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Abstract: Evaluating amino acid requirements, specifically threonine requirements, in horses 
will enable better feed formulation and result in economic production, improved animal 
health, and reduced environmental pollution. However, the current knowledge of protein 
and amino acid requirements in horses is still limited. Because horses have a unique digestive 
system and consume a variety of feed ingredients, their protein digestibility may be affected 
than other species by different feed composition, and thus amino acid requirements are 
susceptible to vary between situations. Therefore, a careful evaluation of amino acid require
ments with a proper method is needed for various conditions. This review will also provide 
comprehensive information that needs to be considered when designing an amino acid 
requirement study in horses.

Keywords: Equine; Protein Digestibility; Requirement Evaluation; Threonine;  
Amino Acid Nutrition

INTRODUCTION 

Provision of an optimal nutrient composition in an animal’s diet is a basic and essential 
part of the livestock industry; therefore, a proper evaluation of nutrient requirements is 
fundamental. For amino acids in particular, having the requirements not only optimizes 
productivity, but also minimizes adverse effects caused by excessive nitrogen intake. Without 
accurate requirements for each indispensable amino acid, protein sources may be overfed 
to meet or exceed the requirements, which is not economically efficient and can cause many 
unfavorable results in animals, handlers, as well as the environment. Thus, evaluating re
quirements of individual indispensable amino acids is warranted to formulate costeffective 
and wellbalanced diets.
 Managing body protein accretion and maintenance is crucial for the equine industry 
because horses are an athletic species with a high percentage of body weight (BW) as muscle. 
However, there is a paucity of previous research that has investigated specific requirements 
for crude protein (CP) and amino acids in horses at any age. Despite the fact that threonine 
has been suggested as the second limiting amino acid in a typical equine diet [13], even 
the NRC [4] provides only CP and lysine requirements in horses.
 Conventionally, amino acid requirements in animals have been estimated based on vari
ous indexes, such as amino acid composition in body tissues, growth rate, blood levels of 
certain metabolites related to protein metabolism, nitrogen balance in the body, or isotopic 
amino acid metabolism. These approaches have their own advantages and limitations. 
Therefore, understanding the principles of these methods as well as protein metabolism in 
horses is required to select an appropriate methodology for a specific situation and, con

*  Corresponding Author: Kristine L. Urschel
Tel: +1-859-257-7748, Fax: +1-859-323-1027, 
E-mail: klurschel@uky.edu

  1  Department of Animal and Food Sciences, University 
of Kentucky, Lexington, KY 40546, USA

  2  Department of Veterinary Science, Gluck Equine 
Research Center, University of Kentucky, Lexington, 
KY 40546, USA

ORCID
Chan Hee Mok
https://orcid.org/0000-0003-4159-7125
Kristine L. Urschel
https://orcid.org/0000-0002-0054-1179

Submitted Jan 30, 2020; Revised Feb 25, 2020;  
Accepted Mar 12, 2020

Open Access

http://crossmark.crossref.org/dialog/?doi=10.5713/ajas.20.0050&domain=pdf&date_stamp=2020-05-01


680  www.ajas.info

Mok and Urschel (2020) Asian-Australas J Anim Sci 33:679-695

sequently, to evaluate accurate amino acid requirements.
 The aim of the present review is to provide comprehensive 
information for studying amino acid requirements in horses. 
The current knowledge in protein digestion and utilization in 
horses should be fully understood prior to designing a study 
for amino acid requirements evaluation. To increase the ac
curacy of the estimation, factors that could affect amino acid 
requirements, such as digestibility, endogenous losses, and 
various physiological states, need to be carefully considered, 
and a suitable method should be applied.

CRUDE PROTEIN AND AMINO ACID 
REQUIREMENTS IN HORSES

The CP requirements for maintenance horses recommended 
in the NRC [4] are determined at the point of zero balance 
of nitrogen, where nitrogen accretion and losses occur at the 
same rate. However, measuring true nitrogen losses is sus
ceptible to underestimation because minor sources of nitrogen 
losses, such as hair, skin, and sweat, are hard to quantify. 
Therefore, when using CP requirements evaluated by ni
trogen balance trials for feed formulation, some compensation 
might need to be added to have nitrogen retention greater 
than zero. 
 According to the reviewed data in the NRC [4], the CP 
requirement for horses in average maintenance is 1.26 g/kg 
BW/d. Applying the 95% confidence interval, the minimum 
requirement is calculated to be 1.08 g/kg BW/d for horses 
having less activity, and the elevated maintenance require
ment is estimated to be 1.44 g/kg BW/d for horses with a more 
active temperament. The CP requirements for maintenance 
in growing horses, pregnant mares, lactating mares, and ex
ercising horses are in the same range of the requirements for 
mature horses at maintenance. Table 1 shows the mainte
nance requirements of CP in horses at various physiological 
states. Because nutrients required for deposition of fetal tissues, 
milk production, or exercise are not considered as the main
tenance portion of the total requirements, the maintenance 
requirements of CP in mature horses are consistent in various 
physiological states. In addition to the maintenance require
ments, requirements for growth, pregnancy, lactation, and 
exercise should be separately calculated and added to provide 
an adequate amount of CP (Table 2). 

 Because both body protein synthesis and breakdown are 
energyconsuming processes, nitrogen balance and apparent 
utilization of dietary protein are affected by energy balance 
[5]. When energy intake was deficient, horses showed weight 
losses even though they were fed 1.3 g/kg BW/d of CP, while 
a proteinrestricted diet providing 0.7 g/kg BW/d of CP did 
not affect BW if energy intake was sufficient [6]. Therefore, 
adequate dietary energy must be fed to optimize dietary pro
tein utilization.
 The latest edition of the NRC [4] does not provide specific 
amino acid requirements, with the exception of the lysine 
requirements. The reported lysine requirements in mature 
horses at maintenance were evaluated by measuring nitrogen 
retention. By linear regression, zero nitrogen retention was 
obtained when lysine intake level was 36 mg/kg BW/d (the 
minimum requirement) while a brokenline analysis showed 
a plateau when lysine intake was above 54 mg/kg BW/d (the 
optimum requirement). Lysine requirements can also be ex
pressed as 4.3% of CP requirements in horses at maintenance, 
growing, pregnant, and exercising states. In lactating mares, 
lysine requirements can be calculated by the following formula: 

 Lysine requirements (g/d) = 
  kg milk yield/d × 3.3 g lysine/kg milk  
  + the maintenance requirement of lysine.

Table 1. Maintenance crude protein requirements in horses at various physiological states1) (g/kg body weight/d)

Items Maintenance Growth Pregnancy Lactation Exercise

- 1.44 1.26 1.44 Same as maintenance requirement
Minimum 1.08 - - - -
Average 1.26 - - - -
Elevated 1.44 - - - -

1) Data from NRC [4].

Table 2. Additional crude protein requirements in horses at various physiological 
states1) (g/kg BW/d)

Items Additional crude protein requirements

Growth (Average daily gain kg ×  0.20)/E2))/0.79 g CP/d
Pregnancy (Fetal gain kg/0.5)/0.79 g /d
Lactation Milk production kg/d ×  50 g CP/kg milk
Exercise

Light BW ×  0.089 g CP/kg BW/d
Moderate BW ×  0.177 g CP/kg BW/d
Heavy BW ×  0.266 g CP/kg BW/d
Very heavy BW ×  0.354 g CP/kg BW/d

BW, body weight; CP, crude protein. 
1) Data from NRC [4].
2) E, efficiency of use of dietary protein; 50% for horses 4 to 6 months of age, 
45% for horses 7 and 8 months of age, 40% for horses 9 and 10 months of age, 
35% for horses 11 months of age, and 30% for 12 months of age or older.
Total crude protein requirement can be calculated by adding the calculated values 
to the appropriate maintenance requirements (Table 1).
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 With the given lysine requirements, the NRC [4] recom
mends estimating the requirements of the other amino acids 
based on amino acid composition in equine body tissues. For 
example, the lysine to threonine ratio in equine gluteal muscle 
is reported to be 100:62 [7], and thus threonine requirements 
can be estimated by this formula: 

 Threonine requirements = lysine requirements × 0.62.

 However, this approach may calculate requirements lower 
than the actual requirements because amino acid digestibility 
and metabolism occurred in the whole body may not be ac
counted.

