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Amino acids have been extensively studied in nutrition, mainly as key elements for maintaining optimal protein

synthesis in the body as well as precursors of various nitrogen-containing compounds. However, it is now known

that amino acid catabolism is an important element for the metabolic control of different biological processes,

although it is still a developing field to have a deeper understanding of its biological implications. The mechanisms

involved in the regulation of amino acid catabolism now include the contribution of the gut microbiota to amino acid

oxidation and metabolite generation in the intestine, the molecular mechanisms of transcriptional control, and the

participation of specific miRNAs involved in the regulation of amino acid degrading enzymes. In addition, molecules

derived from amino acid catabolism play a role in metabolism as they are used in the epigenetic regulation of many

genes.

amino acid catabolism  gut microbiota  gene transcription  epigenetics  immune response

obesity  diabetes  thermogenesis

1. Introduction

Amino acids are used to synthesize body proteins and serve as precursors of many molecules, including

neurotransmitters, hormones, purines, pyrimidines, and some vitamins, among others. Upon fasting or when amino

acids are ingested in excess of the amounts required, their catabolism serves as an energy source. When amino

acids are used for energy production, they undergo the loss of their amino groups; their remaining carbon

skeletons have two primary fates: conversion into glucose through gluconeogenesis or oxidation to synthesize ATP.

For this reason, there must be a balance between the synthesis and continuous degradation of proteins in the body

to ensure the maintenance of optimally functioning proteins. In the steady state, protein synthesis is equal to

degradation, and neither the related transcription of amino acid degrading enzymes nor the metabolites generated

from these processes are affected . In addition, when the body protein reserve is altered due to increased protein

degradation, as occurs, for instance, in the case of cachexia, vertebrates actively oxidize endogenous amino acids

from the turnover of body proteins, similar to when ingested proteins exceed protein requirements (Figure 1A).
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Figure 1. Amino acid catabolism in the liver. (A) Amino acids are used for protein synthesis and the generation of

nitrogenous compounds. In the case of an excess in the consumption of amino acids, they are oxidized and utilized

as energy fuel. (B) Amino acid catabolism in the liver involves several degrading processes, including the removal

and transfer of the amino group, deamination, and transamination. Some amino acids undergo several degrading

processes, like decarboxylation and dehydrogenation. The amino group enters the urea cycle for excretion. The

carbon skeleton can be used for glucose formation by gluconeogenesis or for ATP production in the Krebs cycle,

followed by the respiratory chain.

The catabolic pathways of most amino acids take place mainly in the liver, according to the large body of evidence

reported throughout the development of metabolic biochemistry, with the exception of the branched-chain amino

acids (BCAA), leucine, valine, and isoleucine . The α-amino nitrogen atoms removed from amino acids during

their oxidative degradation are ultimately excreted in the urine as urea to prevent the potential toxicity of a high

amount of circulating ammonium. In the catabolism of most amino acids (Figure 1B), the removal of the α-amino

group constitutes the first stage and occurs via two major enzymatic pathways: transamination and oxidative

deamination. Then, as a second stage, the carbon skeletons of the amino acids are channeled into the tricarboxylic

acid cycle to obtain energy in the form of ATP, and some serve as substrates for the gluconeogenic pathway .

2. Enterohepatic Axis of Amino Acid Catabolism

After protein digestion, amino acids are absorbed and used not only by intestinal cells but also by the resident

bacteria; once they have passed through the gut, a fraction of the amino acids are transferred to the bloodstream

to reach the liver . Several studies have shown active amino acid utilization and turnover in the enterohepatic

axis, which is key for several physiological processes, including the immune response , bacteria metabolism, and

generation of end-products, where the intestine and the gut microbiota play an important role .

2.1. Protein Hydrolysis and Amino Acid Absorption in the Gut
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After passing through the esophagus and gastric lumen, dietary protein is hydrolyzed in the small intestine by the

proteases and peptidases, including trypsin, chymotrypsin, or carboxypeptidases released by the pancreas . In

the intestinal mucosa, an intense renewal of protein occurs at approximately 50% per day in humans, indicating

that amino acids are key effectors of gut protein turnover . Many studies have focused on two amino acids,

glutamine and arginine, in protein synthesis; however, amino acid catabolism in the intestine has not been

extensively documented . The brush border cells of the intestinal mucosa release some peptidases that are used

for protein hydrolysis; these enzymes are more active at neutral to alkaline pH, which is reached in the small

intestine, to catalyze the hydrolysis of dietary protein to produce amino acids and peptides that are actively

absorbed by the enterocytes . Although the process is quite efficient, some nitrogenated products are not taken

up by the small intestine, pass through the ileocecal junction, and can be found in the large intestine . Figure 2A

outlines this process of protein digestion and absorption of peptides and amino acids, showing its passage through

the gastrointestinal system.

