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Abstract

Urinary nitrogen emissions from pigs constitute 60%~70% of total nitrogen emis-
sions, and urea is the principal nitrogenous constituent in urine, with its synthe-
sis rate largely determining the magnitude of both urinary nitrogen and total
nitrogen excretion. Consequently, reducing the rate of hepatic urea synthesis
in pigs represents the fundamental strategy for mitigating nitrogen emissions.
This paper first reviews the nutritional modulation techniques currently em-
ployed for nitrogen reduction in swine, then respectively examines the direct
precursor (ammonia) and indirect precursors (such as glycine and alanine) of
hepatic urea synthesis, along with the amino acid metabolic fuel substitution
mechanism. Building upon these discussions, a novel hypothesis concerning
a thrifty mechanism of amino acid metabolism in pigs is proposed, which en-
tails enhancing the energy provision efficiency of pyruvate/glucose and related
metabolites to decrease the catabolic rate of amino acids like glutamate, thereby
accomplishing the objective of reducing the net portal flux of urea precursors,
hepatic urea synthesis, and urinary nitrogen emissions.
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Abstract

Urinary nitrogen excretion accounts for 60% to 70% of total nitrogen excretion
in pigs, with urea being the primary nitrogenous compound in urine. The rate of
urea synthesis largely determines urinary and total nitrogen emissions, making
the reduction of hepatic urea synthesis rate a fundamental strategy for decreas-
ing nitrogen excretion. This paper first reviews current nutritional regulation
techniques for nitrogen reduction in swine, then discusses both direct (ammonia)
and indirect (such as glycine and alanine) precursors of hepatic urea synthesis,
along with the mechanism of amino acid metabolic fuel substitution. Based on
these considerations, we propose a novel hypothesis for the regulatory mecha-
nism of amino acid metabolic saving: promoting the energy supply efficiency
of substances like pyruvate and glucose to reduce the metabolic rate of amino
acids such as glutamate, thereby decreasing the net flux of urea precursors in the
portal vein, hepatic urea synthesis, and ultimately urinary nitrogen excretion.

Keywords: pigs; nitrogen excretion; amino acids; metabolic saving; pyruvate
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Environmental pollution caused by nitrogen emissions has become increasingly
severe with the continuous expansion and intensification of livestock production.
Current global estimates place livestock nitrogen emissions at 89-164 million
tons annually. In China alone, livestock nitrogen emissions reach approximately
30 million tons, with monogastric animals (primarily pigs) contributing about
60% of this total. Concurrently, protein resource scarcity represents a worldwide
challenge; in 2014, China imported approximately 40 million tons of protein
feed ingredients, with import dependence for fish meal and soybeans reaching
70%. Therefore, improving protein utilization efficiency and reducing nitrogen
emissions has become an urgent scientific challenge for China’s livestock industry,
particularly in pig production.

1. Common Nutritional Regulation Techniques for Nitro-
gen Reduction in Pigs

Extensive research has been conducted on nitrogen reduction in pigs, encom-
passing diet formulation based on ideal amino acid patterns [1], reduction of
dietary protein levels with supplementation of limiting amino acids [2-7], in-
creased proportions of fermentable carbohydrates [2,8-9], and addition of en-
zymes, probiotics, and organic acids [10-11]. Although numerous studies have
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confirmed that low-protein diets significantly reduce nitrogen excretion [2,6,12-
13], this nutritional strategy has not become a standard practice in commer-
cial pig production, particularly in intensive systems focused on rapid growth.
Other nutritional regulation techniques can only reduce nitrogen emissions to a
limited extent. Consequently, it is necessary to investigate the mechanisms of
nitrogen excretion to identify key regulatory targets. Urinary nitrogen accounts
for 60%-70% of total nitrogen excretion [9,14-15], and since urea is the main ni-
trogenous component in urine, its synthesis rate largely determines urinary and
total nitrogen emissions. Thus, reducing the hepatic urea synthesis rate repre-
sents an important strategy for nitrogen reduction, and identifying the types
and sources of urea precursors is the primary prerequisite for such research.