IMPORTANCE OF PROVIDING 
APPROPRIATE AMOUNTS OF DIETARY 
PROTEIN

Low protein diets and supplementing nitrogen sources
The deficiency of either a specific indispensable amino acid 
or digestible protein in an animal’s diet can lead to protein 
deficiency symptoms. Generally, low protein intake will re
sult in poor hair and hoof growth in horses [5], weight loss 
in yearlings [8], early fetal loss in pregnant horses [9], slower 
return to ovulation in mares [10], low protein concentrations 
in milk from lactating mares, and reduced milk intake and 
poor growth rate in foals from mares that received a protein
deficient diet [11].
 Nonprotein nitrogen, such as urea, has been accepted as 
a protein supplement in ruminant diets because rumen mi
crobes can use urea to form bacterial proteins, which can 
then be digested in the abomasum and the small intestine 
[12]. Horses also have microbial fermentation; however, it 
occurs in the hindgut, which comes after the small intestine, 
the major site of amino acid and urea absorption [13]. There 
are conflicting reports in the literature as to the value of urea 
in replacing dietary CP in horses. In one study, a high con
centration of urea fed to mature horses did not seem to be 
harmful [14], and in another study, the addition of urea to 
horse feeds resulted in increased nitrogen retention [15]. How
ever, other studies reported that urea was primarily absorbed 
in the small intestine and was excreted via urine, and thus 
urea utilization by hindgut microbes or the host animal was 
marginal [13,16]. In one study, feeding a single dose of 450 g 
urea to 8 mature ponies (up to 136 kg of BW) resulted in the 
death of 7 ponies, and these ponies had increased blood urea, 
ammonia, αketoglutarate, glucose, and pyruvate concentra
tions [17]. Hindered αketoglutarate decarboxylation was 
suggested as the principal cause of ammonia poisoning. There
fore, the provision of urea as a nitrogen source to horses may 
not always be safe or efficient, so it is not recommended.
 To supplement animal feeds deficient in one or more of 

indispensable amino acids, crystalline amino acids can be 
used. Historically, lysine [1,18] and threonine [1,2] have been 
thought to be the most limiting amino acids in typical equine 
diets, and they are frequently supplemented as crystalline 
forms in feeds to improve body protein synthesis. In previous 
studies, growing horses fed additional lysine showed increased 
growth rate [18,19], and threonine supplementation resulted 
in greater girth gain [1]. Also, supplementation of lysine and 
threonine together to mature horses improved muscle mass 
scores and lowered body condition scores with no decrease 
in BW, suggesting improved lean tissue accretion [2]. There
fore, supplementing crystalline amino acids could be an option 
for providing more amino acids in feeds if needed, but it does 
not deduct the importance of requirement evaluation.

Consequences of overfeeding protein
Because actual requirements are unknown, one of the com
mon strategies to ensure sufficient indispensable amino acid 
intake is providing a diet with high CP composition [20]. A 
survey study conducted on horse farms in the Chesapeake 
Bay Watershed region, which encompasses parts of six states 
in the USA (Delaware, Maryland, New York, Pennsylvania, 
Virginia, and West Virginia) and Washington, D.C., with 201 
horses reported that the CP intake from that area was 157%± 
41.8% of the NRC [4] recommendations [21]. Although prac
tical, feeding a highprotein diet results in an elevated nitrogen 
content in both urine and feces of ponies [22], and the greater 
rates of nitrogen excretion can lead to environmental acid
ification and eutrophication [23]. In addition, it can cause 
adverse effects on animal and handler health by generating 
noxious gas, which irritates the eyes and the respiratory tract 
[24].
 Excess dietary amino acids, which are not used for pro
tein synthesis or other metabolism in the body, will not be 
stored and must be catabolized to CO2 and urea for excretion. 
Urea synthesis is an energyconsuming process. Thus, excess 
protein consumption would cause inefficiency in animal pro
duction. Pigs fed greater amino acids resulted in less efficient 
body growth associated with increased heat production (when 
>16.7% CP fed) and decreased energy retention (when >18.9% 
CP fed) [25]. During the finishing phase, feeding a high
protein diet (35.9% CP) to pigs resulted in decreased feed 
intake, rate of gain, and feed conversion efficiency compared 
to feeding the control diet (13.1% CP) [26]. In mature horses, 
even though the animals were fed a highprotein diet (16.6% 
CP), which is 160% of the CP requirement, and provided 
greater energy (5.5 Mcal/100 kg BW/d), they did not gain 
more weight than the animals fed a control diet (12.5% CP 
and 4.8 Mcal/100 kg BW/d) [27]. These adverse results might 
be due to the extra energy used to convert excess nitrogen 
to urea.
 Moreover, greater nitrogen intake might also have nega
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tive effects on exercising animals. Because water is necessary 
for nitrogen excretion, it was found that Standardbred horses 
fed CP at 160% of the requirement (16.6% CP) showed in
creased water intake, nitrogen excretion, and urine volume 
[27] compared to horses received the recommended intake 
of CP (12.5% CP) based on the NRC [5]. Thus, overfeeding 
protein might be an unnecessary challenge for exercising 
horses as it could cause them to carry more water weight 
during exercise. Also, a lower blood pH resulted from feeding 
a highprotein diet (14.5% CP) to horses at rest and exercis
ing compared to feeding a lowprotein diet (7.5% of CP) [28]. 
Vigorous exercise itself could reduce blood pH by lactic acid 
production [29], and thus any additional decrease in blood pH 
caused by high level of protein consumption might increase 
the risk of acidosis. Because horses are an athletic species, the 
deterioration of exercise capacity would be a greater concern 
for horses compared to the other livestock species, which are 
primarily raised as human food sources. Therefore, feeding a 
highprotein diet for ensuring sufficient indispensable amino 
acid intake needs to be considered more carefully in horses, 
emphasizing the necessity of evaluating amino acid require
ments.

PROTEIN DIGESTION AND 
BIOAVAILABILITY IN HORSES

To optimally investigate amino acid requirements in horses, 
the digestive system in this species has to be well understood. 
Horses, an herbivore, have evolved to digest plant material. 
Thus, their digestive system has been developed to utilize fi
ber contents better compared to carnivorous or omnivorous 
species; microbial fermentation in the hindgut enables horses 
to use nutrients from plant sources. Because of the unique 
features of the equine digestive tract, different feed ingredients 
are digested with a different degree in different parts of the 
intestinal tract. Horses are nonruminant hindgut fermenters, 
and thus they possess both mammalian enzymatic digestive 
capacity in the foregut (the stomach and the small intestine) 
and microbial fermentation in the hindgut (the cecum and 
the colon). Dietary protein needs to be degraded into indi
vidual amino acids or small peptides to get absorbed in the 
digestive tract. There are limited data regarding how much 
of dietary amino acids are actually absorbed and utilized for 
protein synthesis in horses.

Protein degradation
Protein is digested by enzymes produced in the foregut and 
the pancreas, and the resulting free amino acids are absorbed 
in the small intestine. Hydrochloric acid secreted by the pa
rietal cells in the stomach denatures ingested protein and 
activates an inactive form of the proteolytic enzyme, zymogen 
pepsinogen, into pepsin. Activated pepsin cleaves larger pep

tide chains into smaller peptides, which then enter the small 
intestine. Further degradation of peptides occurs in the small 
intestine. Compared to other parts in the equine intestinal 
tract, the ileum possesses the highest proteolytic activity where 
23.85 μg of protein gets hydrolyzed per mg ileal content per 
minute [30]. In the equine ileum, trypsin, an endoprotease 
produced in the pancreas, hydrolyses the Cterminal of pep
tide bonds of amino acids. The oligopeptides broken down 
from trypsin activity are degraded by pancreatic carboxy
peptidases, and then those constituents end up as di or 
tripeptides or free amino acids by the action of the enzyme, 
oligopeptidase, located in the brush border of mucosal cells. 
 In the hindgut, microbes ferment structural carbohydrates 
and nutrients associated with fiber structures that are not 
prececally digested. Thus, cell contents, including protein, 
which are surrounded by the structural carbohydrates of plant 
cells, can be finally degraded. Microflora in the hindgut fer
ments dietary nitrogenous components, such as gelatin, casein, 
peptones, amino acids, or ammonia, contributing to hindgut 
amino acids metabolism, but urea is barely fermented by the 
equine hindgut metabolism [16]. Bacterial isolates obtained 
from cecal contents of mature horses were cultured on a habi
tatsimulating medium containing urea, ammonia, peptones, 
or amino acids as the sole nitrogen source and only 17.9% 
and 20.5% of bacterial isolates were able to use urea and am
monia for the growth, respectively while 100% and 35.9% of 
bacteria grew in the peptone and amino acid media, respec
tively [16].

Amino acid absorption
Despite the fact that 11% to 30% of total tract apparent ni
trogen digestion occurs in the small intestine and 40% to 70% 
of it occurs in the hindgut [31,32], the majority of amino ac
ids seem to be absorbed in the foregut, which is supported 
by an amino acid transporter mRNA study [33]. In the fore
gut, 16% to 58% of net nitrogen absorption occurs, especially 
in the jejunum and the ileum [31,34]. Although the nitrogen 
absorption in the equine small intestine has not been fully 
defined, nitrogen is absorbed in the small intestine mainly as 
amino acids in most mammals [35].
 Postileal nitrogen uptake accounts for a significant por
tion of total nitrogen absorption in horses [31,32]. There is 
some evidence that nitrogen absorbed in the large intestine 
is in the ammonia form [32,36,37] but not likely in forms of 
amino acids [38]. Without confirmation of an in vivo study, 
some in vitro studies showed that Lalanine and cycloleu
cine were actively transported through the serosa layer, but 
active transport of those amino acids through the mucosa 
layer was not observed in the equine cecum [39,40], pro
viding evidence that there may not be substantial uptake of 
amino acids from the lumen of the large intestine. On the 
other hand, lysine transporters across the apical membrane 
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in the equine and swine large colon were found to have a 
greater capacity but less affinity than those in the jejunum, 
suggesting meaningful hindgut absorption of lysine [41]. 
However, it is still unclear whether the proteolytic enzymes 
exist in the hindgut to degrade microbial protein and make 
it available for absorption. 

