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Amino Acids Analysis
The Amino Acids Analysis measures essential and
nonessential amino acids, intermediary metabolites involved
in protein metabolism, and dietary peptide related markers.
Amino acids are important building blocks for every cell
and system in the body and require specific nutrients for
metabolism and utilization. The report includes personalized
amino acid recommendations based on amino acid levels, and
functional vitamin and mineral cofactor recommendations
based on amino acid metabolism. These nutrient need
suggestions are synthesized depending on the patients’ amino
acid results, taking into account the age/gender of the patient
and the severity of abnormal findings.
The Amino Acids Analysis Includes:
• E
 ssential Amino Acids must be derived from dietary
sources
• Nonessential Amino Acids are dietary or synthesized by
the body
• Intermediary Metabolites are byproducts of amino acid
metabolism
• B-Vitamin Markers are involved in biochemical reactions
that specifically require B-vitamins
• Urea Cycle Markers are byproducts associated with
nitrogen detoxification
• Glycine/Serine Metabolites are involved in the serine-tocholine pathway as well as methylation pathways
• Dietary Peptide Related Markers can indicate incomplete
protein breakdown
Physiologic Importance and Patient Population:
Amino acids play many important roles in the body including
energy generation, neurotransmitter and hormone synthesis,
tissue growth and repair, immune function, blood cell
formation, maintenance of muscle mass, and detoxification.
Testing is important in a variety of clinical scenarios including:
• Mood disorders1
• Weight issues/Dietary guidance2,3
• Malnutrition (often observed in the elderly or those with
poor protein intake)4,5
• Gut maldigestion/malabsorption
• Fatigue6-9
• Athletic optimization10,11
• Increased nutrient demand in physical trauma/healing8,12
• Kidney disease13
• Liver disease
• Obesity/Insulin resistance/Type 2 Diabetes14,15
• Autism16-18
Diet and lifestyle factors, as well as certain clinical conditions,
may predispose a person to having amino acid imbalances.
There are multiple dynamic factors that influence amino acid

levels including dietary intake, liver and kidney function,
protein metabolism, hormones, stress, exercise, and
gastrointestinal health.19
There are amino acid abnormalities seen with various inborn
errors of metabolism. Genova’s amino acid reference ranges
were not designed to be used for the diagnosis of inborn
errors of metabolism; these are generally diagnosed in infancy.
In fact, amino acid testing is not recommended for patients
under 2 since Genova does not have reference ranges for this
population.
Plasma Versus First Morning Void (FMV)
Urine Amino Acids
Different analytes are measurable in blood versus urine and
selection of sample type depends on the clinical concern.
Recent food intake briefly increases plasma amino acid levels,
which is why a fasting sample is recommended. Short-term
fasting does not result in depletion of plasma amino acids,
but long-term malnutrition does. Many studies show a good
correlation between plasma and urine amino acids. The
key differences between plasma and urine amino acids are
summarized below.13,19

Plasma Amino Acids (Fasting)

Urine Amino Acids
(First Morning Void)

Fasting sample represents
“steady state” pool of amino
acids; not affected by shortterm diet fluctuations

Represents recent dietary
intake and metabolism –
more variable compared to
plasma

36 analytes

40 analytes

Useful for mood disorders, or
uncontrolled and fluctuating
diets

Useful for controlled diets,
or to assess the effects of a
recent dietary change

Amino acid levels not
influenced by abnormal
kidney function; preferred if
patient has proteinuria

Amino acid levels influenced
by abnormal kidney function;
urine testing dependent
on healthy kidney function
(biomarkers ratioed to urine
creatinine)

Requires a blood draw

Ideal for children or adults
averse to blood draws; urine
conveniently collected at
home

A urine creatinine concentration is part of every FMV
analysis. All urinary biomarkers are ratioed to the creatinine
concentration for standardization.
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What Is an Amino Acid?
Amino acids are single unit building blocks that form protein.
Amino acids contain a carboxyl group, an amino nitrogen
group, and a side chain attached to a central alpha carbon.
Functional differences between the amino acids lie in the
structure of their side chains. Long chains of amino acids make
up peptides and proteins which form the major structural and
functional components of all cells in the body. Dietary protein
must be digested into smaller peptides or individual amino
acids to be absorbed, where they are then individually used by
the body or synthesized into larger proteins. Essential amino
acids must come from the diet, whereas nonessential amino
acids can be synthesized by the body. The free amino acid
pool is in constant flux and the diagram below illustrates the
variables involved in protein metabolism.20
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beyond the rate at which that amino acid is available. These
essential amino acids that do not meet the minimal human
requirement are called ‘limiting’ amino acids. This can be
problematic in vegan or vegetarian diets. A diet based on a
single plant food staple may not provide enough of certain
amino acids and needs to be combined with other plants that
provide the limiting amino acid(s). For example, most grains
are good sources of methionine but contain very little lysine.
Alternatively, legumes are high in lysine and low in methionine.
Combining grains with legumes, grains with dairy, or legumes
with seeds can provide all essential amino acids in adequate
quantities. It is not necessary to eat all of the complementary
amino acids in a single meal, though for optimal health they
should be consumed within a day.23
Animal-derived products generally provide the essential
amino acids in ratios needed to sustain growth and metabolic
processes.24 Therefore, when food access is limited, animal
foods provide better protein adequacy than plants. With that,
a varied and diverse diet should adequately meet the daily
protein requirement.21

Protein Losses
Skin
Hair
Feces

Factors That Influence Amino Acid Levels:
•
•
•
•
•

Dietary protein intake
Amino acid composition
Protein digestibility
GI tract digestion and absorption
Protein demand

Dietary Protein Intake
Adequate protein intake is essential for overall health. Protein
and amino acid requirements change throughout the lifecycle.
The recommended daily allowance (RDA) of protein is currently
0.8g/kg for the generally healthy adult population. Higher
levels are required in cases of higher demand.21
Protein and amino acids consumed or supplemented in excess
are degraded and excreted as urea. The keto acids left after
removal of the amino groups are utilized as energy sources or
converted to carbohydrate or fat.22
Amino Acid Composition
Protein-containing foods do not contain amino acids in equal
proportions; however, all 20 dietary amino acids can be found
in both plant and animal foods.21 If the diet is inadequate in
any essential amino acid, protein synthesis cannot proceed
4

Figure 1 provides a colorimetric representation of proportions
of amino acids in 35 common plant and animal foods.21



Protein Digestibility



It is possible that a protein source has an excellent amino acid
profile, but poor digestibility.24 This may be due to the specific
food source or how it is prepared. Modern cooking practices
meant for convenience, safety, extended shelf life, and
improved taste can in some cases decrease the digestibility of
a food. Other processing techniques however, might increase
digestibility, depending on the food.25
Some examples include:
Animal protein is more easily digested than plants; plant cell
walls are less susceptible to digestive enzymes.
• Antinutritional factors (ANF) in plants include phytates,
enzyme inhibitors, polyphenols, tannins, lectins and
non-starch polysaccharides. These can affect both the
digestibility and bioavailability of protein and amino
acids.25
» In general, soaking, cooking, fermenting, and sprouting
things like grains, legumes, and seeds has been shown to
decrease ANF and lead to better digestibility of plant
» foods.24,25

FIGURE 1

• S ome plants contain enzymes which interfere with protein
digestion and must be heat inactivated (i.e. soybeans
contain trypsinase, which inactivates the protein-digesting
enzyme, trypsin).23
• Under severe heating conditions including smoking
and broiling, all amino acids in food proteins become
somewhat resistant to digestion.23
• Mild heat treatment, in the presence of reducing sugars
such as glucose and galactose, causes a loss of available
lysine. This is referred to as the Maillard reaction. It can
happen in foods such as skim milk, which can be heated
to form milk powder. The Maillard reaction produces the
characteristic browning for flavor in meats and other
foods.23,25
• Exposure to sulfur dioxide (a food preservative) and other
oxidative conditions can result in loss of methionine.23
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The World Health Organization (WHO) and U.S. Food and Drug
Administration (FDA) have adopted the ‘protein digestibility
corrected amino acid score’ (PDCAAS) as the preferred method
for assessing protein quality in human nutrition. The highest
score a food can receive is 1- which indicates adequate levels
and ratios of amino acids, as well as high protein digestibility.
Some examples of foods receiving a score of 1 include milk
and eggs. This indicates superior value, as compared to soy at
0.91, beef 0.92, wheat 0.42 and sorghum at 0.20. Wheat receives
a low score because it is deficient in the essential amino
acid lysine, while sorghum is even lower because it is poorly
digestible.23-25
GI Tract Digestion and Absorption
Protein digestion and absorption are dependent on both
the condition of the GI tract, as well as the digestibility of the
protein-containing food.

Protein Demand
Systemic demands for protein utilization might result in lower
measurable amino acid levels, even with adequate protein
intake. Protein can be used as an energy source at rate of
4kcal/g. Protein demands can be increased in wound healing,
trauma, athletic performance, pregnancy, lactation, child and
adolescent growth or development, and various conditions in
the elderly.21,25
Low carbohydrate diets can also increase protein demand and
deplete amino acids. When the diet is low in carbohydrates or
the individual is starving, the carbon skeletons of amino acids
can be used to produce glucose in gluconeogenesis. These
are called glucogenic amino acids. (Lysine and threonine are
the only two amino acids that are not glucogenic.23) Therefore,
protein requirements may increase with low carbohydrate
diets.26

In the stomach, hydrochloric acid denatures dietary protein,
preparing it for enzymatic digestion.26 The low stomach pH
activates gastric pepsin. Pepsin then initiates protein digestion
while stimulating cholecystokinin release, a step that is crucial
to the secretion of pancreatic enzymes. Enterokinase, a brush
border enzyme, then activates trypsin which then converts
many pancreatic proteases to their active forms. Active
pancreatic enzymes hydrolyze proteins into oligopeptides and
amino acids, which are then absorbed by enterocytes.24,27
Within the small intestine, amino acids, di-, and tripeptides are
absorbed at different rates in different sections. Although the
small intestine is the principal site of protein absorption, the
colon does possess a capacity to absorb protein. Undigested
or unabsorbed protein and amino acids can be fermented by
the gut microbiota to form short chain fatty acids and amines
which have biologic activity.24,28
Low levels of amino acids with adequate dietary protein intake
may prompt evaluation of the GI tract:
• Hydrochloric acid and pancreatic protease availability
» Assess use of acid-blocking medications
» Assess for pancreatic insufficiency (stool pancreatic
elastase 1, chymotrypsin)27
• Decreased absorptive surface area
» Assess for SIBO, celiac, IBD, surgery and other conditions
that damage the GI tract or affect absorption29
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Essential Amino Acids
Essential amino acids must be derived from the diet and
cannot be synthesized by the body. Some amino acids are
semi-essential, or conditionally essential, meaning they can
be synthesized in the human body in a certain developmental
stage or in healthy states. Conditionally essential amino acids
are needed more in times of illness and stress.30

increase in the enzyme arginase, which can subsequently result
in plasma arginine deficiency.44

Of the 20 amino acids commonly found in proteins, 9 are
considered essential for humans including histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, threonine,
tryptophan and valine. Two conditionally essential amino acids
are also included: arginine and taurine.

Histidine

Arginine
Arginine is found in all protein foods and is very abundant in
seeds and nuts. It is considered a semi-essential amino acid
during early development, infection/inflammation, or renal
and/or intestinal impairment.31 It has many functions in the
body including:31-36
• ammonia disposal in the urea cycle
• immune function
• stimulation of insulin release
• muscle metabolism (creatine/creatinine precursor)
• nitric oxide (NO) formation
• glutamic acid and proline formation
• glucose/glycogen conversion
• stimulation of the release of growth hormone, vasopressin,
and prolactin
• wound healing
Because arginine is a precursor for nitric oxide synthesis, it
is often used therapeutically in cardiovascular disease for its
vasodilatory effects.37

Clinically, arginine deficiency has been shown to contribute to
increased susceptibility to infection, pulmonary hypertension,
atherosclerosis, and impaired anti-tumor response.45

Histidine is a semi-essential amino acid which is formed in
the breakdown of carnosine. Red meat is a common source
of carnosine, and therefore histadine.46 Other food sources
include poultry, fish, nuts, seeds, and grains.
Histidine and histamine have a unique relationship. The
amino acid histadine becomes histamine via a vitamin B₆dependent enzyme called histidine decarboxylase.47 With this,
decreased amounts of histidine and insufficient vitamin B₆ can
subsequently lead to a decrease in histamine concentration.
This may impair digestion, since histamine binds to H₂
receptors located on the surface of parietal cells to stimulate
gastric acid secretion, necessary for protein breakdown.48
Histidine also inhibits the production of proinflammatory
cytokines by monocytes and is therefore anti-inflammatory
and antioxidant.48-50 With these beneficial effects, histidine
supplementation has been shown to improve insulin
resistance, reduce BMI, suppress inflammation, and lower
oxidative stress in obese women with metabolic syndrome.51
Interestingly, histadine can also be broken down to form
urocanic acid in the liver and skin. Urocanic acid absorbs UV
light and is thought to act as a natural sunscreen.52
High Levels

High Levels
A diet high in arginine, or exogenous supplementation with
arginine or citrulline can elevate arginine levels.38,39 Levels
might also be elevated in manganese (Mn) insufficiency since
Mn is a necessary cofactor in the conversion of arginine to
ornithine (and urea) in the urea cycle.40,41 Lastly, there is some
literature to suggest that vitamin B₆ supplementation alters
plasma amino acids resulting in increased arginine.42
Low Levels
A low protein diet, gastrointestinal dysfunction, and increased
amino acid utilization in acute phases of critical illness can
all contribute to deficient arginine.43 However, some chronic
conditions, such as type 2 diabetes, are characterized by an

High levels of histadine are seen in high protein diets. And,
as outlined above, vitamin B₆ is needed to convert histadine
to histamine, therefore a functional need for vitamin B₆ may
elevate levels of histadine.47
There is also a relationship between histadine and folate
metabolism. Histadine metabolizes to glutamic acid with
FIGLU as an intermediary and tetrahydrofolate as a cofactor.
Therefore, elevated histadine can be seen with vitamin B₁₂
and folate insufficiencies. Urinary levels have been shown to
normalize with folate administration and plasma levels have
been altered in supplementation with vitamin B₁₂.53-56
Lastly, there is a rare inborn error of metabolism involving
impairment of histidase, which breaks down histamine and
causes elevated histadine.
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Low Levels
Low levels of essential amino acids may indicate a poor-quality
diet, or maldigestion due to deficient digestive peptidase
activity or pancreatic dysfunction.48,57
Low histadine levels are clinically significant because as
outlined above, histadine converts to histamine. Deficient
histidine can contribute to gastric hypochlorhydria. This
gastrointestinal dysfunction can, in turn, perpetuate histidine
deficiency and therefore impair all protein digestion.48
Low histidine has been reported in rheumatoid arthritis,
chronic kidney disease, and cholecystitis.49

Branched Chain Amino Acids - Isoleucine, Leucine,
Valine
Branched Chain Amino Acids (Isoleucine, Leucine, Valine)
Isoleucine, leucine and valine are the three branched chain
amino acids (BCAAs). Branched chain amino acids (BCAA) are
essential amino acids and must be obtained from the diet
(mainly meat, grains, and dairy).58
Not only do the BCAAs account for almost 50% of muscle
protein, but they have many metabolic functions.59 BCAAs
act as substrates for protein synthesis, energy production,
neurotransmitter production, glucose metabolism, and the
immune response. They are also involved in stimulation of
albumin and glycogen synthesis, improvement of insulin
resistance, inhibition of free radical production, and hepatocyte
apoptosis with liver regeneration.60,61
Unlike most amino acids, the initial step of BCAA metabolism
does not take place in the liver. After dietary intake, BCAAs
remain in circulation and are taken up by skeletal muscle, the
heart, kidney, diaphragm, and adipose tissue for immediate
metabolism. BCAAs are transaminated into α-keto acids and
used within the tissues or released into circulation. The liver
and other organs can then further catabolize these α-keto
acids.62 The complete oxidation of valine yields succinyl CoA,
and leucine and isoleucine produce acetyl CoA for use in the
citric acid cycle. Isoleucine also produces propionyl CoA and
succinyl CoA.62

Of the three BCAA, leucine may have the most immediate
impact. Leucine is one of the few amino acids that is
completely oxidized in the muscle for energy, generating
more ATP molecules than glucose. Additionally, leucine can be
used to synthesize fatty acids in adipose tissue, and generates
HMG CoA, an intermediate in the synthesis of cholesterol.
Leucine also stimulates insulin secretion and promotes protein
synthesis in the liver, muscle, and skin.62,64
BCAAs, grouped in patterns and as single biomarkers, have
been studied as predictors of obesity, insulin resistance, type
2 diabetes, metabolic syndrome, and cardiovascular disease
outcomes.63,65,66
High Levels
High protein intake may elevate BCAAs. In the catabolism of
BCAAs, branched chain aminotransferase and branched chain
alpha ketoacid dehydrogenase complex (BCKDC) require
several cofactors such as vitamin B₆, vitamin B₁, and lipoic acid.
Therefore, functional need for these cofactors may contribute
to high levels of BCAAs.54,67-72
Lastly, BCAAs can be elevated due to a rare inborn error of
metabolism. Maple Syrup Urine Disease is an inherited disorder
of branched chain amino acid metabolism due to deficiency of
the BCKDC complex.73
Low Levels
Low levels of essential BCAA may indicate a poor-quality diet,
or maldigestion due to deficient digestive peptidase activity or
pancreatic dysfunction.74,75
Low levels of leucine can be seen after significant aerobic
exercise or strength training.64
Supplementation with zinc, vitamin B₃, and vitamin B₆, has
improved outcomes in various conditions where low levels of
BCAA’s have been associated.60,76-78

