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Betaine in human nutrition™?
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ABSTRACT

Betaine is distributed widely in animals, plants, and microorgan-
isms, and rich dietary sources include seafood, especially marine
invertebrates (=1%); wheat germ or bran (=1%); and spinach
(=0.7%). Theprincipal physiologicroleof betaineisasan osmolyte
and methyl donor (transmethylation). As an osmolyte, betaine pro-
tectscells, proteins, and enzymesfrom environmental stress(eg, low
water, high salinity, or extreme temperature). As a methyl donor,
betai ne parti cipatesin themethionine cycle—primarily inthehuman
liver and kidneys. Inadequate dietary intake of methyl groups leads
to hypomethylation in many important pathways, including 1) dis-
turbed hepatic protein (methioning) metabolism as determined by
elevated plasma homocysteine concentrations and decreased
S-adenosylmethionine concentrations, and 2) inadequate hepatic fat
metabolism, which leads to steatosis (fatty accumulation) and sub-
sequent plasma dyslipidemia. This ateration in liver metabolism
may contribute to various diseases, including coronary, cerebral,
hepatic, and vascular diseases. Betaine has been shown to protect
internal organs, improve vascular risk factors, and enhance perfor-
mance. Databases of betaine content in food are being devel oped for
correlation with population health studies. The growing body of
evidence shows that betaineis an important nutrient for the preven-
tion of chronic disease. Am J Clin Nutr 2004;80:539—-49.

KEY WORDS Betaine, osmolyte, methylation, homocys-
teine, lipotrope, liver, heart

INTRODUCTION

Betaineisfoundinmicroorganisms, plants, and animalsandis
asignificant component of many foods (1-10), including wheat,
shellfish, spinach, and sugar beets. Betaineisazwitterionic qua-
ternary ammonium compound that is also known as trimethy!l-
glycine, glycine betaine, lycine, and oxyneurine. It is a methyl
derivative of the amino acid glycine with a formula of
(CH3)sN*CH,COO™ andamolecular weight of 117.2, andit has
been characterized as amethylamine because of its 3 chemically
reactive methyl groups (11). Betaine wasfirst discovered in the
juice of sugar beets (Beta vulgaris) in the 19th century and was
subseguently found in several other organisms. The physiologic
function of betaine is either as an organic osmolyte to protect
cells under stress or as a catabolic source of methyl groups via
transmethylation for use in many biochemical pathways (12).

Theprinciplerolefor betainein plants and microorganismsis
to protect cells against osmoatic inactivation (13). Exposure to
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drought, high salinity, or temperature stresstriggers betaine syn-
thesis in mitochondria, which results in its accumulation in the
cells. Betaine is a compatible osmolyte that increases the water
retention of cells, replacesinorganic salts, and protectsintracel -
lular enzymes against osmotically induced or temperature-
induced inactivation (11, 14—19). For example, spinachisgrown
insaline soil, and betaine can accumulatein amounts of up to 3%
of freshweight. Thisenablesthe chloroplaststo photosynthesize
in the presence of high salinity (20).

Betaine has been used as a dietary feed supplement in animal
nutritionfor >50Yy, and thisuse has provided useful insightsinto
human nutrition. Betaine is added to farmed fish feed as an
osmolyte to protect fish from the stress of moving from low to
high salinity. Salmon liver mitochondriaactively take up betaine
when exposed to osmotic stress, and metabolic activity would be
reduced to amuch greater extent if betainewere not present (13).
Betaine protects chick intestina cells from coccidia infection,
alleviates symptoms, and improves performance (21-23). Coc-
cidiosis affects gut ionic balance and intestina morphology,
whichleadsto mal digestion, mal absorption, and dehydration. As
amethyl donor, betaine provides the one-carbon units that can
spare the amount of dietary methionine and choline required for
optimal nutrition. For example, betaineimprovesgrowth and the
efficiency of food utilization and reduces body fat in pigs and
chicks (23-27).

Humans obtain betaine from foods that contain either betaine
or choline-containing compounds. Betaineis present in foodsin
variable amounts that are generally related to growing and os-
motic stress conditions. Some examples of food with high be-
taine content areshownin Table 1, and we estimate (SASCraig,
Danisco USA Inc, unpublished observations, 2004) that dietary
intake of betaine rangesfrom an average of 1 g/dto ahigh of 2.5
g/d (for adiet high in whole wheat and seafood). The principle
metabolic fate of cholineisviairreversible oxidation to betaine
intheliver and kidney (28—32) viaatwo-step process(Figurel).
First, choline is oxidized to betaine aldehyde by the enzyme
choline dehydrogenase. This enzyme can aso convert betaine
aldehyde to betaine in the presence of NAD™ (33). Choline
dehydrogenase activity occursinthemitochondria, onthe matrix
side of the inner membrane (34—36). Betaine aldehyde is then
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TABLE 1
Food items with high betaine content*
Food item Betaine content
mg/100 g
Wheat bran 1339
Wheat germ 1241
Spinach 600645
Beets 114-297
Pretzels 237
Shrimp 219
Wheat bread 201
Crackers 49-199

1 Data from reference 3.

oxidized to betaine by the NAD"-dependent enzyme betaine
aldehyde dehydrogenase both in mitochondriaand in the cytosol
(37). The remainder of dietary choline is used to make acetyl-
cholineand phospholipidssuch asphosphatidylcholine. A diet of
normal foods is estimated to deliver 1 g choline/d (38).

A US Department of Agriculture database of the choline and
betaine content of food has been developed (3). The betaine
content of foods was found to vary when different sources of
individual foods were analyzed and when different cooking
methods were used; for example, boiling led to the greatest loss
of betaine (39). Comprehensive databases will provide a more
accurate determination of the dietary intake patterns of betaine
and can be used in epidemiologic studies to establish any corre-
lation with disease risk reduction. Earlier studies hypothesized
that betaine in red wine (40) and whole grain (41) may protect
against coronary artery disease. The US Department of Agricul-
turedatabaseisthereforeseenasahigh priority for further studies
(42). Betaine can also be added to the diet as a supplement. Itis

the primary nitrogenous component of sugar beets and is com-
mercially extracted from molasses by water-based chromato-
graphic separation and crystallization.

INTESTINAL ABSORPTION AND METABOLISM

Cellular absorption of betaine has been described in many
organismsfrom bacteriato vertebrates (43-50). Accumulationis
via active Na™ or CI~ coupled and passive Na* independent
transport systems. As an N-methylated amino acid, betaine is
transported by amino acid transport systems—mainly by betaine
y-aminobutyric acid transport and amino acid transport system A
(51-54). Animal studiesshowed rapid postprandial absorption of
betaine in the small intestine via the duodenum (22, 50).