2.2. Amino Acid Catabolism in the Intestine

Amino acids and some peptides found in the intestinal lumen after digestion can be delivered to the portal vein due

to the presence of specific transporters known as solute carriers (SCL) in the brush border or apical membrane

(SLC1A1, SLC6A19, SLC7A1, SLC38A5, SLC36A1, SLC15A1 transporters), and in the basolateral membrane of

the enterocytes (members of the SLC7A family and SCL16A10, SLC38A2 transporters)  (Figure 2B). However,

a large number of dietary amino acids, particularly BCAA, are partially catabolized in the gut since branched-chain

aminotransferase (BCAT), the first enzyme in the degradation of the BCAA leucine, valine, and isoleucine, has

been reported to be present in the gut . Almost all dietary glutamate, aspartate, and approximately 30–70% of

BCAA, glutamine, proline, lysine, threonine, methionine, and phenylalanine are metabolized in the small intestine

of mammals, including humans . These data suggest that several amino acid degrading enzymes (AADEs) are

expressed in enterocytes. It has been shown that cells of the small intestinal mucosa express lysine α-

ketoglutarate reductase in pigs ; methionine transamination  and glutamine transaminase K in rats ;

threonine dehydrogenase in pigs ; BCAA transaminase and branched-chain α-keto acid (BCKA) dehydrogenase

in humans and pigs ; and proline oxidase in pigs and rats . Also, several enzymes for arginine and

glutamine degradation are present, including arginase II, phosphate-dependent glutaminase (PDG),

carbamoylphosphate synthase II (glutamine) (CPS-II), glutamate-oxaloacetate transaminase (GOT), glutamate-

pyruvate transaminase (GPT), pyrroline-5-carboxylate (P5C) synthase, ornithine aminotransferase (OAT), P5C

reductase, ornithine carbamoyltransferase (OCT), carbamoylphosphate synthase I (ammonia) (CPS-I),

argininosuccinate synthase (ASS), argininosuccinate lyase (ASL), and ornithine decarboxylase (ODC) .

In the colonic lumen, colonocytes can use glutamine as a fuel substrate and catabolize arginine into ornithine and

nitric oxide . The conversion of arginine into ornithine significantly increases its capacity in response to an

elevated protein intake, which attenuates the rising ammonia concentration in the blood if the urea cycle requires

more ornithine .
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Figure 2. Protein hydrolysis, amino acid absorption, and catabolism in the gastrointestinal tract. (A) Upon reaching

the stomach, proteins undergo a denaturation process caused by hydrochloric acid and pepsin to generate

polypeptides . In the small intestine, proteases and peptidases, released from the pancreas, continue the

hydrolyzation of polypeptides, generating smaller peptides and free amino acids. Enterocytes in the small intestine

also secrete peptidases that complete the hydrolysis of some peptides. (B) Amino acids are translocated from the

intestinal lumen to the circulation by specific amino acid transporters (Solute Carriers Transporters (SLC)),

expressed in the apical and basolateral membranes of the enterocytes . (C) The bioavailability of amino acids

and (D) protein consumed can generate multiple nitrogen-derived compounds or contribute to the generation of

polyamines, nitric oxide, short-chain fatty acids, and ammonia, among others.

2.3. The Role of Gut Microbiota in Amino Acid Catabolism and Generation of End-
Products

Studies in germ-free animals reveal that gut bacteria alter the distribution of free amino acids in the gastrointestinal

tract, indicating the role of the bacteria in the synthesis or degradation of amino acids. Interestingly, the amount of

dietary protein and the dietary protein source modify the gut microbiota . Consequently, this may suggest that

the gut microbiota affects the bioavailability of amino acids to the host, depending on the taxonomy of intestinal

bacteria. In addition, although short-chain fatty acids (SCFA) are the primary end product of carbohydrate
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fermentation, many amino acids formed by reductive deamination by bacteria can be precursors of SCFA. Certain

bacteria in the small intestine, including Klebsiella spp., Escherichia coli, Streptococcus spp., Succinivibrio

dextrinosolvens, Mitsuokella spp., and Anaerovibrio lipolytica, can also utilize protein digestive products and play

an essential role in nitrogen recycling .