Skeletal muscle is a major site of BCAA utilization.
During exercise, catabolism of the BCAAs is elevated;
β-aminoisobutyric acid (β-AIB) is a metabolite of valine
released during exercise which is evaluated in the B-Vitamin
Marker section below.63 There is much published literature
on the use of BCAAs for muscle protein synthesis, however
it’s been shown that BCAA supplementation alone does not
enhance muscle protein synthesis better than the consumption
of a complete, high quality food protein containing the full
spectrum of essential amino acids.
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Lysine
Lysine is a nutritionally essential amino acid abundant in meat,
fish, fowl, and legumes and is needed for formation of body
proteins and enzymes.79
Lysine can be methylated using S-adenosylmethionine (SAM)
to synthesize carnitine, which is needed for fatty acid oxidation.
Lysine also generates Acetyl CoA for use in the citric acid cycle.
Lysine, proline, hydroxyproline, and vitamin C are important
in the synthesis of collagen for skin, bones, tendons and
cartilage.62
L-lysine supplementation has also been studied for herpes
simplex treatment and prophylaxis and may be beneficial.80
High Levels
High dietary intake of protein can elevate lysine, as well as lack
of cofactors needed in its utilization and catabolism, such as
thiamine and niacin .72

increased dietary intake.83 However, increases can also be due
to abnormalities within the methylation cycle itself producing a
passive methionine elevation.
Genetic SNPs for several methylation and transsulfuration
enzymes, or the lack of necessary vitamin and mineral
cofactors, can alter methionine’s metabolism. For example, a
nutritional cofactor deficiency (magnesium/potassium), ATP
depletion, or a SNP in the MAT enzyme, can downregulate the
conversion to SAM and may lead to elevated methionine.84
Vitamin B₆ deficiency, a cofactor for the downstream enzyme
responsible for homocysteine transsulfuration, can result in
excess homocysteine re-methylation back to methionine, thus
increasing methionine.85
Additionally, molybdenum is a cofactor in methionine
degradation and catabolism, therefore molybdenum
insufficiency can contribute to high levels of methionine.86

Hyperlysinemia is a rare inborn error of metabolism that causes
a defect in the major catabolic pathway of lysine to acetyl
CoA.81

Mild elevations in methionine do not cause serious adverse
clinical effects. There is literature regarding CNS abnormalities
seen with excessive elevations, but this is rare and more
commonly seen with inborn errors of metabolism (MATI/III
deficiency also known as Mudd’s disease).87

Low Levels

Low Levels

Low levels of essential amino acids may indicate a poor-quality
diet, or maldigestion due to deficient digestive peptidase
activity or pancreatic dysfunction.48

Low levels of essential amino acids may indicate a poor-quality
diet, or maldigestion due to deficient digestive peptidase
activity or pancreatic dysfunction.48,57 A dietary methionine
deficiency (low intake or malabsorption/maldigestion) can
affect the methylation cycle, given its critical role. Increasing
methionine dietary sources, methionine supplementation, or
methylated product supplementation can mitigate the adverse
impact.88

Lysine intolerance is a rare condition where intestinal
absorption and renal tubular reabsorption of lysine, arginine
and ornithine are impaired. This results in deficiencies of these
amino acids and can lead to hyperammonemia.82
Lastly, vitamin B₃ deficiency has been associated with low levels
of lysine and other amino acids.78

Methionine
Methionine is an essential amino acid that plays an important
role in the methylation cycle. Methionine is obtained from
dietary intake or through homocysteine remethylation.
Methionine’s dietary sources include eggs, fish, meats, Brazil
nuts, and other plant seeds.83
Methionine is converted to the body’s main methyl donor,
S-adenosylmethionine (SAM). This conversion requires the
enzyme methionine adenosyltransferase (MAT).
High Levels

Because vitamins B₁₂ and folate are needed to remethylate
homocysteine into methionine, functional need for these
cofactors may contribute to low methionine levels.89
Lastly, vitamin B₃ deficiency has been associated with low levels
of several amino acids.78

Phenylalanine
Phenylalanine is an essential amino acid found in most
foods which contain protein such as meat, fish, lentils,
vegetables, and dairy.90 Phenylalanine is the precursor to
another amino acid, tyrosine. Because tyrosine is needed to
form several neurotransmitters (dopamine, epinephrine, and
norepinephrine), as well as thyroid hormone and melanin,
phenylalanine intake is important.62

Methionine elevations are most commonly caused by
9

High Levels
High dietary protein intake may elevate phenylalanine levels.
Additionally, some artificial sweeteners contain phenylalanine
(NutraSweet® and Equal®); use of these products can result in
higher levels.91
Phenylketonuria (PKU) is a rare genetic mutation of the
phenylalanine hydroxylase enzyme which results in high
phenylalanine levels.92 The enzyme requires vitamin C,
tetrahydrobiopterin, and iron as cofactors. The mainstay of
treatment involves a low-protein diet, cofactor support, and the
use of a phenylalanine-free formulas.62,93
Low Levels
Low levels of essential amino acids may indicate a poor-quality
diet, or maldigestion due to deficient digestive peptidase
activity or pancreatic dysfunction.48 Also, vitamin B₃ deficiency
has been associated with low levels of several amino acids.78

Taurine
Taurine differs from other amino acids because a sulfur group
replaces the carboxyl group of what would be the nonessential amino acid, β-alanine. It takes part in biochemical
reactions and is not fully incorporated into proteins. In
most tissues, it remains a free amino acid. Taurine’s highest
concentration is in muscle, platelets, and the central nervous
system. Taurine is mainly obtained via dietary sources (dairy,
shellfish, turkey, energy drinks), but can also come from sulfur
amino acid metabolism (methionine and cysteine).94,95 It has
been proposed that taurine acts as an antioxidant, intracellular
osmolyte, membrane stabilizer, and a neurotransmitter.96
In the CNS, taurine is second only to glutamate in abundance.
Taurine is extensively involved in neurological activities,
(calming neural excitability, cerebellar functional maintenance,
and motor behavior modulation), through interaction with
dopaminergic, adrenergic, serotonergic, and cholinergic
receptors, and through glutamate.96,97
In cardiovascular disease, taurine’s benefits are multifactorial.
Because taurine’s main physiologic role is in bile acid
conjugation in the liver, it has been demonstrated that taurine
is capable of reducing plasma LDL, total lipid concentration,
and visceral fat in diabetic, obese patients.97 Taurine has
been shown to be a protector of endothelial structure and
function after exposure to inflammatory cells, their mediators,
or other chemicals.97 Taurine is thought to be involved in cell
volume regulation and intracellular free calcium concentration
modulation. Because of these effects, experimental evidence
shows promise for taurine therapy in preventing cardiac

damage during bypass surgery, heart transplantation and
myocardial infarction. Moreover, severe taurine extravasation
from cardiomyocytes during an ischemia–reperfusion insult
may increase ventricular remodeling and heart failure risk.98
Recent work has revealed taurine’s action in the retina as a
photoreceptor cell promoter.99 The human fetus has no ability
to synthesize taurine. Taurine is found in breast milk, but it is
also routinely added to infant formulas.99
Although taurine is very beneficial, it is often unnecessary
to supplement. Dietary intake and sulfur amino metabolism
are usually more than adequate to meet the body’s needs.
Newborns, patients with restricted diets, or patients with
various diseases may be depleted in taurine and can benefit
from supplementation.
High Levels
Excessive dietary intake of taurine-rich foods/beverages
may result in elevated taurine levels (i.e. energy drinks, dairy,
shellfish, and turkey).95,100
Because taurine is part of the transsulfuration pathway, a
single nucleotide polymorphism (SNP) in the cystathioninebeta-synthase (CBS) enzyme can elevate taurine, but only in
the absence of oxidative stress and presence of adequate
glutathione levels.101 However, because oxidative stress and
inflammation can upregulate transsulfuration in general,
taurine may also be elevated in response to those factors.
Antioxidants, such as vitamins A and E, as well as plant-based
antioxidants, can help to mitigate oxidative damage.102
As with all sulfur-containing amino acids, the enzyme sulfite
oxidase catabolizes the amino acid into sulfite for excretion. An
important cofactor for this enzyme is molybdenum. With that,
insufficient molybdenum can contribute to elevated taurine
levels.103
Because renal excretion of taurine depends on a sodium
chloride transporter which is regulated by vitamin B₁, irregular
renal excretion of taurine can be seen in functional vitamin B₁
insuffiencies.102
Low Levels
Low levels of amino acids can be seen with poor dietary intake,
GI tract malabsorption, or maldigestion.100 Because of taurine’s
role in the transsulfuration pathway, as outlined above, low
levels of taurine may also be due to excessive oxidative stress,
lack of precursors, or deficient enzymatic cofactors.100,104-109
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Threonine
Threonine is a large neutral amino acid and a precursor for
the amino acid glycine.110 Foods that contain relatively high
amounts of threonine include cheeses (especially Swiss), meat,
fish, poultry, seeds, walnuts, cashews, almonds and peanuts.
Threonine gets converted to glycine using a two-step
biochemical pathway involving the enzymes threonine
dehydrogenase and the vitamin B₆-dependent glycine
C-acetyltransferase.111 Threonine has been studied clinically as
a supplement to increase cerebrospinal fluid levels of glycine
in patients with spasticity related to neurological conditions
such as multiple sclerosis (MS) and amyotrophic lateral sclerosis
(ALS).112-114 Threonine may also play a role in tissue healing
and liver health.115-117 It is used to synthesize body proteins
and is found in high concentrations relative to other amino
acids in mucus glycoproteins.62 Many amino acids, including
threonine can be converted into citric acid cycle intermediates
for mitochondrial ATP production or for gluconeogenesis,
depending on the body’s needs.118,119
High Levels
High dietary intake of threonine-rich foods result in elevated
levels, as well as lack of vitamin cofactors needed to utilize and
metabolize threonine.77
Low Levels
Low levels of essential amino acids may indicate a poor-quality
diet, or maldigestion due to deficient digestive peptidase
activity or pancreatic dysfunction.48 Vitamin B₃ deficiency has
been associated with lower levels of threonine, and other
amino acids.78

Tryptophan
Tryptophan is involved in serotonin production via vitamin
B₆-dependent pathways resulting in the intermediate
5-hydroxytryptophan (5-HTP). 5-HTP is often used as a
supplement for serotonin formation instead of tryptophan,
which can be quickly metabolized in other pathways. Serotonin
is further metabolized to melatonin via methylation. Because
of these downstream conversions, therapeutic administration
of 5-HTP has been shown to be effective for depression,
fibromyalgia, binge eating associated with obesity, chronic
headaches, and insomnia.120

iron, and heme as essential cofactors for enzymes can slow the
reaction rate.121
• Hartnup disease is a rare genetic disorder involving an
inborn error of amino acid metabolism with symptoms
developing in childhood. The intestines cannot properly
absorb neutral amino acids and the kidney cannot properly
resorb them. This leads to increased clearance of neutral
amino acids in the urine, and normal or low levels in the
plasma. Tryptophan deficiency is thought to account for
the symptoms, since tryptophan converts to vitamin B₃.
This B₃ deficiency causes dermatitis, a characteristic feature
of Hartnup disease.122-124
High Levels
Elevated tryptophan may be seen in high protein diets or
supplementation. Stress, insulin resistance, magnesium or
vitamin B₆ deficiency, and increasing age can all inhibit the
conversion of tryptophan to 5-HTP and elevate tryptophan.125
Lack of nutrient cofactors (vitamin B₆, riboflavin, iron, and
heme) in several other tryptophan pathways can also
contribute to elevations.120,121,126,127
Lastly, glutaric aciduria is a rare inborn error of metabolism
characterized by elevated tryptophan.
Low Levels
Low levels of essential amino acids may indicate a poor-quality
diet, or maldigestion due to deficient digestive peptidase
activity or pancreatic dysfunction.48
Because some dietary tryptophan is converted to niacin,
tryptophan-deficient diets have been associated with lower
niacin production. Interestingly, niacin administration
increased plasma tryptophan by 40%.127-129
Clinically, low serum tryptophan levels have been shown
to correlate with depressive symptoms and cognitive
impairment.130,131

Tryptophan can be alternatively metabolized via the
kynurenine pathway to produce various organic acids kynurenic acid, quinolinic acid, and xanthurenic acid.120
Two percent of dietary tryptophan is converted to niacin
(vitamin B₃) in the liver and deficiencies of vitamin B₆, riboflavin,
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Nonessential Protein Amino Acids
Nonessential amino acids are synthesized by the body from
amino acids and other intermediates. Although they can be
obtained from the diet, it is not required (unlike essential amino
acids). However, when dietary intake of protein is very limited,
both essential and nonessential amino acids may trend low.

Alanine
Alanine is a nonessential amino acid. It is the second most
abundant amino acid in circulation, after glutamine.132 It
is found in many foods including eggs, meat, lentils, and
fish. Alanine is involved in sugar metabolism for energy
and is important in immune system function, specifically T
lymphocyte activation.132 Interestingly, alanine is an agonist
that binds to the glycine site of N-methyl-d-aspartate (NMDA)
receptors in the brain and improves the positive and cognitive
symptoms of patients with schizophrenia.133
Alanine plays an important role in BCAA metabolism. As
previously noted, BCAA are released from skeletal muscle
during prolonged exercise. Their carbon backbones are used
as fuel, while their nitrogen portion is used to form alanine.
Alanine then gets converted to pyruvate and subsequently
glucose in the liver using the glucose-alanine cycle (Cahill
Cycle). This cycle is critical for regenerating glucose in
prolonged fasting and is upregulated when glucagon,
epinephrine, and cortisol are elevated.62,134 It ultimately helps
clear ammonia and provides glucose to energy-deprived
muscle tissue.
The Cahill Cycle uses the enzyme alanine aminotransferase
(ALT). ALT catalyzes the transfer of the amino group from
alanine to an alpha keto acid (typically alpha-ketoglutarate),
forming pyruvate and glutamate as byproducts.62 ALT is
commonly measured on standard laboratory chemistry profiles
to assess liver health.62
High Levels
High protein intake of alanine-rich foods can elevate levels.
Because of the relationship between alanine and the clearance
of ammonia and nitrogen, it may be elevated in urea cycle
disorders to serve as a reservoir for waste nitrogen.135 Biotin,
thiamine, other nutrients are cofactors within the pathways of
alanine metabolism. Functional need for these nutrients may
elevate alanine levels.136-138
Low Levels
Low protein intake, low BCAA levels, gastrointestinal
malabsorption and maldigestion, or increased demands in
gluconeogenesis, may result in lower alanine levels.
There is some literature to suggest that vitamin B₆ and vitamin
B₃ normalized plasma alanine levels. 77,78

Because of its role in the CNS, lower plasma alanine levels have
been seen in schizophrenic patients and an increase in plasma
alanine correlated with symptom improvement.133

