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diets. Finally, HFM may be used as a feed additive to prevent 
or ameliorate connective tissue disorders in domestic and 
aquatic animals.
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Introduction

Glycine (aminoacetic acid) is the simplest amino acid 
(AA) in nature. It was first isolated from acid hydrolysates 
of protein (i.e., gelatin) in 1820 by the French chemist H. 
Braconnot (see Meister 1965 for review). This nutrient is 
as sweet as glucose; hence, its name was derived from the 
Greek word “glykys”, meaning sweet. In 1838, G.J. Mulder 
reported that glycine could also be obtained from gelatin 
and meat using alkaline hydrolysis. It is now known that 
glycine is a major constituent of all the types of collagen 
(the primary extracellular matrix protein) in animals (Devlin 
2006) and elastin (Chow et al. 1989), and plays an impor-
tant role in nutrition and metabolism (Table 1). Because 
glycine had traditionally been classified as a “nutritionally 
nonessential AA” for mammals (including humans, pigs and 
rodents) and fish due to the presence of its endogenous syn-
thesis in the body, this AA was not previously considered in 
the formulation of diets for these animals (Wu et al. 2013). 

Abstract Glycine, proline, and hydroxyproline (Hyp) con-
tribute to 57% of total amino acids (AAs) in collagen, which 
accounts for one-third of proteins in animals. As the most 
abundant protein in the body, collagen is essential to main-
tain the normal structure and strength of connective tissue, 
such as bones, skin, cartilage, and blood vessels. Mammals, 
birds, and fish can synthesize: (1) glycine from threonine, 
serine, choline, and Hyp; (2) proline from arginine; and (3) 
Hyp from proline residues in collagen, in a cell- and tissue-
specific manner. In addition, livestock (e.g., pigs, cattle, and 
sheep) produces proline from glutamine and glutamate in 
the small intestine, but this pathway is absent from birds and 
possibly most fish species. Results of the recent studies indi-
cate that endogenous synthesis of glycine, proline, and Hyp 
is inadequate for maximal growth, collagen production, or 
feed efficiency in pigs, chickens, and fish. Although glycine, 
proline and Hyp, and gelatin can be used as feed additives 
in animal diets, these ingredients except for glycine are rela-
tively expensive, which precludes their inclusion in practi-
cal rations. Alternatively, hydrolyzed feather meal (HFM), 
which contains 9% glycine, 5% Hyp, and 12% proline, holds 
great promise as a low cost but abundant dietary source of 
glycine, Hyp, and proline for ruminants and nonruminants. 
Because HFM is deficient in most AAs, future research 
efforts should be directed at improving the bioavailability 
of its AAs and the balance of AAs in HFM-supplemented 
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However, growing evidence shows that the amount of gly-
cine synthesized in vivo is insufficient to meet metabolic 
demands [i.e., the synthesis of proteins (including collagen), 
glutathione, and heme] in these species (Hou et al. 2016; Liu 
et al. 2017). Although mild insufficiency of glycine is not 
threatening for survival, a chronic shortage may result in 
suboptimal growth, impaired immune responses, and other 
adverse effects on health and nutrient metabolism (Wang 
et al. 2013).

Along with glycine, proline (pyrrolidine-2-carboxylic 
acid) is another abundant AA in collagen (Devlin 2006). 

Proline was discovered in 1901 as a component of casein’s 
acid hydrolysates. One year later, 4-hydroxyproline (4-Hyp, 
4-hydroxypyrrolidine-2-carboxylic acid) was identified as a 
product from the acid hydrolysates of gelatin. Subsequently, 
4-Hyp was also found to be an abundant constituent of col-
lagen. Studies in the 1960s revealed that Hyp is derived from 
the post-translational hydroxylation of proline in proteins 
(primarily collagen). In addition to their structural func-
tions in collagens (Phang et al. 2010), both proline and Hyp 
have important metabolic and physiological roles (Table 2). 
For example, in most mammals (e.g., milk-fed, weanling 

Table 1  Physiological functions of glycine in animals. Adapted from Wang et al. (2013), Wang et al. (2014a),  and Sun et al. (2016)

The rates of some glycine-dependent metabolic pathways vary among species
a  Requiring arginine, methionine, and glycine as substrates
b  Requiring cysteine, glutamate, and glycine as substrates
c  Requiring glutamine, aspartate, and glycine as substrates

Direct action of glycine or the functions of its metabolites

Direct action of glycine Protein synthesis (particularly accounting for 1/3 of amino acids in collagen and elastin); cell signaling; inhi-
bition of calcium influx through activation of the glycine-gated channel in the cell membrane; inhibitory 
neurotransmitter in the central nervous system; co-agonist with glutamate for N-methyl-d-aspartate receptor 
receptors; antioxidant; anti-inflammation; one-carbon metabolism; conjugation with bile acids

Function of glycine metabolites
 Serine Protein synthesis, one-carbon metabolism, and gluconeogenesis; conversion into choline via a series of 

reactions requiring methionine; conversion into ethanolamine through formation of phosphatidylserine; 
synthesis of d-serine (a neurotransmitter) in the brain

 Porphyrins and heme Hemoproteins (e.g., hemoglobin, myoglobin, catalase, and cytochrome c); production of carbon monoxide (a 
signaling molecule); storage of iron in the body

 Bilirubin Natural ligand of aryl hydrocarbon receptor in the cytoplasm
 Creatinea Antioxidant; antiviral; antitumor; energy metabolism in heart, skeletal muscle and brain; neurological and 

muscular development and function
 Glutathioneb Free radical scavenger; antioxidant; cell metabolism (e.g., formation of leukotrienes, mercapturate, glutathio-

nylspermidine, glutathione–nitric oxide adduct and glutathionylproteins); signal transduction; regulation of 
gene expression; apoptosis; cellular redox; immune response

 Nucleic  acidsc Coding for genetic information; gene expression; cell cycle and function; protein and uric acid synthesis; 
lymphocyte proliferation; facilitation of wound healing

 Uric acid Antioxidant; the major end product of amino acid oxidation in avian species

Table 2  Functions of proline 
and hydroxyproline in animal 
metabolism and physiology