Human studies on betai ne intake showed rapid absorption and
distribution, with a peak increase in serum betaine at ~1-2 h
(55-57). Resting concentrations of betaine in human serum
range from ~20 to 70 umol/L (55-60), with concentrations
similar in diabetic subjects but lower in subjects with renal dis-
ease (60). High concentrationsof betainearefoundin humanand
animal neonates, probably because of choline metabolism (61).
Betaineismainly eliminated by metabolism, not excretion, even
at relatively high doses of 100 mg/kg body wt (56). However,
urinary excretion of betaine is elevated in subjects with renal
disease or diabetes (60, 62—64). Subacute and subchronic rat
studies determined that betaine is nontoxic at all doses studied
(0-5% of thediet) (65). At high doses, red blood cell physiology
wasmildly perturbed, and variationsin findings between studies
wereexplained asadifferencein chow formulation. The authors
concluded that betaineissafeat adaily intake of 9—-15g (average
of 12 g).

Betaine is catabolized via a series of enzyme reactions that
occur mainly inthemitochondriaof liver and kidney cells. These
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FIGURE 1. Betaine and transmethylation in the methionine cycle. B6, vitamin B-6; B12, vitamin B-12 (cobalamin); BHMT, betaine homocysteine
methyltransferase; CBS, cystathionine B-synthase; MS, methionine synthase; MTHFR, methylenetetrahydrofolate reductase; THF, tetrahydrofolate; CH4-

THF, 5-methyltetrahydrofol ate.
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transmethylation reactions involve the transfer of methyl (one-
carbon) groups via the methionine cycle (Figure 1) in vital bio-
logical processes (66—76). The conversion of homocysteine to
methionineisimportant to conserve methionine, detoxify homo-
cysteine, and produce S-adenosylmethionine (SAM) (77). Ele-
vated total homocysteine concentrations and low SAM concen-
trations have been associated with chronic disease (discussed in
detail |ater). The formation of methionine from homocysteine can
occur either viabetaineor viab-methyltetrahydrofolate(CH4-THF).
Animal studies have shown that both pathways are equally impor-
tant (78, 79) and that betaine is a vital methylating agent (80, 81).
Betainetransfers amethyl group viathe enzyme betaine homocys-
teine methyl transferase (BHMT) to become dimethylglycine. The
CH5-THF reaction utilizes the enzyme methionine synthase to
transfer amethyl group to the cofactor cobaamin (vitamin B-12),
forming methylcobalamin. Then methylcobalamin transfers the
methyl to homocysteineto form methionine. M ethylenetetrahydro-
folatereductase (M THFR) isinvolvedinreforming CH,-THF from
methylene-THF. In addition, homocysteine can be metabolized via
transulfuration to form cystathionine. Thisiscatalyzed by cystathi-
onine B-synthase (CBS), which utilizesvitamin B-6 (pyridoxine) as
acofactor. BHMT, formerly called betainetransmethylase, isazinc
metalloenzymein adistorted barrel shape (82—84) with an optimum
pH of 7.8 (85) that occursin thehuman liver, kidney, and optic lens
(85-89). Liver BHMT concentrations increase when rats are fed
diets supplemented with betaine or choline (90), showing an adap-
tive changein the catabolism of betaine. BHMT isexpressed in the
kidney cortex andinliver hepatocytesinhumans, pigs, andrats(91).
Betaine increases serum methionine, transmethyleation rate, ho-
mocysteine remethylation, and methionine oxidation in healthy
adults (92). Animas injected with betaine (93) show a dose-
dependent increaseinred blood cell SAM—adirect methyl donor in
many important pathways, including synthesisof proteins, crestine,
phosphoalipids, hormones, polyamines, carnitine, adrenaline, and
DNA methylation. Thus, transmethylation metabolic pathways
closely interconnect choline, betaine, methionine, CH5-THF, and
vitamins B-6 and B-12, intersecting at the formation of methionine
fromhomocysteine. Perturbing themetabolism of oneof these path-
waysresultsin compensatory changesin the others (94). For exam-
ple, methylene-THF can be regenerated via serine or the betaine
metabolites dimethylglycine, sarcosine, and glycine (55, 95).

OSMOLYTE

If betaineisnot catabolized, it is used as an organic osmolyte.
Theregulation of cellular hydration state, and therefore cell vol-
ume, is important for maintenance of cell function. Sensitive
metabolic pathways include protein turnover, amino acid and
ammonia metabolism, carbohydrate and fatty acid metabolism,
plasmamembranetransport, bile excretion, pH control, and gene
expression (96). Cells adapt to external osmotic stress by accu-
mulating low-molecul ar-weight inorganic ions (eg, sodium, po-
tassium, and chloride) and organic osmolytes (eg, methylated
amines, certain amino acids, and sugar acohols). However, the
increase in intracellular concentrations of inorganic ionsislim-
ited because of their destabilizing effect on protein structure and
enzyme function (43, 97-100). Betaine is nonperturbing to cel-
[ular metabolism, highly compatible with enzyme function, and
stabilizes cellular metabolic function under different kinds of
stress (7, 11, 37) in various organisms and animal tissues (101—
103). Mechanistic studiesshowed that thereislittleor no binding

of betaineto protein surfaces, allowing cellsto control thesurface
tension of water without affecting theionic strength of the envi-
ronment, eg, stabilization of lipase (104). Betaine is the most
effective osmolyte studied for hydration of albumin (17), form-
ing amost acompletemonolayer of water around theprotein, and
betaine can maintain hemoglobin solvation (105).

There are many examples of the osmolyte function of betaine.
It accumulates in the kidney (106—111) from exogenous origin
rather than de novo synthesis (47, 112, 113) to protect cellsfrom
high concentrationsof electrolytes(114) and urea(115). Betaine
modulates immune function in osmotically stressed liver mac-
rophages (Kupffer cells) via tumor necrosis factor « release
(116), phagocytosis (117), and suppression of prostaglandinfor-
mation and cyclooxygenase 2 expression (118). It regulates wa-
ter balance and movement acrosstheintestinal epithelium (119).
Betaine regulates erythrocyte (red blood cell) membrane
ATPases via conformational changes, which resultsin cell vol-
ume control (120). It protects skeletal muscle myosin ATPases
and prevents myosin structural changes due to urea (121). Be-
taine also protects early preimplantation embryosin vitro (122)
and prevents apoptosis (programmed cell death) due to hyper-
tonic stressin porcine pulmonary arterial endothelial cells(123).
Therefore, this osmotic adaptation to stress helps a variety of
cells and organs continue to function and protects against pre-
mature apoptosis.