Asparagine
Asparagine is a non-essential protein amino acid that is
present in many fruits and vegetables including asparagus,
from which it gets its name.139 Other dietary sources include
meat, potatoes, eggs, nuts, and dairy. It can also be formed
from aspartic acid and glutamine using the enzyme asparagine
synthetase.140
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In addition to being a structural component of many proteins,
asparagine is also useful to the urea cycle. It acts as a nontoxic
carrier of residual ammonia to be eliminated from the body.135
Asparagine is rapidly converted to aspartic acid by the enzyme
asparaginase.119 Interestingly, L-asparaginase has been
successfully used as a chemotherapeutic agent for decades.
It causes extracellular depletion of asparagine which seems
to play a critical role in cellular adaptations to glutamine and
apoptosis.141
High Levels
High dietary protein intake can elevate asparagine levels.
Asparagine may also be elevated in hyperammonemia to serve
as a reservoir for waste nitrogen.
Low Levels
Overall low amino acids from poor dietary intake or GI
malabsorption/maldigestion may result in low levels of
arginine. Low levels of its precursors (aspartic acid and
glutamine), or enzymatic dysfunction in arginine synthetase
can also result in low asparagine levels.
Upregulation of asparaginase may contribute to lower
levels of asparagine and rarely can be associated with
hyperammonemia.142
Depleted levels of arginine due to genetic mutations in
asparagine synthetase are associated with neurodevelopmental
disorders.143
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Aspartic Acid (Aspartate)
Aspartic acid is a nonessential amino acid that plays roles
in many important metabolic processes, such as energy
production (citric acid cycle), hormone metabolism, CNS
activation, and the urea cycle. It is found in many protein
sources such as oysters, meats, seeds, avocado, asparagus, and
beets. It is also an ingredient in artificial sweeteners.
Aspartic acid is a precursor to many amino acids and other
molecules like asparagine, arginine, isoleucine, lysine,
methionine, isoleucine, threonine, nucleotides, NAD, and
pantothenate. Aspartate, like glutamine, can also be considered
a neuroexcitatory neurotransmitter since it activates the
N-methyl-D-aspartate receptor in the brain.144-146
Aspartate transaminase (AST) is an enzyme that catalyzes the
transfer of an amino group from L-aspartate to alpha-keto
glutarate. This reaction serves as a cellular energy source and
takes place mainly in the liver, skeletal muscle, myocardium,
and kidneys. Although AST is commonly measured on
traditional laboratory profiles as a measure of liver dysfunction
and muscle injury, it is not specific enough to be used alone as
a diagnostic tool.
High Levels
Elevated aspartic acid may reflect high intake of aspartaterich foods or use of artificial sweeteners containing aspartic
acid (“NutraSweet” or “Equal”).91 Elevations may also be
due to impaired downstream metabolism from nutritional
insufficiencies of enzymatic cofactors such as vitamin B₆,
magnesium, and ATP.147,148

humans.150 This synthesis requires the enzyme glutathione
synthetase (GSS). Cysteine can alternatively be converted to
taurine (another amino acid) and the organic acid pyruvate,
which are used in the mitochondrial citric acid cycle and/or
excreted in the urine.151 When cysteine levels are low, this favors
their utilization in glutathione formation during oxidative
stress, given the importance of glutathione. Conversely, high
levels of cysteine in the absence of oxidative stress favor its
metabolism towards pyruvate and taurine.152
High Levels
A diet high in cysteine-rich proteins can elevate cysteine levels.
As with all sulfur-containing amino acids, the enzyme sulfite
oxidase catabolizes the amino acid into sulfite for excretion.
An important cofactor for this enzyme is molybdenum. With
that, insufficient molybdenum can contribute to elevated
cysteine.86,153
Homocysteine is pulled into the transsulfuration pathway via
the enzyme cystathionine-beta-synthase (CBS) to become
cysteine, with cystathionine formation as an intermediate step.
Cysteine levels may be elevated due to a CBS SNP which results
in an upregulation of the enzyme and more cystathionine
and cysteine production.154,155 Zinc is an important cofactor
downstream from cysteine in transsulfuration. Because of this,
cysteine elevations can also be seen in zinc insufficiency.
Vitamin B₁₂ may also be a cofactor in the peripheral utilization
of cysteine; therefore functional deficiencies of vitamin B₁₂ can
contribute to higher levels.156,157
Low Levels

Because aspartic acid is a major excitatory neurotransmitter,
elevations have been noted in epileptic patients.146

Low dietary protein intake, GI malabsorption, and maldigestion
may all contribute to lower amino acid levels.

Cysteine

Because vitamin B₆ is a cofactor in several steps within the
transsulfuration pathways, deficiency may contribute to lower
cysteine by inhibiting or slowing the enzyme that converts
cystathionine to cysteine.105,158

Cysteine is a nonessential sulfur-containing amino acid. It is
obtained from the diet and is also endogenously made from
the intermediate amino acid cystathionine. Dietary cysteine
sources include poultry, eggs, beef, and whole grains.149
This amino acid should not be confused with the oxidized
derivative of cysteine called cystine. Cystine is formed by
combining two cysteine molecules within a redox reaction.
The urinary FMV amino acid test reports cysteine and cystine
separately. The plasma amino acid test combines both cysteine
and cystine as one biomarker -cyst(e)ine.
Cysteine is an important component of glutathione. Recent
studies provide some data to support the view that cysteine
may be a limiting amino acid for glutathione synthesis in
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Cystine
Cystine is formed from the oxidation of cysteine, or from
the degradation of glutathione oxidation products. It is two
cysteines linked together with a disulfide bond.159
As previously noted, the urine FMV amino acid test reports
cysteine and cystine separately. The plasma amino acid test
combines both cysteine and cystine as one biomarker.
High Levels
Anything that elevates cysteine, could potentially contribute to
higher levels of cystine. (see above)
Elevations of cystine may be associated with increased
oxidative stress; antioxidants such as vitamins A, C, E and plantbased antioxidants may be considered.160-163
In plasma, cystine is increased with age, obesity, cigarette
smoking, alcohol abuse, HIV infection, carotid intima media
thickness, endothelial cell function, type 2 diabetes, and agerelated macular degeneration.159
Cystinuria is an inherited renal transport disorder that features
poor renal conservation and increased urinary excretion of
cystine and other amino acids and metabolites. This condition
is associated with renal calculi formation.164-168 Genova’s
profiles are not meant to diagnose inherited cystinuria. If
suspected, due diligence with conventional medicine work up
is recommended.
Low Levels
Anything that may lower cysteine, could potentially contribute
to low cystine levels. (see above) Low cystine may be seen
specifically in low animal protein diets.169

γ-Aminobutyric Acid
Gamma-aminobutyric acid (GABA) is an amino acid that
functions as an inhibitory neurotransmitter. It serves one-third
of brain neurons and is involved in depression and mania.170
Although there are some dietary supplement and food sources
for GABA (cruciferous vegetables, spinach, tomatoes, beans,
and rice), the primary source may be endogenous prodution.171
Nervous tissue, the gut microbiome, the liver, pancreas, and
endothelial cells are important sources for production.172
Endogenous GABA is produced by the decarboxylation of the
excitatory neurotransmitter glutamic acid.173 It can also be
produced from the diamine putrescine using diamine oxidase
(DAO).172,174,175

Also, the gut microbiome is capable of synthesizing various
hormones and neurotransmitters. For example, Lactobacillus
and Bifidobacterium species can produce GABA.176
In general, plasma GABA may reflect brain GABA activity,
however urine GABA levels are felt not to correlate with CNS
levels.170
High Levels
High intake of protein and GABA-containing foods can
contribute to elevated levels.
The metabolism and degradation of GABA requires a vitamin
B₆- dependent enzyme; therefore vitamin B₆ deficiency can
contribute to elevated GABA levels.173
Elevated plasma GABA levels have been observed in autistic
children.177
Low Levels
Decreased protein intake, GI maldigestion, and malabsorption
can contribute to lower levels. Also, since GABA can be made
endogenously from glutamic acid and other pathways, low
glutamic acid levels, issues with enzymes like DAO, or an
altered microbiome should also be considered.
Reduced GABA levels are known to exacerbate seizures.178

Glutamic Acid (Glutamate)
Glutamic acid is a nonessential amino acid is derived from
the diet and from the breakdown of gut proteins. Glutamate
is a major excitatory neurotransmitter in the brain.179 It plays a
role in neuronal differentiation, migration, and survival in the
developing brain. It is also involved in synaptic maintenance,
neuroplasticity, learning, and memory.180
Glutamate is present in many foods including cheese, seafood,
meat, and spinach.171 In spite of intake, the total pool of
glutamic acid in the blood is small, due to its rapid uptake and
utilization by tissues including muscle and the liver (which
uses it to form glucose and lactate).179 Glutamic acid is also
the precursor for arginine, glutamine, proline, GABA, and the
polyamines (putrescine, spermine, spermidine).145,181
As outlined in the previous BCAA section, the Cahill Cycle is
used to generate pyruvate and glucose in the liver using branch
chain amino acids. Glutamate is an end product of this reaction
via the enzyme alanine aminotransferase (ALT).62 Glutamate is
also an end product of the enzyme ornithine aminotransferase
(OAT) in the urea cycle. This urea cycle reaction is a vitamin B₆14

dependent enzyme which catalyzes the reversible conversion
of ornithine to alpha-ketoglutarate, yielding glutamate.181
High Levels
High dietary intake of glutamic acid-containing foods can
elevate levels. The sodium salt of glutamic acid, monosodium
glutamate (MSG), is common food additive. Intake of foods
containing MSG can result in elevated glutamate levels.179
Various cofactors are needed for glutamate metabolism
including vitamin B₁, B₃, and B₆. Functional deficiencies in these
cofactors can contribute to elevated levels. Administration of
these nutrients can lower glutamate levels.42,72,78
Low Levels
Low protein intake, GI malabsorption, and maldigestion can
all contribute to low levels of amino acids. As above, there are
many endogenous pathways which create glutamate, each
with vitamin and mineral cofactors. Lack of those cofactors
should also be considered.
No specific symptomatology has been attributed to low
glutamic acid levels.

Glutamine
Glutamine is a nonessential amino acid and is the most
abundant amino acid in the body. It is formed from glutamate
using the enzyme glutamine synthetase.182
Approximately 80% of glutamine is found in the skeletal
muscle, and this concentration is 30 times higher than the
amount of glutamine found in human plasma. Although
glucose is used as fuel for many tissues in the body, glutamine
is the main fuel source for a large number of cells including
lymphocytes, neutrophils, macrophages, and enterocytes.62,183
Glutamine Synthesis
Glutamine Synthetase
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O
(-) C C C C C (-)
O N H H
N
H H
HHH
+NH4

+ADP + Pi
Glutamine
O H H H O
(-) C C C C C (-)
O N H H N
H H
HHH
H2O

Glutaminase

Glutamine Hydrolysis

•
•
•
•
•
•
•
•
•
•
•

mitosis
muscle growth
immune function
glutathione formation
nucleotide synthesis
apoptosis prevention
regulation of acid-base homeostasis
glutamate metabolism
inter-organ nitrogen exchange via ammonia transport
gluconeogenesis
energy generation (ATP)180,183,184

High Levels
High protein intake may contribute to higher levels. It should
also be noted that glutamine is available as a nutraceutical
supplement. Elevations can also be seen with supplementation.
The metabolism of glutamine requires several cofactors, such
as NADPH and vitamin B₁.182 Functional deficiencies of vitamin
and mineral cofactors can also elevate levels. There is literature
to suggest vitamin B₁ supplementation lowers elevated
levels of glutamine, as well as other amino acids in thiamine
deficiency.72
Because of the relationship of glutamine and glutamate to both
the Cahill Cycle and Urea Cycle, elevations of glutamine are
associated with hyperammonemia due to increased production
of glutamine from glutamate.135
Low Levels
Decreased protein intake, GI malabsorption, and maldigestion
can contribute to overall lower amino acid levels. However,
given the extensive role of glutamine throughout the body,
increased metabolic demand can also result in lower levels.
Glutamine is considered a conditionally essential amino acid
in critically ill patients. Endogenous glutamine synthesis
does not meet the body’s demands in catabolic conditions
including cancer, sepsis, infections, surgeries, traumas, and
during intense and prolonged physical exercise.180 Low plasma
glutamine is associated with increased mortality and functional
impairment in critically ill patients. Glutamine administration
reduces infection-related morbidity, decreases mortality
during the intensive care phase, and shortens the length of
hospitalization.184

182

Glutamine is necessary for many physiologic processes
including:
• growth of fibroblasts, lymphocytes, and enterocytes
• protein synthesis
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Proline

Tyrosine

Proline is a nonessential amino acid. It contains a secondary
α-imino group and is sometimes called an α-imino acid. Proline,
and its metabolite hydroxyproline, constitute a third of the total
amino acids found in collagen. Lysine, proline, hydroxyproline,
and vitamin C are all important in the synthesis of collagen for
skin, bones, tendons, and cartilage.62

Tyrosine is a conditionally essential amino acid which can
come directly from the digestion of dietary protein. Common
food sources include dairy, beans, whole grains, meat, and
nuts.187

Proline is abundant in meat, bone meal, poultry, salmon, wheat,
barley, and corn.185 In addition to dietary sources, proline
can be synthesized from glutamate/glutamine, arginine, and
ornithine. It can also be synthesized within enterocytes from
degradation of small peptides.185,186
In addition to collagen formation, proline has many other
physiologic functions including regulation of gene expression,
mTOR activation (integrating nutrient and growth factor
signaling in cells), cellular redox reactions, protein synthesis,
hydroxyproline generation, arginine synthesis, and it is a
scavenging antioxidant.185
High Levels
High dietary intake of proline-rich foods can elevate
levels. There are vitamin and mineral cofactors needed for
downstream metabolism of proline in its many physiologic
processes. Functional deficiency of nutrient cofactors, such
as vitamin B₁, can result in elevated levels. Furthermore,
administration of vitamin B₁ has been shown to lower proline
levels, as well as other amino acids in severe thiamine
deficiency.72
Low Levels
Low levels may be reflective of poor dietary intake, GI
malabsorption, maldigestion, or low levels of its precursors.

If intake is insufficient, tyrosine can be formed from the
essential amino acid phenylalanine using a tetrahydrobiopterin
reaction. Tyrosine itself is a precursor to several
neurotransmitters including dopamine, epinephrine and
norepinephrine. It is also needed to create thyroid hormone
and melanin skin pigments.119
Within the metabolism of tyrosine to form neurotransmitters
and other hormones, there are several important nutrient
cofactors involved including vitamin B₁, vitamin B₆,
tetrahydrobiopterin, copper, vitamin C, among others.125
High Levels
High dietary intake of tyrosine-rich foods can elevate levels.
Additionally, functional need for vitamin and nutrient cofactors
for tyrosine metabolism can contribute to elevations.72,125
Low Levels
Low levels of essential and conditionally essential amino
acids may indicate a poor-quality diet, or maldigestion
due to deficient digestive peptidase activity or pancreatic
dysfunction.48
Phenylketonuria (PKU) is an inborn error of metabolism
involving a deficiency of the hepatic enzyme phenylalanine
hydroxylase, and results in elevated phenylalanine and low
tyrosine levels.
Vitamin B₃ deficiency has been associated with altered levels of
amino acids.78
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B-Vitamin Markers
Some intermediary amino acid metabolites specifically require
B-vitamins as cofactors for enzymatic reactions. Elevations may
signify a functional need for vitamin cofactors.

α-Aminoadipic Acid
Alpha-aminoadipic acid (also known as 2-aminoadipic
acid) is an intermediary biomarker of lysine and tryptophan
metabolism. The further metabolism of alpha-aminoadipic acid
to alpha-ketoadipic acid requires vitamin B₆.188

Low Levels
Low levels of α-ANB may be seen when overall amino acids
are low, especially it’s precursors. Additionally, a functional
deficiency in vitamin B₆ has been associated with lower levels
of α-ANB and levels can increase with B₆ supplementation.42
Clinically, low levels of plasma α-ANB have been associated
with depressive symptoms.200,201

β-Aminoisobutyric Acid (β-AIB)

Plasma alpha-aminoadipic acid is strongly associated with the
risk of developing diabetes as seen in an assessment of the
Framingham Heart Study data. Circulating levels were found
to be elevated for many years prior to the onset of diabetes.189
Preclinical data shows it may also play a role in oxidation and
atherosclerotic plaque formation.190

Beta-aminoisobutyric acid (also known as 3-aminoisobutyric
acid) is a non-protein amino acid formed by the catabolism of
valine and the nucleotide thymine. It is further catabolized to
methylmalonic acid semialdehyde and propionyl-CoA.202 Levels
are controlled by a vitamin B₆-dependent reaction in the liver
and kidneys.203 β-aminoisobutyric acid can also be produced by
skeletal muscle during physical activity.

High Levels

High Levels

The excretion of alpha-aminoadipic acid correlates well with
lysine intake.191 Elevations of alpha-aminoadipic acid may be
due to rate limitations of downstream enzymes that require
nutrient cofactors including vitamin B₂, B₆, B₁₂, and choline.
Lastly, alpha-aminoadipic aciduria is an extremely rare inborn
error of metabolism.192,193

Elevated levels may be associated with increased intake of the
precursor amino acid valine. Levels are higher with exercise.63
A functional need for vitamin B₆ can also contribute to
elevations.203

Low Levels (urine)
Low levels of this metabolite can be seen when it’s precursors,
lysine and tryptophan, are also low. There is no known clinical
significance of low levels of alpha-aminoadipic acid.

α-Amino-N-butyric Acid (α-ANB)
Alpha-Amino-N-butyric acid (α-ANB), also known as alphaaminobutyric acid, is a nonessential amino acid derived from
the catabolism of methionine, threonine, and serine.75 α-ANB
is both formed and metabolized by reactions which require
vitamin B₆ as a cofactor.194

Clinically, transient high levels have been observed under a
variety of pathological conditions including lead poisoning,
starvation, total body irradiation, and malignancy.202
Low Levels
Low levels of β-AIB may be seen with decreased precursors,
such as valine.
Dihydropyrimidine dehydrogenase deficiency is a rare inborn
error of metabolism that results in lower levels of urinary
β-AIB.202

High Levels
Levels of this metabolite may be elevated if its precursors are
also elevated.
A functional need for vitamin B₆ can limit the further
metabolism of α-ANB and contribute to elevated levels.
Elevations of this metabolite have been studied in several
conditions which contribute to a functional vitamin B
deficiency, such as alcoholism, sepsis, hypocaloric weight loss,
and excessive exercise.75,195-199
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Cystathionine

3-Methylhistidine

Cystathionine is an intermediate dipeptide within the process
of transsulfuration. Transsulfuration is the main route for
irreversible homocysteine disposal, glutathione production,
and energy. The initial step involves the enzyme cystathionine
β-synthase enzyme (CBS). This reaction requires nutrient
cofactors such as vitamin B6 and iron.