Amino acid bioavailability
Amino acid bioavailability in an animal’s diet represents the 
proportion of absorbed dietary amino acids that can be used 
for protein synthesis or metabolism in the body [42]. Ileal 
digestibility describes amino acid bioavailability better than 
total tract digestibility because most of the dietary amino acid 
absorption occurs in the small intestine and hindgut fermen
tation can affect amino acid metabolism by bacterial protein 
production [43]. 
 Ileal digestibility of an amino acid can be expressed in 
various terms: apparent, true, or standardized ileal digest
ibility. The differences between the values of these terms 
depend on how ileal endogenous losses are accounted. Ileal 
endogenous amino acid losses represent amino acids in ileal 
digesta that are not from the diet but endogenously synthe
sized, such as intestinal mucin protein, sloughed cells, and 
digestive enzymes [44]. The endogenous losses are affected 
by the diet that the animals consume [45,46] and divided 
into two components, basal and specific endogenous losses 
[47]. The basal losses are obligatory amino acid losses occur
ring regardless of which diet fed to animals. On the other 
hand, the specific losses are induced at different rates de
pending on characteristics of diet composition. Thus, total 
endogenous losses are also affected by feed ingredients. Feed
ing a highly digestible protein will result in minimal specific 
losses, but feeding a diet containing greater antinutritive 
factors, such as fiber, increases the specific endogenous amino 
acid losses [45].
 Total endogenous losses can be estimated by the homoar
ginine technique and the isotope tracer dilution technique 
[43]. The basal endogenous amino acid losses can be evalu
ated by measuring amino acid contents in ileal digesta when 
animals were fed a proteinfree diet. However, in horses, feed
ing a proteinfree diet is not a realistic method, so the basal 
endogenous losses may be calculated by the regression tech
nique with nitrogen excretion in response to nitrogen intake. 
By subtracting the basal losses from total endogenous losses, 
the specific losses can be calculated.
 In other nonruminant species, protein and amino acid 
digestibility can be expressed in forms of apparent ileal digest
ibility, true ileal digestibility, and standardized ileal digestibility. 
While true and standardized ileal digestibilities account for 
endogenous losses, apparent ileal digestibility does not sepa
rate undigested dietary amino acids from total intestinal 
amino acid flow and thus underestimates dietary amino acid 

bioavailability. True ileal digestibility accounts for the contri
bution of both basal and specific endogenous losses, and it is 
the closest estimate of bioavailability of dietary amino acids. 
On the other hand, standardized ileal digestibility only ac
counts for the basal losses. Because the specific losses are not 
obligatory for every situation but induced depending on char
acteristics of feed ingredients, standardized ileal digestibility 
is a better estimate of bioavailability for diet formulation with 
various ingredients when compared to true ileal digestibility, 
which is inevitably affected by feed ingredients.
 Because the total protein and amino acid contents present 
in a diet cannot be entirely digested and absorbed in animals, 
values of requirements in a standardized ileal digestible basis 
are greater than requirements expressed in an apparent ileal 
digestible basis. Although it would underestimate the bioavail
ability, protein digestibility in horses is expressed as apparent 
digestibility due to a lack of information on standardized 
equine ileal digestibility of various feed ingredients. Further
more, individual amino acid bioavailability has not been fully 
studied in horses; therefore, the equine industry still relies 
on CP digestibility to a large extent.

Effects of feed composition on protein digestibility
Not only is forage the major feedstuff for horses, but also 
horses need to consume it to maintain the normal digestive 
tract function. However, the components of plant cell wall, 
such as cellulose, hemicellulose, and lignin, are not digestible 
by animal enzymes, and therefore, high fiber contents in an
imal diets decrease protein digestibility and dietary protein 
utilization. In pigs, prececal endogenous losses of amino acids 
were increased by dietary fiber [43,46], and fiber contents in 
feeds decreased apparent total tract protein digestibility [48] 
and apparent ileal amino acid digestibility [46]. 
 In horses, a greater part of hay protein digestion occurs in 
the large intestine by microbes while forage nitrogen digest
ibility in the foregut ranges only 27% to 41% [31]. Moreover, 
a significant amount of nitrogen absorbed from the large in
testine is believed to be in the form of ammonia, which cannot 
be used by the animal to synthesize indispensable amino acids 
[31,32,36,37]. On the other hand, the majority of dietary pro
tein from concentrate is mainly digested and absorbed in the 
small intestine, presumably in the form of amino acids [49], 
and precaecal nitrogen digestibility of grain concentrate ranges 
58% to 72% [50] in horses. Therefore, the quality of forage as 
well as the ratio of forage to concentrate in a diet should be 
considered when evaluating amino acids requirements. This 
issue would be more pronounced in horse diets because horse 
feed formulation could vary by the regional or seasonal factors 
and, consequently, a variety of feed ingredients are used in 
different situations, affecting amino acid requirements.
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THREONINE AS A LIMITING AMINO 
ACID IN EQUINE DIETS

Body protein synthesis occurs with a certain ratio of amino 
acids. A limiting amino acid is an indispensable amino acid 
that is provided the most below its requirement, and it hin
ders protein synthesis if exists. Even though the other amino 
acids are properly or excessively provided, protein synthesis 
cannot continue to occur if a limiting amino acid exists.
 In a typical equine diet, consisting of grasses and cereal 
grains, lysine is thought to be the first limiting amino acid. 
Previous studies showed that supplementing lysine to com
mon feedstuffs for horses increased growth rate in young 
horses [1,18,19,51]. Yearlings fed Coastal bermudagrass and 
a concentrate, consisting of corn, oats, and soybean meal, 
with 0.2% of supplemental lysine (total 42 g/d of lysine) 
showed increased average daily gain (0.64±0.02 kg/d) and 
girth gain (10.1±0.46 cm) while the control group without 
supplemental lysine (total 37 g/d of lysine) showed 0.57±0.02 
kg/d of weight gain and 9.7±0.49 cm of girth gain [1]. Also, 
0.15% of lysine supplementation (total 53 g/d of lysine) to 
a control diet (total 46 g/d of lysine) resulted in higher feed 
efficiency (15.0 kg feed/gain) while 17.9 kg feed/gain of feed 
efficiency was observed in the control group of yearlings [18].
 Threonine has been suggested to be the second limiting 
amino acids in a common equine diet [1,2]. Supplementing 
0.1% threonine to yearling diet, with 0.2% lysine (total 39 g/d 
of threonine and total 45 g/d of lysine), showed greater growth 
(0.67±0.02 kg/d of BW gain and 11.3±0.47 cm of girth gain) 
than the control group with no supplemented amino acids 
(total 33 g/d of threonine and total 37 g/d of lysine; 0.57±0.02 
kg/d of BW gain and 9.7±0.49 cm of girth gain) [1]. However, 
this treatment also contained higher lysine than the control 
diet, and thus the result might be influenced by lysine sup
plementation. Compared to a treatment group receiving only 
additional 0.2% lysine to control diet, threonine supplemen
tation did not change weight gain, but it increased girth gain 
(11.3±0.47 cm for the both threonine and lysine supplemented 
group and 10.1±0.46 cm for the lysine supplemented group) 
[1]. The increased girth gain suggested that supplementing 
threonine might increase body protein accretion. Also, there 
was a suggestion that threonine might be limiting in a wean
ling horses diet composed of 42:58 ratio of alfalfa hay cube 
to cornbased concentrate containing a recommended level 
of CP (9.0% CP) fed to weanlings [3]. However, a recent study 
in aged horses (20±1.1 years old) reported that supplement
ing threonine with lysine and methionine did not improve 
protein synthesis or nitrogen retention [52], suggesting that 
threonine might not be a limiting amino acid in older horses 
receiving a highquality forage and a commercial concentrate. 
 While the NRC recommendation calculates threonine re
quirements in mature horses to be 53% to 62% of lysine intake, 

based on muscle amino acid composition [7], previous studies 
showed discrepancies. When mature Thoroughbred horses 
were fed a 3:2 ratio of forage to concentrate, estimated threo
nine requirements ranged 67% to 80% of lysine intake based 
on the responses of plasma amino acid concentration [53]. 
On the other hand, when threonine requirements in Thorough
bred mares received a 4:1 ratio of forage to concentrate were 
investigated by the indicator amino acid oxidation method 
and with threonine intake levels ranged 41 to 89 mg/kg BW/d 
(75% to 160% of lysine intake), requirements could not be 
specifically defined [54]. One possibility was that the require
ment fell outside the test range of threonine intake levels. 
However, it might suggest that another amino acid was more 
limiting than threonine in the experimental diet, which was 
a typical equine diet consisting of good quality timothy hay 
and grain concentrate. Further studies are still required to 
refine threonine requirements in horses at various physio
logical states.