LIVER HEALTH

Nonalcoholic fatty liver disease (NAFLD) is arelatively re-
cent term that describes a progressive range of liver pathologies
from simple steatosis (fat accumulation) to steatohepatitis (fatty
inflammation), fibrosis (excessive fibrous tissue), and cirrhosis
(seriousliver damage) (124). NAFLD affects =~20% of the gen-
eral globa population, =~50% of diabetic subjects, >50% of
obese persons, and 90% of morbidly obese persons (125). It is
now recognized to be the hepatic manifestation of the metabolic
syndrome (126). Alterations in hepatic transmethylation may
contribute to various diseases, including coronary, cerebral, he-
patic, and vascular diseases (127). One manifestation, hepatic
steatosis(fatty liver),isacommonresult of obesity, consumption
of ahigh-fat diet, insulin resistance, diabetes, alcohol consump-
tion, and other liver damage (128).

Betaine is a lipotrope—something that prevents or reduces
accumulation of fat in the liver. Studies on healthy and diabetic
animal s show that ahigh-fat diet leadsto hepatic steatosisthat is
prevented by ingestion of betaine or choline (129-131). Hepatic
steatosisal so occursasresult of asucrose-only diet (130) or adiet
low in both lipotrope and fat (132). Betaine can prevent and cure
cirrhosis in rats (133, 134), mobilize hepatic cholesterol and
phospholipidsin rats fed a high-cholesterol diet (135), treat hy-
perlipidemia (136), and be utilized in the synthesis of carnitine
(137). Dietary betaineenhancesthe secretion of VLDL viameth-
ylation of phosphatidylethanolamine (138) to form phosphati-
dylcholine. Phosphatidylethanolamine N-methyltransferase
knockout mice (139) develop hepatic steatosis and abnormal
choline metabolite concentrations despite ingesting a recom-
mended dietary intake of choline. Thishighlightstheimportance
of the SAM route to maintain liver health. One hypothesis re-
garding the lipotropic properties of betaine isthat it contains an
electrophilic methyl group that ameliorates pathol ogic statesin-
duced by reductive and oxidative stress (140).
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Humanswith diabetesexhibit hepatic steatosis, and early stud-
ies showed that dietary betaine improves liver function (141—
143), including aslight decreasein plasmacholesterol andlipids,
a substantial decrease in plasma bilirubin, a reduction in liver
size, and better diabetic control. Several reviews (125, 128, 144—
149) recommend using betaine to treat NAFLD, including nonal-
coholic steatohepatitis (NASH). A 1-y pilot study (150) showed
that betaine (20 g/d) is safe and well tolerated and leads to signifi-
cant biochemical and histologic improvement in patients with
NASH. This includes improvements in serum concentrations of
liver enzymes (aspartate aminotransferase and a anine aminotrans-
ferase), in steatosis, in necroinflammatory grade, and in stage of
fibrosis. Betaine glucuronate supplementation (in combination
with diethanolamine glucuronate and nicotinamide ascorbate) of
patients with NASH lowers hepatic stestosis and significantly re-
ducesliver transaminases (alanineaminotransferase, aspartate ami-
notransferase, and y-glutamyltransferase) (151).

Betaine protects the rat liver from toxins such as chloroform
(54, 152, 153), lipopolysaccharide (154), methotrexate (155,
156), and carbon tetrachloride (157-159). Specific effects in-
cludereduced hepatic lipidosisand necrosis; improved morphol -
ogy of mitochondria, rough endoplasmic reticulum, Golgi com-
plexes, and nuclear DNA; increased BHMT and SAM; and
decreased alanine aminotransferase. Betaine also protects
against bile-induced apoptosis viainhibition of the proapoptotic
mitochondria pathway (160). Coadministration of equimolar
doses of betaine may aleviate the hepatotoxic risk associated
with niacin therapy (161) because niacin catabolism leads to a
high demand for methyl groups, leading to areductionin hepatic
concentrations of SAM. A methyl group deficiency may also
contribute to niacin-induced insulin resistance by altering the
membrane properties of skeletal muscle.

Ethanol feeding can affect severa hepatic enzymesin animals,
including decreasing methionine synthetase activity (162).
This leads to increased BHMT activity to maintain hepatic SAM
at normal concentrations (163-165). Betaine supplementation
of alcohol-fed animals prevents and partially reverses alco-
holic fatty liver (165-167); decreases homocysteine and
S-adenosylhomocysteine (SAH) concentrations, endoplasmic re-
ticulum stress, and liver injury (168—170); prevents the ethanol-
induced accumulation of CH5-THF (methyl-folatetrap) (171); pro-
tects erythrocyte membranes (172); and prevents vitamin A
depletion and peroxidative damage (173). Ethanol-induced eleva-
tionsin hepatic concentrations of SAH inhibit the activity of phos-
phatidylethanolamine methyltransferase, which is necessary to
achieve adeguate concentrations of phosphatidylcholine (139).
This inhibition may reduce VLDL synthesis and transport of tria-
cylglycerals in the liver (174) and thus at least partly explain the
hepatic steatosis due to ethanol feeding. Elevations in the ratio of
SAM to SAH by betaine may improve the atered signding and
genomic hypomethylation caused by ethanol and a high-fat diet
(175). SAM iscurrently used successfully to treet liver disease and
other maladies, and betaine may be an aternative therapy (77).

Elevated serum homocysteine is frequent in patients with
chronic liver disease, and high dosages of folate, cobalamin, and
vitamin B-6 frequently fail to normalize homocysteine concen-
trations (176). Also, plasma concentrations of betaine metabo-
lites (dimethy! glycine and sarcosine) increase due to increased
activity of BHMT (177). However, BHMT enzyme activity is
reduced in cirrhotic rat livers, which may explain the elevated
plasmahomocysteine concentrationsin cirrhosis (178). A recent

editorial (87) suggests that “Future studies should focus on the
dietary content of choline and the possibility that supplementa-
tion with choline or betaine will restore theintracellular concen-
trations of betaine necessary for homocysteine methylation.”

HEART HEALTH

A series of papers (179-182) showed that a combination of
betaine and guanidinoacetate (glycocyamine) improves the
symptoms of subjects with chronic illness, including heart dis-
ease, without toxicity. Betaine can provide a methyl group to
guanidinoacetate, via methionine, for the formation of creatine
(179). Overal, treatment led to animproved sense of well-being,
lessfatigue, greater strength and endurance, and increased desire
for (and performance of) physical and mental work. Subjects
with cardiac decompensation (arteriosclerosis or rheumatic dis-
ease) (180) and congestive heart failure (181) had improved
cardiac function. Subjects gained weight (improved nitrogen
balance) and reported | essened symptoms of arthritisand asthma
and increased libido, and those with hypertension experienced
transient reduced blood pressure. Glucosetoleranceincreasedin
both diabeti c subjectsand subjectswithout diabetes. It wasthere-
foreconcludedin 1951 that “. . . further eval uation of these com-
poundsin patientswith heart diseaseisboth desirable and worth-
while” (182).