Both 1-methylhistidine and 3-methylhistidine are histidine
metabolites which have been proposed as markers of
meat intake.208,209 Note that some confusion exists in the
literature regarding the numbering of atoms in the imidazole
ring of histidine – 1 versus 3 – and thus, there is caution
with interpretation and clinical significance of these two
markers.46,208 3-methylhistidine is a constituent of actin
and myosin, the contractile proteins of skeletal muscles.
Urinary excretion of 3-methylhistidine may be a result of
muscle breakdown or consumption of meat fibers. Unlike
1-methylhistidine, 3-methylhistidine has been shown to
increase in fasting states indicating catabolism of muscle tissue.
Therefore, this marker is more variable with regards to animal
protein consumption.46

Cystathionine is then converted to cysteine, and eventually
goes on to either make glutathione or feed the Kreb’s cycle.
Currently, there is no known source or physiologic function
for cystathionine other than serving as a transsulfuration
intermediate. Some literature suggests that cystathionine may
exert protection against endoplasmic reticulum stress-induced
tissue damage and cell death, but studies are sparse.204
High Levels
Because cystathionine is an intermediate of the
transsulfuration pathway, elevation of this biomarker may
indicate a downstream backup of the transsulfuration
pathway. Conversion of cystathionine to glutathione, or other
transsulfuration metabolites, requires necessary cofactors,
such as vitamin B6, zinc, glycine, and magnesium. Therefore,
transient elevations of this metabolite may indicate increased
need for these cofactors.105,205

High Levels
Urine and plasma levels of 3-methylhistidine can be higher
with meat consumption.46,208 And, as noted above, elevations
have been seen in catabolism or fasting states.
Low Levels (urine)
3-methylhistidine is lower with low protein diets, or in
vegetarian and vegan diets.

Elevated cystathionine may be seen in individuals who
have a CBS SNP which upregulates this enzyme and
therefore upregulates the conversion of homocysteine to
cystathionine.154,155
Elevated S-adenosylmethionine (SAM) directly upregulates
the CBS enzyme leading to higher cystathionine levels.206
Dimethylglycine (DMG) or trimethylglycine (betaine)
supplementation contribute to maintaining methylation. If
the methylation cycle is adequate, transsulfuration is then
upregulated. With this, supplementation of DMG or betaine
have been associated with elevated cystathionine.206
Elevated homocysteine may increase its metabolism into
transsulfuration. Therefore, in vitamin B₁₂ and folate deficiencies
which result in high homocysteine, cystathionine might also be
elevated.207
Low Levels (urine)
Abnormalities within the methylation cycle can result in lower
levels of cystathionine. Low levels of SAM, or methylation
imbalances, result in the body preferentially deferring
transsulfuration to maintain methylation.
Because the CBS enzyme requires vitamin B6 as a cofactor,
deficiencies in vitamin B₆ may result in lower cystathionine.158
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Urea Cycle Markers
The urea cycle takes place in the liver and is important for
detoxifying nitrogen (ammonia) into non-toxic urea. The main
sources of ammonia in the body are the catabolism of protein
and production by bacteria in the gut. The urea cycle involves
the amino acids arginine, ornithine, and citrulline - with one
intermediate, arginosuccinate. Impairments in the urea cycle
can lead to hyperammonemia, a serious condition involving
the buildup of ammonia in the blood. Symptoms can range
from mild (irritability, headache and vomiting), to severe
(encephalopathy, seizures, ataxia and coma). A serum ammonia
level should be obtained if hyperammonemia is suspected.210

for vasodilation and muscle protein synthesis, citrulline is
sometimes administered therapeutically to deliver arginine
to endothelial and immune cells. It is also supplemented in
sarcopenia to stimulate protein synthesis in skeletal muscle
through the rapamycin (mTOR) pathway.211,217 Citrulline
supplementation has been studied in conditions like erectile
dysfunction, sickle cell anemia, short bowel syndrome,
hyperlipidemia, cancer chemotherapy, urea cycle disorders,
Alzheimer’s disease, multi-infarct dementia, and as an
immunomodulator.213
High Levels
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Citrulline
Citrulline is an intermediate, nonprotein-forming amino acid
in the urea cycle serving as a precursor to arginine. It derives
its name from the watermelon (Citrullus vulgaris), where it
was first isolated and identified. It is easily absorbed by the
gut and bypasses the liver, making it an effective method for
repleting arginine.211,212 Other food sources of citrulline include
muskmelons, bitter melons, squashes, gourds, cucumbers and
pumpkins.213

Elevated citrulline can occur with urea cycle defects. Lack of
nutrient cofactors or enzymatic SNPs within the urea cycle can
contribute to elevated citrulline levels.
Citrullinemia is an inherited autosomal recessive disease that
affects the enzyme arginosuccinate synthase and is diagnosed
in infancy. In most cases, a serious problem related to citrulline
is unlikely and may be a limitation in the cofactors associated
with citrulline metabolism: aspartic acid and magnesium.
Elevated plasma levels may result from citrulline
supplementation.39 Orally administered citrulline is highly
bioavailable since plasma levels rise dramatically, whereas
urinary citrulline loss is minimal.38
Elevated citrulline in urine can be a consequence of a urinary
tract infection where bacterial action reduces arginine and
produces citrulline.
Administration of thiamine (vitamin B₁) has been found to
lower elevated citrulline, as well as other amino acids, in
thiamine deficiency.72
Low Levels
Low citrulline may be secondary to a relatively low protein
diet and/or intestinal malabsorption. Because citrulline can
be formed from glutamine, glutamine depletion has been
associated with low citrulline levels in plasma.38

Citrulline can also be synthesized from arginine and glutamine
in enterocytes, which can then be metabolized by the
kidneys back into arginine.214 Because citrulline is produced in
enterocytes, it has been proposed as a marker of enterocyte
mass in conditions of villous atrophy.215,216
Given the importance of arginine in nitric oxide production
19

Ornithine

Urea

Ornithine is an intermediate nonprotein-forming amino
acid of the urea cycle. Arginine is converted to ornithine via
the arginase enzyme, with urea as a byproduct. Ornithine
combined with carbamoyl phosphate is then converted into
citrulline via the ornithine transcarbamylase (OTC) enzyme.
The contribution of carbamoyl phosphate results from the
metabolism of ammonia by the enzyme carbamoyl phosphate
synthase, and if this magnesium-dependent process is
impaired, ammonia buildup, or hyperammonemia can occur.
Ornithine can also form polyamines including putrescine via
the ornithine decarboxylase (ODC) enzyme, which requires
pyridoxal-5-phosphate (vitamin B₆) as a cofactor.218,219
Putrescine and other polyamines are crucial to the growth and
proliferation of cells.220

Urea is a nontoxic byproduct of nitrogen (ammonia)
detoxification. It is formed in the liver via the urea cycle and is
the end product of protein metabolism. It is essentially a waste
product with no physiological function.

Ornithine forms glutamate via ornithine aminotransferase
(OAT), requiring pyridoxine (vitamin B₆) as a cofactor. OAT
deficiency is a rare congenital disorder characterized by gyrate
atrophy of the choroid and retina, and is treated with vitamin B₆
to prevent vision loss.221,222

High Levels
Elevated urea may reflect high dietary protein intake. It can also
be seen in underlying renal issues, abnormal urea transporters,
or abnormal urinary concentration capabilities.229
Low Levels
Low levels may be secondary to low protein diets or protein
malabsorption, or renal and liver issues. There are some urea
cycle disorders that are due to enzymatic cofactor need, such
as manganese and magnesium, which may in turn lead to
lower urea levels.62,230

High Levels
Elevations of ornithine may be due to a limitation in the
cofactors associated with metabolism including vitamin B₆ and
magnesium.181,223-226
Elevations may also result from supplementation of citrulline or
ornithine.39,227
Administration of thiamine (vitamin B₁) lowered elevated
ornithine, as well as other amino acids in thiamine deficiency.72
OTC deficiency resulting in hyperammonemia is an inborn error
of metabolism and is the most common of the inborn errors
of the urea cycle. While most inborn errors present during the
neonatal period or early childhood, some can have a later onset
in adulthood, including OTC deficiency. It is characterized by
elevated ammonia and orotic acid (an organic acid) due to the
metabolic block.210,228
Low Levels
Low protein intake can result in low levels of urea cycle
intermediates.
Low ornithine may be of no clinical consequence; evaluate
other urea cycle intermediates and metabolites.
A nonspecific finding of decreased plasma ornithine and
arginine may be seen with OTC deficiency; this would be
accompanied by hyperammonemia and elevated orotic acid,
plasma glutamine and alanine.228
20

Glycine/Serine Metabolites
Glycine and serine are nonessential amino acids that have
multiple functions. The metabolites measured are involved in
the choline synthesis pathway. Choline is important for the
production of the neurotransmitter acetylcholine. The reactions
in these pathways are reversible, depending on the body’s
need for certain compounds.

Glycine
Glycine is a nonessential amino acid that is synthesized from
choline, serine, hydroxyproline, and threonine.110,231 It has many
important physiologic functions. It is one of three amino acids
that make up glutathione. Glycine’s dietary sources include
meat, fish, legumes, and gelatins.
Glycine is a major collagen and elastin component, which are
the most abundant proteins in the body. Like taurine, it is an
amino acid necessary for bile acid conjugation; therefore, it
plays a key role in lipid digestion and absorption.232 Glycine
is the precursor to various important metabolites such as
porphyrins, purines, heme, and creatine. It acts both as an
inhibitory neurotransmitter in the CNS and as an excitatory
neurotransmitter on N-methyl-D-aspartate (NMDA)
receptors.233 Glycine has anti-oxidant, anti-inflammatory,
immunomodulatory, and cytoprotective roles in all tissues.232
In the folate cycle, glycine and serine are interconverted.
These methyltransferase reactions and interconversions are
readily reversible depending on the needs of the folate cycle to
synthesize purines.234
Glycine can also be generated from choline, betaine,
dimethylglycine, and sarcosine within the methylation
3DWLHQW
cycle
itself.235 Glycine accepts a methyl,'group from
S-adenosylmethionine (SAM)Methylation/Transsulfuration
to form sarcosine. This conversion
Pathway
functions to control SAM excess.236

Supplementation with glycine has been used to ameliorate
metabolic disorders in patients with obesity, diabetes,
cardiovascular disease, ischemia-reperfusion injuries,
inflammatory diseases, and cancers.232 Because of glycine’s
excitatory effects on CNS NMDA receptors, research regarding
the treatment of psychiatric disorders, such as schizophrenia,
using glycine transport antagonists have shown great
promise.233
Oral glycine can boost tissue levels of glutathione, especially
with concurrent NAC and/or lipoic acid. Because glutathione
levels decline during the aging process, supplementing with
glycine can impact elderly patients with low protein intake.237
High Levels
Elevated glycine may be due to dietary intake (i.e. meat, fish,
legumes, and gelatin) or supplementation.
Enzymatic SNPs or cofactor deficiencies in glycine production
and metabolism (vitamin B₆, B₁₂, and folate) may result in
abnormal levels of glycine.62,77,205,238,239
Low Levels
Low glycine may be due to decreased intake, or GI
malabsorption and maldigestion.
Glycine’s function as an antioxidant plays an important role
in disease processes and is incorporated into glutathione, an
important antioxidant. Therefore, low levels have significant
clinical impact. Antioxidants such as vitamins A and E can help
mitigate damage from oxidative stress.240
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B3

AHCY

Serine

Homocysteine

Serine is a nonessential amino acid used in protein
biosynthesis and can be derived from four possible sources:
dietary intake, degradation of protein and phospholipids,
biosynthesis from glycolysis intermediate 3-phosphoglycerate,
or from glycine.241 Serine is found in soybeans, nuts, eggs,
lentils, shellfish, and meats.

Serine

Methylation

Transsulfuration
Serine is used to synthesize ethanolamine and choline

B6, Fe

for phospholipids. Serine is essential for the synthesis of
CBS
3DJH
3DWLHQW
sphingolipids
and phosphatidylserine in CNS neurons.242 ,'
In the folate cycle, glycine and serine are interconverted.243
These methyltransferase reactions and interconversions
Methylation/Transsulfuration Pathway
are readily reversible depending on the needs of the folate
Cystathionine
Cystathionine
cycle.62,234 Dietary serine is not fully converted to glycine;
Methionine
therefore, serine supplementation has little value, though is not
B6
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Given its association
folate cycle, plasma serine levels
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may be low or high with homocysteinemia and methylation
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mitochondrial glycolysis. Glycolysis provides ATP and energy in
most cell types. Serine-glycine biosynthesis is a component in
glycolysis-diverting pathways and nucleotide biosynthesis. This
is clinically important, and specifically evident, in cancer. Cancer
cells use glycolysis to sustain anabolism for tumor growth.
Genetic and functional evidence suggests that abnormalities
Methylation
in the glycine-serine
pathway represent an essential process
in cancer pathogenesis by promoting energy production and
Transsulfuration
promoting
defective purine synthesis.234,245,246
Serine is also a cofactor for the transsulfuration enzyme
cystathionine-β-synthase making its availability important for
glutathione production.
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Ethanolamine

Phosphoethanolamine

Ethanolamine is an intermediary metabolite in the
serine-to-choline sequence. It can be used to synthesize
phosphatidylethanolamine (PE), a very important membrane
phospholipid. Ethanolamine is not only a precursor, but also
a breakdown product of PE.250,251 Ethanolamine is abundant
in both intestinal and bacterial cell membranes. It plays a
significant role in the renewal and proliferation of intestinal
cells and intestinal inflammation.252-254 Also, since ethanolamine
plays a structural role in skeletal muscle cell membranes,
some evidence suggests it may be a marker of skeletal muscle
turnover.255
High Levels

Phosphoethanolamine is an intermediate in the serineto-choline sequence. It is both a precursor and byproduct
of phospholipid biosynthesis and breakdown. As a
precursor to the phospholipid phosphatidylethanolamine,
phosphoethanolamine plays a key role in myelination.
Elevated phosphoethanolamine reflects brain phospholipid
turnover, an indicator of neural membrane synthesis and
signal transduction.260 Research into neurologic conditions like
Alzheimer’s disease and Huntington’s disease suggests that
depletions of both phosphoethanolamine and ethanolamine
accompany neuronal death.261

The downstream metabolism of ethanolamine is magnesium
and manganese dependent. Functional need for these
cofactors can contribute to elevated ethanolamine.256,257

Phosphoethanolamine is also important in cartilage structure
and function, especially in bone and teeth.262
High Levels
Magnesium and manganese are enzymatic cofactors in the
metabolism of phosphoethanolamine. Deficiencies in these
nutrients may contribute to elevated levels.256,257,262

Because ethanolamine is found in intestinal epithelial cells and
bacterial cell membranes, gut microbiome imbalances have
been associated with ethanolamine elevations.251-254,258,259

The precursor to phosphoethanolamine is ethanolamine. As
outlined previously, gut microbiome imbalances can influence
ethanolamine levels. With that, elevated phosphoethanolamine
has also been associated with gastrointestinal microbiome
imbalance. 263,264

Low Levels
Decreased precursors, (such as serine), or issues with
enzymatic conversion of these precursors may result in lower
ethanolamine. This can be clinically problematic given the
importance of its role in producing phosphoethanolamine and
phospholipids.

Clinically, elevated phosphoethanolamine is associated with
a rare condition called hypophosphatasia which results in
the abnormal development of teeth and bones. Zinc and
magnesium deficiencies further complicate this condition.265-268
Low Levels
Decreased levels of precursors in the production of
phosphoethanolamine, or lack of cofactors needed within the
pathway, may contribute to low levels.
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Clinically, reduced plasma levels of
phosphoethanolamine have been
significantly correlated with depressed
mood, diminished interest or pleasure,
psychomotor change, psychomotor
retardation, and major depressive
disorder (MDD), making this a potential
biomarker for MDD. Habitual alcohol
intake was also a related to low
phosphoethanolamine levels.260

PS
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Phosphoserine

Sarcosine

Phosphoserine is the phosphorylated ester of the amino acid
serine. The addition of a phosphoryl group to an amino acid, or
its removal, plays a role in cell signaling and metabolism.