Amino acid Functions

Proline Synthesis of arginine, polyamines, and proteins (including collagen and elastin)
Regulation of gene expression and cell differentiation
Activation of mTOR cell signaling for initiating protein synthesis (integrating nutri-

ent and growth factor signaling in cells)
Signaling via pyrroline-5-carboxylate, superoxide anion, and cellular redox reactions
Synthesis of ornithine, arginine, polyamines, glutamate, protein and hydroxyproline
Scavenging oxidants (including free radical species)

Hydroxyproline Synthesis of glycine in multiple tissues of animals
Maintenance of the structure of connective tissue
Regulation of cellular redox reactions and serving as an anti-oxidative molecule
Regulation of gene expression to promote removal of oxidants
Scavenging oxidants (including free radical species)
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animals, and gestating swine), proline is a major substrate 
for the synthesis of arginine, which is required for the pro-
duction of nitric oxide to maintain normal hemodynamics 
and nutrient transport in the body (Wu and Meininger 2009). 
Much evidence shows that animals have particularly high 
requirements for proline (Wu et al. 2011). However, because 
of technical difficulties in the laboratory analysis of proline 
and Hyp (Wu 1993), research on their nutrition and metabo-
lism in animals is limited.

In anticipation for the use of glycine, proline, and Hyp 
or their immediate precursorsas feed additives in the diets 
of livestock, poultry, and fish, the main objectives of this 
article are to highlight: (1) the cell- and species-specific syn-
thesis of these AAs in animals; (2) energy needs of the bio-
synthetic pathways; (3) the production of mature collagen; 
(4) benefits of dietary glycine, proline and Hyp in collagen 
synthesis and growth performance of animals; (5) low-cost 
dietary sources of glycine, proline, and Hyp; and (6) future 
research direction.

Synthesis of glycine, proline and Hyp in animals

Glycine synthesis in animal tissues

In growing farm animals, including swine, poultry, and 
fish, the dietary intake of glycine meets at most 50% of 
glycine requirements for their maintenance plus growth 
(Hou et al. 2016). Thus, these animals must synthesize at 

least 50% of glycine needed daily to ensure their optimal 
health, growth, and feed efficiency. Available evidence 
shows that glycine is synthesized de novo from: (1) serine 
(which is produced from glucose and glutamate via serine 
hydroxymethyltransferase); (2) choline via the formation 
of sarcosine; (3) threonine via the threonine dehydroge-
nase pathway; and (4) Hyp (Fig. 1). Interconversion of 
glycine and serine may be quantitatively limited due to 
relatively low concentrations of folate in animal cells 
(Wang et al. 2013). Because of the low content of serine, 
choline, threonine, and Hyp in typical plant-based diets, 
glycine synthesis in animals is inadequate for their maxi-
mal growth (Wu 2014). For example, studies in the 1990s 
have shown that: (1) glycine synthesis from choline plus 
threonine contributes ≤6% of glycine needed by the young 
pig and (2) the production of glycine from dietary serine 
represents only ≤7% of total glycine synthesis (see Wang 
et al. 2013 for review). Hu et al. (2017) recently discovered 
that Hyp, which is an abundant AA in hydrolyzed feather 
meal (HFM) (Li et al. 2011), is actively converted into 
glycine in all the pig tissues that were studied, including 
the small intestine, liver, skeletal muscle, kidneys, and 
pancreas. In young pigs fed sow’s milk that naturally con-
tains a large amount of Hyp, this AA is a major substrate 
for endogenous synthesis of glycine. This recent find-
ing challenges the traditional view that Hyp in its free or 
small-peptide form is merely a metabolic waste in animals, 
including pigs (Bushinsky et al. 2002; Khan et al. 2006; 
Mandel et al. 2004).
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Fig. 1  Synthesis of glycine from serine, choline, threonine, and 
4-hydroxyproline in animals. In addition to the d-glycerate pathway, 
serine can be formed from d-3-phosphoglycerate (an intermediate of 
glycolysis) via d-3-phosphoglycerate dehydrogenase, 3-phosphohy-
droxypyruvate-glutamate transaminase, and phosphoserine hydro-

lase (Wu 2013). AGT alanine–glyoxylate transaminase, BAD betaine 
aldehyde dehydrogenase, BTM betaine transmethylase, DMO dimeth-
ylglycine oxidase, Glu glutamate, GPT glutamate–pyruvate transami-
nase, α-KG α-ketoglutarate, P5C pyrroline-5-carboxylate
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Proline synthesis in animal tissues

Advanced analytical techniques have greatly facilitated 
research on proline nutrition (Dai et al. 2014; Wu 1993). 
Arginine, glutamate, and glutamine are potential substrates 
for proline synthesis in a species- and cell-specific manner 
(Wu and Morris 1998). All animals can synthesize proline 
from arginine via arginase (both type I and type II), orni-
thine aminotransferase, and pyrroline-5-carboxylate (P5C) 
(Fig. 2), but the rates of synthesis vary greatly among spe-
cies (e.g., mammals > birds = fish) (Li et al. 2009). In post-
weaning mammals, the mammary tissue, small intestine, 
liver, and kidneys are quantitatively active tissues in convert-
ing arginine into proline, but the rates of proline synthesis 
from arginine are inadequate to meet optimal growth and 
connective tissue repair in the young and in stressed adults 
(Hu et al. 2015; Wu 2013; Wu et al. 2016).

The small intestine of livestock species (e.g., pigs and 
ruminants) can convert dietary glutamate, as well as dietary 
and arterial glutamine, into proline (Fig. 2), but this syn-
thetic pathway is absent from other tissues of these animals 
due to the lack of P5C synthase (Wu 2013). In all tissues of 
birds, cats, ferrets, and likely many fish species, the absence 
of P5C synthase does not allow for proline production from 
glutamate or glutamine. Thus, adequate amounts of dietary 

proline are essential for maximizing growth performance 
and feed efficiency in farm animals (Hou et al. 2016).