In the same year, Morrison (183) concluded that atheroscle-
rosisis apreventable metabolic error and that ingestion of lipo-
tropic agents is part of a preventative strategy. He showed that
betaine treatment of atherosclerosisimprovesthe ratio of serum
phospholipids to serum cholesterol, the sense of well-being, ex-
ercise and activity, appetite, angina pain, dyspnea (shortness of
breath), and libido (184). Morrison found “. . . betaine to be the
most val uableand most effectivelipotropic agent tested for treat-
ment in the human subject” (184). Finally, a betaine-lipotrope
combination (betaine, choline, liver extract, vitamin B-12, and a
low-fat, low-cholesterol diet) led toanimpressivedecreaseinthe
mortality of subjectswith atherosclerosis(185). Therewasa25%
mortality rateafter 12 mointhecontrol group but no deathsinthe
lipotrope group.

Betaine studies in animals with experimental atherosclerosis
showed areductionin elevated total and ester-bound cholesterol,
B-lipoproteins, total lipids in serum, and total cholesterol and
triacylglycerolsintheliver (186). Betaine preventsadecreasein
the content of nicotinamide coenzymes and adenine nucleotides
intheliver and myocardium (187) and increasesthe transforma-
tion of cholesterol to biliary acids for subsequent excretion with
the bile (188). This was suggested as one of the mechanismsfor
the antiatherosclerotic action of betaine. A study of athletes (57)
exercising in the heat found that acute betaine ingestion rapidly
lowered plasmaL DL -cholesterol concentrations(measured after
145 min). However, betaine raised serum total and LDL-
cholesterol concentrations slightly in a study of obese subjects
consuming a hypoenergetic diet (189).

HOMOCYSTEINEMIA

Epidemiologic studies showed that persons with an elevated
serum homocysteine concentration, termed hyperhomocys-
t(e)inemiaor homocyst(e)inemia, haveincreased risksof cardio-
vascular disease, stroke, Alzheimer disease, dementia, neural
tube defects, and other metabolic disorders (190-197). Elevated
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fasting serum homocysteine and an elevated response of homo-
cysteine after methionineloading (postmethionine) are indepen-
dent risk factors for cardiovascular disease (198). Betaine can
improve both risk factors, and in humans with cardiovascular
disease, there is a significant inverse relation between plasma
betaine and homocysteine concentrations in fasting (199) and
postmethionine (200) states. A betaine-rich diet might lower
cardiovascular disease risk in healthy humans (201).

Homocysteinemia is caused by an imbalance in the methio-
nine cycle because of either genetic or nongenetic (eg, nutri-
tional) defects that result in elevated serum homocysteine.
Chronicelevation of homocysteineresultsin parallel increasesin
intracellular SAH, and this, in combination with the SAM:SAH
ratio, is predictive of cellular methylation status (202). The se-
verity of clinical symptomsis correlated with the degree of bio-
chemical abnormality. Prevention or treatment, such as activa-
tion of defective (mutant) enzyme activity with the relevant
cofactor or its precursor (eg, folic acid or vitamins B-12 or B-6),
isbased on the cause and severity of thedefect. If homocysteine-
mia does not respond to this treatment, pharmacol ogic doses of
betaine or folic acid have been used to enhance the alternative
pathway of homocysteine turnover (203, 204).

Homocystinuria

Severe homocysteinemia, which is caused by hereditary ho-
mozygous genetic dysfunction (inborn errors of metabolism), is
often termed homocystinuria. The incidence varies geographi-
cally and isestimated as 1/200 000 worldwide (205). Symptoms
associated with homocystinuriainclude mental retardation, sei-
zures, psychiatric disturbances, mental retardation, displacement
of the lens of the eye (ectopia lentis), skeletal abnormalities
(osteoporosis and scoliosis), and arteriosclerosis and thrombo-
embolism that may lead to life-threatening complications (205).
Homocystinuriacan be caused by adeficiency of CBS, MTHFR,
or methylcobalamin synthesis (Figure 1). Several investigators
have determined that betaine can lower homocysteine concen-
trations and improve some clinical conditions with no adverse
events (206). Some studies lasted for 1316 y, and dosage was
typically 6 g/d.

CBS condenses homocysteine and serine to form cystathi-
onine. Vitamin B-6 isacofactor for CBS, and ~50% of subjects
with homocystinuriaare responsive to vitamin B-6 therapy. Ho-
mocystinuriathat is not responsive to vitamin B-6 is much more
difficult to treat (207), but betaine, either alone or in conjunction
with other therapies, improves clinical symptoms, reduces ho-
mocysteine, and increases plasma methionine, serine, and cys-
teine concentrations (208—221). Homocysteine also accumu-
lates in the central nervous system in CBS deficiency and may
play arole in neurologic complications. Betaine treatment in
children significantly lowers homocysteine in cerebrospinal
fluid and raises serineand SAM concentrations (222). Studieson
MTHFR deficiency (223-230) showed that betaine improves
homocysteine remethylation, lowers plasma homocysteine, nor-
malizesvery low plasmamethionine, elevatesSAM, and leadsto
clinical improvement. A defect in cobalamin-C (vitamin B-12)
activation results in methylmalonic acidemia and homocystin-
uria, and treatment with cobalamin, folate, or vitamin B-6 does
not completely correct the biochemical defect. Addition of be-
taine leads to normalized homocysteine and clinical improve-
ment (231-234).

Betainepreventssei zuresin animal sinduced by homaocysteine
(235), electroconvul sive shock and pentylenetetrazol (236, 237),
and strychnine (238, 239) and delays the onset of neurologic
impairment due to vitamin B-12 deficiency (240). Rett Syn-
drome is caused by mutations in the MECP2 gene (241), and a
current clinical study isevaluating whether betaineandfolicacid
can increase the degree of methylation of some CpG sites on
subject DNA and thereby improve symptoms (242). An open-
label pilot study of patients with Alzheimer disease did not find
abenefit from betaine treatment (243), although efficacy could
not be determined because there was no control group.