2.1. Ammonia—The Direct Precursor of Urea

Ammonia serves as the direct precursor for urea synthesis and originates primar-
ily from amino acid catabolism. The portal-drained viscera (PDV) constitute a
crucial site for amino acid metabolism, where 97% of dietary glutamate and as-
partate, 70% of glutamine, 40%-50% of serine and glycine, 40% of arginine and
proline, 20%-40% of branched-chain amino acids, and 30%-60% of other essen-
tial amino acids are catabolized [4,16-20]. Following deamination, amino acids
are converted into acetyl-CoA, pyruvate, oxaloacetate, succinyl-CoA, fumarate,
and a-ketoglutarate, which enter the tricarboxylic acid (TCA) cycle for oxida-
tive energy production [21] (as shown in [Figure 1: see original paper|). This
extensive amino acid metabolism in the PDV results in portal venous ammonia
concentrations significantly higher than those in other body regions, with most
blood ammonia being utilized for urea synthesis upon reaching the liver [22].

Figure 1. The oxidative metabolism pathways of amino acids [21]

2.2. Glycine and Alanine—Indirect Precursors of Urea

Previous studies have shown that in piglets fed diets containing 20%, 17%, and
14% crude protein, the net portal absorption rates of glutamate were -4.43, -5.65,
and -6.64 mg/min, respectively, while net portal ammonia absorption rates were
2.86, 2.68, and 2.38 mg/min [23]. These results are consistent with other reports
demonstrating extensive metabolism of glutamate and other amino acids in the
porcine PDV, accompanied by substantial ammonia production [4,17,20]. Addi-
tionally, the net portal absorption of glycine and alanine accounted for 38.2%,
37.3%, and 37.0% of total amino acid net absorption in piglets fed the three pro-
tein levels, while hepatic consumption of glycine and alanine represented 52.0%,
49.5%, and 43.8% of total amino acid metabolism. This pattern of amino acid
metabolism prompted deeper investigation into the origins and metabolic fates
of glycine and alanine.

Traditional views hold that serine is the primary precursor of glycine, but Wu
[21] proposed that only about 10% of glycine originates from serine. Alanine
precursors include pyruvate, serine, and aspartate [24]. Based on amino acid
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metabolic transformation pathways [21,24] (as shown in [Figure 2: see original
paper]), we hypothesized that extensively metabolized amino acids in the PDV
(such as glutamate, glutamine, and aspartate) are likely important precursors
for glycine and alanine. Using catheterization and 15N stable isotope tracing
techniques, we found that approximately 30% of glutamate metabolized in the
PDV is converted to glycine and alanine. This metabolic pattern essentially
reflects an important self-protective mechanism: if all ammonia produced from
amino acid metabolism in the PDV entered the liver directly, it would create
excessively high ammonia concentrations and potentially cause liver damage.
Converting a portion of this ammonia into smaller molecules like glycine and
alanine (with molecular masses of 75 and 89 u, respectively, far below the average
amino acid molecular mass) effectively reduces ammonia concentration and liver
burden while maintaining the metabolic fuel function of amino acids such as
glutamate in the PDV.

Berthiaume et al. [25] and Doepel et al. [26] reported that the liver metabolizes
substantial amounts of glycine and alanine, with glycine being an important
ammonia-producing amino acid [27]. Alanine increases urea synthesis in hepato-
cytes from starved rats [28] and participates importantly in glycine metabolism
[29]. These studies demonstrate that glycine and alanine are closely related
to hepatic urea synthesis [27-29], though no reports have confirmed them as
important nitrogen sources for urea synthesis. Based on these findings, we
hypothesized that excess glycine and alanine in the liver are utilized for urea
synthesis. Using catheterization and 15N stable isotope tracing, we confirmed
that glycine and alanine serve as important indirect precursors for urea [30].

Figure 2. The pathways of metabolic transformation between amino acids
[21,24]

3. The Mechanism of Metabolic Fuel Function Substitution
of Amino Acids

In summary, reducing the generation of urea precursors (primarily ammonia,
glycine, and alanine) in the PDV is crucial for decreasing urea synthesis and
urinary nitrogen excretion. Providing alternative metabolic fuels to reduce
amino acid oxidation rates represents an important strategy for achieving
this goal. Exploration of amino acid metabolic fuel substitutes began in the
1990s, but limited research has prevented breakthrough progress. Besides
glutamate/glutamine, glucose serves as an important fuel for various tissues;
however, glucose typically cannot suppress glutamate/glutamine oxidation [17],
while glutamate/glutamine can significantly reduce glucose oxidation rates [31-
33]. Therefore, improving the oxidative energy supply efficiency of glucose
in the PDV has become an urgent scientific challenge for nitrogen reduction
research in pigs.