Moreover, bacteria species such as Prevotella ruminicola, Butyrivibrio fibrisolvens, Mitsuokella multiacidas, and

Streptococcus bovis can secrete active dipeptidyl peptidase and dipeptidase that contribute to protein digestion

and absorption of amino acids in the gut . Ammonia is released daily by bacteria through the deamination of

amino acids and, to a lesser extent, through urea hydrolysis catalyzed by bacterial urease activity. Up to 3.5–4.0 g

of ammonia are released daily in the gut. Ammonia can be used by the bacteria for their metabolism and protein

synthesis, absorbed by the colonocytes, transformed into urea in the liver, and excreted in urine . It has been

suggested that bacteria in the small intestine may participate in the catabolism of some essential amino acids and

modulate the bioavailability of amino acids and their end-products in the systemic circulation of animals and

humans. A previous study using conventional and germ-free rats with N incorporation into body lysine

demonstrated that the N-lysine measured in the host came mainly from bacteria, indicating that amino acids can be

exchanged between the host and the microbiota .

Although the digestion of dietary protein followed by amino acid absorption is a very efficient process in the small

intestine, some nitrogenous material may escape digestion and be transferred into the large intestine. Undigested

peptides and amino acids are usually not absorbed by the colonocytes but are fermented by gut microbes into

intermediate metabolites and other end-products (Figure 2C), and this will depend on the amount of dietary protein

consumed (Figure 2D). Some bacteria genera with proteolytic activity in the large intestine are Bacteroides,

Propionibacterium, Streptococcus, Fusobacterium, Clostridium, and Lactobacillus . Bacterial degradation of

aromatic amino acids in the colonic lumen results in the production of phenolic and indolic compounds, ammonia,

polyamines, and hydrogen sulfide . Moreover, the catabolism of amino acids in these cells produces multiple

metabolites, such as p-cresol from tyrosine, phenylpropionate, phenylacetate from phenylalanine, and indole

skatole from tryptophan . Phenolic compounds are primarily absorbed from the colon, detoxified in the colon

mucosa and the liver by glucuronide and sulfate conjugation, and excreted in the urine. Decarboxylation of amino

acids results in the appearance of amines in the gut. Monoamine and diamine oxidases present in the gut mucosa

detoxify the amines produced by the gut microbiota .

3. Mechanisms of Regulation of Amino Acid Oxidation

Amino acid catabolism involves several metabolic pathways specific to a particular group of amino acids, involving

multiple enzymes, some of which are essential for regulating the flux of metabolites in these pathways and are

known as amino acid degrading enzymes (AADEs). AADEs are mainly located in the liver but are now known to be

found in other extrahepatic tissues; they are specific for the utilization of each amino acid, and the transcription of

the genes encoding them is highly regulated . The study of the molecular mechanisms of regulation of AADEs

had a significant breakthrough in the late 1980s and during the 1990s, when the transcriptional regulation of many

AADEs by diet and various hormones was elucidated. These investigations provided sufficient information to
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understand certain key aspects of transcriptional control of AADEs that we now know are highly conserved among

the genes of AADEs; however, recent studies have enriched previous knowledge by involving the participation of

new players on the scene.

4. Amino Acid Catabolism in Health and Disease

Amino acid catabolism provides metabolites that serve as substrates or are responsible for activating signaling

pathways involved in the physiology of different organs. For example, the regulation of amino acid catabolism is

key for the immune system since its functions depend on an adequate supply of amino acids, and individual amino

acids and their metabolites can affect immune responses . Similarly, amino acid catabolism dysregulation can

contribute to the development, or progression of pathological processes involved in the presence of insulin

resistance . Here the researchers provide evidence for the importance of amino acid turnover and catabolism in

health and disease, opening the landscape to new mechanisms regulated by amino acids and their metabolites

beyond their known functions for protein synthesis and energy fuel.