Threonine metabolism in animals
Biological role of threonine: Threonine, one of the indispens
able amino acids in mammals, needs to be provided from 
feeds. In the body, it is metabolized to serine and glycine (Fig
ure 1), which are important components of collagen, elastin, 
and muscle tissue [55]. Threonine has an essential role in 
protein synthesis. It allows proteins to fold and function 
correctly by glycosylation, which attaches a carbohydrate 
to hydroxyl or other functional groups of another molecule 
[56]. The hydroxyl group of the side chains on threonine is 
also a possible phosphorylation site, and phosphorylation 
on threonine is a key regulatory posttranslational modifi
cation, influencing protein shapes and activity [57]. 
 Intestinal secretory glycoprotein synthesis appears to be a 
major metabolic fate of dietary amino acids [58]. Intestinal 
mucin consists of heavily glycosylated proteins produced by 
epithelial cells. In particular, Olinked glycans, which are 
mucin type glycans, are attached to the hydroxyl oxygen of 
threonine and serine [59]. Therefore, threonine seems to be 
the significant constituent of gut mucin protein. In pigs, the 
contribution of amino acids from intestinal mucin to total 
amino acids in ileal contents was 28.0% to 33.2% threonine 
and 13.3% to 16.3% serine while the contribution of the other 
amino acids from mucin to ileal contents ranged only 1.1% 
to 7.1% [60]. 
 Threonine degradation: Excess amounts of absorbed thre
onine will be metabolized by catabolic pathways producing 
CO2 and ammonia to be excreted and acetylCoA or pyruvate 
to be used in gluconeogenesis. Mammals possess several 
threonine catabolic pathways, and these are linked to meta
bolic pathways of several other amino acids (Figure 1) [61,62]. 
In one of the catabolic pathways, threonine is degraded into 
glycine, and then it will be interconverted with serine. The 
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other threonine degradation pathway creates acetylCoA via 
an intermediate, αketobutyrate [63], which is also one of the 
intermediates of methionine catabolic pathway [64]. Due to 
the linkages of several metabolic pathways of amino acids, 
the metabolism of one amino acid could affect the metabolism 
of another amino acid, and vice versa [61,62].

Factors affecting threonine requirements
Endogenous losses: Goblet cells line the intestinal tract and 
secrete mucus, termed as mucin, which is composed of 95% 
water and 0.5% to 5% glycoprotein [65]. In pigs fed a protein
free diet, mucin secretion was not affected by the intravenous 
infusion of either saline or a complete amino acid mixture 
[60]. This finding suggests that mucin must be secreted even 
if animals do not receive dietary amino acids and the animals 
will use amino acids from body protein breakdown to sup

port mucin synthesis if necessary. The intestine used 52% of 
total dietary amino acids and 67% of dietary threonine, and 
26% of dietary protein was recycled into the blood amino 
acid pool from mucin protein [58]. However, threonine was 
not found to be recycled, which means that intestinal mucin 
protein synthesis might be a major metabolic fate of threonine 
[58]. Accordingly, threonine has lower apparent digestibility 
(31.2% to 62.4%) compared to the other amino acids (36.0% 
to 92.3%) in horses [66], consistent with what has been ob
served in other monogastric animals [46,67]. Therefore, mucin 
secretion has been suggested as a substantial source of ileal 
endogenous threonine losses. 
 Dietary composition: Dietary fiber contents, which are also 
expressed as antinutritive factors, not only reduce nutrient 
digestibility but also increase endogenous protein losses by 
stimulating intestinal mucus secretion [45]. Because the pri

Figure 1. Overview of the interaction between threonine, glycine and serine degradation pathways; Adapted from Voet and Voet [61] and Wang et al [62].
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mary role of mucin is protecting the intestinal tract from 
chemical digestion or physical damage, mucin secretion is 
inevitably increased by dietary fiber contents. Consequently, 
the threonine requirement is sensitive to fiber composition 
and quality of animal feeds [46]. In particular, hemicellulose 
contents from feeds resulted in reduced nitrogen retention, 
lower apparent ileal threonine digestibility, and greater en
dogenous losses of threonine in pigs [46]. 
 Physiological state: While threonine requirements in horses 
have not been fully determined in various situations, previous 
research in other species suggests that various physiological 
states will also influence threonine requirements because the 
threonine needs in the body might vary for body tissue ac
cretion, conception, or lactation. For example, the threonine 
requirements of neonatal piglets were 3 to 5 times greater than 
those of mature pigs [68,69] indicating that greater threo
nine intake is required for tissue accretion in younger animals. 
Similarly, during gestation, threonine requirements in the last 
third of gestation (d 81 to d 111; 12.3 g/d) were more than 
twice higher than requirements during early stages of gesta
tion (d 25 to d 55; 5.0 g/d) in sows [70] due to the increase of 
fetal weight, fetal protein contents, and mammary protein 
contents [71]. Also, ideal composition of amino acids required 
for nursing sows depends on how much body tissue is mo
bilized for milk production and mammary tissue accretion 
[72]. When sows used more body reserves for lactating, threo
nine becomes more limiting [72]. Thus, the requirement of 
threonine in lactating animals would be higher than in ani
mals at maintenance to prevent body protein degradation.

METHODS USED FOR EVALUATING 
AMINO ACIDS REQUIREMENTS

Calculations
Factorial approach: The factorial approach had been used to 
estimate protein and amino acids requirements in the past. 
This method is based on the concept that total requirements 
of protein can be calculated by the sum of i) the obligatory 
protein losses, which determines maintenance protein require
ments, and ii) the protein used for synthesis of new tissues, 
such as growth, pregnancy, and lactation. 
 When animals are adapted to a proteinfree diet, amino 
acids from the body protein are being recycled to maintain 
protein turnover, the flux of protein synthesis and breakdown. 
However, there would be a limit to the amount of amino acid 
recycling. In adult rats, some indispensable amino acids could 
be conserved when they were adapted to a lowprotein diet 
while some amino acids from body tissues would still be de
graded [73]. Thus, the ultimate limit of recycling amino acids 
from body protein would indicate the obligatory protein 
losses, and the maintenance requirement can be determined 
at this point. Amino acid requirements for the formation 

of new tissues can be estimated by measuring the rate of the 
tissue formation, the composition of that tissue, or the effi
ciency of amino acids uses for the tissue formation. Then, 
the requirements for maintenance and accretion of new tissues 
are summed into the total requirements that animals need. 
In the most recent NRC publication for horses [4], the fac
torial method is used for evaluating the requirements for 
growing, pregnant, and lactating horses. However, this method 
was developed on an assumption that the obligatory nitrogen 
losses are fixed in an animal which is not fully validated. 
 Amino acids composition in the animal tissue: A previous 
study suggested that if the indispensable amino acid profile 
in a diet resembles the ratio of amino acids required for struc
tural and functional needs in the animal, the diet can be rated 
as having a higher biological value of protein and thus less 
amounts of that feed could still meet the requirements [74]. 
Applying this concept, amino acids requirements in horses 
have been estimated from body tissue composition. Because 
the requirement of lysine has been reported in horses (54 mg/
kg BW/d for mature horses at maintenance) [4] and amino 
acid composition of muscle or milk can be measured, the other 
amino acids requirements can be calculated based on those 
numbers. 
 Although convenient, this method may underestimate 
requirements because it does not consider digestibility or 
other uses in the body. Especially, horses consume substan
tial amounts of forage in their diet, and nitrogen digestibility 
is remarkably different between forage and concentrate; es
timated true prececal nitrogen digestibility of forage was 27% 
to 41% [31] while precaecal nitrogen digestibility of concen
trate was 58% to 72% [50]. In addition, up to 60% of dietary 
threonine is used up in the intestinal tract in other nonru
minants [68], and threonine is considerably incorporated 
into intestinal mucin protein [60]. Thus, if threonine require
ments were estimated based on muscle or milk amino acid 
composition, this estimation would not include the poten
tially large threonine uses in the gastrointestinal tract. 

Dose-response feeding trials
To measure nutrient requirements using a doseresponse 
approach, at least 4, or ideally 6 or more, levels of test nutrient 
intake are required [75]. Also, the test nutrient intake levels 
should span both below and above the actual nutrient require
ment. Along with feeding the graded levels of the test nutrient, 
one or more indexes of healthiness, such as growth rate and 
body protein retention, are measured to estimate requirements. 
The measured parameters would show a certain response as 
the test nutrient intake levels increase towards the require
ment, and then a breakpoint in the response will be detected 
once the intake level meets the actual requirement. Until the 
upper limit of the requirement, providing greater amounts of 
the test nutrient is not harmful to animals but only wasteful, 
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but above that limit, the excess amount of the test nutrient 
may result in toxicity, decreasing the indexes of health (Figure 
2).
 Comprehension of amino acid metabolism in animals is 
required to decide which outcome parameter to measure and 
to interpret the meaning of responses shown by the outcome 
parameter. Briefly, dietary amino acids will be either utilized 
in the body or excreted. Amino acids are mainly absorbed in 
the small intestine to the blood and used for protein synthesis 
or converted to other metabolites. If not utilized, excess amino 
acids will be catabolized; nitrogen from the excess will be con
verted to urea and carbon skeletal backbones will be either 
used for gluconeogenesis or oxidized to CO2 to exit the body 
via expiration.
 With this biology, amino acid requirements can be deter
mined by various outcome parameters, such as growth rate, 
nitrogen balance, blood amino acid concentrations, blood 
urea concentrations, and amino acid oxidation rate. The re
sponses of different indicators to increasing intake levels of a 
test amino acid are depicted in Figure 3. Although diverse 
options are available, evaluated requirements with different 
indicators might not be the same (Table 3) [76]. Also, mea
suring a certain indicator might not be appropriate for every 
different situation, and an estimate from a single indicator 
might not properly represent the actual requirement by itself. 
There are pros and cons corresponding to each of the various 
indicators.
 Growth rate: In a previous study, the effect of dietary amino 
acid composition on body protein deposition was evaluated 
to estimate amino acid requirements for normal growth in 
infants [77]. This study was the first approach to estimate 

amino acid needs by measuring growth rate. In growing ani
mals, measuring growth indicators can be used to determine 
amino acid requirements by estimating an optimal intake 
level of a test amino acid for maximizing growth, representing 
increased body protein synthesis. Growth rate will increase 
with greater test amino acid intake levels until the consump
tion reaches the actual requirement and then maintain the 
maximum growth rate. Measuring growth rate is one of the 
most noninvasive methods for studying amino acid require
ments, and growth rate in horses can be measured in various 
forms of response variables, such as BW, height, and girth cir
cumference.
 The growth rate method of determining requirements needs 
a relatively high number of animals and a long experimental 
period. In a previous study, the effect of dietary protein levels 
on growth rate was evaluated with 24 foals and three different 
protein intake levels (8 animals/treatment) for a 12month 
period [78]. In another case, while 22 foals were studied with 
two protein intake levels (11 animals/treatment) for a 14month 
period, the statistical power for all growth parameters mea
sured was still low (α = 0.05; power = 0.050 to 0.238) [79]. The 
use of this method is limited in mature animals and may be 
infeasible in animals with slow growth rate. Besides, it is de
batable whether or not faster growth rate in growing horses 
indicates desirable growth.
 Nitrogen balance: The principle of the nitrogen balance 
method for evaluating amino acid requirements is based on 
this formula: 