Hyp synthesis in animal tissues

Unlike glycine and proline, Hyp is generated from proline-
containing collagen but not from free AAs (Gorres and 
Raines 2010). Specifically, the Hyp residue is formed from 
the post-translational hydroxylation of proline in the newly 
synthesized collagen (Fig. 3). This reaction occurs in the 
rough endoplasmic reticulum by collagen prolyl 4-hydrox-
ylase or prolyl 3-hydroxylase in the presence of oxygen, 
ascorbic acid, α-KG, and  Fe2+ to generate 4-Hyp or 3-Hyp, 
respectively. The ratio of 4-Hyp to 3-Hyp in collagen pro-
teins is approximately 100:1 (Wu et al. 2011). 4-Hyp and 
3-Hyp are released from the degradation of extracellular 
and intracellular collagens. Matrix metalloproteinases (also 
called collagenases) are responsible for the hydrolysis of 
extracellular collagen in connective tissue (Malemud 2006).

Energy expenditure in the synthesis of glycine, 
proline, and Hyp in animals

Raw materials possess energy, and the conversion of large 
molecules into glycine (the smallest AA) is an exergonic 
process (Wu 2013). When 1 mol Hyp, 1 mol threonine, 
1 mol glucose plus 1 mol glutamate, or 1 mol choline is 
degraded to form 1 mol glycine (Fig. 1), 4, 2.5, 2.5, or 
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Fig. 2  Proline synthesis from arginine, glutamine, and glutamate in 
a cell- and species-specific manner. Arginine is converted into pro-
line in all animals via the arginase pathway. In contrast, proline is 
synthesized from glutamine and glutamate in the small intestine of 
most mammals (including pigs, cattle, and sheep) via the pyrroline-
5-carboxylate (P5C) synthase pathway, and this pathway is absent 
from birds and possibly most fish species due to P5CS deficiency or 
absence. OAA oxaloacetate, PDG phosphate-dependent glutaminase, 
P5CS pyrroline-5-carboxylate synthase, P5CR pyrroline-5-carboxy-
late reductase
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Fig. 3  Production of hydroxyproline from proline residues in colla-
gen. Approximately 50% of proline residues in collagen are hydrox-
ylated by collagen prolyl 4-hydroxylase and prolyl 3-hydroxylase, 
respectively, to generate 4-hydroxyproline and 3-hydroxyproline in 
the rough endoplasmic reticulum of fibroblasts. These two enzymes 
require oxygen, ascorbic acid, α-ketoglutarate (α-KG), and  Fe2+ for 
catalytic activities. The degradation of extracellular mature collagen 
by matrix metalloproteinases (collagenases) releases 4-hydroxypro-
line and 3-hydroxyproline



Roles of dietary glycine, proline, and hydroxyproline in collagen synthesis and animal growth  

1 3

2.5 mol ATP is produced, respectively (Table 3). The yield 
of ATP is 60% greater with Hyp than any other substrates.

As noted previously, most mammals can convert glu-
tamine and glutamate into proline. The synthesis of 1 mol 
proline from 1 mol glutamine or glutamate requires 8 and 
6 mol ATP, respectively (Table 3). In all animals, proline 
can be formed from arginine, but the rates differ markedly 
among species (Wu and Morris 1998). The production of 
1 mol proline from 1 mol arginine needs 2.5 mol ATP. 
Thus, the arginine pathway is the least expensive for pro-
line synthesis in terms of energy cost. This helps explain 
why arginase is widely spread in the animal kingdom for 
proline production.

All animals generate Hyp from proline, and this meta-
bolic process requires a large amount of energy (6 mol ATP/
mol Hyp), which includes 4 mol ATP for collagen synthe-
sis and 2 mol ATP for collagen degradation (Fig. 3). For 
comparison, the removal of 1 mol ammonia as urea via the 
hepatic urea cycle requires 3.25 mol ATP, which is widely 
recognized as a pathway with a high energy cost (Wu 2013). 
Thus, direct provision of proline and Hyp or their immediate 
precursors in diets will minimize the expenditure of energy 
for the endogenous synthesis of these two AAs.

Collagen synthesis in animals

Collagen synthesis and processing

Collagen is formed from AAs (mostly glycine and proline) 
by fibroblasts through the normal pathway of intracellular 
protein synthesis, which includes AA activation, initiation 
of peptide formation, peptide elongation, termination, and 
post-translational modifications (Wu 2013). The collagen 
precursor chains that are newly synthesized on ribosomes are 
called procollagens, which are then processed by the rough 
endoplasmic reticulum (RER) and Golgi (Myllyharju 2005). 
Specifically, procollagens are transported into the lumen of 
the RER to undergo a series of reactions, including (1) the 

hydroxylation of some proline and lysine residues by RER 
membrane-bound prolyl hydroxylase (procollagen-proline 
dioxygenase) and lysyl hydroxylase  (procollagen-lysine 
5-dioxygenase), respectively; (2) glycosylation (addition 
of galactose and glucose residues to certain hydroxylysine 
residues, as well as addition of long oligosaccharides to 
certain asparagine residues in the C-terminal); and (3) the 
generation of intrachain disulfide bonds between the N- and 
C-terminal polypeptides to align the three chains and form 
the triple helix. This procollagen complex moves into the 
Golgi for further processing (e.g., glycosylation), yielding 
large electron-dense aggregates. Within the Golgi apparatus, 
procollagens are packaged into membrane-bound vesicles 
for secretion into the extracellular space (Lavieu et al. 2014).

After their processing in the Golgi is completed, the pro-
collagens are secreted by fibroblasts into the extracellular 
space through exocytosis (Myllyharju 2005). Extracellular 
enzymes (the procollagen peptidases) cleave the N-terminal 
and C-terminal AA sequences (called propeptides) to gen-
erate collagens. In addition, lysyl oxidase (an extracellular 
enzyme) acts on the ε-amino group of lysine residues to gen-
erate reactive aldehydes (α-aminoadipidic-δ-semialdehydes, 
also called allysines). The latter spontaneously form specific 
covalent cross-links between two triple-helical chains (Rob-
ins 2007) to stabilize collagen molecules (mature collagen) 
and contribute to fibril strength. Figure 4 summarizes the 
post-translational processing of procollagens to become 
mature collagens.