Mild homocysteinemia

Mild homocysteinemiais much more common than is homo-
cystinuria and is characterized by mildly elevated fasting or
postmethionine homocysteine concentrations. Pooled datafrom
many studies showed that mild homocysteinemia occurs in
9-42% of subjects under 50 y of age who have peripheral or
cerebral occlusive arterial disease, myocardia infarction, or
thromboembolism (244). Mild postmethionine homocysteine-
mia is present in 21% of young patients with coronary artery
disease, 24% of patients with cerebrovascular disease, and 32%
of patients with peripheral vascular disease (245).

Mild homocysteinemiacan be reduced immediately andinthe
long term by ingesting a combination of vitamin B-6, folic acid,
and betaine (244, 245) or betaine (1.5-6 g/d) alone (57, 189, 198,
201, 246). Betaine, but not folic acid, iseffectiveat preventing an
increase in postmethionine homocysteine concentrations (198,
201, 244, 247, 248). Betaine-dependent remethylation occurs
mainly in the liver and kidney, whereas folate-dependent re-
methylation occurs in most cells. Serum homocysteine concen-
trationsmay berepresented by theextrahepatic supply totheliver
via folate remethylation and by the hepatic output via betaine
remethylation (198). Therefore, combined ingestion of folic acid
and betaine may be the most effective method of lowering ho-
mocysteine.

Genetic variants of the enzymes of homocysteine metabolism
influence the risk of homocysteinemia and therefore of cardio-
vascular disease and other common disorders (249). Mild
MTHFR deficiency, due to a polymorphism caused by a substi-
tution (677C—T) in the gene that changes an alanine residue to
valine, iscommon (=10-15% homozygosity in North America)
(250, 251). Theresulting M THFR isthermolabile, has decreased
enzyme activity, and leads to moderate homocysteinemiaif fo-
late status is low. MTHFR-compromised mice with homocys-
teinemiaare more sensitive to changesin betaineintake than are
wild-typeanimals. In micewithmild or severehomocysteinemia
due to heterozygosity or homozygosity for a disruption in the
MTHFR gene, betaine supplementation decreases homocys-
teine, restores liver betaine and phosphocholine pools, and pre-
vents severe steatosis (199). In mice with moderate homocys-
teinemia caused by a disruption in the CBS gene, betaine
supplementation decreases homocysteine, increases liver be-
taine, and increases BHMT activity in both heterozygous and
wild types (252). There are several mutations of the BHMT gene
(253), and the QQ genotype, a substitution of glutamine for
arginine (Q239R), isacommon variant of BHMT in humansthat
occursin =~10-17% of the adult population (253, 254). The QQ
genotypeisassociated with decreased risksof neural tubedefects
(254) and coronary artery disease (249).
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KIDNEY HEALTH

BHMT isabundant in primate and pig kidneys, occursin very
low concentrations in rat kidneys, and is essentially absent from
the other magjor organsof monogastricanimals(91). BHMT activity
in human, pig, and rat kidneys is expressed only in the proximal
tubules of the cortex and is absent from the medulla. Immunohis-
tochemicd staining patterns show cytosolic expression in both the
kidney and the liver. The concentration of betainein the liver and
thekidney iscontrolled by tonicity invivo viaregulation of BHMT
(255). Under hypertonic conditions, rena and hepatic BHMT de-
creases to conserve betaine to be utilized as an osmoprotectant.
Conversely, under hypotonic conditions, BHMT increases to re-
duce betaine and help maintain optimal cell turgor. Betaine accu-
mulation in kidney medullary cells exposed to hypertonic stressis
dependent on cyclooxygenase 2 activity (110). Betaine protects
against the nephrotoxic effects of carbon tetrachloridein rats (256),
and in patients with rena disease taking folic acid, betaine can
reduce postmethi onine homocystei ne concentrationsbut not fasting
homocysteine (248, 257-259).

DNA METHYLATION

Incomplete DNA methylation may lead to genetic instability,
senescence, and cancer (260—262), and optima “methylation
diets,” including betai ne, have been suggested for the prevention
and treatment of avariety of conditions (263). Synthesis of cho-
line for packaging and secretion of fat from the liver consumes
methyl groups and appears to compete with other methylation
reactions. Thus, a high-fat diet exacerbates methyl deficiency,
and a higher proportion of cofactors and methyl group sources
relative to calories may explain the extended life span observed
in caloric restriction experiments (260).

Epigeneticsis the study of heritable traits that do not involve
achangein gene sequence (ie, different phenotypes of identical
genotypes). Y ellow agouti mice have an epigenetic variation in
coat color—more yellow is associated with atered metabolism,
greater obesity, diabetes, cancer, and earlier mortality. In epige-
netics, methylationistheaddition of methyl groupsto cytosinein
DNA to form 5-methylcytosine by utilizing the enzyme DNA
methyltransferase. In maternal yellow agouti mice, methyl sup-
plementation, including supplementation with betaine, before
and during pregnancy increases DNA methylation (5-
methylcytosine) and changes the phenotype of their genetically
identical offspring in the healthy, longer-lived direction, ie, less
yellow coat (264—267). These studies help addresswhy acohort
of animalswithvery littlegenetic or environmental variationwill
till yield aconsiderable spread in longevity and disease. Epige-
netic variations that affect adult health and life span may be
established during embryonic and fetal development involving
incomplete methylation of genes and endogenous retroviruses.

PERFORMANCE

Asdiscussed earlier, betaine provides a methyl group to gua-
nidinoacetate via methionine to produce creatine de novo (69,
179). A human poliomyelitis study (268) found that ingestion of
a betaine-guanidinoacetate combination leads to an improved
senseof well-being, lessfatigue, and greater general strength and
endurance during recovery. Whenever motor unit activity or
residual power remained in a muscle, betai ne-guanidinoacetate
led to asubstantial increase. A patent was granted (269) for this

combination, or betaine alone, for the treatment of diseased
and weak muscle tissues. A study of subjects with motor neuron
disease (270) found that betaine-guanidinoacetate did not impart
any objective benefit. However, some patients derived adight sub-
jective benefit, so the authors concluded that it might be useful for
temporary psychologica support. Betaine may improve athletic
performance, because its addition to a carbohydrate-electrolyte
fluid-replacement beverage resultsinimproved mean sprint timeto
exhaustion and evidence of enhanced anaerobic and aerobic metab-
olism (57, 271). Rehydration with betaine also resultsin differential
plasmavolume changes and reduced LDL and homocysteine.

CONCLUSIONS

Betaineisan important human nutrient obtained from the diet
from avariety of foods. It israpidly absorbed and utilized as an
osmolyteand source of methyl groupsand thereby hel psto main-
tain liver, heart, and kidney health. Betaine can reduce the ele-
vated serum homocysteine concentrations associated with mild
or severe hyperhomocystinuriaviathemethioninecycleand may
play arolein epigenetics and athletic performance. B

| thank Tony Barak and James Finkelstein of the Department of Veterans
Affairsand Kirsti Tiithonen of Danisco Innovation for helpful contributions
to the text.