 Nitrogen retention = nitrogen intake – nitrogen excretion

Figure 2. Health index curve relative to test nutrient intake levels below and above the requirement.
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Figure 3. Curves of an indicator response to test nutrient intake levels below and above the requirement; Adapted from Pencharz and Ball [88].
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 The difference between the nitrogen intake and the amount 
excreted in feces, urine, and other forms of minor losses would 
represent nitrogen retention. In this method, several levels of 
the test amino acid are fed to animals, and feed intake, fecal 
excretion, and urinary excretion are measured. Then, nitro
gen intake, digestibility, and excretion can be estimated, and 
with these values, nitrogen utilization is evaluated. The zero
balance point of nitrogen, representing nitrogen equilibrium, 
indicates the maintenance requirement, and the maximized 
positive balance represents nitrogen required for growth, con
ception, or milk yield.
 There are some practical difficulties associated with con
ducting a nitrogen balance study such as measuring accurate 
feed intake, collecting feces and urine as well as counting other 
routes of nitrogen losses [80]. The adaptation time required 
for achieving a new nitrogen balance responding to a nitro
gen intake level of each treatment might take about 7 d in 
human [81]. This relatively longer time taken for adaptation 
can limit the application of this method. Also, this in vivo 
digestibility trial in horses has some more limitations com
pared to swine and ruminant studies because of high costs 
associated with the number of required animals and human 
labor in addition to difficulty of confining horses in a limited 
space to collect feces and urine [82]. Although the current 
NRC [4] protein requirements are based on the compilation 
of the nitrogen retention data from many independent studies, 
little or no studies have evaluated requirements specifically 
using this technique alongside graded levels of amino acid 
intake. Antilley et al [83] measured nitrogen balance while 
feeding horses with three levels of amino acid intakes. The 
aim of this study was to evaluate the nitrogen retention mea
surement as an outcome parameter for amino acid studies, 
but the results indicated that it was not an effective response 
variable for this purpose.
 Blood amino acid concentrations: When graded levels of a 
limiting amino acid are fed, the blood levels of that amino 
acid will be minimal until the intake meets the actual require
ment because the amino acid entered the blood would be 

mostly utilized for protein synthesis. Then, further consump
tion will start to increase its concentration in the blood. 
Although this approach has an advantage as a relatively non
invasive method, measuring blood amino acid concentration 
might not be an optimal method for determining amino 
acid requirements. In a previous study [84], plasma lysine 
concentrations were measured to evaluate its requirement 
in mature Thoroughbred horses, and the estimated lysine 
requirement was 72 mg/kg BW/d, which is higher than the 
recommended value, 54 mg/kg BW/d, in the NRC [4]. Also, 
threonine requirements in mature horses estimated based 
on blood amino acid concentration ranged 67% to 80% of 
lysine intake [53], while the requirements estimated based 
on the NRC [4] recommendation ranged 53% to 62% (ap
plied lysine to threonine ratios in equine milk and muscle) 
[7]. These discrepancies might be due to the other factors 
affecting blood amino acid concentrations, such as time after 
feed intake [85] or the health of the subjects [86]. 
 Blood urea concentrations: Nitrogen from excessive amino 
acids in the blood will be converted into ammonia and then 
subsequently to urea for excretion. Therefore, blood urea ni
trogen concentration will increase when protein intake is 
excessive [87]. When graded levels of a test amino acid are 
fed, the pattern of plasma urea concentrations will keep de
creasing until the intake level meets the actual requirement 
as more protein can be synthesized, and therefore, fewer amino 
acids will be catabolized. At the actual requirement, the plasma 
urea concentration will reach the minimum level, and it will 
increase moderately with further consumption because an 
excessive amount of the test amino acid will not be further 
utilized for the body protein synthesis and need to be degrad
ed. However, blood urea nitrogen concentration alone does 
not seem to be sensitive enough as an indicator for evaluat
ing amino acid requirements in other species [88]. Because 
blood urea nitrogen concentration is affected by not only body 
protein synthesis but also feed consumption [89] or exercise 
[90], this parameter only indirectly represents dietary amino 
acid utilization and thus needs to be reported with other types 

Table 3. Estimated indispensable amino acid in adult human using different methods1) (mg/kg body weight/d)

Items Nitrogen Balance Plasma amino acid 
concentration Direct amino acid oxidation Indicator amino acid 

oxidation

Histidine 8 to 12 - - -
Isoleucine 10 - - -
Leucine 14 30 27 -
Lysine 12 32 35 36
Methionine + cysteine 13 - - -
Phenylalanine + tyrosine 14 30 30 -
Threonine 7 15 15 -
Tryptophan 3.5 3 - 4.3
Valine 10 20 17 -

1) Adapted from Zello et al [76].
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of parameter measurements to define more accurate require
ments.

Isotope methods
The recommended protein and lysine requirements in the 
NRC [4] were extrapolated from nitrogen balance studies. 
However, using isotopic tracers for evaluating amino acid 
requirements, a relatively new methodology, has been sug
gested to be more sensitive than the nitrogen balance approach. 
There are two main ways to apply isotope tracers to evaluate 
amino acid metabolism in the body: measuring direct amino 
acid oxidation or indicator amino acid oxidation. Infusion 
of amino acid tracers to the blood and oral administration 
of labeled amino acids are used to study protein or amino 
acid metabolism [91]. The principle of the isotope methods 
is that when excess amino acids are degraded the carbon 
backbones will be oxidized to CO2 [88]. Therefore, admin
istration of a tracer labeled with isotopic carbon will produce 
labeled CO2 in the expiration, such as 13CO2 or 14CO2 from 
stable labeled isotope tracers and radioactive isotope tracers, 
respectively. The labeled CO2 production rate depends on 
the uses of the test amino acid in the body. 
 An advantage of the isotope methods is that a relatively 
short adaptation period between each level of test amino acid 
intake is needed to change the profile of the blood amino acid 
pool [88]. Plasma amino acid concentrations reflect changed 
dietary amino acid profiles in treatments within 1 day in 
horses [84]. In pigs, regardless of age, adaptation time (1, 2, 
5, 6, 9, and 10 d) to various levels of amino acids intake (50%, 
100%, and 200% of the requirement) [92] had no effect on 
obtaining a plateau in the isotope amino acid indicator oxi
dation [93]. The shorter adaptation time makes it possible 
to conduct studies in the narrower time frame and therefore 
reduces effects of the within subject variation caused as time 
passes, in cases of studies with growing, pregnant or lactat
ing animals. Furthermore, the isotope methods enable the 
estimation of wholebody protein metabolism because the 
measured variable, labeled CO2 enrichment in exhalation, 
reflects the use of amino acids that would be derived within 
the whole body, not just dietary amino acids. On the other 
hand, there are still some issues associated with the isotope 
methods [91]. While intestinal amino acid endogenous losses 
and microbial amino acid synthesis might affect amino acid 
requirements, their contribution on the requirements cannot 
be separately estimated. 
 Direct amino acid oxidation method: With the direct amino 
acid oxidation technique for evaluating amino acid require
ments, the test amino acid is administered in an isotopic form. 
The oxidation rate of the test amino acid will stay minimal 
and constant before the consumption meets the actual re
quirement. Then, the test amino acid oxidation rate will rise 
as the consumption increases above the requirement because 