4.1. Amino Acid Catabolism and Immunity

All cells, including those involved in immune responses, depend on nutrient availability to maintain their

functionality . When there is an inflammatory or antigenic cue, immune cells need more amino acids to remain

viable and respond accordingly, so they must adapt rapidly to any shortage of amino acids . This adaptation

suggests that any modification in amino acid (and other nutrient) metabolism will also affect the immune response

in different ways, depending on the specific nutrient and energy requirements of the cells and, thus, their function

. In other words, each immune cell’s microenvironment will be directly related to their response to nutrient

availability. Both the innate and adaptive immune systems require an adequate supply of amino acids to synthesize

molecules such as histamine, glutathione, and nitric oxide, among others, but especially for immunoglobulins and

cytokine activation, as well as for antibody production through mTOR signaling by BCAA . Therefore, individual

amino acids and their metabolites can affect immune responses.

Besides BCAA, the AADE that have been mainly studied for their response to inflammation are those involved in

tryptophan and arginine catabolism, such as tryptophan 2,3-dioxygenase (TDO), IDO1, the arginase isoforms

(ARG1, ARG2), and the inducible nitric oxide synthase (iNOS), respectively .

4.2. Amino Acid Catabolism in Obesity and Diabetes

An adequate amino acid catabolism is crucial to maintaining plasma amino acid concentration. Disturbances in

plasma amino acid concentration have been associated with alterations in individual health . In a cross-sectional

study with young adults, it has been observed that subjects with obesity have higher levels of alanine, aspartate,

cysteine, ornithine, phenylalanine, proline, and tyrosine and lower levels of glycine, ornithine, and serine compared

to normal weight subjects . Furthermore, subjects with insulin resistance (IR) (defined as HOMA > 2.5) have

higher levels of arginine, alanine, aspartate, isoleucine, leucine, phenylalanine, proline, tyrosine, taurine, and valine
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than subjects without IR . In addition, increased levels of BCAA and aromatic amino acids are associated with a

five-fold increased risk of developing type 2 diabetes . BCAAs play important general roles in the body,

including regulation of protein synthesis through mTOR and as a source of energy during exercise, which have

been extensively reviewed elsewhere . However, there is significant controversy as to whether altered plasma

concentrations of amino acids, especially BCAA, are a cause or consequence of obesity or insulin resistance.

Unlike the rest of the amino acids, as mentioned above, the first enzymatic reaction of BCAA catabolism is

extrahepatic, with muscle, kidney, and adipose tissue as the principal organs for BCAA transamination. Notably,

BCAA catabolism is mainly impaired in adipose tissue during obesity. Branched-chain aminotransferase 2

(BCAT2), an isoform of BCAT found in mitochondria, and BCKDH activity are reduced in the adipose tissue of mice

and rats with genetic or diet-induced obesity . In subjects with obesity, BCAT2 and BCKDH expression

is reduced mainly in visceral adipose tissue . Nevertheless, further research is needed to clarify the

mechanisms responsible for the decreased expression and activity of BCAT2 and BCKDH in adipose tissue during

obesity.

The alteration of BCAA catabolism has physiological consequences in two aspects. First, leucine is likely the most

potent mTORC1 activator among all amino acids. In physiological conditions, mTORC1 activation inhibits

autophagy, activates adipogenesis and lipogenesis in white adipose tissue, and inhibits insulin signaling through

the inactivation of the insulin receptor substrate 1 (IRS1). Thus, high leucine concentrations could induce an

overactivation of mTORC1, leading to insulin resistance and, thus, an increase in glucose levels . The use of

rapamycin, a known mTORC1 inhibitor, prevents glucose intolerance induced by a diet high in fat and BCAA .

Furthermore, leucine catabolism contributes 30% to the acetyl-CoA lipogenic pool . and acetyl-CoA can be

converted into malonyl-CoA by acetyl-CoA carboxylase (ACC). Malonyl-CoA is the preferred substrate of fatty acid

synthase (FAS). Thus, leucine is extensively incorporated into the lipid fraction of functional adipocytes.

Incorporation that is significantly reduced in adipocytes from high-fat fed rats . In addition to fatty acids, the

carbon skeleton of leucine could be a substrate for synthesizing phospholipids and cholesterol. An increase in

cholesterol-synthetizing enzymes has been demonstrated, which use 3-hydroxy-3-methylglutaryl-CoA, an

intermediate of leucine catabolism, as a substrate during adipogenesis . Taken together, this evidence suggests

that decreased catabolism of BCAA could reduce the production and storage of FA and cholesterol in adipose

tissue, affecting its functionality.