REFERENCES

1. Sakamoto A, Nishimura 'Y, Ono H, Sakura N. Betaine and homocys-
teine concentrationsin foods. Pediatr Int 2002;44:409—-13.

2. KocH, Mar MH, Ranasinghe A, Swenberg JA, Zeisel SH. Quantitation
of choline and its metabolites in tissues and foods by liquid chroma-
tography/electrospray ionization—isotope dilution mass spectrometry.
Anal Chem 2002;74:4734—40.

3. Zeisel SH, Mar MH, Howe JC, Holden JM. Concentrations of choline-
contai ning compounds and betainein common foods. JNutr 2003;133:
1302-7.

4. Budavari S, ed. The Merck index. 11th ed. Rahway, NJ: Merck & Co,
Inc, 1989.

5. Guggenheim M. Betaine. In: Die Biogenen Amine. [The biogenic
amines.] Basel, Switzerland: Karger, 1951:240-2(in German).

6. Hendler SS, Rorvik D, eds. PDR for nutritional supplements. 1st ed.
Montvale, NJ: Medical Economics, 2001.

7. LeRudulier D, Strom AR, Dandelkar AM, Smith LT, Vaentine RC.
Molecular biology of osmoregulation. Science 1984;224:1064—8.

8. Konosu S, Hayashi T. Determination of beta-alanine betaine and gly-
cine betaine in some marine invertebrates. Bull Jpn Soc Sci Fisheries
1975;41:743-6.

9. Konosu S, Yamaguchi K. Theflavor componentsin fish and shellfish.
In: Flick GJ, Hebard CE, Ward DR, eds. Chemistry and biochemistry
of marine food products. Westport, CT: AVI Publishing Co, 1982.

10. Waggle DH, Lambert MA, Miller GD, Farrel EP, Deyoe CW. Exten-
sive analyses of flours and millfeeds made from nine different wheat
mixes. |I. Amino acids, minerals, vitamins, and gross energy. Cereal
Chem 1967;44:48—60.

11. Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN. Living
with water stress: evolution of osmolyte systems. Science 1982;217:
1214-22.

12. Betaine. Monograph. Altern Med Rev 2003;8:193-6.

13. VirtanenE. Piecingtogether thebetainepuzzle. Feed Mix 1995;3:12—7.

14. McCue KF, Hanson AD. Salt-inducible betaine aldehyde dehydroge-
nase from sugar beet: cDNA cloning and expression. Plant Mol Biol
1992;18:1-11.

15. RudolphAS, CroweJH, CroweL M. Effectsof threestabilizing agents—
proline, betaine, and trehal ose—on membrane phospholipids. ArchBio-
chem Biophys 1986;245:134—43.

16. MurataN, Mohanty PS, Hayashi H, Papageorgiou GC. Glycinebetaine
stabilizes the association of extrinsic proteins with the photosynthetic
oxygen-evolving complex. FEBS Lett 1992;296:187-9.

17. Courtenay ES, Capp MW, Anderson CF, Record M T Jr. VVapor pressure

¥T0Z ‘82 1aqwiada uo 1sanb Aq io uonuinu-usle woly papeojumoq


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

BETAINE IN HUMAN NUTRITION

osmometry studies of osmolyte-protein interactions: implications for
the action of osmoprotectants in vivo and for the interpretation of
“osmoticstress’ experimentsinvitro. Biochemistry 2000;39:4455-71.
Ko R, Smith LT, Smith GM. Glycine betaine confers enhanced osmo-
tolerance and cryotolerance on Listeria monocytogenes. J Bacteriol
1994;176:426-31.

BrigullaM, Hoffmann T, Krisp A, Volker A, Bremer E, Volker U. Chill
induction of the SigB-dependent general stress response in Bacillus
subtilis and its contribution to low-temperature adaptation. J Bacteriol
2003;185:4305-14.

McCue KF, Hanson AD. Drought and salt tolerance: towards under-
standing and application. Trends Biotechnol 1990;8:358—62.

Fetterer RH, Augustine PC, Allen PC, Barfield RC. The effect of
dietary betaine on intestinal and plasmalevels of betainein uninfected
and coccidia-infected broiler chicks. Parasitol Res 2003;90:343-8.
KettunenH, Tiihonen K, Peuranen S, Saarinen M T, Remus JC. Dietary
betaine accumulates in the liver and intestinal tissue and stabilizes
the intestinal epithelial structure in healthy and coccidia-infected
broiler chicks. Comp Biochem Physiol A Mol Integr Physiol 2001;130:
759-69.

KiddMT, Ferket PR, Garlich JD. Nutritional and osmoregulatory func-
tions of betaine. Worlds Poult Sci J 1997;53:125-39.

Virtanen E, Campbell RG. Reduction of backfat thickness through
betaine supplementation of diets for fattening pigs. In: Handbuch der
tierishen Veredlung [Handbook of animal improving]. Osnabruek,
Germany: Verlag H Kamlage, 1994:145-50(in German).

Saunderson CL, Mackinlay J. Changes in body-weight, composition
and hepatic enzymeactivitiesin responseto dietary methionine, betaine
and choline levelsin growing chicks. Br J Nutr 1990;63:339—49.
Fernandez-Figares|, Wray-Cahen D, SteeleNC, et a. Effect of dietary
betaine on nutrient utilization and partitioning in the young growing
feed-restricted pig. JAnim Sci 2002;80:421-8.

Siljander-Rasi H, Peuranen S, Tiihonen K, et a. Effect of equimolar
dietary betaine and choline addition on performance, carcass quality
and physiological parameters of pigs. JAnim Sci 2003;76:55-62.
Park El, Garrow TA. Interaction between dietary methionine and
methyl donor intake on rat liver betaine-homocysteine methyltrans-
ferase gene expression and organization of the human gene. J Biol
Chem 1999;274:7816-24.

Bianchi G, Azzone GF. Oxidation of cholineinrat liver mitochondria
JBiol Chem 1964;239:3945-55.

Weinhold PA, Sanders R. The oxidation of choline by liver slicesand
mitochondria during liver development in the rat. Life Sci 1973;13:
621-9.

Mann PJG, Woodward HE, Qastel JH. Hepatic oxidation of cholineand
arsenocholine. Biochem J 1938;32:1024-32.

Davies SE, Woolf DA, ChalmersRA, Rafter JEM, IlesRA. Proton nmr
studies of betaine excretion in the human neonate: consequences for
choline and methy! group supply. J Nutr Biochem 1992;3:523-30.
Tsuge H, Nakano Y, Onishi H, Futamura Y, Ohashi K. A novel puri-
fication and some properties of rat liver mitochondrial choline dehy-
drogenase. Biochim Biophys Acta 1980;614:274—84.