further provision of the test amino acid will not result in more 
protein synthesis. There are some limitations for using this 
method for measuring amino acid requirements. A test amino 
acid to be studied should directly release its carboxyl group 
to the bicarbonate pool, so the labeled carbon can be excreted 
in breath CO2. Therefore, the direct amino acid oxidation 
method can be applied for studying metabolism of the bran
ched chain amino acids, phenylalanine and lysine, while 
other amino acids, such as threonine, cannot be studied using 
this method [94]. In addition, designing a proper range of 
the test amino acid intake levels might be challenging be
cause the test amino acid itself is the isotopic amino acid; 
the minimum intake level of the test amino acid depends 
on how much the isotopic amino acid is needed to obtain 
detectable labeled CO2 enrichment in breath [88]. While 
the direct amino acid oxidation technique has been used in 
other species including humans, it has not yet been used to 
study amino acid requirements in horses.
 Indicator amino acid oxidation method: The indicator amino 
acid oxidation method has been refined and validated a “gold 
standard” technique for studying wholebody protein me
tabolism and amino acid requirements. In this procedure, 
an adaptation period to the experimental diet is followed by 
a constant infusion of an isotopic indicator amino acid, and 
sampling of breath and blood occurs throughout the infusion 
period. Once the test amino acid is provided at or above the 
actual requirement, the indicator amino acid would be used 
at a constant and maximum rate for body protein synthesis. 
Therefore, the oxidation rate of the indicator amino acid would 
be also consistent and minimal. The indicator amino acid 
should be an indispensable amino acid, and it should not be 
metabolically related to the test amino acid. Phenylalanine 
has been commonly used as an indicator amino acid because 
it directly releases the carboxyl group to the bicarbonate pool, 
so the labeled carbon can appear in exhalation. This method 
has been proven to be successful to use for determining amino 
acid requirements, identifying limiting amino acids, and es
timating the metabolic availabilities of amino acids in previous 
studies with various species [9597].
 In horses, when this technique was applied to evaluate ly
sine and threonine requirements, a breakpoint could not be 
identified in both cases [54,98]. Some possible reasons for 
the lack of a breakpoint are i) existence of another limiting 
amino acid in the experimental diets, ii) ranges of graded 
test amino acid intake levels fallen outside of the actual re
quirements, or iii) provision of highquality forage. In other 
species, such as humans and pigs, greater knowledge of the 
requirements has been accumulated than in horses, and thus 
it enables to design basal diets that are deficient in only the 
limiting amino acid and to set a proper range of test amino 
acid intake levels. Furthermore, to formulate precise amino 
acid composition in experimental diets, it is inevitable to 
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provide a significant amount of free amino acid. Horses are, 
however, less amenable to such diet compared to other non
ruminant species and require fiber contents in their diet to 
maintain gastrointestinal health. Therefore, although the 
indicator amino acid oxidation method shows promise for 
use in horses [3,99], this technique still needs additional re
finement with careful experimental diet formulation.

CONCLUSION

The research area around protein and amino acid requirements 
in horses requires further investigation. This is particularly 
true for threonine, which has been thought to be the second 
limiting amino acid, but where the current knowledge of its 
requirements is still limited in various physiological status. 
In this review, we summarized the importance of amino acid 
requirement evaluation and the information that needs to be 
cautiously considered prior to designing an amino acid re
quirement study in horses. Among the useful methods for 
estimating amino acid requirements, the indicator amino acid 
oxidation method could be applied to a wide range of sub
jects, and it is also thought to be a more sensitive technique 
because the outcome would reflect digestibility and protein 
turnover in the body; however, additional refinements to the 
methodology are necessary and caution must be taken to 
ensure that diets are formulated appropriately. Further research 
in this area would enable the industry to achieve greater pro
ductivity by economic and wellbalanced feed formulation. 

CONFLICT OF INTEREST

We certify that there is no conflict of interest with any financial 
organization regarding the material discussed in the manu
script.

ACKNOWLEDGMENTS

The authors wish to acknowledge undergraduate students, 
graduate students, faculty and staff in the Department of 
Animal and Food Sciences at the University of Kentucky for 
this assistance in performing some of the research summarized. 
In particular the staff at Maine Chance Farm and Tammy 
BrewsterBarnes who provided technical expertise helping 
with sampling and sample analyses. A portion of the research 
summarized was supported by the Agriculture and Food 
Research Initiative Competitive Grant no20126701519448 
from the USDA National Institute of Food and Agriculture. 

REFERENCES 

1. Graham PM, Ott EA, Brendemuhl JH, TenBroeck SH. The 
effect of supplemental lysine and threonine on growth and 

development of yearling horses. J Anim Sci 1994;72:3806. 
https://doi.org/10.2527/1994.722380x 

2. GrahamThiers PM, Kronfeld DS. Amino acid supplementa
tion improves muscle mass in aged and young horses. J Anim 
Sci 2005;83:27838. https://doi.org/10.2527/2005.83122783x 

3. Tanner SL, Wagner AL, Digianantonio RN, Harris PA, Sylv
ester JT, Urschel KL. Dietary crude protein intake influences 
rates of wholebody protein synthesis in weanling horses. 
Vet J 2014;202:23643. https://doi.org/10.1016/j.tvjl.2014. 
06.002 

4. Committee on Nutrient Requirements of Horses, National 
Research Council. Nutrient requirements of Horses. 6th ed. 
Washington, DC, USA: National Academy Press; 2007.

5. Committee on Nutrient Requirements of Horses, National 
Research Council. Nutrient requirements of horses. 5th ed. 
Washington, DC, USA: National Academy Press; 1989.

6. Sticker LS, Thompson Jr. DL, Bunting LD, Fernandez JM, 
DePew CL. Dietary protein and(or) energy restriction in 
mares: plasma glucose, insulin, nonesterified fatty acid, and 
urea nitrogen responses to feeding, glucose, and epinephrine. 
J Anim Sci 1995;73:13644. https://doi.org/10.2527/1995. 
731136x 

7. Bryden W. Amino acid requirements of horses estimated from 
tissue composition. In: Proceedings of the Nutrition Society 
of Australia 1991: Danvers, MA, USA: HEC Press; 1991. Vol 
16. p. 53.

8. Ott EA, Kivipelto J. Growth and development of yearling 
horses fed either alfalfa or coastal bermudagrass: hay and a 
concentrate formulated for bermudagrass hay. J Equine Vet 
Sci 2002;22:3119. https://doi.org/10.1016/S07370806(02) 
700798 

9. van Niekerk FE, van Niekerk CH. The effect of dietary protein 
on reproduction in the mare. II. Growth of foals, body mass 
of mares and serum protein concentration of mares during 
the anovulatory, transitional and pregnant periods. J S Afr 
Vet Assoc 1997;68:815. https://doi.org/10.4102/jsava.v68i3. 
881 

10. van Niekerk FE, van Niekerk CH. The effect of dietary protein 
on reproduction in the mare. III. Ovarian and uterine changes 
during the anovulatory, transitional and ovulatory periods 
in the nonpregnant mare. J S Afr Vet Assoc 1997;68:8692. 
https://doi.org/10.4102/jsava.v68i3.882 

11. Martin RG, McMeniman NP, Dowsett KF. Effects of a protein 
deficient diet and urea supplementation on lactating mares. 
J Reprod Fertil Suppl 1991;44:54350. 

12. Reid JT. Urea as a protein replacement for ruminants: a review. 
J Dairy Sci 1953;36:95596. https://doi.org/10.3168/jds.S0022 
0302(53)915860 

13. Reitnour CM, Treece JM. Relationship of nitrogen source to 
certain blood components and nitrogen balance in the equine. 
J Anim Sci 1971;32:48790. https://doi.org/10.2527/jas1971. 
323487x 



692  www.ajas.info

Mok and Urschel (2020) Asian-Australas J Anim Sci 33:679-695

14. Rusoff LL, Lank RB, Spillman TE, Elliot HB. Nontoxicity of 
urea feeding to horses. Vet Med Small Anim Clin 1965;60: 
11236. 

15. Slade LM, Robinson DW, Casey KE. Nitrogen metabolism 
in nonruminant herbivores. I. The influence of nonprotein 
nitrogen and protein quality on the nitrogen retention of 
adult mares. J Anim Sci 1970;30:75360. https://doi.org/10. 
2527/jas1970.305753x 

16. Maczulak AE, Dawson KA, Baker JP. Nitrogen utilization 
in bacterial isolates from the equine cecum. Appl Environ 
Microbiol 1985;50:143943. 

17. Hintz HF, Lowe JE, Clifford AJ, Visek WJ. Ammonia intoxi
cation resulting from urea ingestion by ponies. J Am Vet Med 
Assoc 1970;157:9636. 

18. Ott EA, Asquith RL, Feaster JP. Lysine supplementation of 
diets for yearling horses. J Anim Sci 1981;53:1496503. https://
doi.org/10.2527/jas1982.5361496x 

19. Potter GD, Huchton JD. Growth of yearling horses fed differ
ent sources of protein with supplemental lysine. In: Proceed
ings of the 4th Equine Nutrition and Physiology Society 
Symposium. 1975. p. 1920.

20. Bott RC, Greene EA, Trottier NL, et al. Environmental impli
cations of nitrogen output on horse operations: a review. J 
Equine Vet Sci 2016;45:98106. https://doi.org/10.1016/j.jevs. 
2015.08.019

21. Harper M, Swinker A, Staniar W, Welker A. Ration evaluation 
of Chesapeake Bay watershed horse farms from a nutrient 
management perspective. J Equine Vet Sci 2009;29:4012. 
https://doi.org/10.1016/j.jevs.2009.04.101 

22. Olsman AF, Jansen WL, Sloet van OldruitenborghOosterbaan 
MM, Beynen AC. Assessment of the minimum protein require
ment of adult ponies. J Anim Physiol Anim Nutr (Berl) 2003; 
87:20512. https://doi.org/10.1046/j.14390396.2003.00414.x 

23. Committee on Animal Nutrition, National Research Council. 
Air emissions from animal feeding operations: current know
ledge, future needs.Washington, DC, USA: National Academy 
Press; 2003.

24. Pickrell JA. Hazards in confinement housing: gases and dusts 
in confined animal houses for swine, poultry, horses and 
humans. Vet Hum Toxicol 1991;33:329. 

