method (Li et al., 2020).

Fig. 6. Analysis of KEGG pathway enrichment of differential expressed proteins (A) and phosphoproteins (B).
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Functional analysis of all DEP showed “glycine, serine, and Thr
metabolism”, “peroxisome”, “aminoacyl-tRNA biosynthesis”,
“biosynthesis of amino acids”, “ABC transporter” and “steroid hor-
mone biosynthesis” were upregulated pathways (Fig. 7C). The
cluster “linolenic acid metabolism”, “arachidonic acid metabolism”,
“JAK-STAT signaling pathway” and “glutathione metabolism” were
downregulated pathways (Fig. 7C). Functional analysis of all quan-
tified phosphoproteins showed “fructose and mannose meta-
bolism”, “fatty acid biosynthesis”, “ABC transporter”, “glycolysis/
gluconeogenesis”, “insulin signalling pathway” and “apoptosis-fly”
were upregulated pathways (Fig. 7D). The cluster “peroxisome” and
“insulin resistance” were downregulated pathways (Fig. 7D). Thr-D
increased the phosphorylation of glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), putative hexokinase (HK), malate dehydro-
genase (MDH1), FASN, long-chain-fatty-acid-CoA ligase 5 (ACSL) and
peroxisomal acyl-coenzyme A oxidase 2 (ACOX2), and reduced the
phosphorylation of insulin receptor substrate 2 (IRS2), STAT1, and
STAT3 (Table 4).

4. Discussion

Thr is a limiting amino acid for animals, and plays a crucial role
in lipid deposition. Thr supplementation reduced the epididymal
and perirenal fat pad weights in fat mice induced by a high-fat diet
(Ma et al., 2020). Recent studies showed that dietary Thr-D
increased the TG content in the liver of Pekin ducks (Jiang et al.,
2017, 2019a, 2019b, 2020), which was confirmed in the present
study. A previous study of transcriptomic analysis indicated that

dietary Thr-D increased the gene expressions involved in fatty acid
and TG synthesis, and reduced the gene expressions involved in
fatty acid oxidation and TG transport (Jiang et al., 2019b), which
results in hepatic triglyceride accumulation. In this study, we
identified candidate phosphoproteins and proteins that regulate
hepatic TG accumulation during dietary Thr deficiency.

In the present study, a total of 198 phosphoproteins and 176
proteins were differentially expressed between the Thr deficiency
group and Thr sufficiency group. One hundred and sixteen phos-
phoproteins and 102 proteins were upregulated, and 82 phospho-
proteins and 74 proteins were downregulated by dietary Thr
deficiency. These differentially expressed phosphoproteins and
proteins were found to affect glycolysis/gluconeogenesis, fatty acid
synthesis, and energy metabolism. Phosphoglucomutase (PGM)
catalyses the conversion of glucose-1-phosphate (glucose-1-P) to
glucose-6-P (Lee et al., 2014). HK catalyses hexose (such as glucose,
fructose) phosphorylation to generate hexose-6-phosphate (hex-
ose-6-P) (Magnani et al., 1992), which is the initial step of glycol-
ysis. Glucose-6-P is catalysed to produce fructose-6-P by glucose-6-
phosphate isomerase (Mojzikova et al., 2018), and then generate
fructose-1,6-P catalysed by phosphofructokinase (Yi et al., 2012).
Fructose-Bisphosphatase (FBP) catalyses the hydrolysis of fructose
1,6-bisphosphate to fructose 6-phosphate in the presence of diva-
lent cations (Zarzycki et al., 2007), which is a rate-limiting enzyme
in gluconeogenesis. GAPDH is a vital enzyme that catalyses the first
step of the glycolysis pathway (Mustafa et al., 2009). The products
of glycrol-3-P and acetyl-CoA from glycolysis are the precursor of
lipogenesis. MPC1 Mediates the uptake of pyruvate from the

Table 4
Differentially expressed proteins or phosphoproteins involved in lipid metabolism caused by threonine deficiency in ducks on day 21.