Collagen structure

Collagen, which accounts for one-third of the total protein 
in the postnatal animal, is the largest and most abundant 
protein in the body (Devlin 2006). The chemical structure 
of collagen is unique, because it is unusually rich in gly-
cine, proline, and OH-Pro in the repeated form of tripep-
tides (glycine–proline-Y and glycine–X-Hyp, where X and 
Y can be any AA). On the molar basis, collagen contains 
1/3 glycine, 0.7/3 proline plus Hyp, and 1.3/3 other AAs 

Table 3  Energy expenditure in 
the synthesis of glycine, proline, 
and hydroxyproline by animal 
tissues

Amino acid synthesis Metabolic pathway ATP production 
(mol/mol product)

ATP require-
ment (mol/mol 
product)

Glycine Hydroxyproline to glycine 4 –
Threonine to glycine 2.5 –
Glucose plus glutamate to glycine 2.5 –
Choline to glycine 2.5 –

Proline Glutamine to proline (only in mammals) – 8
Glutamate to proline (only in mammals) – 6
Arginine to proline (in all animals) – 2.5

Hydroxyproline Proline to hydroxyproline – 6
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(Table 4), and glycine plus proline plus Hyp contribute to 
57% of total AAs in collagen.

There are approximately 20 different types of colla-
gen in the animal kingdom. Each mature collagen con-
tains three polypeptide chains (called α chains) (Table 5), 
which may be the same or different and are organized in a 
triple-helical structure (Bella 2016). Individual α chains 
are identified by the following nomenclature: αn(N)p, 
where n is the identification number of the α chain, N is 
the collagen type, and p is the number of the polypeptide. 
For example, α1(I)2α2(I) denotes a heterotrimer of type I 
collagen consisting of two identical α1 chains and one dis-
tinct α2 chain, whereas [α1(II)]3 indicates three identical 
α1 chains of type II collagen. Different types of collagens 
may have different rates of turnover in connective tissue.

The distribution of collagens differs among organs, and 
the length of collagens varies with type (Table 6). In type 
I, II and III collagens, each polypeptide is 300 nm long 
(corresponding to about 1000 AA residues) (Chu et al. 
1987; Burgeson and Morris 1987). For example, in type 
I collagen, each of the two identical α1(I) chains consists 
of 1056 AA residues. In fibrous collagens, collagen mol-
ecules pack together side by side through an interchain 
cross-link between allysine residues formed by the extra-
cellular lysyl oxidase (Bella 2016). Thus, collagen confers 
the strength, rigidity, and flexibility of connective tissue, 

and is necessary for the growth, development, and health 
of all animals.

Benefits of dietary glycine, proline, and Hyp 
in collagen synthesis and animal growth

When animals (including swine, poultry, and fish) grow, 
connective tissue and other tissues accumulate in the body 
(Wu et al. 2014). Glycine, proline, and Hyp are highly abun-
dant in collagen (Table 4) and elastin (Table 6). Elastin is 
another structurally important protein in connective tissue 
and contributes to the elastic properties of vertebrate organs 
(Debelle and Tamburro 1999). Therefore, the adequate pro-
vision of both glycine and proline is essential for maximal 
collagen synthesis, maximal growth performance, and opti-
mal health of all animals, including mice (Shimizu et al. 
2015), rats (Barbul 2008; Chyun and Griminger 1984), 
humans (Barbul 2008; Shaw et al. 2017), pigs (Hou et al. 
2016; Wang et al. 2014b), poultry (Baker 2009), and many 
fish species (Li et al. 2009).

Li et al. (2011) reported that plant-source feedstuffs con-
tain a low content of glycine, little to no Hyp, and a rela-
tively low content of proline. For example, typical corn- and 
soybean meal-based diets provide at most only 48% of gly-
cine and 60% of proline that are needed for protein accretion 
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Fig. 4  Processing of procollagens by the rough endoplasmic reticu-
lum (RER) and Golgi apparatus of fibroblasts, as well as the extra-
cellular processing of procollagens to become mature collagens in 
connective tissue. Asterisk modifications in RER include: (1) the 
hydroxylation of some proline and lysine residues by proline and 
lysine hydroxylases, respectively; (2) glycosylation (e.g., addition of 
galactose and glucose residues to certain hydroxylysine residues); and 

(3) alignment of the three α-chains to form the triple helix. Procol-
lagens are secreted into the extracellular space, where they undergo 
limited N- and C-terminal cleavage, and form cross-links between 
two triple-helical chains via allysines (intermolecular linkages)  to 
become mature collagens. Double asterisk further modifications in 
the Golgi apparatus include glycosylation and the packaging of pro-
cessed procollagens into membrane-bound vesicles for secretion
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in 30-day-old growing pigs (Hou et al. 2016). Insufficient 
endogenous synthesis of these two AAs limits maximal col-
lagen synthesis and growth performance of young pigs (Hou 
et al. 2016) and poultry (Baker 2009), as well as many fish 
species studied (Dabrowski et al. 2010; Liu et al. 2014). 
Thus, dietary supplementation with collagen precursor AAs, 
such as 0.5–2% glycine (Wu 2015) and 1% proline (Wu 
et al. 2011), enhances intestinal villus height and nutrient 
absorption, as well as whole-body weight gains and col-
lagen production in post-weaning pigs. Similar results have 

been reported for broiler chickens. For example, supplement-
ing 0.3% glycine to a 17% crude-protein diet increased fat 
absorption, mucin production, whole-body weight gain and 
collagen deposition, and feed efficiency in 21–35-day-old 
broilers (Ospina-Rojas et al. 2013). Likewise, supplementing 
0.2% glycine to an 18% crude-protein diet for 5–21-day-
old broilers enhanced skeletal muscle growth, whole-body 
collagen production, and the efficiency of nitrogen reten-
tion (Corzo et al. 2005). Furthermore, dietary supplementa-
tion with 0.3% glycine enhanced growth rate and resistance 

Table 4  Composition of amino 
acids and sugars in types I–VII 
collagens (residues/1000 amino 
acid residues)