. Wilken DR, McMacken ML, Rodriquez A. Choline and betaine alde-

hyde oxidation by rat liver mitochondria. Biochim BiophysActa1970;
216:305-17.

Kaiser W, BygraveFL . Incorporation of cholineinto the outer and inner
membranes of isolated rat liver mitochondria. Eur J Biochem 1968;4:
582-5.

Streumer-Svobodova Z, Drahota Z. The development of oxidative en-
zymesinrat liver mitochondria. Physiol Bohemoslov 1977;26:525-34.
Dragolovich J. Dedling with salt stress in animal cells: the role and
regulation of glycine betaine concentrations. J Exp Zool 1994;168:
139-44.

Zeisel SH, Growdon JH, Wurtman RJ, Magil SG, Logue M. Normal
plasma choline responses to ingested lecithin. Neurology 1980;30:
1226-9.

de Zwart FJ, Slow S, Payne RJ, et a. Glycine betaine and glycine
betaine analogues in common foods. Food Chem 2003;83:197-204.
Mar MH, Zeisel SH. Betaine in wine: answer to the French paradox?
Med Hypotheses 1999;53:383-5.

Vos E. Whole grains and coronary heart disease. Am J Clin Nutr
2000;71:1009(|etter).

Liu S, Manson J, Hu F, Willett W. Reply to E Vos. Am J Clin Nutr
2000;71:1009(letter).

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

545

Petronini PG, De Angelis E, Borghetti AF, Wheeler KP. Osmotically
inducible uptake of betaine viaamino acid transport system A in SV-
3T3 cells. Biochem J 1994;300:45-50.

Uchida S, Yamauchi A, Preston AS, Kwon HM, Handler JS. Medium
tonicity regulates expression of the Na(+)- and Cl(—)-dependent be-
taine transporter in Madin-Darby canine kidney cells by increasing
transcription of the transporter gene. J Clin Invest 1993;91:1604—7.
Yamauchi A, Uchida S, Kwon HM, et al. Cloning of a Na(+)- and
CI(—)-dependent betainetransporter that isregulated by hypertonicity.
JBiol Chem 1992;267:649-52.

Wright SH, Wunz TM, SilvaAL. Betainetransport inthegill of amarine
mussel, Mytilus californianus. Am J Physiol 1992;263:R226—-32.

Wunz TM, Wright SH. Betaine transport in rabbit renal brush-border
membrane vesicles. Am J Physiol 1993;264:F948-55.

Kappes RM, Kempf B, Bremer E. Three transport systems for the
osmoprotectant glycine betaine operate in Bacillus subtilis: character-
ization of OpuD. J Bacteriol 1996;178:5071-9.

Bagnasco S, Balaban R, FalesHM, Yang YM, Burg M. Predominant
osmotically active organic solutes in rat and rabbit renal medullas.
JBiol Chem 1986;261:5872—7.

Kettunen H, Peuranen S, Tiihonen K, Saarinen M. Intestinal uptake of
betaine in vitro and the distribution of methyl groups from betaine,
choline, and methionine in the body of broiler chicks. Comp Biochem
Physiol A Mol Integr Physiol 2001;128:269—78.

Peters-Regehr T, Bode JG, Kubitz R, Haussinger D. Organic osmolyte
transport in quiescent and activated rat hepatic stellate cells (1to cells).
Hepatology 1999;29:173—80.

Weik C, Warskulat U, Bode J, Peters-Regehr T, Haussinger D. Com-
patibleorganic osmolytesinrat liver sinusoidal endothelial cells. Hepa-
tology 1998;27:569—75.

Wettstein M, Weik C, Holneicher C, Haussinger D. Betaine as an
osmolyte in rat liver: metabolism and cell-to-cell interactions. Hepa-
tology 1998;27:787-93.

. Kim SK, Choi KH, Kim Y C. Effect of acute betaine administration on

hepatic metabolism of S-amino acidsin rats and mice. Biochem Phar-
macol 2003;65:1565—74.

FrontieraM$S, Stabler SP, Kolhouse JF, Allen RH. Regulation of me-
thionine metabolism: effects of nitrous oxide and excess dietary me-
thionine. J Nutr Biochem 1994;5:28-38.

SchwahnBC, Hafner D, Hohlfeld T, Balkenhol N, LaryeaM D, Wendel
U. Pharmacokinetics of oral betaine in healthy subjects and patients
with homocystinuria. Br J Clin Pharmacol 2003;55:6-13.

Roti MW, Hatch HL, Sutherland JW, et a. Homocysteine, lipid and
glucose responses to betaine supplementation during running in the
heat. Med Sci Sports Exerc 2003;35:S271(abstr).

Lever M, Sizeland PC, Bason LM, Hayman CM, Chambers ST. Gly-
cine betaine and proline betaine in human blood and urine. Biochim
Biophys Acta 1994;1200:259—64.

Allen RH, Stabler SP, Lindenbaum J. Serum betaine, N,N-
dimethylglycine and N-methylglycine levels in patients with cobal-
amin and folate deficiency and related inborn errors of metabolism.
Metabolism 1993;42:1448—60.

Lever M, Sizeland PC, Bason LM, Hayman CM, Robson RA, Cham-
bers ST. Abnormal glycine betaine content of the blood and urine of
diabetic and renal patients. Clin Chim Acta 1994;230:69—79.

Davies SE, ChalmersRA, Randall EW, llesRA. Betainemetabolismin
human neonates and devel oping rats. Clin Chim Acta1988;178:241-9.
Dellow WJ, Chambers ST, Barrell GK, Lever M, Robson RA. Glycine
betaine excretion is not directly linked to plasma glucose concentra-
tions in hyperglycaemia. Diabetes Res Clin Pract 2001;52:165-9.
Dellow WJ, Chambers ST, Lever M, Lunt H, Robson RA. Elevated
glycinebetaineexcretionin diabetesmellituspatientsisassociated with
proximal tubular dysfunction and hyperglycemia. Diabetes Res Clin
Pract 1999;43:91-9.

. Dellow WJ. Betaine metabolism in health and disease. Biochem Soc

Trans 2000;28:A155(abstr).

HayesKC, Pronczuk A, Cook MW, Robbins M C. Betainein sub-acute
and sub-chronic rat studies. Food Chem Toxicol 2003;41:1685-700.
du Vigneaud V, Chandler JP, Moyer AW, Keppel DM. The effect of
cholineontheability of homocysteineto replacemethionineinthediet.
JBiol Chem 1939;131:57-76.

duVigneaudV, Dyer HM, KeisMW. A relationshi p between thenature
of the vitamin B complex supplement and the ability of homocysteine
to replace methionine in the diet. J Biol Chem 1939;130:325-40.