Sarcosine is an amino acid made within the methylation cycle
when S-adenosylmethionine (SAM) is conjugated with glycine.
It can also be made by catabolism of dimethylglycine (DMG).
There are many dietary sources of sarcosine including eggs,
legumes, nuts, and meats.271 Sarcosine is also available as an
over-the-counter supplement, and it is widely used in cosmetic
formulations (toothpaste, creams, and soaps) and detergents.271

Phosphoserine is a byproduct of glycolysis and subsequent
intermediate to then become serine. The enzyme that
catalyzes this step, phosphoserine phosphatase, is magnesium
dependent.269
This metabolite is not to be confused with a similar-sounding
metabolite, phosphatidylserine; this is a common CNS
supplement and essential for neuronal cell membranes.270
High Levels
Elevated phosphoserine may be due to a functional lack of
magnesium needed to catalyze the enzymatic conversion of
phosphoserine to serine.269
Low Levels
The enzyme which connects glycolysis to the formation of
phosphoserine (phosphoserine aminotransferase) requires
vitamin B₆ as a cofactor. Lack of vitamin B₆ can result in lower
phosphoserine levels.249 Supplementation with vitamin B₆
was shown to alter plasma amino acids resulting in increased
phosphoserine.42

In the methylation cycle, sarcosine is created by the GNMT
enzyme, which functions to control SAM excess. Some
clinicians use sarcosine elevation as a marker of ‘excess methyl
supplementation’ or ‘over-methylation.’ Currently, there is no
literature to support this hypothesis, but rather it is based on
physiology.272
Sarcosine can also be produced through the breakdown of
DMG.273
Sarcosine is a natural glycine transport inhibitor in the CNS,
enhancing N-methyl-D-aspartate (NMDA) receptors. NMDA
synaptic receptors are not only important for basic CNS
functions (breathing, motor function), but also learning,
memory, and neuroplasticity. Decreased NMDA function
results in cognitive defects, and overstimulation causes
excitotoxicity.274 Abnormalities in these receptors are implicated
in many diseases and targeted for pharmacologic therapy.275
Sarcosine has been shown to be a co-agonist for NMDA
receptors. For this reason, there are many studies evaluating
sarcosine as an adjunct treatment for psychiatric diseases,
such as schizophrenia, which is characterized by decreased
NMDA function. In addition, using sarcosine to enhance NMDA
function can improve depression-like behaviors.233 Since DMG
is essentially sarcosine with an extra methyl group, research
shows that they have similar effects.273
Some studies have evaluated urinary and serum sarcosine’s
use as a prostate cancer progression marker; however, the
data is mixed.276-278 These studies are based on nonspecific
metabolomic profiling, which followed random metabolite
elevation patterns.
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Methylation/Transsulfuration Pathway

High Levels

Elevated sarcosine may be seen with methyl donor
supplementation.272,279 Dietary intake of sarcosine-rich foods
(i.e. eggs, legumes, nuts, and meats) and environmental sources
(i.e. toothpaste, creams, and soaps) may result in elevated
levels.271
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The clinical significance of low sarcosine is unknown.
This group of markers relates to the intake of meat, poultry and
fish, and may be decreased in vegetarians/vegans.
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Dietary Peptide Related Markers
Anserine (dipeptide)
Anserine (beta-alanyl-3-methyl-histidine) is a urinary
biomarker from the consumption of poultry and
fish.46,208,285-287 It is a dipeptide consisting of the amino acids
1-methylhistidine and beta-alanine.46 The enzyme carnosineN-methyl transferase catalyzes the transfer of a methyl
group of S-adenosylmethionine (SAM) on carnosine to form
anserine.288,289
Anserine acts as an antioxidant, free radical scavenger, and pH
buffer. It can reduce blood sugar and affect renal sympathetic
nerve activity and blood pressure.288,290
Anserine is measured in FMV urine only.
High Levels
High intake of poultry and fish can cause elevated levels of
anserine. Additionally, because anserine is a dipeptide, elevated
levels may also reflect incomplete protein digestion into its
constituent molecules of beta-alanine and 3-methyl-histadine.
Carnosinase is a zinc- and manganese-dependent enzyme that
hydrolyzes both carnosine and anserine.288,289 Functional need
for zinc and manganese may elevate both markers.
Low Levels
Anserine can be decreased with low protein intake, as seen in
vegetarian and vegan diets.

Carnosine has an affinity to chelate zinc, copper, cobalt, nickel
and cadmium.289,294 The combination of zinc chelated with
L-carnosine has been used therapeutically in the treatment of
gastric ulcers.288,289
Carnosine is measured in FMV urine only.
High Levels
Elevations are likely due to high consumption of meat or betaalanine supplementation. Since it is a dipeptide, elevations
might also signify incomplete protein digestion.
As noted previously, zinc and manganese are important
cofactors for the enzyme carnosinase that splits carnosine into
the amino acids histidine and beta-alanine.288,289,299 Functional
need for these nutrients can contribute to elevations of
carnosine.
Lastly, carnosinemia/carnosinuria is a rare inborn error of
metabolism caused by a deficiency of the enzyme carnosinase.
Low Levels
Carnosine can be decreased with low animal protein intake, as
seen in vegetarian or vegan diets.

β-alanine Supplementation

Carnosine/Anserine Sources

Carnosine (dipeptide)
Carnosine (beta-alanyl-L-histidine) is a urinary biomarker
which comes from the consumption of beef, pork, and to a
lesser extent, poultry.46,208,285,287 It is a dipeptide consisting of
the amino acids histidine and beta-alanine and is concentrated
in skeletal and heart muscle, brain, and kidneys. Carnosine
has antioxidant properties, antiglycation effects, enhanced
calcium sensitivity, and pH buffering activity during highintensity exercise.291 It also has neuroprotective properties and
may play an important role in Alzheimer’s disease and other
neurodegenerative diseases.292-295 Carnosine is also protective
against secondary diabetic renal complications.290,293,296
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Plasma levels are non-detectable in fasting individuals; after
beef consumption, postprandial plasma carnosine levels tend
to rise then decrease to non-detectable levels within hours of
consumption.297 In urine, levels reach a peak after 5 hours, but
carnosine is completely excreted within 20-25 hours following
the meal.46 298
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1-Methylhistidine

β-Alanine

1-methylhistidine is derived from the dipeptide anserine
(which consists of the amino acids 1-methylhistidine and
beta-alanine). Anserine and its derivatives are associated
with the consumption of poultry and fish.46,208,285-287 Both
1-methylhistidine and 3-methylhistidine have been proposed
as markers of meat intake.208,209 Note that confusion exists
in the literature regarding the numbering of atoms in the
imidazole ring of histidine – 1 versus 3 – and thus, there is
caution with interpretation and clinical significance of these
two markers.46,208

β-alanine is a breakdown product of carnosine and anserine,
which are dipeptides from meat consumption. Although
β-alanine’s properties are limited, its relationship to carnosine
makes it important. Both have antioxidant properties. And, as
previously mentioned, carnosine is critical for pH buffering in
skeletal muscle during exercise, but its formation can be limited
by enzymatic factors. For this reason, supplementation with
β-alanine is sometimes used to enhance carnitine and therefore
improve athletic performance.301

High Levels
Urine and plasma levels of 1-methylhistidine are higher with
poultry and fish consumption.46,208,300 Since it is a dipeptide,
elevations might also signify incomplete protein digestion.
Low Levels (urine)
1-Methylhistidine is decreased with low animal protein intake,
as seen in vegetarian and vegan diets.

In addition to diet and supplementation, β-alanine can also be
endogenously produced. This occurs via degradation of uracil
in the liver but it can also be made by intestinal bacteria such
as E. coli.302 Since β-alanine comes from meat consumption,
endogenous production is the only source in vegetarian and
vegan populations. Given their limited diets, vegetarians and
vegans have lower levels of β-alanine and muscle carnosine
compared to omnivores.291
There is also an interesting interplay between taurine and
β-alanine. Taurine and β-alanine share the same skeletal muscle
transporter, whereby β-alanine can inhibit taurine’s uptake into
muscle.303 Elevated beta-alanine can sometimes deplete taurine
leading to oxidative stress, causing tissue damage.290,304,305
Additionally, these two amino acids compete for the same
reabsorption transporters in the kidney. Elevated β-alanine can
contribute to renal wasting of taurine.306
High Levels
Levels may be elevated in meat consumption when dipeptides
anserine and carnosine are elevated since they both contain
β-alanine. Supplementation with β-alanine also results in
elevated levels.
Urinary beta-alanine excretion is associated with gut bacterial
fermentation and elevated levels may indicate dysbiosis.302 And,
as outlined above, elevated β-alanine can contribute to renal
wasting of taurine give their unique relationship.
The breakdown and metabolism of β-alanine requires vitamin
B₆-dependent enzymes. With that, a functional need for vitamin
B₆ can contribute to elevations.307-310
Lastly, there are very rare inborn errors of metabolism that can
cause elevations of β-alanine.

27

References
1.

Baranyi A, Amouzadeh-Ghadikolai O, von Lewinski D, et al.

Excretion in Young Diabetics. In: Diab Compl. IntechOpen;

Branched-Chain Amino Acids as New Biomarkers of Major

2017.

Depression - A Novel Neurobiology of Mood Disorder. PloS
one. 2016;11(8):e0160542.
2.

Zheng Y, Ceglarek U, Huang T, et al. Weight-loss diets and
2-y changes in circulating amino acids in 2 randomized

3.

urinary free amino acids in children with autism spectrum
disorder. J Clin Neurosci. 2018;54:45-49.
Bjorklund G. Tryptophan status in autism spectrum disorder

Polge A, Bancel E, Bellet H, et al. Plasma amino acid

and the influence of supplementation on its level. Metab

concentrations in elderly patients with protein energy

Brain Dis. 2017;32(5):1585-1593.

Nagao K, Imaizumi A, Yamakado M. Plasma free amino
initiated clinical outcomes. Metabolomics. 2017.

8.

in mammalian cells and organisms. Biochem J.
2017;474(12):1935-1963.
20. Food, Nutrition Board I. Dietary reference intakes for energy,
carbohydrate, fiber, fat, fatty acids, cholesterol, protein, and

deficiency the link between inflammation, malnutrition, and

amino acids (macronutrients). In: National Academy Press

Nozaki S, Tanaka M, Mizuno K, et al. Mental and physical

Washington (DC); 2005.
21. Gardner CD, Hartle JC, Garrett RD, Offringa LC, Wasserman

fatigue-related biochemical alterations. Nutrition.

AS. Maximizing the intersection of human health and the

2009;25(1):51-57.

health of the environment with regard to the amount and

Tamanna N, Mahmood N. Emerging Roles of Branched-Chain

type of protein produced and consumed in the United

Amino Acid Supplementation in Human Diseases. Internat

States. Nutr Rev. 2019;77(4):197-215.

Schol Res Notices. 2014;2014:235619.
9.

19. Broer S, Broer A. Amino acid homeostasis and signalling

Schlemmer M, Suchner U, Schapers B, et al. Is glutamine
fatigue in cancer patients? Clin Nutr. 2015;34(6):1258-1265.

7.

18. Kaluzna-Czaplinska J, Jozwik-Pruska J, Chirumbolo S,

healthy humans. Eur J Nutr. 2017;56(5):1953-1962.

acid profiles to link protein malnutrition and malnutrition
6.

Neurosci. 2019;13:7.
17. Li C, Shen K, Chu L, Liu P, Song Y, Kang X. Decreased levels of

Elshorbagy A, Jerneren F, Basta M, et al. Amino acid changes

malnutrition. Age Ageing. 1997;26(6):457-462.
5.

in Children With Autism Spectrum Disorders. Front Cell

intervention trials. Am J Clin Nutr. 2016;103(2):505-511.
during transition to a vegan diet supplemented with fish in
4.

16. Liu A, Zhou W, Qu L, et al. Altered Urinary Amino Acids

Dunstan RH, Sparkes DL, Macdonald MM, et al. Diverse
characteristics of the urinary excretion of amino acids
in humans and the use of amino acid supplementation
to reduce fatigue and sub-health in adults. Nutr J.
2017;16(1):19.

10. Gleeson M. Dosing and efficacy of glutamine

22. Council NR. Recommended dietary allowances. National
Academies Press; 1989.
23. Mahan L. Krause’s Food & Nutrition Therapy. 12th ed.
Missouri: Saunders Elsevier; 2008.
24. Joye I. Protein Digestibility of Cereal Products. Foods.
2019;8(6).
25. Boye J, Wijesinha-Bettoni R, Burlingame B. Protein quality

supplementation in human exercise and sport training. J

evaluation twenty years after the introduction of the protein

Nutr. 2008;138(10):2045s-2049s.

digestibility corrected amino acid score method. Brit J Nutr.

11. Dunstan RH, Sparkes DL, Dascombe BJ, et al. Sweat
Facilitated Amino Acid Losses in Male Athletes during
Exercise at 32-34 degrees C. PloS one. 2016;11(12):e0167844.
12. Dash PK, Hergenroeder GW, Jeter CB, Choi HA, Kobori
N, Moore AN. Traumatic Brain Injury Alters Methionine
Metabolism: Implications for Pathophysiology. Front Systems
Neurosci. 2016;10:36.
13. Duranton F, Lundin U, Gayrard N, et al. Plasma and urinary
amino acid metabolomic profiling in patients with
different levels of kidney function. Clin J Am Soc Nephrol.
2014;9(1):37-45.
14. Adams SH. Emerging perspectives on essential amino acid
metabolism in obesity and the insulin-resistant state. Adv
Nutr. 2011;2(6):445-456.
15. Durá-Travé T, Gallinas-Victoriano F, Cortes-Castell E, MoyaBenavent M. Amino Acid Plasma Concentrations and Urinary

2012;108 Suppl 2:S183-211.
26. Whitney EN, Rolfes SR. Understanding Nutr. Cengage
Learning; 2018.
27. AR. R. Overview of Malabsorption. Merck Manual Professional
Version 2019;. Accessed Aug 4, 2020.
28. Bhutia YD, Ganapathy V. Protein digestion and absorption. In:
Phys Gastrointest Tract. Elsevier; 2018:1063-1086.
29. Zuvarox T, Belletieri C. Malabsorption Syndromes. In:
StatPearls. Treasure Island (FL): StatPearls Publishing
Copyright 2020, StatPearls Publishing LLC.;2020
30. Watford M, Wu G. Protein. Adv Nutr. 2018;9(5):651-653.
31. Morris SM, Jr. Arginine Metabolism Revisited. J Nutr.
2016;146(12):2579s-2586s.
32. Patel JJ, Miller KR, Rosenthal C, Rosenthal MD. When Is It
Appropriate to Use Arginine in Critical Illness? Nutr Clin Pract.
2016;31(4):438-444.
28

33. Linden KC, Wadley GD, Garnham AP, McConell GK. Effect of
l-arginine infusion on glucose disposal during exercise in
humans. Med Sci Sports Exercise. 2011;43(9):1626-1634.
34. Bronte V, Zanovello P. Regulation of immune responses by
L-arginine metabolism. Nat Rev Immunol. 2005;5(8):641-654.
35. Bologna K, Cesana-Nigro N, Refardt J, et al. Effect of Arginine

exploration of biomarkers associated with disease activity in
rheumatoid arthritis. PloS one. 2019;14(7):e0219400.
50. Wade AM, Tucker HN. Antioxidant characteristics of
L-histidine. J Nutr Biochem. 1998;9(6):308-315.
51. Feng RN, Niu YC, Sun XW, et al. Histidine supplementation
improves insulin resistance through suppressed

on the Hypothalamic-Pituitary-Adrenal Axis in Individuals

inflammation in obese women with the metabolic

With and Without Vasopressin Deficiency. J Clin Endocrinol

syndrome: a randomised controlled trial. Diabetologia.

Metab. 2020;105(7).

2013;56(5):985-994.

36. Abe K, Matsuura N, Fujita H, et al. Prolactin response to

52. Scott IR. Factors controlling the expressed activity of

arginine in children with hyperthyroidism and primary

histidine ammonia-lyase in the epidermis and the resulting

hypothyroidism. Eur J Ped. 1982;139(2):118-120.

accumulation of urocanic acid. Biochem J. 1981;194(3):829-

37. Boger RH. The pharmacodynamics of L-arginine. Alt Ther
Health Med. 2014;20(3):48-54.
38. Rouge C, Des Robert C, Robins A, et al. Manipulation of
citrulline availability in humans. Am J Physiol Gastrointest
Liver Physiol. 2007;293(5):G1061-1067.
39. Thibault R, Flet L, Vavasseur F, et al. Oral citrulline does not

838.
53. Cooperman JM, Lopez R. The role of histidine in the anemia
of folate deficiency. Exp Biol Medicine. 2002;227(11):9981000.
54. Bhat DS, Gruca LL, Bennett CD, et al. Evaluation of tracer
labelled methionine load test in vitamin B-12 deficient

affect whole body protein metabolism in healthy human

adolescent women. PloS one. 2018;13(5):e0196970.

volunteers: results of a prospective, randomized, double-

55. Kanarek N, Keys HR, Cantor JR, et al. Histidine catabolism

blind, cross-over study. Clin Nutr. 2011;30(6):807-811.
40. Vural H, Sirin B, Yilmaz N, Eren I, Delibas N. The role of
arginine-nitric oxide pathway in patients with Alzheimer
disease. Biol Trace Element Res. 2009;129(1-3):58-64.
41. Sarban S, Isikan UE, Kocabey Y, Kocyigit A. Relationship

is a major determinant of methotrexate sensitivity. Nature.
2018;559(7715):632-636.
56. Medicine NUSNLo. FTCD gene. Genetics Home Reference
2020.
57. Kawaguchi Y, Ogawa M, Ito H, Mine T. Alterations in plasma

between synovial fluid and plasma manganese, arginase,

amino acid levels in alcoholic chronic pancreatitis in

and nitric oxide in patients with rheumatoid arthritis. Biol

Japanese. Digestion. 2012;86(2):155-160.

Trace Element Res. 2007;115(2):97-106.
42. Kang-Yoon SA, Kirksey A. Relation of short-term pyridoxine-

58. Górska-Warsewicz H, Laskowski W, Kulykovets O, KudlińskaChylak A, Czeczotko M, Rejman K. Food Products as Sources

HCl supplementation to plasma vitamin B-6 vitamers and

of Protein and Amino Acids-The Case of Poland. Nutrients.

amino acid concentrations in young women. Am J Clin Nutr.