Values for type VI collagen are obtained from (Chu et al. 1987), and values for all collagens from Burgeson 
and Morris (1987)
NR not reported

Amino acid Type I Type II Type III Type IV Type V Type VI Type VII

α1 α2 α1 α1 α1 α2 α1 α2 α3 α1 α2 α1 α1

Alanine 119 105 108 95 30 47 46 52 49 50 44 35 64
Arginine 49 51 52 48 22 42 45 50 42 59 68 83 48
Asp + Asn 46 45 36 42 45 50 50 51 42 87 81 85 51
Cysteine 0 0 0 2 2 3 0 0 1.3 10 6 14 6.7
Glu + Gln 77 70 95 71 88 64 91 84 98 119 108 110 105
Glycine 330 331 334 351 324 328 344 341 332 323 298 328 307
Histidine 4 10 2 6 6 7 8 11 14 7 9 11 31
Isoleucine 8 16 11 13 32 39 19 16 20 15 20 27 10.5
Leucine 20 33 27 23 50 56 39 35 56 21 30 23 49
Lysine 27 20 20 29 7 5 20 18 15 8 17 19 18
5-OH-Lysine 10 12 18 6 49 39 35 24 43 57 67 47 41
3-OH-Proline 1.1 1.2 1.1 0 1 1 2.9 2.5 2.2 NR NR NR 0.1
4-OH-Proline 114 105 96 126 118 107 109 109 92 78 71 52 84
Methionine 7 8 11 8 14 14 8 11 8.1 10 5 4 7.6
Phenylalanine 13 11 13 8 28 36 12 14 9.2 16 14 14 9.8
Proline 118 114 106 107 88 73 118 97 99 89 101 89 81
Serine 35 30 27 38 36 30 36 31 34 24 27 27 49
Threonine 18 18 22 13 20 28 19 26 19 14 16 19 26
Tyrosine 2 3 1 3 8 6 2 2 2.4 15 10 11 28
Valine 19 35 19 15 34 25 25 24 29 18 19 20 35
Glucose 1 1 5 1 43 NR 18 10 17 NR NR NR NR
Galactose 1 2 10 2 45 NR 30 14 24 NR NR NR NR

Table 5  Major types of collagen in animals

GD globular N-terminal domain

Type Composition Arrangement Representative tissues

I 2 α1(I) chains + 1 α2(I) chain Fibrils Bone, dentin, interstitial tissues, ligaments, skin, and tendon
II 3 α1(II) chains Fibrils Cartilage and vitreous humor (eyeball)
III 3 α1(III) chains Fibrils Blood vessels, skeletal muscle, heart, and skin
IV 2 α1(IV) chains + 1 α2(IV) chain Two-dimensional network All basal laminaes in tissues
V 3 α1(V) chains Fibrils with GD Bone, dentin, interstitial tissues, ligaments, skin, and tendon
VI α1(VI) + α2(VI) + α3(VI) chains Associated with type I collagen Mainly extracellular matrix of skeletal muscle
IX α1(IX) + α2(IX) + α3(IX) chains Associated with type II collagen Cartilage and vitreous humor (eyeball)
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to environmental salinity stress in juvenile Pacific white 
shrimp, Litopenaeus vannamei (Xie et al. 2014), whereas 
dietary supplementation with 0.5% glycine improved weight 
gain, anti-oxidative capacity, and immunity in Nile tila-
pia, Oreochromis niloticus (Xie et al. 2016). Finally, there 
are reports that dietary supplementation with 0.07, 0.14, and 
0.28% 4-Hyp to a plant-based diet dose-dependently aug-
mented whole-body weight gains and collagen deposition 
in salmon (Aksnes et al. 2008) and turbot (Liu et al. 2014).

Dietary sources of glycine, proline, and Hyp 
for animals

Adequate provision of glycine and proline in diets is essen-
tial for optimal health and growth of animals (Hou and 
Wu 2017). As noted previously, Hyp serves as a major 
precursor of glycine (Fig. 1) and an anti-oxidative mol-
ecule in the body (Table 2). Crystalline glycine, proline, 
and Hyp can be used as feed additives for the diets of 

swine, poultry, and fish. In addition, gelatin is an abundant 
source of these AAs. However, the synthetic AAs (e.g., 
proline and Hyp) and gelatin are expensive, which pre-
cludes their inclusion in practical animal rations. Alterna-
tively, HFM, which contains 9% glycine, 5% Hyp, and 12% 
proline (Table 7), is potentially a low cost but abundant 
source of these three AAs for ruminants and nonruminants 
(Li et al. 2011). There is evidence that finisher pigs fed 
85.9% corn- and 9.8% HFM-based diets did not grow as 
well as pigs fed 79.2% corn- and 18.5% soybean meal-
based diets (Divakala et al. 2009). However, finisher pigs 
fed the corn- and HFM-based diets supplemented with a 
mixture of crystalline AAs (lysine, tryptophan, threonine, 
histidine, and isoleucine) in small amounts could utilize 
feed for lean-tissue gains as efficiently as those fed the 
corn- and soybean meal-based diets (Divakala et al. 2009). 
When pasture is inadequate, dietary supplementation with 
HFM can improve the growth and feed efficiency of graz-
ing steers (Brown and Pate 1997; Brown and Adjei 2001). 
Likewise, inclusion of HFM along with supplemental 
lysine and methionine could support egg production by 
laying hens (Koelkebeck et al. 1999) and reduce abdomi-
nal fat accumulation in broilers during the finishing period 
(Cabel et al. 1988). Furthermore, HFM can replace 10 and 
15% fishmeal in the diets of gilthead seabream (Nogueira 
et al. 2012; Laporte et al. 2007) and rainbow trout (Her-
trampf and Piedad-Pascual 2000), respectively, without 
affecting their feed intake or growth rate. Taken together, 
these results show the potential of HFM as a cost-effective 
source of glycine, proline, and Hyp in the diets of live-
stock, poultry, and fish.