Item Treat/control ratio P-value Annotation

Glycolysis
HK-S479 1.316 < 0.01 Putative hexokinase HKDC1 isoform X2
GAPDH-S23 1.309 < 0.05 Glyceraldehyde-3-phosphate dehydrogenase isoform X2

FBP-Y217 1.395 < 0.05 Fructose-1,6-bisphosphatase
MDH1-S333 1.545 < 0.05 Malate dehydrogenase 1
PDK 0.73 < 0.01 Pyruvate dehydrogenase kinase, isozyme 4
OXCT1 0.749 < 0.05 Uccinyl-coa:3-ketoacid coenzyme A transferase 1
ACLY 0.627 < 0.01 ATP-citrate synthase isoform X1
MPC1 1.309 < 0.05 Mitochondrial pyruvate carrier 1

Lipid metabolism
FASN-S275 1.566 < 0.05 Fatty acid synthase isoform X1
ACSL-S634 1.482 < 0.05 Long-chain-fatty-acid–coa ligase 5
ELOVL2 2.017 < 0.01 Elongation of very long chain fatty acids protein 2
FABP1 1.621 < 0.05 Fatty acid-binding protein 1
CART-S238 0.735 < 0.05 Carnitine O-acetyltransferase
ACACA-S116 1.340 < 0.05 Acetyl-coa carboxylase 1
AACS 0.584 < 0.01 Acetoacetyl-coa synthetase isoform X1
ACOX2-S650 1.500 < 0.01 Peroxisomal acyl-coenzyme A oxidase 2
ACOX2-S657 1.334 < 0.05 Peroxisomal acyl-coenzyme A oxidase 2
ACOX1 0.621 < 0.01 Peroxisomal acyl-coenzyme A oxidase 1 isoform X2

JAK-STAT signalling pathway
IRS2-S957 0.678 < 0.05 Insulin receptor substrate 2
TYK2 1.316 < 0.001 Non-receptor tyrosine-protein kinase
STAT1-S649 1.388 0.05 Signal transducer and activator of transcription 1-alpha/beta
STAT1-S729 0.658 < 0.05 Signal transducer and activator of transcription 1-alpha/beta
STAT3-S728 0.716 < 0.05 Signal transducer and activator of transcription 3
STAT5B 0.768 < 0.05 Signal transducer and activator of transcription 5B
PDGFRB 0.763 < 0.01 Platelet-derived growth factor receptor beta
ADIPOR 1.712 < 0.05 Adiponectin receptor protein 2

JAK-STAT ¼ Janus kinase-signal transducer and activator of transcription; HK-S479 ¼ The phosphorylation of putative hexokinase HKDC1 isoform X2 at serine 479 sites;
GAPDH-S23 ¼ The phosphorylation of glyceraldehyde-3-phosphate dehydrogenase isoform X2 at serine 23 sites; FBP-Y217 ¼ The phosphorylation of fructose-1,6-
bisphosphatase at tyrosine 217 sites; MDH1-S333 ¼ The phosphorylation of malate dehydrogenase 1 at serine 333 sites; FASN-S275 ¼ The phosphorylation of fatty acid
synthase isoform X1 at serine 275 sites; ACSL-S634 ¼ The phosphorylation of long-chain-fatty-acid-coa ligase 5 at serine 634 sites; CART-S238 ¼ The phosphorylation of
carnitine O-acetyltransferase at serine 238 sites; ACACA-S116 ¼ The phosphorylation of acetyl-coa carboxylase 1 at serine 116 sites; ACOX2-S650 ¼ The phosphorylation of
peroxisomal acyl-coenzyme A oxidase 2 at serine 650 sites; ACOX2-S657 ¼ The phosphorylation of peroxisomal acyl-coenzyme A oxidase 2 at serine 657 sites; IRS2-
S957 ¼ The phosphorylation of insulin receptor substrate 2 at serine 957 sites; STAT1-S649 ¼ The phosphorylation of signal transducer and activator of transcription 1-
alpha/beta at serine 649 sites; STAT1-S6729 ¼ The phosphorylation of signal transducer and activator of transcription 1-alpha/beta at serine 726 sites; STAT3-S728 ¼ The
phosphorylation of signal transducer and activator of transcription 3 at serine 729 sites.