2018;10(12):1977.

1992;55(4):865-872.
43. van Waardenburg DA, de Betue CT, Luiking YC, Engel M,
Deutz NE. Plasma arginine and citrulline concentrations in
critically ill children: strong relation with inflammation. Am J
Clin Nutr. 2007;86(5):1438-1444.
44. Romero MJ, Platt DH, Tawfik HE, et al. Diabetes-induced

59. Santos CS, Nascimento FEL. Isolated branched-chain amino
acid intake and muscle protein synthesis in humans: a
biochemical review. Einstein. 2019;17(3):eRB4898.
60. Grüngreiff K. Branched amino acids and zinc in the nutrition
of liver cirrhosis. J Clin Exp Hepatol. 2018;8(4):480.
61. Holeček M. Branched-chain amino acids in health and

coronary vascular dysfunction involves increased arginase

disease: metabolism, alterations in blood plasma, and as

activity. Circ Res. 2008;102(1):95-102.

supplements. Nutr Metab. 2018;15(1):33.

45. Morris SM, Jr. Arginases and arginine deficiency syndromes.
Current Op Clin Nutr Metab Care. 2012;15(1):64-70.
46. Cuparencu C, Pratico G, Hemeryck LY, et al. Biomarkers of

62. Gropper S SJ, Groff J. Adv Nutr Human Metab. 5th ed.
Belmont, CA: Wadsworth, Cengage Learning; 2009.
63. Roberts LD, Bostrom P, O’Sullivan JF, et al. beta-

meat and seafood intake: an extensive literature review.

Aminoisobutyric acid induces browning of white fat and

Genes Nutr. 2019;14:35.

hepatic beta-oxidation and is inversely correlated with

47. Wu F, Yu J, Gehring H. Inhibitory and structural studies of
novel coenzyme-substrate analogs of human histidine
decarboxylase. FASEB J. 2008;22(3):890-897.
48. Adrych K, Smoczynski M, Stojek M, et al. Decreased serum
essential and aromatic amino acids in patients with chronic

cardiometabolic risk factors. Cell Metab. 2014;19(1):96-108.
64. Mero A. Leucine supplementation and intensive training.
Sports Med. 1999;27(6):347-358.
65. Nie C, He T, Zhang W, Zhang G, Ma X. Branched Chain Amino
Acids: Beyond Nutrition Metabolism. Int J Mol Sci. 2018;19(4).

pancreatitis. World J Gastroenterol. 2010;16(35):4422-4427.
49. Sasaki C, Hiraishi T, Oku T, et al. Metabolomic approach to the

66. Ntzouvani A, Nomikos T, Panagiotakos D, et al. Amino acid
29

profile and metabolic syndrome in a male Mediterranean
population: A cross-sectional study. Nutr Metab Cardiovasc
Dis. 2017;27(11):1021-1030.
67. Yennawar N, Dunbar J, Conway M, Hutson S, Farber G.
The structure of human mitochondrial branched-chain

vegetarians and vegans: a cross-sectional analysis in the
EPIC-Oxford cohort. Eur J Clin Nutr. 2016;70(3):306-312.
84. Mudd SH. Hypermethioninemias of genetic and non-genetic
origin: A review. Am J Med Gen Part C. 2011;157c(1):3-32.
85. Barić I, Staufner C, Augoustides-Savvopoulou P, et al.

aminotransferase. Biol Crystallog. 2001;57(Pt 4):506-515.

Consensus recommendations for the diagnosis, treatment

68. Duran M, Wadman SK. Thiamine-responsive inborn errors of

and follow-up of inherited methylation disorders. J Inherit

metabolism. J Inher Metab Dis. 1985;8 Suppl 1:70-75.
69. Chuang DT, Ku LS, Cox RP. Thiamin-responsive maple-

Metab Dis. 2017;40(1):5-20.
86. Velayutham M, Hemann CF, Cardounel AJ, Zweier JL.

syrup-urine disease: decreased affinity of the mutant

Sulfite Oxidase Activity of Cytochrome c: Role of Hydrogen

branched-chain alpha-keto acid dehydrogenase for alpha-

Peroxide. Biochem Biophys Rep. 2016;5:96-104.

ketoisovalerate and thiamin pyrophosphate. Proc Nat Acad
Sci USA. 1982;79(10):3300-3304.
70. Fernhoff PM, Lubitz D, Danner DJ, et al. Thiamine response in
maple syrup urine disease. Ped Res. 1985;19(10):1011-1016.
71. Solmonson A, DeBerardinis RJ. Lipoic acid metabolism
and mitochondrial redox regulation. J Biol Chem.
2018;293(20):7522-7530.
72. Jurgens P, Schwartau M, Doehn M. [Disorders of amino acid

87. Chien Y-H, Abdenur JE, Baronio F, et al. Mudd’s disease (MAT
I/III deficiency): a survey of data for MAT1A homozygotes
and compound heterozygotes. Orphanet J Rare Dis.
2015;10(1):99.
88. Bertolo RF, McBreairty LE. The nutritional burden of
methylation reactions. Curr Op Clinl Nutr Metab Care.
2013;16(1):102-108.
89. Ho V, Massey TE, King WD. Effects of methionine

metabolism in a patient with identified thiamine deficiency].

synthase and methylenetetrahydrofolate reductase gene

Infusionstherapie klinische Ernahrung. 1982;9(6):312-316.

polymorphisms on markers of one-carbon metabolism.

73. Brunetti-Pierri N, Lanpher B, Erez A, et al. Phenylbutyrate
therapy for maple syrup urine disease. Human Mol Gen.
2011;20(4):631-640.
74. Girish BN, Rajesh G, Vaidyanathan K, Balakrishnan

Genes Nutr. 2013;8(6):571-580.
90. Kim J, Boutin M. A list of phenylalanine to protein ratios for
common foods. 2014.
91. Stegink LD, Filer LJ, Jr., Bell EF, Ziegler EE. Plasma amino acid

V. Alterations in plasma amino acid levels in chronic

concentrations in normal adults administered aspartame

pancreatitis. JOP : J Pancreas. 2011;12(1):11-18.

in capsules or solution: lack of bioequivalence. Metabolism:

75. Shaw S, Lieber CS. Plasma amino acids in the alcoholic:
nutritional aspects. Alc Clin Exp Reds. 1983;7(1):22-27.
76. Kawaguchi T, Nagao Y, Abe K, et al. Effects of branched-chain
amino acids and zinc-enriched nutrients on prognosticators
in HCV-infected patients: a multicenter randomized
controlled trial. Molec Med Rep. 2015;11(3):2159-2166.
77. Park YK, Linkswiler H. Effect of vitamin B6 depletion in adult
man on the plasma concentration and the urinary excretion
of free amino acids. JNutr. 1971;101(2):185-191.
78. Vannucchi H, Moreno FS, Amarante AR, de Oliveira JE,
Marchini JS. Plasma amino acid patterns in alcoholic pellagra
patients. Alcohol Alcoholism. 1991;26(4):431-436.
79. Phillips RD. Starchy legumes in human nutrition, health and
culture. Plant Foods Human Nutr. 1993;44(3):195-211.
80. Mailoo VJ, Rampes S. Lysine for Herpes Simplex Prophylaxis:
A Review of the Evidence. Integr Med. 2017;16(3):42-46.
81. Houten SM, Te Brinke H, Denis S, et al. Genetic basis of
hyperlysinemia. Orphanet J Rare Dis. 2013;8:57.
82. Lukkarinen M, Näntö-Salonen K, Pulkki K, Aalto M, Simell O.
Oral supplementation corrects plasma lysine concentrations
in lysinuric protein intolerance. Metabolism: Clin Exp.
2003;52(7):935-938.

Clin Exp. 1987;36(5):507-512.
92. Flydal MI, Martinez A. Phenylalanine hydroxylase: function,
structure, and regulation. IUBMB Life. 2013;65(4):341-349.
93. Mitchell JJ, Trakadis YJ, Scriver CR. Phenylalanine hydroxylase
deficiency. Genet Med. 2011;13(8):697-707.
94. Hayes K. Taurine requirement in primates. Nutr Rev.
1985;43(3):65-70.
95. Wojcik OP, Koenig KL, Zeleniuch-Jacquotte A, Costa M, Chen
Y. The potential protective effects of taurine on coronary
heart disease. Atherosclerosis. 2010;208(1):19-25.
96. Ripps H, Shen W. Taurine: a “very essential” amino acid. Molec
Vision. 2012;18:2673.
97. Vanitha M, Baskaran K, Periyasamy K, et al. A review on the
biomedical importance of taurine. Int J Pharm Res Health Sci.
2015;3(3):680-686.
98. Schaffer SW, Jong CJ, Ito T, Azuma J. Effect of taurine on
ischemia–reperfusion injury. Amino Acids. 2014;46(1):21-30.
99. Brosnan JT, Jacobs RL, Stead LM, Brosnan ME. Methylation
demand: a key determinant of homocysteine metabolism.
ACTA BIOCHIM POLON. 2004;51:405-414.
100. Ripps H, Shen W. Review: taurine: a “very essential” amino
acid. Molec Vision. 2012;18:2673-2686.

83. Schmidt JA, Rinaldi S, Scalbert A, et al. Plasma concentrations
and intakes of amino acids in male meat-eaters, fish-eaters,

101. Hayes KC. Taurine requirement in primates. Nutr Rev.
30

1985;43(3):65-70.
102. Lonsdale D, Shamberger RJ, Obrenovich ME. Dysautonomia
in autism spectrum disorder: case reports of a family with
review of the literature. Autism Res Treat. 2011;2011:129795.
103. Belaidi AA, Schwarz G. Molybdenum cofactor deficiency:

118. Owen OE, Kalhan SC, Hanson RW. The key role of anaplerosis
and cataplerosis for citric acid cycle function. J Biol Chem.
2002;277(34):30409-30412.
119. Medicine Io. Dietary Reference Intakes for Energy,
Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and

metabolic link between taurine and S-sulfocysteine. Adv Exp

Amino Acids. Washington, DC: The National Academies Press;

Med Biol. 2013;776:13-19.

2005.

104. Blom HJ, Smulders Y. Overview of homocysteine and folate
metabolism. With special references to cardiovascular
disease and neural tube defects. J Inherit Metab Dis.
2011;34(1):75-81.
105. Wu XY, Lu L. Vitamin B6 deficiency, genome instability and
cancer. Asian Pac J Cancer Prev. 2012;13(11):5333-5338.
106. Bird RP. The Emerging Role of Vitamin B6 in Inflammation
and Carcinogenesis. Adv Food Nutr Res. 2018;83:151-194.
107. Durlach J, Bara M, Guiet-Bara A, Rinjard P. Taurine and
magnesium homeostasis: New data and recent advances. In:
Magnesium Cellular Proc Med. Karger Publishers; 1987:219238.
108. Millart H, Durlach V, Durlach J. Red blood cell magnesium
concentrations: analytical problems and significance.
Magnesium Res. 1995;8(1):65-76.
109. Yamori Y, Taguchi T, Mori H, Mori M. Low cardiovascular risks

120. Birdsall TC. 5-Hydroxytryptophan: a clinically-effective
serotonin precursor. Alt Med Review. 1998;3(4):271-280.
121. Gasperi V, Sibilano M, Savini I, Catani MV. Niacin in the
Central Nervous System: An Update of Biological Aspects
and Clinical Applications. Int J Mol Sci. 2019;20(4).
122. Patel AB, Prabhu AS. Hartnup disease. Indian journal of
dermatology. 2008;53(1):31-32.
123. Ciecierega T, Dweikat I, Awar M, Shahrour M, Libdeh BA,
Sultan M. Severe persistent unremitting dermatitis, chronic
diarrhea and hypoalbuminemia in a child; Hartnup disease in
setting of celiac disease. BMC Ped. 2014;14:311.
124. NORD. Hartnup Disease. Rare Dis Info 2019, 2020.
125. Gulati K, Anand R, Ray A. Nutraceuticals as adaptogens:
their role in health and disease. In: Nutraceuticals. Elsevier;
2016:193-205.
126. Wolf H, Brown RR. The effect of tryptophan load and vitamin

in the middle aged males and females excreting greater 24-

B 6 supplementation on urinary excretion of tryptophan

hour urinary taurine and magnesium in 41 WHO-CARDIAC

metabolites in human male subjects. Clin Sci. 1971;41(3):237-

study populations in the world. J Biomed Sci. 2010;17 Suppl
1:S21.
110. Edgar AJ. The human L-threonine 3-dehydrogenase gene is
an expressed pseudogene. BMC Genet. 2002;3:18.
111. Edgar AJ, Polak JM. Molecular cloning of the human and

248.
127. Shibata K. Organ Co-Relationship in Tryptophan Metabolism
and Factors That Govern the Biosynthesis of Nicotinamide
from Tryptophan. J Nutr Sci Vitaminol. 2018;64(2):90-98.
128. Shibata K, Shimada H, Kondo T. Effects of feeding

murine 2-amino-3-ketobutyrate coenzyme A ligase cDNAs.

tryptophan-limiting diets on the conversion ratio of

Eur J Biochem. 2000;267(6):1805-1812.

tryptophan to niacin in rats. Biosci Biotech Biochem.

112. Lee A, Patterson V. A double-blind study of L-threonine
in patients with spinal spasticity. Acta Neurol Scand.
1993;88(5):334-338.
113. Hauser SL, Doolittle TH, Lopez-Bresnahan M, et al. An
antispasticity effect of threonine in multiple sclerosis. Arch
Neurol. 1992;49(9):923-926.
114. Roufs JB. L-threonine as a symptomatic treatment

1996;60(10):1660-1666.
129. Murray MF, Langan M, MacGregor RR. Increased plasma
tryptophan in HIV-infected patients treated with
pharmacologic doses of nicotinamide. Nutrition. 2001;17(78):654-656.
130. Capuron L, Ravaud A, Neveu PJ, Miller AH, Maes M, Dantzer
R. Association between decreased serum tryptophan

for amyotrophic lateral sclerosis (ALS). Med Hypoth.

concentrations and depressive symptoms in cancer patients

1991;34(1):20-23.

undergoing cytokine therapy. Molec Psych. 2002;7(5):468-

115. Mansoor O, Breuille D, Bechereau F, et al. Effect of an enteral
diet supplemented with a specific blend of amino acid on

473.
131. Ramos-Chavez LA, Roldan-Roldan G, Garcia-Juarez B, et

plasma and muscle protein synthesis in ICU patients. Clin

al. Low Serum Tryptophan Levels as an Indicator of Global

Nutr. 2007;26(1):30-40.

Cognitive Performance in Nondemented Women over 50

116. Yoshida A, Ashida K, Harper AE. Prevention of fatty liver
due to threonine deficiency by moderate caloric restriction.
Nature. 1961;189:917-918.
117. Ross-Inta CM, Zhang YF, Almendares A, Giulivi C. Threonine-

Years of Age. Ox Med Cell Longevity. 2018;2018:8604718.
132. Ron-Harel N, Ghergurovich JM, Notarangelo G, et al. T Cell
Activation Depends on Extracellular Alanine. Cell Rep.
2019;28(12):3011-3021.e3014.

deficient diets induced changes in hepatic bioenergetics. Am
J Physiol Gastroint Liver Phys. 2009;296(5):G1130-1139.