25. Le Bellego L, van Milgen J, Dubois S, Noblet J. Energy utiliza
tion of lowprotein diets in growing pigs. J Anim Sci 2001; 
79:125971. https://doi.org/10.2527/2001.7951259x 

26. Leheska JM, Wulf DM, Clapper JA, Thaler RC, Maddock RJ. 
Effects of highprotein/lowcarbohydrate swine diets during 
the final finishing phase on pork muscle quality. J Anim Sci 
2002;80:13742. https://doi.org/10.2527/2002.801137x 

27. Connysson M, Muhonen S, Lindberg JE, et al. Effects on exercise 
response, fluid and acidbase balance of protein intake from 
forageonly diets in standardbred horses. Equine Vet J Suppl 
2006;38:64853. https://doi.org/10.1111/j.20423306.2006.
tb05620.x 

28. GrahamThiers PM, Kronfeld DS, Kline KA. Dietary protein 
influences acidbase responses to repeated sprints. Equine 
Vet J Suppl 1999;31:4637. https://doi.org/10.1111/j.2042
3306.1999.tb05266.x 

29. McArdle WD, Katch FI, Katch VL. Exercise physiology: nutri
tion, energy, and human performance. Baltimore, MD, USA: 
Lippincott Williams & Wilkins; 2010.

30. Kern DL, Slyter LL, Leffel EC, Weaver JM, Oltjen RR. Ponies 
vs. steers: microbial and chemical characteristics of intestinal 
ingesta. J Anim Sci 1974;38:55964. https://doi.org/10.2527/ 
jas1974.383559x 

31. Gibbs PG, Potter GD, Schelling GT, Kreider JL, Boyd CL. 
Digestion of hay protein in different segments of the equine 
digestive tract. J Anim Sci 1988;66:4006. https://doi.org/ 
10.2527/jas1988.662400x 

32. Reitnour CM, Salsbury RL. Digestion and utilization of cecally 
infused protein by the equine. J Anim Sci 1972;35:11903. 
https://doi.org/10.2527/jas1972.3561190x 

33. Woodward AD, Holcombe SJ, Steibel JP, Staniar WB, Colvin 
C, Trottier NL. Cationic and neutral amino acid transporter 
transcript abundances are differentially expressed in the equine 
intestinal tract. J Anim Sci 2010;88:102833. https://doi.org/ 
10.2527/jas.20092406 

34. Glade MJ. Nitrogen partitioning along the equine digestive 
tract. J Anim Sci 1983;57:94353. https://doi.org/10.2527/ 
jas1983.574943x 

35. Ganapathy V, Brandsch M, Leibach FH. Intestinal transport 
of amino acids and peptides. In: Johnson LR, editor. Physi
ology of the gastrointestinal tract. New York, NY, USA: Raven 
Press; 1994. p. 177394.

36. McMeniman NP, Elliott R, Groenendyk S, Dowsett KF. Syn
thesis and absorption of cysteine from the hindgut of the 
horse. Equine Vet J 1987;19:1924. https://doi.org/10.1111/ 
j.20423306.1987.tb01374.x

37. Slade LM, Bishop R, Morris JG, Robinson DW. Digestion and 
absorption of 15Nlabelled microbial protein in the large 
intestine of the horse. Br Vet J 1971;127:113. https://doi.org/ 
10.1016/S00071935(17)375838 

38. Reitnour CM, Salsbury RL. Effect of oral or caecal admini
stration of protein supplements on equine plasma amino acids. 
Br Vet J 1975;131:46673. 

39. Freeman DE, Donawick WJ. In vitro transport of cycloleucine 
by equine cecal mucosa. Am J Vet Res 1991;52:53942. 

40. Freeman DE, Kleinzeller A, Donawick WJ, Topkis VA. In vitro 
transport of Lalanine by equine cecal mucosa. Am J Vet Res 
1989;50:213844. 

41. Woodward AD, Fan MZ, Geor RJ, McCutcheon LJ, Taylor 
NP, Trottier NL. Characterization of Llysine transport across 
equine and porcine jejunal and colonic brush border mem
brane. J Anim Sci 2012;90:85362. https://doi.org/10.2527/ 
jas.20114210 

42. Lewis AJ, Bayley HS. Amino acid bioavailability. In: Ammerman 



www.ajas.info  693

Mok and Urschel (2020) Asian-Australas J Anim Sci 33:679-695

CB, Baker DH, Lewis AJ, editors. Bioavailability of nutrients 
for animals, amino acids, minerals, and vitamins. New York, 
NY, USA: Academic Press; 1995. p. 3565.

43. Stein HH, Seve B, Fuller MF, et al. Invited review: Amino 
acid bioavailability and digestibility in pig feed ingredients: 
terminology and application. J Anim Sci 2007;85:17280. 
https://doi.org/10.2527/jas.2005742 

44. Nyachoti CM, de Lange CFM, McBride BW, Schulze H. Sig
nificance of endogenous gut nitrogen losses in the nutrition 
of growing pigs: a review. Can J Anim Sci 1997;77:14963. 
https://doi.org/10.4141/A96044

45. Satchithanandam S, VargofcakApker M, Calvert RJ, Leeds 
AR, Cassidy MM. Alteration of gastrointestinal mucin by 
fiber feeding in rats. J Nutr 1990;120:117984. https://doi.
org/10.1093/jn/120.10.1179 

46. Myrie SB, Bertolo RF, Sauer WC, Ball RO. Effect of common 
antinutritive factors and fibrous feedstuffs in pig diets on amino 
acid digestibilities with special emphasis on threonine. J Anim 
Sci 2008;86:60919. https://doi.org/10.2527/jas.2006793 

47. Jansman AJM, Smink W, Van Leeuwen P, Rademacher M. 
Evaluation through literature data of the amount and amino 
acid composition of basal endogenous crude protein at the 
terminal ileum of pigs. Anim Feed Sci Techol 2002;98:4960. 
https://doi.org/10.1016/S03778401(02)000159 

48. Zhang W, Li D, Liu L, et al. The effects of dietary fiber level on 
nutrient digestibility in growing pigs. J Anim Sci Biotechnol 
2013;4:17. https://doi.org/10.1186/20491891417 

49. Rosenfeld I, Austbø D. Effect of type of grain and feed pro
cessing on gastrointestinal retention times in horses. J Anim 
Sci 2009;87:39916. https://doi.org/10.2527/jas.20081150 

50. Farley EB, Potter GD, Gibbs PG, Schumacher J, MurrayGerzik 
M. Digestion of soybean meal proteinin the equine small 
and large intestine at various levels of intake. J Equine Vet 
Sci 1995;15:3917. https://doi.org/10.1016/S07370806(07) 
804837 

51. Hintz HF, Schryver HF, Lowe JE. Comparison of a blend of 
milk products and linseed meal as protein supplements for 
young growing horses. J Anim Sci 1971;33:12747. https:// 
doi.org/10.2527/jas1971.3361274x 

52. Latham CM, Wagner AL, Urschel KL. Effects of dietary amino 
acid supplementation on measures of wholebody and muscle 
protein metabolism in aged horses. J Anim Physiol Anim 
Nutr (Berl) 2019;103:28394. https://doi.org/10.1111/jpn.12992 

53. Yoshida T, Ohta Y. Estimation of dietary threonine requirement 
using plasma amino acid concentrations in mature thorough
breds. Anim Sci J 2018;89:6257. https://doi.org/10.1111/asj. 
12975 

54. Mok CH, Levesque CL, Urschel KL. Using the indicator amino 
acid oxidation technique to study threonine requirements in 
horses receiving a predominantly forage diet. J Anim Physiol 
Anim Nutr (Berl) 2018;102:136681. https://doi.org/10.1111/ 
jpn.12927 

55. Simic P, Willuhn J, Sahm H, Eggeling L. Identification of glyA 
(encoding serine hydroxymethyltransferase) and its use 
together with the exporter ThrE to increase Lthreonine 
accumulation by Corynebacterium glutamicum. Appl Environ 
Microbiol 2002;68:33217. http://doi.org/10.1128/AEM.68.7. 
33213327.2002

56. Lodish H, Berk A, Zipursky SL, et al. Section 3.2, Folding, 
modification, and degradation of proteins. In: Freeman WH, 
editor. Molecular cell biology. 4th ed. New York, NY, USA: 
WH Freeman; 2002. 

57. Pawson T, Scott JD. Protein phosphorylation in signaling–50 
years and counting. Trends Biochem Sci 2005;30:28690. 
https://doi.org/10.1016/j.tibs.2005.04.013 

58. van Der Schoor SRD, Reeds PJ, Stoll B, et al. The high meta
bolic cost of a functional gut. Gastroenterology 2002;123:1931
40. https://doi.org/10.1053/gast.2002.37062 

59. Fukuda M, Tsuboi S. Mucintype Oglycans and leukosialin. 
Biochim Biophys Acta 1999;1455:20517. https://doi.org/10. 
1016/S09254439(99)000678 

60. Lien KA, Sauer WC, Fenton M. Mucin output in ileal digesta 
of pigs fed a proteinfree diet. Z Ernahrungswiss 1997;36:182
90. https://doi.org/10.1007/BF01611398 

61. Voet D, Voet JG. Biochemistry. 4th Ed. NewYork, NY, USA: 
John Wiley& Sons Inc; 2010. 

62. Wang W, Wu Z, Dai Z, Yang Y, Wang J, Wu G. Glycine meta
bolism in animals and humans: implications for nutrition and 
health. Amino Acids 2013;45:46377. https://doi.org/10.1007/ 
s0072601314931 

63. Ballèvre O, Houlier ML, Prugnaud J, et al. Altered partition 
of threonine metabolism in pigs by proteinfree feeding or 
starvation. Am J Physiol 1991;261:E74857. https://doi.org/ 
10.1152/ajpendo.1991.261.6.E748 

64. Finkelstein JD. Methionine metabolism in mammals. J Nutr 
Biochem 1990;1:22837. https://doi.org/10.1016/09552863 
(90)900702 

65. Lafitte G. Structure of the gastrointestinal mucus layer and 
implications for controlled release and delivery of functional 
food ingredients. In: Garti N, editor. Delivery and controlled 
release of bioactives in foods and nutraceuticals. New York, 
NY, USA: CRC Press; 2008. p. 2652.