Y. Jiang, Z. Zhuang, W. Jia et al. Animal Nutrition 13 (2023) 249e260

257



cytoplasm into the mitochondria (Le et al., 2021), and then is cat-
alysed to generate Acetyl-CoA by pyruvate dehydrogenase complex
(PDHA) (Kato et al., 2008), and thereby links glycolysis to the
tricarboxylic cycle. Pyruvate dehydrogenase kinase inhibits the
activity of PDHA1 and PDHA2, and thereby regulates metabolite
flux through TAC by inhibiting the formation of acetyl-CoA from
pyruvate (McFate et al., 2008). In the previous report, dietary Thr
deficiency increased the mRNA expression of hexokinase domain
containing 1 (HKDC1) and enolase 2 (ENO2) participating in
glycolysis (Jiang et al., 2019b). Dietary methionine deficiency
reduced the expression of GAPDH and FBP in the liver of Pekin
ducks (Wu et al., 2022). In present experiment, dietary Thr defi-
ciency increased MPC1 expression, and phosphorylation of HK,
GAPDH and FBP. However, dietary Thr deficiency reduced PDK
protein expression. These results indicated that glycolysis was
enhanced and produced more acetyl-CoA for fatty acid synthesis.

The acetyl-CoA produced in mitochondria is transported into
the cytoplasm through pyruvate/citrate cycling. Citrate is catalysed

to produce oxaloacetate and acetyl-CoA by ACLY (Lin et al., 2013).
Oxaloacetate is further catalysed to generate malate by MDH1
(Friedrich et al., 1988). Acetyl-CoA is a substrate for de novo fatty
acid synthesis. The phosphorylation of FASN, ACSL, and ACACA
were increased by dietary Thr deficiency, and dietary Thr deficiency
increased ELOVL2 and FABP1 in the liver. Dietary Thr deficiency also
increased the mRNA expression of ACACA, ELOVL2, ELOVL7 and
FASN. ACACA catalyses the carboxylation of acetyl-CoA to malonyl-
CoA, which is the first and rate-limiting step in de novo fatty acid
synthesis (Hunkeler et al., 2018). FASN is a multifunctional enzyme
which catalyses the reaction of acetyl-CoA and malonyl-CoA to
produce long-chain saturated fatty acids (Choi et al., 2016). ELOVLs
catalyses the synthesis of polyunsaturated very long chain fatty
acids from polyunsaturated acyl-CoA and malonyl-CoA (de
Antueno et al., 2001). In addition, ACSL catalyses the uptake of
fatty acids to produce acyl-CoA to avoid the outflow of fatty acids,
and free fatty acids bind to FABPs to form a fatty acid pool to pre-
vent efflux. The acyl-CoAs are used as a substrate for triglyceride

Fig. 7. The distribution histogram of differentially expressed proteins (A) and phosphoproteins (B), KEGG pathway cluster analysis heat map of differentially expressed proteins (C)
and phosphoproteins (D) according to the distribution.
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synthesis and oxidation. CRAT catalyses the reversible reaction of
acyl groups from carnitine to coenzyme A (CoA), which regulates
beta-oxidation (Drecourt et al., 2018). In the current experiment,
the proteins and phosphoproteins involved in beta-oxidation and
triglyceride synthesis were not found to be differentially expressed,
but the DGAT2 mRNA was upregulated by dietary Thr deficiency,
and themRNA expression of ACAD11 and ACADSBwere not changed
by dietary Thr deficiency. Previous studies showed that dietary Thr
deficiency increased the mRNA expression of DGAT, AGPAT2, OXSM,
and ELOVL7, and reduced the mRNA expression of ACAD11 and
ACADSB (Jiang et al., 2019b). Dietary methionine deficiency also
increased FABP1 expression. These results showed that fatty acid
synthesis was enhanced by dietary Thr deficiency, and mainly used
for triglyceride synthesis, which explains the reasons for increased
hepatic TG accumulation induced by Thr deficiency.