Second, a reduction in the BCAA catabolic enzymes causes an inefficient production of anaplerotic substrates from

BCAA, causing suboptimal activity of the Krebs cycle . These results have important implications for the

understanding of metabolic inflexibility. Until now, metabolic flexibility has only been assessed in terms of how

glucose affects lipid metabolism and vice versa. However, new evidence suggests that amino acid catabolism

needs to be evaluated in terms of metabolic flexibility because amino acid availability and catabolic amino acid

metabolites can also affect lipid and carbohydrate metabolism, as in the model proposed by Muoio, where chronic

overfeeding causes a mitochondrial blockade affecting glucose, fatty acid, and BCAA oxidation .
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Although progress has been made in understanding the participation of BCAA catabolism in the maintenance of

adipocyte function, further research is needed to understand the role of catabolism of other amino acids such as

aspartate, proline, tyrosine, and tryptophan, among others, that can modify mitochondrial activity and therefore

metabolic flexibility in the adipocyte.

In addition to BCAAs, tryptophan (Trp) is another essential amino acid for humans, . Consumed tryptophan is

mainly used for protein synthesis; however, this amino acid can be used in about 5% of cases as a precursor for

the synthesis of serotonin, N-acetyl serotonin, and melatonin . Interestingly, a part of free tryptophan is also

catabolized through the tryptophan-kynurenine pathway . Recent studies have found that certain metabolites of

tryptophan catabolism participate in the development of T2D . A significant association between low plasma Trp

concentrations has been reported in obese subjects with metabolic syndrome, in whom insulin resistance is

common . Evidence suggests that metabolites of the kynurenine pathway increase with insulin resistance before

the clinical manifestation of hyperglycemia . Gene expression of tryptophan catabolism limiting enzymes to

kynurenine, such as indolamine 2,3-dioxygenase 1 (IDO1), indolamine 2,3-dioxygenase 2 (IDO2), and tryptophan

2,3-dioxygenase (TDO2), is shown to increase in patients with T2D . A possible mechanism by which

metabolites of the Trp-Kynurenine pathway contribute to the development of insulin resistance includes the

possible formation of chelate complexes between xanthurenic acid and insulin, which are indistinguishable from

free insulin but have ∼50% less activity than insulin . However, studies are still needed to determine the

importance of the regulation of gene expression by the step-limiting enzyme of the Trp- Kynurenine pathway in the

pathogenesis of diabetes or its complications. On the other hand, Trp and phenylalanine interact with the GPR142

receptor, increasing insulin secretion and the incretins GIP and GLP-1, improving circulating glucose levels ,

suggesting that the decrease in Trp during obesity will decrease insulin secretion and contribute to the progression

to T2D of subjects with obesity.

4.3. Amino Acid Catabolism and Thermogenesis

In addition to white adipose tissue, it has been demonstrated that BAT may play an essential role in the control of

body thermogenesis . This effect is in part mediated by the presence of the uncoupling protein 1 (UCP1), which

can use the proton gradient generated in the mitochondria by the respiratory chain in order to produce heat .

The energy sources used by BAT mitochondria are fatty acids and glucose . Interestingly, recent evidence has

demonstrated that BAT mitochondria can use BCAA amino acids as an energy source to increase thermogenesis.

BAT is now known to express enzymes of the amino acid catabolic pathways for BCAA, including BCAT2 and

BCKDH. Under conditions of cold exposure, where thermogenesis is upregulated, there is a significantly increased

uptake of BCAA by BAT, particularly valine and leucine. The importance of BCAA oxidation for thermogenesis has

been demonstrated since the absence of BCKDH expression in BAT impairs energy homeostasis, especially during

cold exposure. BCAA oxidation occurs in the mitochondria, and it is known that BCAAs are transported into the

mitochondria by the SLC25A44 transporter. Surprisingly, the deletion of SLC25A44 impairs BAT thermogenesis .

As previously mentioned, white adipose tissue plays an important role in the utilization of BCAAs, which is

associated with improving insulin sensitivity. However, now BAT is also considered an essential catabolic organ of
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these amino acids, decreasing circulating levels of BCAA that are associated with increased insulin sensitivity.
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