Table 6  Composition of amino acids in elastin (residues/1000 amino 
acid residues)

a  Adapted from Davidson (1987)
b  Adapted from Keeley and Labella (1972)
c  Adapted from Chow et al. (1989)

Amino acid Porcine  elastina Chicken 
mature 
 elastinb

Bovine 
mature 
 elastinc

Salmon 
mature 
 elastincSoluble Insoluble

4-OH-
proline

7 8 19 9 10

Asp + Asn 3 5 4 10 35
Threonine 10 11 7 11 37
Serine 8 11 5 11 36
Glu + Gln 12 16 13 18 49
Proline 92 90 127 116 82
Glycine 245 256 361 320 387
Alanine 187 181 177 228 126
Cysteine <1 <1 – – 3
Valine 103 92 166 127 48
Methionine 0 0 0 Trace 4
Isoleucine 14 14 19 25 14
Leucine 41 41 50 62 47
Tyrosine 14 12 11 9 46
Phenylala-

nine
14 12 20 32 16

Lysine 37 5 3 9 18
Histidine 0 0 1 1 8
Arginine 4 5 5 9 32
Tryptophan 0 0 – – –

Table 7  Composition of amino acids in hydrolyzed feather meal. 
Adapted from Li et al. (2011)

Values are expressed as % (g/g) on an as-fed basis. Molecular weights 
of intact amino acids were used to calculate the content of peptide-
bound amino acids in hydrolyzed feather meal

Variable Content (%) Variable Content (%)

Dry matter 96.1 Hydroxyproline 4.95
Crude protein 82.1 Isoleucine 3.79
True protein 81.0 Leucine 6.75
Alanine 4.18 Lysine 2.16
Arginine 5.74 Methionine 0.75
Asparagine 1.67 Phenylalanine 3.95
Aspartate 2.92 Proline 11.8
Cysteine 4.16 Serine 8.80
Glutamine 2.86 Tryptophan 0.80
Glutamate 4.81 Threonine 3.97
Glycine 8.95 Tyrosine 2.04
Histidine 0.88 Valine 5.76
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Future research direction

AAs are not balanced in HFM (Li et al. 2011). It is deficient 
in most AAs based on the patterns of its AAs (Hou et al. 
2015; Wu 2014). Thus, identifying appropriate additions 
of crystalline AAs (e.g., aspartate, glutamate, glutamine, 
lysine, methionine, threonine, and histidine) to HFM-sup-
plemented diets will be crucial to maximize the nutritive 
value of this protein ingredient for feeding farm animals 
(including cattle, goats, sheep, swine,poultry, fish, and 
shrimp). In addition, the standardized ileal digestibilities 
of AAs in HFM are about 55–60% for growing pigs and 
broilers, in comparison with 85–90% for heat-processed 
soybean meal (Bandegan et al. 2010). This indicates incom-
plete hydrolysis of the HFM ingredient by the gastrointes-
tinal tract of nonruminants. Future research should focus 
on: (1) more complete hydrolysis of poultry feather meal; 
(2) use of bacterial source keratinases as feed enzymes in 
HFM-supplemented diets; (3) balance of AA composition 
in HFM-supplemented diets through addition of crystalline 
AAs or animal protein hydrolysates (Hou et al. 2017); and 
(4) inclusion of sufficient vitamin  B6 in diets to promote the 
conversion of Hyp into glycine. Finally, it will be imperative 
to determine whether dietary supplementation with HFM 
can be effective to prevent or ameliorate connective tissue 
disorders that commonly occur in domestic meat animals 
[e.g., cartilage abnormality or lameness in growing, gestat-
ing. and lactating swine (Halper 2014; Olstad et al. 2015)], 
horses [e.g., osteochondrosis (Olstad et al. 2015)], and fish 
[e.g., skin lesions (Tørud and Håstein 2008)].

Acknowledgements This work was supported, in part, by grants from 
Agriculture and Food Research Initiative Competitive Grants (2014-
67015-21770 and 2015-67015-23276) from the USDA National Insti-
tute of Food and Agriculture, and by Texas A&M AgriLife Research 
(H-8200). We thank our research assistants for technical assistance.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict 
of interest.

Ethical statement This article reviews published studies and does 
not require either the approval of animal use or human consent.

References

Aksnes A, Mundheim H, Toppe J, Albrektsen S (2008) The effect of 
dietary hydroxyproline supplementation on salmon (Salmo salar 
L.) fed high plant protein diets. Aquaculture 275:242–249

Baker DH (2009) Advances in protein-amino acid nutrition of poultry. 
Amino Acids 37:29–41

Bandegan A, Kiarie E, Payne RL, Crow GH, Guenter W, Nya-
choti CM (2010) Standardized ileal amino acid digestibility in 

dry-extruded expelled soybean meal, extruded canola seed-pea, 
feather meal, and poultry by-product meal for broiler chickens. 
Poult Sci 89:2626–2633

Barbul A (2008) Proline precursors to sustain Mammalian collagen 
synthesis. J Nutr 138:2021S–2024S

Bella J (2016) Collagen structure: new tricks from a very old dog. 
Biochem J 473:1001–1025

Brown WF, Adjei MB (2001) Urea and(or) feather meal supple-
mentation for yearling steers grazing limpograss (Hemarthria 
altissima var. ‘Floralta’) pasture. J Anim Sci 79:3170–3176

Brown WF, Pate FM (1997) Cottenseed meal or feather meal supple-
mentation of ammoniated tropical grass hay for yearling cattle. 
J Anim Sci 75:1666–1673

Burgeson RE, Morris NP (1987) The collagen family of proteins. In: 
Uitto J, Perejda AJ (eds) Connective tissue disease: molecular 
pathology of the extracellular matrix. Marcel Dekker Inc., New 
York, pp 3–28

Bushinsky DA, Asplin JR, Grynpas MD, Evan AP, Parker WR, 
Alexander KM, Coe FL (2002) Calcium oxalate stone forma-
tion in genetic hypercalciuric stone-forming rats. Kidney Int 
61:975–987

Cabel MC, Goodwin TL, Waldroup PW (1988) Feather meal as a non-
specific nitrogen source for abdominal fat reduction in broilers 
during the finishing period. Poult Sci 67:300–306