133. Hatano T, Ohnuma T, Sakai Y, et al. Plasma alanine levels
31

increase in patients with schizophrenia as their clinical
symptoms improve-Results from the Juntendo University
Schizophrenia Projects (JUSP). Psychiatr Res. 2010;177(12):27-31.
134. Sarabhai T, Roden M. Hungry for your alanine: when
liver depends on muscle proteolysis. The J Clin Investi.
2019;129(11):4563-4566.
135. Garg U, Smith LD. Biomarkers Inborn Errors of Metabolism:
Clinical Aspects and Laboratory Determination. Elsevier;
2017.
136. Patel KP, O’Brien TW, Subramony SH, Shuster J, Stacpoole
PW. The spectrum of pyruvate dehydrogenase complex
deficiency: clinical, biochemical and genetic features in 371
patients. Mol Gen Metab. 2012;105(1):34-43.
137. Habarou F, Brassier A, Rio M, et al. Pyruvate carboxylase
deficiency: An underestimated cause of lactic acidosis. Mol
Gen Met Rep. 2015;2:25-31.
138. Brunette MG, Delvin E, Hazel B, Scriver CR. Thiamineresponsive lactice acidosis in a patient with deficient
low-KM pyruvate carboxylase activity in liver. Pediatrics.
1972;50(5):702-711.
139. Lea PJ, Sodek L, Parry MA, Shewry PR, Halford NG. Asparagine
in plants. Ann Applied Biol. 2007;150(1):1-26.
140. Chiu M, Taurino G, Bianchi MG, Kilberg MS, Bussolati
O. Asparagine Synthetase in Cancer: Beyond Acute
Lymphoblastic Leukemia. Front Oncol. 2019;9:1480.
141. Zhang J, Fan J, Venneti S, et al. Asparagine plays a critical role
in regulating cellular adaptation to glutamine depletion.
Molec Cell. 2014;56(2):205-218.
142. Heitink-Pollé KMJ, Prinsen BHCMT, de Koning TJ, van
Hasselt PM, Bierings MB. High incidence of symptomatic
hyperammonemia in children with acute lymphoblastic
leukemia receiving pegylated asparaginase. JIMD Repo.
2013;7:103-108.
143. Ruzzo EK, Capo-Chichi JM, Ben-Zeev B, et al. Deficiency of
asparagine synthetase causes congenital microcephaly
and a progressive form of encephalopathy. Neuron.
2013;80(2):429-441.
144. NCIthesaurus. Aspartic Acid. 2020.
145. Reitzer L. Biosynthesis of Glutamate, Aspartate, Asparagine,
L-Alanine, and D-Alanine. EcoSal Plus. 2004;1(1).
146. Kobylarek D, Iwanowski P, Lewandowska Z, et al. Advances in
the potential biomarkers of epilepsy. Front Neurol. 2019;10.
147. Ono K, Ono T, Matsumata T. The pathogenesis of decreased

other amino acids and stroke incidence in women. Stroke.
2015;46(4):922-926.
150. Lyons J, Rauh-Pfeiffer A, Yu Y, et al. Blood glutathione
synthesis rates in healthy adults receiving a sulfur amino
acid-free diet. Proc Nat Acad Sci. 2000;97(10):5071-5076.
151. Stipanuk MH, Ueki I. Dealing with methionine/homocysteine
sulfur: cysteine metabolism to taurine and inorganic sulfur. J
Inherit Metab Dis. 2011;34(1):17-32.
152. Stipanuk MH, Coloso RM, Garcia RAG, Banks MF. Cysteine
Concentration Regulates Cysteine Metabolism to
Glutathione, Sulfate and Taurine in Rat Hepatocytes. J Nutr.
1992;122(3):420-427.
153. Bender D, Kaczmarek AT, Santamaria-Araujo JA, et al.
Impaired mitochondrial maturation of sulfite oxidase in a
patient with severe sulfite oxidase deficiency. Human Mol
Gen. 2019;28(17):2885-2899.
154. DeStefano Vea. Linkage disequilibrium at the cystathionine
beta-synthase (CBS) locus and the association between
genetic variation at the CBS locus and plasma levels of
homocysteine. Ann Human Gen. 1998;62(6):481-490.
155. Aras Ö, Hanson N, Yang F, Tsai M. Influence of 699C→ T
and 1080C→ T polymorphisms of the cystathionine β‐
synthase gene on plasma homocysteine levels. Clinical Gen.
2000;58(6):455-459.
156. Carmel R, Melnyk S, James SJ. Cobalamin deficiency
with and without neurologic abnormalities: differences
in homocysteine and methionine metabolism. Blood.
2003;101(8):3302-3308.
157. Brito A, Grapov D, Fahrmann J, et al. The Human Serum
Metabolome of Vitamin B-12 Deficiency and Repletion, and
Associations with Neurological Function in Elderly Adults. J
Nutr. 2017;147(10):1839-1849.
158. Blom HJ, Smulders Y. Overview of homocysteine and folate
metabolism. With special references to cardiovascular
disease and neural tube defects. J Inherit Metab Dis.
2011;34(1):75-81.
159. Go YM, Jones DP. Redox theory of aging: implications for
health and disease. Clin Sci. 2017;131(14):1669-1688.
160. Dall’Acqua S, Stocchero M, Boschiero I, et al. New findings
on the in vivo antioxidant activity of Curcuma longa extract
by an integrated (1)H NMR and HPLC-MS metabolomic
approach. Fitoterapia. 2016;109:125-131.
161. Woodard LE, Welch RC, Veach RA, et al. Metabolic
consequences of cystinuria. BMC Nephrol. 2019;20(1):227.

aspartate aminotransferase and alanine aminotransferase

162. Brantley MA, Jr., Osborn MP, Sanders BJ, et al. The short-term

activity in the plasma of hemodialysis patients: the role of

effects of antioxidant and zinc supplements on oxidative

vitamin B6 deficiency. Clinical Nephrol. 1995;43(6):405-408.

stress biomarker levels in plasma: a pilot investigation. Am J

148. Lomelino CL, Andring JT, McKenna R, Kilberg MS. Asparagine
synthetase: Function, structure, and role in disease. J Biol
Chem. 2017;292(49):19952-19958.
149. Larsson SC, Håkansson N, Wolk A. Dietary cysteine and

Ophthalmol. 2012;153(6):1104-1109.e1102.
163. Hopkins MH, Fedirko V, Jones DP, Terry PD, Bostick RM.
Antioxidant micronutrients and biomarkers of oxidative
stress and inflammation in colorectal adenoma patients:
32

results from a randomized, controlled clinical trial. Cancer
Epidemiol Biomarkers Prev. 2010;19(3):850-858.
164. Leslie SW, Sajjad H, Nazzal L. Renal Calculi (Cystinuria,
Cystine Stones). In: StatPearls. Treasure Island (FL): StatPearls
Publishing LLC.;2020
165. Birwe H, Schneeberger W, Hesse A. Investigations of the
efficacy of ascorbic acid therapy in cystinuria. Urolog Res.
1991;19(3):199-201.
166. Brundig P, Borner RH, Berg W, et al. [Possibilities and limits in

2000;130(4S Suppl):901s-909s.
180. Tapiero H, Mathé G, Couvreur P, Tew KD. II. Glutamine and
glutamate. Biomed Pharmacother. 2002;56(9):446-457.
181. Ginguay A, Cynober L, Curis E, Nicolis I. Ornithine
Aminotransferase, an Important Glutamate-Metabolizing
Enzyme at the Crossroads of Multiple Metabolic Pathways.
Biology. 2017;6(1).
182. Cruzat V, Macedo Rogero M, Noel Keane K, Curi R,
Newsholme P. Glutamine: Metabolism and Immune Function,

the treatment of cystine calculus diathesis with high-dose

Supplementation and Clinical Translation. Nutrients.

ascorbic acid. Results of a combined study with 17 patients].

2018;10(11):1564.

Zeitschrift Urol Nephrol. 1986;79(3):137-146.
167. Lux B, May P. Long-term observation of young cystinuric

183. Cruzat V, Macedo Rogero M, Noel Keane K, Curi R,
Newsholme P. Glutamine: Metabolism and Immune Function,

patients under ascorbic acid therapy. Urolog Internat.

Supplementation and Clinical Translation. Nutrients.

1983;38(2):91-94.

2018;10(11).

168. Asper R, Schmucki O. [Cystinuria therapy by ascorbic acid
(author’s transl)]. Urolog Internat. 1982;37(2):91-109.
169. Rodman JS, Blackburn P, Williams JJ, Brown A, Pospischil

184. Nägeli M, Fasshauer M, Sommerfeld J, Fendel A, Brandi G,
Stover JF. Prolonged continuous intravenous infusion of
the dipeptide L-alanine- L-glutamine significantly increases

MA, Peterson CM. The effect of dietary protein on cystine

plasma glutamine and alanine without elevating brain

excretion in patients with cystinuria. Clin Nephrol.

glutamate in patients with severe traumatic brain injury. Crit

1984;22(6):273-278.

Care. 2014;18(4):R139.

170. Petty F. Plasma concentrations of gamma-aminobutyric
acid (GABA) and mood disorders: a blood test for manic
depressive disease? Clin Chem. 1994;40(2):296-302.
171. Briguglio M, Dell’Osso B, Panzica G, et al. Dietary
Neurotransmitters: A Narrative Review on Current
Knowledge. Nutrients. 2018;10(5):591.
172. Brandes RP. A Buttery Taste to Vascular Biology: Endothelial
Cells Generate and Release γ-Aminobutyric Acid. Circ Res.
2016;119(5):577-579.
173. Lee H, Doud EH, Wu R, et al. Mechanism of inactivation of

185. Wu G, Bazer FW, Burghardt RC, et al. Proline and
hydroxyproline metabolism: implications for animal and
human nutrition. Amino Acids. 2011;40(4):1053-1063.
186. Reeds PJ. Dispensable and indispensable amino acids for
humans. J Nutr. 2000;130(7):1835s-1840s.
187. Kühn S, Düzel S, Colzato L, et al. Food for thought:
association between dietary tyrosine and cognitive
performance in younger and older adults. Psychol Res.
2019;83(6):1097-1106.
188. Goh DL, Patel A, Thomas GH, et al. Characterization

γ-aminobutyric acid aminotransferase by (1S,3S)-3-amino-

of the human gene encoding alpha-aminoadipate

4-difluoromethylene-1-cyclopentanoic acid (CPP-115). J Am

aminotransferase (AADAT). Molec Genet Metab.

Chem Soc. 2015;137(7):2628-2640.
174. Hardt J, Larsson LI, Hougaard DM. Immunocytochemical

2002;76(3):172-180.
189. Wang TJ, Ngo D, Psychogios N, et al. 2-Aminoadipic acid is a

evidence suggesting that diamine oxidase catalyzes

biomarker for diabetes risk. J Clin Invest. 2013;123(10):4309-

biosynthesis of gamma-aminobutyric acid in antropyloric

4317.

gastrin cells. J Histochem Cytochem. 2000;48(6):839-846.
175. Nicholson-Guthrie CS, Guthrie GD, Sutton GP, Baenziger JC.
Urine GABA levels in ovarian cancer patients: elevated GABA
in malignancy. Cancer Let. 2001;162(1):27-30.
176. Galland L. The gut microbiome and the brain. J Med Food.
2014;17(12):1261-1272.
177. Dhossche D, Applegate H, Abraham A, et al. Elevated
plasma gamma-aminobutyric acid (GABA) levels in autistic
youngsters: stimulus for a GABA hypothesis of autism. Med
Science Mon. 2002;8(8):Pr1-6.
178. Griffiths JA, Mazmanian SK. Emerging evidence linking the
gut microbiome to neurologic disorders. Genome Med.

190. Lin H, Levison BS, Buffa JA, et al. Myeloperoxidase-mediated
protein lysine oxidation generates 2-aminoadipic acid and
lysine nitrile in vivo. Free Rad Biol Med. 2017;104:20-31.
191. Przyrembel H, Bachmann D, Lombeck I, et al. Alphaketoadipic aciduria, a new inborn error of lysine metabolism;
biochemical studies. Clin Chim Acta. 1975;58(3):257-269.
192. Hagen J, te Brinke H, Wanders RJ, et al. Genetic basis of
alpha-aminoadipic and alpha-ketoadipic aciduria. J Inherit
Metab Dis. 2015;38(5):873-879.
193. Danhauser K, Sauer SW, Haack TB, et al. DHTKD1 mutations
cause 2-aminoadipic and 2-oxoadipic aciduria. Am J Human
Gen. 2012;91(6):1082-1087.

2018;10(1):98.
179. Garattini S. Glutamic acid, twenty years later. J Nutr.

194. Steele RD. Transaminative metabolism of alpha-amino-n33

butyrate in rats. Metab: Clin Exp. 1982;31(4):318-325.
195. Shaw S, Stimmel B, Lieber CS. Plasma alpha amino-n-butyric
acid to leucine ratio: an empirical biochemical marker of
alcoholism. Science. 1976;194(4269):1057-1058.
196. Shaw S, Lieber CS. Increased hepatic production of alpha-

209. Sjolin J, Hjort G, Friman G, Hambraeus L. Urinary excretion
of 1-methylhistidine: a qualitative indicator of exogenous
3-methylhistidine and intake of meats from various sources.
Metab: Clin Exp. 1987;36(12):1175-1184.
210. Upadhyay R, Bleck TP, Busl KM. Hyperammonemia: What

amino-n-butyric acid after chronic alcohol consumption in

Urea-lly Need to Know: Case Report of Severe Noncirrhotic

rats and baboons. Gastroenterology. 1980;78(1):108-113.

Hyperammonemic Encephalopathy and Review of the

197. Lieber CS. Role of oxidative stress and antioxidant therapy
in alcoholic and nonalcoholic liver diseases. Adv Pharmacol.
1997;38:601-628.
198. Chiarla C, Giovannini I, Siegel JH. Characterization of alpha-

Literature. Case Rep Med. 2016;2016:8512721.
211. Bahri S, Zerrouk N, Aussel C, et al. Citrulline: from metabolism
to therapeutic use. Nutrition. 2013;29(3):479-484.
212. Allerton TD, Proctor DN, Stephens JM, Dugas TR, Spielmann

amino-n-butyric acid correlations in sepsis. Transl Res.

G, Irving BA. l-Citrulline Supplementation: Impact on

2011;158(6):328-333.

Cardiometabolic Health. Nutrients. 2018;10(7).

199. Moszak M, Klupczynska A, Kanikowska A, et al. The influence
of a 3-week body mass reduction program on the metabolic
parameters and free amino acid profiles in adult Polish
people with obesity. Adv Clin Exp Med. 2018;27(6):749-757.
200. Adachi Y, Toyoshima K, Nishimoto R, et al. Association
between plasma alpha-aminobutyric acid and depressive
symptoms in older community-dwelling adults in Japan.
Geriatr Gerontol Int. 2019;19(3):254-258.
201. Le Couteur DG, Ribeiro R, Senior A, et al. Branched chain
amino acids, cardiometabolic risk factors and outcomes in
older men: the Concord Health and Ageing in Men Project. J
Gerontol Series A, Biol Sci Med Sci. 2019.
202. Van Kuilenburg AB, Stroomer AE, Van Lenthe H, Abeling
NG, Van Gennip AH. New insights in dihydropyrimidine
dehydrogenase deficiency: a pivotal role for betaaminoisobutyric acid? Biochem J. 2004;379(Pt 1):119-124.
203. Tanianskii DA, Jarzebska N, Birkenfeld AL, O’Sullivan
JF, Rodionov RN. Beta-Aminoisobutyric Acid as a Novel

213. Kaore SN, Amane HS, Kaore NM. Citrulline: pharmacological
perspectives and its role as an emerging biomarker in future.
Fundament Clin Pharmacol. 2013;27(1):35-50.
214. Cynober L, Moinard C, De Bandt JP. The 2009 ESPEN Sir David
Cuthbertson. Citrulline: a new major signaling molecule or
just another player in the pharmaconutrition game? Clin
Nutr. 2010;29(5):545-551.
215. Crenn P, Vahedi K, Lavergne-Slove A, Cynober L,
Matuchansky C, Messing B. Plasma citrulline: A marker of
enterocyte mass in villous atrophy-associated small bowel
disease. Gastroenterology. 2003;124(5):1210-1219.
216. Crenn P, Hanachi M, Neveux N, Cynober L. [Circulating
citrulline levels: a biomarker for intestinal functionality
assessment]. Ann Biol Cliniq. 2011;69(5):513-521.
217. Papadia C, Osowska S, Cynober L, Forbes A. Citrulline in
health and disease. Review on human studies. Clin Nutr.
2018;37(6 Pt A):1823-1828.
218. Wu F, Christen P, Gehring H. A novel approach to inhibit

Regulator of Carbohydrate and Lipid Metabolism. Nutrients.

intracellular vitamin B6-dependent enzymes: proof

2019;11(3).

of principle with human and plasmodium ornithine

204. Maclean KN, Greiner LS, Evans JR, et al. Cystathionine
protects against endoplasmic reticulum stress-induced lipid
accumulation, tissue injury, and apoptotic cell death. J Biol
Chem. 2012;287(38):31994-32005.
205. Lamers Y, Williamson J, Ralat M, et al. Moderate dietary
vitamin B-6 restriction raises plasma glycine and
cystathionine concentrations while minimally affecting the
rates of glycine turnover and glycine cleavage in healthy
men and women. J Nutr. 2009;139(3):452-460.
206. Obeid R. The metabolic burden of methyl donor deficiency

decarboxylase and human histidine decarboxylase. FASEB J.
2011;25(7):2109-2122.
219. Pegg AE. Regulation of ornithine decarboxylase. J Biol Chem.
2006;281(21):14529-14532.
220. Janne J, Alhonen L, Pietila M, Keinanen TA. Genetic
approaches to the cellular functions of polyamines in
mammals. Eur J Biochem. 2004;271(5):877-894.
221. Lichter-Konecki U. Defects of the urea cycle. Transl Sci Rare
Dis. 2016;1(1):23-43.
222. Ohkubo Y, Ueta A, Ito T, et al. Vitamin B6-responsive ornithine

with focus on the betaine homocysteine methyltransferase

aminotransferase deficiency with a novel mutation G237D.

pathway. Nutrients. 2013;5(9):3481-3495.

Tohoku J Exp Med. 2005;205(4):335-342.

207. Stabler SP, Lindenbaum J, Savage DG, Allen RH. Elevation of
serum cystathionine levels in patients with cobalamin and
folate deficiency. Blood. 1993;81(12):3404-3413.
208. Cheung W, Keski-Rahkonen P, Assi N, et al. A metabolomic

223. Clayton PT. B6-responsive disorders: a model of vitamin
dependency. J Inherit Metab Dis. 2006;29(2-3):317-326.
224. Pierson DL, Brien JM. Human carbamylphosphate synthetase
I. Stabilization, purification, and partial characterization

study of biomarkers of meat and fish intake. Am J Clin Nutr.

of the enzyme from human liver. J Biol Chem.

2017;105(3):600-608.