66. Almeida FQ, Valdares Filho SC, Donzele JL, et al. Prececal 
digestibility of amino acids in diets for horses. In: Proceedings 
of the 16th Equine Nutrition and Physiology Symposium; 
1999. p. 2749. 

67. Hendriks WH, Moughan PJ, Tarttelin MF. Gut endogenous 
nitrogen and amino acid excretions in adult domestic cats 
fed a proteinfree diet or an enzymatically hydrolyzed casein
based diet. J Nutr 1996;126:95562. https://doi.org/10.1093/
jn/126.4.955 

68. Bertolo RFP, Chen CZL, Law G, Pencharz PB, Ball RO. Threo
nine requirement of neonatal piglets receiving total parenteral 
nutrition is considerably lower than that of piglets receiving 



694  www.ajas.info

Mok and Urschel (2020) Asian-Australas J Anim Sci 33:679-695

an identical diet intragastrically. J Nutr 1998;128:17529. 
https://doi.org/10.1093/jn/128.10.1752 

69. Ettle T, RothMaier DA, Bartelt J, Roth FX. Requirement of 
true ileal digestible threonine of growing and finishing pigs. 
J Anim Physiol Anim Nutr (Berl) 2004;88:21122. https:// 
doi.org/10.1111/j.14390396.2004.00475.x 

70. Levesque CL, Moehn S, Pencharz PB, Ball RO. The threonine 
requirement of sows increases in late gestation. J Anim Sci 
2011;89:93102. https://doi.org/10.2527/jas.20102823 

71. Ji F, Hurley WL, Kim SW. Characterization of mammary gland 
development in pregnant gilts. J Anim Sci 2006;84:57987. 
https://doi.org/10.2527/2006.843579x 

72. Kim SW, Baker DH, Easter RA. Dynamic ideal protein and 
limiting amino acids for lactating sows: the impact of amino 
acid mobilization. J Anim Sci 2001;79:235666. https://doi. 
org/10.2527/2001.7992356x 

73. Said AK, Hegsted DM, Hayes KC. Response of adult rats to 
deficiencies of different essential amino acids. Br J Nutr 1974; 
31:4757. https://doi.org/10.1079/BJN19740007 

74. Block RJ, Bolling D. Nutritional opportunities with amino acids. 
J Am Diet Assoc 1944;20:6976. 

75. Baker DH. Problems and pitfalls in animal experiments de
signed to establish dietary requirements for essential nutrients. 
J Nutr 1986;116:233949. https://doi.org/10.1093/jn/116.12. 
2339 

76. Zello GA, Wykes LJ, Ball RO, Pencharz PB. Recent advances 
in methods of assessing dietary amino acid requirements for 
adult humans. J Nutr 1995;125:290715. https://doi.org/10. 
1093/jn/125.12.2907 

77. Beach EF, Bernstein SS, Macy IG. Intake of amino acids by 
breastmilkfed infants and amino acid composition of cow's 
milk and human milk. J Pediatr 1941;19:190200. https://doi. 
org/10.1016/S00223476(41)800614 

78. Schryver HF, Meakim DW, Lowe JE, Williams J, Soderholm 
LV, Hintz HF. Growth and calcium metabolism in horses fed 
varying levels of protein. Equine Vet J 1987;19:2807. https:// 
doi.org/10.1111/j.20423306.1987.tb01410.x 

79. Staniar WB, Kronfeld DS, Wilson JA, Lawrence LA, Cooper 
WL, Harris PA. Growth of thoroughbreds fed a lowprotein 
supplement fortified with lysine and threonine. J Anim Sci 
2001;79:214351. https://doi.org/10.2527/2001.7982143x 

80. Hegsted DM. Balance studies. J Nutr 1976;106:30711. https://
doi.org/10.1093/jn/106.3.307

81. Rand WM, Young VR, Scrimshaw NS. Change of urinary 
nitrogen excretion in response to lowprotein diets in adults. 
Am J Clin Nutr 1976;29:63944. https://doi.org/10.1093/ajcn/ 
29.6.639 

82. Ellis AD, Hill J. Nutritional physiology of the horse. Notting
ham, UK: Nottingham University Press; 2005.

83. Antilley TJ, Potter GD, Gibbs PG, Scott BD, Claborn LD. 
Evalu ating the technique of using nitrogen retention as a 
response criterion for amino acid studies in the horse. J Equine 

Vet Sci 2007;27:52530. https://doi.org/10.1016/j.jevs.2007. 
10.012 

84. Ohta Y, Yoshida T, Ishibashi T. Estimation of dietary lysine 
requirement using plasma amino acid concentrations in 
mature thoroughbreds. Anim Sci J 2007;78:416. https://doi. 
org/10.1111/j.17400929.2006.00402.x 

85. Hackl S, van den Hoven R, Zickl M, Spona J, Zentek J. Indi
vidual differences and repeatability of post‐prandial changes of 
plasma‐free amino acids in young horses. J Vet Med A Physiol 
Pathol Clin Med 2006;53:43944. https://doi.org/10.1111/ 
j.14390442.2006.00862.x 

86. McMenamy RH, Lund CC, Oncley JL. Unbound amino acid 
concentrations in human blood plasmas. J Clin Invest 1957; 
36:16729. https://doi.org/10.1172/JCI103568

87. Taylor YSM, Scrimshaw NS, Young VR. The relationship 
between serum urea levels and dietary nitrogen utilization 
in young men. Br J Nutr 1974;32:40711. https://doi.org/10. 
1079/BJN19740092 

88. Pencharz PB, Ball RO. Different approaches to define indivi
dual amino acid requirements. Annu Rev Nutr 2003;23:101
16. https://doi.org/10.1146/annurev.nutr.23.011702.073247 

89. Eggum BO. Blood urea measurement as a technique for asses
sing protein quality. Br J Nutr 1970;24:9838. https://doi.org/ 
10.1079/BJN19700101 

90. Lemon PWR, Mullin JP. Effect of initial muscle glycogen 
levels on protein catabolism during exercise. J Appl Physiol 
Respir Environ Exerc Physiol 1980;48:6249. https://doi.org/ 
10.1152/jappl.1980.48.4.624 

91. Bos C, Gaudichon C, Tomé D. Isotopic studies of protein and 
amino acid requirements. Curr Opin Clin Nutr Metab Care 
2002;5:5561. http://doi.org/10.1097/00075197200201000
00011

92. Committee on Nutrient Requirements of Swine, National 
Research Council. Nutrient requirements of swine. 10th ed. 
Washington, DC, USA: National Academy Press; 1998.

93. Moehn S, Bertolo RF, Pencharz PB, Ball RO. Indicator amino 
acid oxidation responds rapidly to changes in lysine or protein 
intake in growing and adult pigs. J Nutr 2004;134:83641. 
https://doi.org/10.1093/jn/134.4.836 

94. Zhao XH, Wen ZM, Meredith CN, Matthews DE, Bier DM, 
Young VR. Threonine kinetics at graded threonine intakes 
in young men. Am J Clin Nutr 1986;43:795802. https://doi.
org/10.1093/ajcn/43.5.795

95. Brunton JA, Shoveller AK, Pencharz PB, Ball RO. The indicator 
amino acid oxidation method identified limiting amino acids 
in two parenteral nutrition solutions in neonatal piglets. J 
Nutr 2007;137:12539. https://doi.org/10.1093/jn/137.5.1253 

96. Humayun MA, Elango R, Moehn S, Ball RO, Pencharz PB. 
Application of the indicator amino acid oxidation technique 
for the determination of metabolic availability of sulfur amino 
acids from casein versus soy protein isolate in adult men. J 
Nutr 2007;137:18749. https://doi.org/10.1093/jn/137.8.1874 



www.ajas.info  695

Mok and Urschel (2020) Asian-Australas J Anim Sci 33:679-695

97. Moehn S, Bertolo RF, Pencharz PB, Ball RO. Development of 
the indicator amino acid oxidation technique to determine 
the availability of amino acids from dietary protein in pigs. J 
Nutr 2005;135:286670. https://doi.org/10.1093/jn/135.12. 
2866 

98. Mastellar SL, Coleman RJ, Urschel KL. Controlled trial of 
whole body protein synthesis and plasma amino acid concen

trations in yearling horses fed graded amounts of lysine. Vet J 
2016;216:93100. https://doi.org/10.1016/j.tvjl.2016.07.007 

99. Urschel KL, Geor RJ, Hanigan MD, Harris PA. Amino acid 
supplementation does not alter wholebody phenylalanine 
kinetics in Arabian geldings. J Nutr 2012;142:4619. https:// 
doi.org/10.3945/jn.111.149906