Chow M, Boyd CD, Iruela-Arispe ML, Wrenn DS, Mecham R, Sage 
EH (1989) Characterization of elastin protein and mRNA from 
salmonid fish (Oncorhynchus kisutch). Comp Biochem Physiol 
B 93:835–845

Chu ML, Mann K, Deutzmann R, Pribula-Conway D, Hsu-Chen CC, 
Bernard MP, Timpl R (1987) Characterization of three constitu-
ent chains of collagen type VI by peptide sequences and cDNA 
clones. Eur J Biochem 168:309–317

Chyun JH, Griminger P (1984) Improvement of nitrogen retention 
by arginine and glycine supplementation and its relation to 
collagen synthesis in traumatized mature and aged rats. J Nutr 
114:1697–1704

Corzo A, Fritts CA, Kidd MT, Kerr BJ (2005) Response of broiler 
chicks to essential and non-essential amino acid supplementation 
of low crude protein diets. Anim Feed Sci Technol 118:319–327

Dabrowski K, Zhang YF, Kwasek K, Hliwa P, Ostaszewska T (2010) 
Effects of protein-, peptide- and free amino acid-based diets in fish 
nutrition. Aquac Res 41:668–683

Dai ZL, Wu ZL, Jia S, Wu G (2014) Analysis of amino acid com-
position in proteins of animal tissues and foods as pre-column 
o-phthaldialdehyde derivatives by HPLC with fluorescence detec-
tion. J Chromatogr B 964:116–127

Davidson JM (1987) Elastin: structure and biology. In: Uitto J, Perejda 
AJ (eds) Connective tissue disease: molecular pathology of the 
extracellular matrix. Marcel Dekker Inc., New York, pp 29–54

Debelle L, Tamburro AM (1999) Elastin: molecular description and 
function. Int J Biochem Cell Biol 31:261–272

Devlin TM (2006) Textbook of biochemistry with clinical correlations. 
Wiley-Liss Press, Hoboken

Divakala KC, Chiba LI, Kamalakar RB, Rodning SP, Welles EG, Cum-
mins KA, Swann J, Cespedes F, Payne RL (2009) Amino acid 
supplementation of hydrolyzed feather meal diets for finisher pigs. 
J Anim Sci 87:1270–1281

Gorres KL, Raines RT (2010) Prolyl 4-hydroxylase. Crit Rev Biochem 
Mol Biol 45:106–124

Halper J (2014) Connective tissue disorders in domestic animals. Adv 
Exp Med Biol 802:231–240

Hertrampf JW, Piedad-Pascual F (2000) Chapter 15: feather meal 
(hydrolyzed). Handbook on ingredients for aquaculture feeds. 
Springer, New York, pp 131–141

Hou YQ, Wu G (2017) Nutritionally nonessential amino acids: a mis-
nomer in nutritional sciences. Adv Nutr 8:137–139



 P. Li, G. Wu 

1 3

Hou YQ, Yin YL, Wu G (2015) Dietary essentiality of “nutritionally 
nonessential amino acids” for animals and humans. Exp Biol Med 
240:997–1007

Hou YQ, Yao K, Yin YL, Wu G (2016) Endogenous synthesis of amino 
acids limits growth, lactation and reproduction of animals. Adv 
Nutr 7:331–342

Hou YQ, Wu ZL, Dai ZL, Wang GH, Wu G (2017) Protein hydro-
lysates in animal nutrition: industrial production, bioactive pep-
tides, and functional significance. J Anim Sci Biotechnol 8:24

Hu SD, Li XL, Rezaei R, Meininger CJ, McNeal CJ, Wu G (2015) 
Safety of long-term dietary supplementation with L-arginine in 
pigs. Amino Acids 47:925–936

Hu S, Nawaratna G, Long BD, Bazer FW, Johnson GA, Brosnan JT, 
Wu G (2017) The hydroxyproline–glycine pathway for glycine 
synthesis in neonatal pigs. J Anim Sci 95(Suppl 4):45

Keeley FW, Labella FS (1972) Amino acid composition of elastin in 
the developing chick aorta. Connect Tissue Res 1:113–119

Khan SR, Glenton PA, Byer KJ (2006) Modeling of hyperoxaluric 
calcium oxalate nephrolithiasis: experimental induction of hyper-
oxaluria by hydroxy-l-proline. Kidney Int 70:914–923

Koelkebeck KW, Parsons CM, Leeper RW, Jin S, Douglas MW (1999) 
Early postmolt performance of laying hens fed a low-protein corn 
molt diet supplemented with corn gluten meal, feather meal, 
methionine, and lysine. Poult Sci 78:1132–1137

Laporte J, Woodgate S, Davies S, Serwat AR, Gouveia A, Nates S 
(2007) Biotechnological process and biological value of feather 
meal: evaluation of a novel protein source for the partial replace-
ment of fishmeal in aquafeeds. Aquafeed Int 10:16–23

Lavieu G, Dunlop MH, Lerich A, Zheng H, Bottanelli F, Rothman JE 
(2014) The Golgi ribbon structure facilitates anterograde transport 
of large cargoes. Mol Biol Cell 25:3028–3036

Li P, Mai KS, Trushenski J, Wu G (2009) New developments in fish 
amino acid nutrition: towards functional and environmentally ori-
ented aquafeeds. Amino Acids 37:43–53

Li XL, Rezaei R, Li P, Wu G (2011) Composition of amino acids in 
feed ingredients for animal diets. Amino Acids 40:1159–1168

Liu Y, He G, Wang Q, Mai K, Xu W, Zhou H (2014) Hydroxyproline 
supplementation on the performances of high plant protein source 
based diets in turbot (Scophthalmus maximus L.). Aquaculture 
433:476–480

Liu Y, Wang X, Hou Y, Yin Y, Qiu Y, Wu G, Hu CA (2017) Roles of 
amino acids in preventing and treating intestinal diseases: recent 
studies with pig models. Amino Acids 49:1277–1291

Malemud CJ (2006) Matrix metalloproteinases (MMPs) in health and 
disease: an overview. Front Biosci 11:1696–1701

Mandel NS, Henderson JD Jr, Hung LY, Wille DF, Wiessner JH (2004) 
A porcine model of calcium oxalate kidney stone disease. J Urol 
171:1301–1303