1980;255(16):7891-7895.
34

225. Mori M, Miura S, Morita T, Takiguchi M, Tatibana M. Ornithine

aminotransferase deficiency: a novel disorder of the serine

transcarbamylase in liver mitochondria. Molec Cell Biochem.

biosynthesis pathway. Am J Human Genet. 2007;80(5):931-

1982;49(2):97-111.

937.

226. Woodfin BM, Davis LE, Bernard LR, Kornfeld M. A fatal variant
of human ornithine carbamoyltransferase is stimulated by
Mg2+. Biochem Med Metabol Biol. 1986;36(3):300-305.
227. Sugino T, Shirai T, Kajimoto Y, Kajimoto O. L-ornithine

242. Hirabayashi Y, Furuya S. Roles of l-serine and sphingolipid
synthesis in brain development and neuronal survival. Prog
Lipid Res. 2008;47(3):188-203.
243. Kalhan SC, Hanson RW. Resurgence of serine: an often

supplementation attenuates physical fatigue in healthy

neglected but indispensable amino Acid. J Biol Chem.

volunteers by modulating lipid and amino acid metabolism.

2012;287(24):19786-19791.

Nutr Research. 2008;28(11):738-743.
228. Sandlers Y. Amino Acids Profiling for the Diagnosis of
Metabolic Disorders. In: Clinical Biochem-Fundament Med
Lab Sci. IntechOpen; 2019.
229. Yu L, Liu T, Fu S, et al. Physiological functions of urea
transporter B. Pflugers Arch. 2019;471(11-12):1359-1368.
230. Caldwell RB, Toque HA, Narayanan SP, Caldwell RW. Arginase:
an old enzyme with new tricks. Trends Pharmacol Sci.
2015;36(6):395-405.

244. Kapalka GM. Nutr Herbal Ther Child Adol. Academic Press;
2010.
245. Maddocks OD, Labuschagne CF, Adams PD, Vousden KH.
Serine Metabolism Supports the Methionine Cycle and DNA/
RNA Methylation through De Novo ATP Synthesis in Cancer
Cells. Molec Cell. 2016;61(2):210-221.
246. Zeng JD, Wu WKK, Wang HY, Li XX. Serine and one-carbon
metabolism, a bridge that links mTOR signaling and DNA
methylation in cancer. Pharmacol Res. 2019;149:104352.

231. Razak MA, Begum PS, Viswanath B, Rajagopal S. Multifarious

247. Dudman NP, Tyrrell PA, Wilcken DE. Homocysteinemia:

Beneficial Effect of Nonessential Amino Acid, Glycine: A

depressed plasma serine levels. Metabo: Clin Exp.

Review. Oxid Med Cell Longev. 2017;2017:1716701.

1987;36(2):198-201.

232. Wang W, Wu Z, Dai Z, Yang Y, Wang J, Wu G. Glycine
metabolism in animals and humans: implications for
nutrition and health. Amino Acids. 2013;45(3):463-477.
233. Hashimoto K. Glycine transporter inhibitors as therapeutic

248. Milliner DS, Harris PC, Cogal AG, Lieske JC. Primary
hyperoxaluria type 1. In: GeneReviews. University of
Washington, Seattle; 2017.
249. Ramos RJ, Pras-Raves ML, Gerrits J, et al. Vitamin B6 is

agents for schizophrenia. Recent Patents CNS Drug

essential for serine de novo biosynthesis. J Inherit Metab Dis.

Discovery. 2006;1(1):43-53.

2017;40(6):883-891.

234. Amelio I, Cutruzzolá F, Antonov A, Agostini M, Melino G.
Serine and glycine metabolism in cancer. Trends Biochem
Sci. 2014;39(4):191-198.
235. Locasale JW. Serine, glycine and one-carbon units: cancer
metabolism in full circle. Nat Rev Cancer. 2013;13(8):572.
236. Beagle B, Yang TL, Hung J, Cogger EA, Moriarty DJ, Caudill

250. Gao X, Lee K, Reid MA, et al. Serine Availability Influences
Mitochondrial Dynamics and Function through Lipid
Metabolism. Cell Rep. 2018;22(13):3507-3520.
251. Garsin DA. Ethanolamine: a signal to commence a hostassociated lifestyle? mBio. 2012;3(4):e00172-00112.
252. Zhou J, Xiong X, Wang K, Zou L, Lv D, Yin Y. Ethanolamine

MA. The glycine N-methyltransferase (GNMT) 1289 C→ T

Metabolism in the Mammalian Gastrointestinal Tract:

variant influences plasma total homocysteine concentrations

Mechanisms, Patterns, and Importance. Curr Molec Med.

in young women after restricting folate intake. J Nutr.
2005;135(12):2780-2785.

2017;17(2):92-99.
253. Zhou J, Xiong X, Wang KX, Zou LJ, Ji P, Yin YL. Ethanolamine

237. McCarty MF, O’Keefe JH, DiNicolantonio JJ. Dietary Glycine Is

enhances intestinal functions by altering gut microbiome

Rate-Limiting for Glutathione Synthesis and May Have Broad

and mucosal anti-stress capacity in weaned rats. Br J Nutr.

Potential for Health Protection. Ochsner J. 2018;18(1):81-87.
238. Pai YJ, Leung KY, Savery D, et al. Glycine decarboxylase

2018;120(3):241-249.
254. Zeng MY, Inohara N, Nuñez G. Mechanisms of inflammation-

deficiency causes neural tube defects and features of non-

driven bacterial dysbiosis in the gut. Mucos Immunol.

ketotic hyperglycinemia in mice. Nat Comm. 2015;6:6388.

2017;10(1):18-26.

239. Ebara S, Toyoshima S, Matsumura T, et al. Cobalamin
deficiency results in severe metabolic disorder of serine and
threonine in rats. Biochim Biophys Acta. 2001;1568(2):111117.
240. Gould RL, Pazdro R. Impact of Supplementary Amino
Acids, Micronutrients, and Overall Diet on Glutathione
Homeostasis. Nutrients. 2019;11(5).
241. Hart CE, Race V, Achouri Y, et al. Phosphoserine

255. Elliott P, Posma JM, Chan Q, et al. Urinary metabolic
signatures of human adiposity. Sci Transl Med.
2015;7(285):285ra262.
256. Henneberry AL, McMaster CR. Cloning and expression of a
human choline/ethanolaminephosphotransferase: synthesis
of phosphatidylcholine and phosphatidylethanolamine.
Biochem J. 1999;339 ( Pt 2)(Pt 2):291-298.
257. Horibata Y, Hirabayashi Y. Identification and characterization
35

of human ethanolaminephosphotransferase1. J Lipid Res.
2007;48(3):503-508.
258. Kaval KG, Singh KV, Cruz MR, et al. Loss of Ethanolamine
Utilization in Enterococcus faecalis Increases Gastrointestinal
Tract Colonization. mBio. 2018;9(3).
259. Kaval KG, Garsin DA. Ethanolamine Utilization in Bacteria.
mBio. 2018;9(1).
260. Kawamura N, Shinoda K, Sato H, et al. Plasma metabolome
analysis of patients with major depressive disorder. Psych
Clin Neurosci. 2018;72(5):349-361.
261. Ellison DW, Beal MF, Martin JB. Phosphoethanolamine and
ethanolamine are decreased in Alzheimer’s disease and
Huntington’s disease. Brain Res. 1987;417(2):389-392.
262. Roberts SJ, Stewart AJ, Sadler PJ, Farquharson C. Human
PHOSPHO1 exhibits high specific phosphoethanolamine
and phosphocholine phosphatase activities. Biochem J.
2004;382(Pt 1):59-65.
263. Nowicki EM, O’Brien JP, Brodbelt JS, Trent MS. Extracellular
zinc induces phosphoethanolamine addition to
Pseudomonas aeruginosa lipid A via the ColRS twocomponent system. Molec Microbiol. 2015;97(1):166-178.
264. Jo S-H, Park H-G, Song W-S, et al. Structural characterization
of phosphoethanolamine-modified lipid A from
probiotic Escherichia coli strain Nissle 1917. RSC Adv.
2019;9(34):19762-19771.
265. Mornet E. Hypophosphatasia. Metab: Clin Exp. 2018;82:142155.
266. Weismann K, Høyer H. Serum alkaline phosphatase and

272. Luka Z, Mudd SH, Wagner C. Glycine N-methyltransferase
and regulation of S-adenosylmethionine levels. J Biol Chem.
2009:jbc. R109. 019273.
273. Lee M-Y, Lin Y-R, Tu Y-S, Tseng YJ, Chan M-H, Chen H-H.
Effects of sarcosine and N, N-dimethylglycine on NMDA
receptor-mediated excitatory field potentials. J Biomed Sci.
2017;24(1):18.
274. Frontiers in Neuroscience. In: Van Dongen AM, ed. Biol NMDA
Receptor. Boca Raton (FL): CRC Press/Taylor & Francis Group,
LLC.;2009
275. Kemp JA, McKernan RM. NMDA receptor pathways as drug
targets. Nat Neurosci. 2002;5:1039.
276. Lucarelli G, Fanelli M, Larocca AMV, et al. Serum sarcosine
increases the accuracy of prostate cancer detection in
patients with total serum PSA less than 4.0 ng/ml. Prostate.
2012;72(15):1611-1621.
277. Jentzmik F, Stephan C, Miller K, et al. Sarcosine in Urine
after Digital Rectal Examination Fails as a Marker in Prostate
Cancer Detection and Identification of Aggressive Tumours.
Eur Urol. 2010;58(1):12-18.
278. Sreekumar A, Poisson LM, Rajendiran TM, et al. Metabolomic
profiles delineate potential role for sarcosine in prostate
cancer progression. Nature. 2009;457(7231):910.
279. Allen RH, Stabler SP, Lindenbaum J. Serum betaine, N,
N-dimethylglycine and N-methylglycine levels in patients
with cobalamin and folate deficiency and related inborn
errors of metabolism. Metabolism. 1993;42(11):1448-1460.
280. Steenkamp DJ, Husain M. The effect of tetrahydrofolate

serum zinc levels in the diagnosis and exclusion of zinc

on the reduction of electron transfer flavoprotein by

deficiency in man. Am J Clin Nutr. 1985;41(6):1214-1219.

sarcosine and dimethylglycine dehydrogenases. Biochem J.

267. Ray CS, Singh B, Jena I, Behera S, Ray S. Low alkaline
phosphatase (ALP) in adult population an indicator of zinc

1982;203(3):707-715.
281. MacMillan L, Lamarre SG, daSilva RP, Jacobs RL, Brosnan ME,

(Zn) and magnesium (Mg) deficiency. Curr Res Nutr Food Sci

Brosnan JT. Riboflavin Deficiency in Rats Decreases de novo

J. 2017;5(3):347-352.

Formate Production but Does Not Affect Plasma Formate

268. Fukushima K, Kawai-Kowase K, Yonemoto Y, et al. Adult
hypophosphatasia with compound heterozygous
p.Phe327Leu missense and c.1559delT frameshift mutations
in tissue-nonspecific alkaline phosphatase gene: a case
report. J Med Case Rep. 2019;13(1):101.
269. Peeraer Y, Rabijns A, Collet JF, Van Schaftingen E, De Ranter
C. How calcium inhibits the magnesium-dependent enzyme

Concentration. J Nutr. 2017;147(3):346-352.
282. Blom W, Fernandes J. Folic acid dependent
hypersarcosinaemia. Clin Chim Acta. 1979;91(2):117-125.
283. Luka Z, Mudd SH, Wagner C. Glycine N-methyltransferase
and regulation of S-adenosylmethionine levels. J Biol Chem.
2009;284(34):22507-22511.
284. Scriver CR, Beaudet AL, Sly WS, et al. Metab Molec Bases

human phosphoserine phosphatase. Eur J Biochem.

Inherited Disease, 4 Volume Set. McGraw-Hill Professional

2004;271(16):3421-3427.

Publishing; 2000.

270. Kim HY, Huang BX, Spector AA. Phosphatidylserine in the
brain: metabolism and function. Prog Lipid Res. 2014;56:1-18.
271. Strzelecki D, Podgorski M, Kaluzynska O, et al.

285. Sadikali F, Darwish R, Watson WC. Carnosinase activity of
human gastrointestinal mucosa. Gut. 1975;16(8):585-589.
286. Abe H, Okuma E, Sekine H, Maeda A, Yoshiue S. Human

Supplementation of Antipsychotic Treatment with

urinary excretion of L-histidine-related compounds after

the Amino Acid Sarcosine Influences Proton Magnetic

ingestion of several meats and fish muscle. Int J Biochem.

Resonance Spectroscopy Parameters in Left Frontal

1993;25(9):1245-1249.

White Matter in Patients with Schizophrenia. Nutrients.
2015;7(10):8767-8782.

287. Derave W, De Courten B, Baba SP. An update on carnosine
36

and anserine research. Amino Acids. 2019;51(1):1-4.
288. Bellia F, Vecchio G, Rizzarelli E. Carnosinases, their substrates
and diseases. Molecules. 2014;19(2):2299-2329.
289. Boldyrev AA, Aldini G, Derave W. Physiology and
pathophysiology of carnosine. Physiol Rev. 2013;93(4):18031845.
290. Peters V, Klessens CQ, Baelde HJ, et al. Intrinsic carnosine
metabolism in the human kidney. Amino Acids.
2015;47(12):2541-2550.
291. Perim P, Marticorena FM, Ribeiro F, et al. Can the
Skeletal Muscle Carnosine Response to Beta-Alanine
Supplementation Be Optimized? Front Nutr. 2019;6:135.
292. Hipkiss AR. Would carnosine or a carnivorous diet help
suppress aging and associated pathologies? Ann NY Acad
Sci. 2006;1067:369-374.
293. Hipkiss AR. Carnosine and its possible roles in nutrition and
health. Adv Food Nutr Res. 2009;57:87-154.
294. Kawahara M, Tanaka KI, Kato-Negishi M. Zinc, Carnosine, and
Neurodegenerative Diseases. Nutrients. 2018;10(2).
295. Bellia F, Calabrese V, Guarino F, et al. Carnosinase levels

Mitochondrial defects associated with beta-alanine toxicity:
relevance to hyper-beta-alaninemia. Molec Cell Biochem.
2016;416(1-2):11-22.
305. Jong CJ, Azuma J, Schaffer S. Mechanism underlying the
antioxidant activity of taurine: prevention of mitochondrial
oxidant production. Amino Acids. 2012;42(6):2223-2232.
306. Chesney RW, Han X, Patters AB. Taurine and the renal system.
J Sci. 2010;17 Suppl 1(Suppl 1):S4-S4.
307. Suidasari S, Stautemas J, Uragami S, Yanaka N, Derave W,
Kato N. Carnosine Content in Skeletal Muscle Is Dependent
on Vitamin B6 Status in Rats. Front Nutr. 2015;2:39.
308. Hahn CD, Shemie SD, Donner EJ. Status Epilepticus. In: Ped
Critic Care. Elsevier; 2011:837-848.
309. Parviz M, Vogel K, Gibson KM, Pearl PL. Disorders of GABA
metabolism: SSADH and GABA-transaminase deficiencies. J
Ped Epilepsy. 2014;3(4):217-227.
310. Blancquaert L, Baba SP, Kwiatkowski S, et al. Carnosine
and anserine homeostasis in skeletal muscle and heart
is controlled by beta-alanine transamination. J Physiol.
2016;594(17):4849-4863.

in aging brain: redox state induction and cellular stress
response. Antiox Redox Signaling. 2009;11(11):2759-2775.
296. Everaert I, Taes Y, De Heer E, et al. Low plasma carnosinase
activity promotes carnosinemia after carnosine ingestion
in humans. Am J Physiol Renal Physiol. 2012;302(12):F15371544.
297. Park YJ, Volpe SL, Decker EA. Quantitation of carnosine in
humans plasma after dietary consumption of beef. J Agricult
Food Chem. 2005;53(12):4736-4739.
298. Perim P, Marticorena FM, Ribeiro F, et al. Can the
Skeletal Muscle Carnosine Response to Beta-Alanine
Supplementation Be Optimized? Front Nutr. 2019;6:135.
Accessed 2019
299. Everaert I, Taes Y, De Heer E, et al. Low plasma carnosinase
activity promotes carnosinemia after carnosine
ingestion in humans. Am J Physiol Renal Physiol.
2012;302(12):F1537-F1544.
300. Hagen IV, Helland A, Bratlie M, et al. TMAO, creatine
and 1-methylhistidine in serum and urine are potential
biomarkers of cod and salmon intake: a randomised clinical
trial in adults with overweight or obesity. Eur J Nutr. 2019.
301. Trexler ET, Smith-Ryan AE, Stout JR, et al. International
society of sports nutrition position stand: Beta-Alanine. J Int
Soc Sports Nutr. 2015;12:30.
302. Eaton K, Howard M, Mphil AH. Urinary beta-alanine excretion
is a marker of abnormal as well as normal gut fermentation. J
Nutr Med. 1994;4(2):157-163.
303. Trexler ET, Smith-Ryan AE, Stout JR, et al. International
society of sports nutrition position stand: Beta-Alanine. J Int
Soc Sports Nutr. 2015;12:30-30.
304. Shetewy A, Shimada-Takaura K, Warner D, et al.
37

800.522.4762 ·www.gdx.net
©2020 Genova Diagnostics IS-MM-70827 rev 0620