Insulin receptor substrate (IRS) plays a crucial role in insulin
signal transduction, and thus participates in biological processes
regulated by insulin. For example, IRS1 and IRS2 regulate lipid
metabolism and blood glucose metabolism (Kido et al., 2000). IRS1
plays a crucial role in hepatic glucose homeostasis, whereas IRS2
takes more of a part in the regulation of hepatic lipid metabolism
(Taniguchi et al., 2005). IRS1 knockdown increased the mRNA
expression of hepatic nuclear factor 4a, gluconeogenic enzymes
and glucose 6-phosphatase as well as phosphoenolpyruvate car-
boxykinase, whereas knockdown of IRS2 increased hepatic
SREBP1C mRNA. IRS2 knockout increased the content of glucose,
TG, free fatty acids and cholesterol in plasma of C57BL/6J mice
compared to wild-type mice, and also increased hepatic lip-
ogenetic enzyme activity, such as ATP citrate lyase, glucose-6-
phosphate dehydrogenase, pyruvate kinase and fatty acid syn-
thase (Hashimoto et al., 2006). In the present study, the phos-
phorylation of IRS2 at Ser 957 was downregulated by dietary Thr
deficiency, which would reduce IRS2 activity.

The JAK-STAT signalling pathway participates in lipid meta-
bolism. The STAT family comprises 7 members (1, 2, 3, 4, 5A, 5B and
6) in mammals (Schindler and Darnell, 1995). STATs are predomi-
nantly phosphorylated by JAK in tyrosine residue and activated.
Tyrosine phosphorylation of STAT leads to the formation of homo-
or hetero-dimers, which then translocate into the nucleus to
regulate gene expression. STAT1, STAT3, STAT5A and STAT5B play a
crucial role in regulating lipid metabolism (Xu et al., 2013). STAT1
inhibits the mRNA expression of peroxisome proliferator-activator
receptor g2 (PPARg2) and lipoprotein lipase (LPL). PPARg2 pro-
motes adipogenesis, while LPL hydrolyzes triglycerides from lipo-
proteins into free fatty acids in serum, and promotes fatty acid
uptake of adipose tissue. STAT1 knockout in mice promotes fatty
acid oxidation in adipocytes (Sisler et al., 2015). STAT5A binds to
peroxisome proliferator-activator receptor g (PPARg), while STAT5B
binds to C/AAAT enhancer binding protein a (C/EBPb) (Jung et al.,
2012), which promotes adipogenesis. The JAK2-STAT3 pathway is
related to adipocyte differentiation through regulating C/EBPb
(Zhang et al., 2011). Mice with STAT3 knockout in adipose and liver
tissue had higher adipose tissue mass (Cernkovich et al., 2008;
Inoue et al., 2004). The phosphorylation of STAT3 promotes lipol-
ysis by upregulating adipose triglyceride lipase (ATGL) (Li et al.,
2010; Rozovski et al., 2015). Previous studies showed that dietary
methionine and choline deficiency regulated hepatic lipid deposi-
tion by JAK2 or STAT3 in rats (Kroy et al., 2010; Shi et al., 2017). In
addition, methionine improved proliferation and differentiation of
intestinal cells in chick embryos via the JAK2-STAT3 signaling
pathway (Chen et al., 2021), and promoted crop milk protein syn-
thesis in domestic pigeons by the JAK2-STAT5 signaling pathway
(Chen et al., 2020). In the present study, dietary Thr-D decreased
the phosphorylation of STAT3 at Ser 728 and STAT1 at Ser 729, and
downregulated the expression of STAT5B and upregulated the

expression of TYK2, and increased the mRNA expression of TYK2
and STAT1, and reduced STAT3. These findings show that Thr might
regulate hepatic lipid deposition in ducks though the JAK-STAT
pathway.

5. Conclusion

In the current study, dietary Thr-D repressed the growth per-
formance and increased hepatic lipid deposition in ducks. Dietary
Thr-D affected the expression of genes, proteins and phosphopro-
teins. The upregulated genes, proteins and phosphoproteins were
related to glycolysis, fatty acid and triglyceride synthesis, which
could explain the accumulation of hepatic lipids, which might be
regulated by the JAK-STAT signalling pathway. These findings may
provide an insightful understanding of the genes, proteins and
phosphorylation acting as major regulators of the hepatic lipid
deposition process, and it may therefore be useful to help elucidate
the molecular mechanisms by which Thr deficiency accelerates
hepatic lipid deposition.
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