Although amino acids, fats, and glucose have different oxidation pathways,
they all converge at the TCA cycle [34] (as shown in [Figure 3: see original
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paper]). Acetyl-CoA, pyruvate, oxaloacetate, succinyl-CoA, fumarate, and «-
ketoglutarate are the intermediate products through which amino acids enter
the TCA cycle [21]. Pyruvate plays a pivotal role in connecting the metabolism
of these three major nutrient classes, and abnormal pyruvate metabolism can
lead to numerous diseases including diabetes, obesity [35], mitochondrial dys-
function [36], heart failure [37], neurodegenerative diseases [38], and cancer [39].
Studies have shown that pyruvate is an important regulator of amino acid ox-
idation [40-42]. Given its crucial role in the metabolism of the three major
nutrients, we hypothesize that pyruvate may be a common regulatory target
for amino acid and glucose metabolism, and that promoting pyruvate oxidation
in the PDV could increase glucose oxidation rates, inhibit the metabolic fuel
function of amino acids, and thereby reduce the generation of urea precursors
(ammonia, glycine, and alanine) and urea synthesis.

Figure 3. The oxidative metabolism pathways of three major nutrients [34]

In mammalian cells, the pyruvate dehydrogenase complex (PDC) catalyzes the
conversion of pyruvate to acetyl-CoA. PDC consists of three enzymes [pyru-
vate dehydrogenase (PDH), dihydrolipoyl transacetylase, and dihydrolipoyl de-
hydrogenase] and six cofactors [thiamine pyrophosphate, lipoic acid, flavin ade-
nine dinucleotide (FAD), nicotinamide adenine dinucleotide (NAD), coenzyme
A (CoA), and Mg?*]. The upstream regulatory factors of PDH primarily in-
clude pyruvate dehydrogenase kinase (PDK) and pyruvate dehydrogenase phos-
phatase (PDP), with the regulatory mechanism illustrated in [Figure 4: see
original paper| [43]. PDKI1 inhibits PDH activity by phosphorylating serine
residues (including Ser-293, Ser-300, and Ser-232), while PDP restores PDH
and PDC activity through dephosphorylation [44]. Tyrosine phosphorylation
activates PDK and inhibits PDP [45]. Collectively, the PDK/PDP/PDH axis
likely represents a regulatory target for glucose and amino acid metabolism.

Figure 4. The regulatory mechanisms of pyruvate dehydrogenase complex [43]

The rate of pyruvate oxidation increases with elevated PDC activity [46]. The
small molecule dichloroacetate (DCA) induces autophagy and reduces cell prolif-
eration. Additionally, studies have shown that DCA activates PDH by inhibiting
PDK, thereby decreasing glycolytic proportion and increasing glucose oxidation
rates [47-48]. Glutamine oxidation rates decrease as glucose oxidation rates in-
crease [49]. Research indicates that promoting pyruvate oxidation reduces glu-
tamate dehydrogenase activity, thereby decreasing acetyl-CoA production from
glutamine [49]. These findings demonstrate that regulating pyruvate/glucose
oxidation rates to inhibit amino acid metabolic fuel function is feasible.

In conclusion, the abnormally increased glycine and alanine in the PDV re-
sult from excessive metabolism of amino acids such as glutamate, and these
amino acids serve as important precursors for hepatic urea synthesis. Reduc-
ing amino acid oxidation rates is key to decreasing urea precursor generation
and hepatic urea synthesis. Promoting the energy supply efficiency of pyru-
vate/glucose in the porcine PDV is expected to increase glucose oxidation rates,
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inhibit the metabolic fuel function of amino acids, and consequently reduce urea
precursor generation and urinary nitrogen excretion, with the PDK/PDP/PDH
axis potentially serving as the regulatory target. Although this approach has
been validated in vitro, in rodent studies, and in human clinical trials, porcine
metabolism differs substantially from cellular, rodent, and human systems, and
the research objectives vary considerably. Therefore, this hypothesis requires
extensive in vivo and in vitro validation.
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