Meister A (1965) Biochemistry of amino acids. Academic Press, New 
York

Myllyharju J (2005) Intracellular post-translational modifications of 
collagens. Top Curr Chem 247:115–247

Nogueira N, Cordeiro N, Andrade C, Aires T (2012) Inclusion of low 
levels of blood and feathermeal in practical diets for gilthead sea-
bream (Sparus aurata). Turk J Fish Aquat Sci 12:641–650

Olstad K, Ekman S, Carlson CS (2015) An update on the pathogenesis 
of osteochondrosis. Vet Pathol 52:785–802

Ospina-Rojas IC, Murakami AE, Oliveira CAL, Guerra AFQG (2013) 
Supplemental glycine and threonine effects on performance, intes-
tinal mucosa development, and nutrient utilization of growing 
broiler chickens. Poult Sci 92:2724–2731

Phang JM, Liu W, Zabirnyk O (2010) Proline metabolism and micro-
environmental stress. Annu Rev Nutr 30:441–463

Robins SP (2007) Biochemistry and functional significance of collagen 
cross-linking. Biochem Soc Trans 35:849–852

Shaw G, Lee-Barthel A, Ross ML, Wang B, Baar K (2017) Vitamin 
C-enriched gelatin supplementation before intermittent activity 
augments collagen synthesis. Am J Clin Nutr 105:136–143

Shimizu J, Asami N, Kataoka A, Sugihara F, Inoue N, Kimira Y, Wada 
M, Mano H (2015) Oral collagen-derived dipeptides, prolyl-
hydroxyproline and hydroxyprolyl-glycine, ameliorate skin bar-
rier dysfunction and alter gene expression profiles in the skin. 
Biochem Biophys Res Commun 456:626–630

Sun K, Wu ZL, Ji Y, Wu G (2016) Glycine regulates protein turnover 
by activating protein kinase B/mammalian target of rapamycin 
and by inhibiting MuRF1 and atrogin-1 gene expression in C2C12 
myoblasts. J Nutr 146:2461–2467

Tørud B, Håstein T (2008) Skin lesions in fish: causes and solutions. 
Acta Vet Scand 50(Suppl 1):S7

Wang WW, Wu ZL, Dai ZL, Yang Y, Wang JJ, Wu G (2013) Glycine 
metabolism in animals and humans: implications for nutrition and 
health. Amino Acids 45:463–477

Wang WW, Wu ZL, Lin G, Hu SD, Wang B, Dai ZL, Wu G (2014a) 
Glycine stimulates protein synthesis and inhibits oxidative stress 
in pig small-intestinal epithelial cells. J Nutr 144:1540–1548

Wang WW, Dai ZL, Wu ZL, Lin G, Jia SC, Hu SD, Dahanayaka S, Wu 
G (2014b) Glycine is a nutritionally essential amino acid for maxi-
mal growth of milk-fed young pigs. Amino Acids 46:2037–2045

Wu G (1993) Determination of proline by reversed-phase high per-
formance liquid chromatography with automated pre-column 
o-phthaldialdehyde derivatization. J Chromatogr 641:168–175

Wu G (2013) Amino acids: biochemistry and nutrition. CRC Press, 
Boca Raton

Wu G (2014) Dietary requirements of synthesizable amino acids by 
animals: a paradigm shift in protein nutrition. J Anim Sci Bio-
technol 5:34

Wu G (2015) Glycine nutrition in young pigs. In: Swine nutrition and 
gut health international symposium, Wuhan, China, pp 38–54

Wu G, Meininger CJ (2009) Nitric oxide and vascular insulin resist-
ance. BioFactors 35:21–27

Wu G, Morris SM Jr (1998) Arginine metabolism: nitric oxide and 
beyond. Biochem J 336:1–17

Wu G, Bazer FW, Burghardt RC, Johnson GA, Kim SW, Knabe DA, 
Li P, Li XL, McKnight JR, Satterfield MC, Spencer TE (2011) 
Proline and hydroxyproline metabolism: implications for animal 
and human nutrition. Amino Acids 40:1053–1063

Wu G, Wu ZL, Dai ZL, Yang Y, Wang WW, Liu C, Wang B, Wang 
JJ, Yin YL (2013) Dietary requirements of “nutritionally non-
essential amino acids” by animals and humans. Amino Acids 
44:1107–1113

Wu G, Bazer FW, Dai ZL, Li DF, Wang JJ, Wu ZL (2014) Amino 
acid nutrition in animals: protein synthesis and beyond. Annu Rev 
Anim Biosci 2:387–417

Wu ZL, Hou YQ, Hu SD, Bazer FW, Meininger CJ, McNeal CJ, Wu 
G (2016) Catabolism and safety of supplemental l-arginine in 
animals. Amino Acids 48:1541–1552

Xie S, Tian L, Jin Y, Yang H, Liang G, Liu Y (2014) Effect of glycine 
supplementation on growth performance, body composition and 
salinity stress of juvenile Pacific white shrimp, Litopenaeus van-
namei fed low fishmeal diet. Aquaculture 418–419:159–164

Xie S, Zhou W, Tian L, Niu J, Liu Y (2016) Effect of N-acetyl cysteine 
and glycine supplementation on growth performance, glutathione 
synthesis, anti-oxidative and immune ability of Nile tilapia, Oreo-
chromis niloticus. Fish Shellfish Immunol 55:233–241


	Roles of dietary glycine, proline, and hydroxyproline in collagen synthesis and animal growth
	Abstract 
	Introduction
	Synthesis of glycine, proline and Hyp in animals
	Glycine synthesis in animal tissues
	Proline synthesis in animal tissues
	Hyp synthesis in animal tissues

	Energy expenditure in the synthesis of glycine, proline, and Hyp in animals
	Collagen synthesis in animals
	Collagen synthesis and processing
	Collagen structure

	Benefits of dietary glycine, proline, and Hyp in collagen synthesis and animal growth
	Dietary sources of glycine, proline, and Hyp for animals
	Future research direction
	Acknowledgements 
	References