¥T0Z ‘82 1aqwiada uo 1sanb Aq io uonuinu-usle woly papeojumoq


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

546

68.

69.

70.

71.

72.

73.

74.

75.

76.
7.

78.

79.

80.

81.

82.

83.

85.
86.
87.

88.

89.

90.

91.

92.

93.

CRAIG

du Vigneaud V, Rachele JR. The concept of transmethylation in mam-
malian metabolism and its establishment by isotopic labelling through
“invivo” experimentation. In: Shapiro SK, Schlenk F, eds. Transmeth-
ylation and methionine biosynthesis. Chicago: University of Chicago
Press, 1965.

du Vigneaud V, Simmonds S, Chandler JP, Cohn M. A further inves-
tigation of the role of betaine in transmethylation reactions in vivo.
JBiol Chem 1946;165:639—48.

Nocianitri KA, Sakakibara S, Kanno T, Kikuchi H, Kurasaki M,
Aoyama . Influence of dietary methioninelevel on theliver metallo-
thionein mRNA level in rats. Biosci Biotechnol Biochem 2002;66:
2465-70.

Dubnoff JW. Utilization of choline and betaine methyl in the Guinea
Pig. Arch Biochem 1949;22:474-5.

Dubnoff JW. Therole of choline oxidasein labilizing choline methyl.
Arch Biochem 1949;24:251—-62.

Muntz JA. The inability of choline to transfer a methyl group directly
to homocysteine for methionine formation. J Biol Chem 1950;182:
489-99.

Cantoni GL. The nature of the active methyl donor formed enzymati-
cally from L-methionine and adenosi netriphosphate. J Am Chem Soc
1952;74:2942-3.

Cantoni GL. S-Adenosylmethionine; anew intermediate formed enzy-
matically from L-methionine and adenosinetriphosphate. J Biol Chem
1953;204:403-16.

Mudd SH, Poole JR. Labile methyl balances for norma humans on
various dietary regimens. Metabolism 1975;24:721-35.

Barak AJ, Beckenhauer HC, TumaDJ. Betaine, ethanol, and the liver:
areview. Alcohol 1996;13:395-8.

Finkelstein JD, Martin JJ. Methionine metabolism in mammals. Dis-
tribution of homocysteine between competing pathways. JBiol Chem
1984;259:9508-13.

Finkelstein JD, Martin JJ. Methionine metabolism in mammals. Ad-
aptation to methionine excess. J Biol Chem 1986;261:1582—7.

Barak AJ, Beckenhauer HC, TumaDJ. Useof S-adenosylmethionineas
an index of methionine recycling in rat liver dices. Anal Biochem
1982;127:372-5.

Barak AJ, TumaDJ. Betaine, metabolic by-product or vital methylating
agent? Life Sci 1983;32:771-4.

Millian NS, Garrow TA. Human betaine-homocysteine methyltrans-
ferase is a zinc metalloenzyme. Arch Biochem Biophys 1998;356:
93-8.

Breksa AP 111, Garrow TA. Random mutagenesis of the zinc-binding
motif of betaine-homocysteine methyltransferase revea sthat Gly 214
is essentia. Arch Biochem Biophys 2002;399:73-80.

. Evans JC, Huddler DP, Jiracek J, et al. Betaine-homocysteine methyl-

transferase: zincinadistorted barrel. Structure (Camb) 2002;10:1159—71.
Ericson LE, Williams N, Elvehjem CA. Studies on partially purified
betaine-homocysteine transmethylase of liver. JBiol Chem 1955;212:
537-44.

Finkelstein JD. Methioninemetabolism. JNutr Biochem 1990;1:228-37.
Finkelstein JD. Methionine metabolism in liver diseases. Am J Clin
Nutr 2003;77:1094-5.

Sunden SL, Renduchintala MS, Park El, Miklasz SD, Garrow TA.
Betai ne-homocysteinemethyltransferaseexpressionin porcineand hu-
man tissues and chromosomal localization of the human gene. Arch
Biochem Biophys 1997;345:171-4.

Rao PV, Garrow TA, John F, Garland D, Millian NS, Zigler JS Jr.
Betaine-homocysteine methyltransferase is a developmentally regu-
lated enzyme crystallin in rhesus monkey lens. JBiol Chem 1998;273:
30669—74.

Finkelstein JD, Martin JJ, Harris BJ, Kyle WE. Regulation of hepatic
betaine-homocysteine methyltransferase by dietary betaine. J Nutr
1983;113:519-21.

Delgado-Reyes CV, Wallig MA, Garrow TA. Immunohistochemical
detection of betaine-homocysteine S-methyltransferase in human, pig,
and rat liver and kidney. Arch Biochem Biophys 2001;393:184—6.
Storch KJ, Wagner DA, Y oung VR. Methionine kineticsin adult men:
effects of dietary betaine on L-[?H,-methyl-1-*3C]methionine. Am J
Clin Nutr 1991;54:386-94.

Wise CK, Cooney CA, Ali SF, Poirier LA. Measuring
S-adenosylmethionine in whole blood, red blood cells and cultured
cells using a fast preparation method and high-performance liquid
chromatography. J Chromatogr B Biomed Sci Appl 1997;696:145-52.

94

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

. Niculescu MD, Zeisel SH. Diet, methyl donorsand DNA methylation:
interactions between dietary folate, methionine and choline. J Nutr
2002;132:2333S-5S.

Finkelstein JD. The metabolism of homocysteine: pathways and reg-
ulation. Eur J Pediatr 1998;157(suppl):S40—-4.

Haussinger D. The role of cellular hydration in the regulation of cell
function. Biochem J 1996;313:697—710.

Burg MB. Molecular basisfor osmoregulation of organic osmolytesin
renal medullary cells. JExp Zool 1994;268:171-5.

Petronini PG, De AngelisEM, Borghetti P, Borghetti AF, Wheeler KP.
Modulation by betaineof cellular responsesto osmotic stress. Biochem
J1992;282:69—73.

Petronini PG, De Angelis EM, Borghetti AF, Wheeler KP. Effect of
betaine on HSP70 expression and cell survival during adaptation to
osmotic stress. Biochem J 1993;293:553-8.

de Angelis E, Petronini PG, Borghetti P, Borghetti AF, Wheeler KP.
Induction of betaine-gamma-aminobutyric acid transport activity in
porcine chondrocytes exposed to hypertonicity. J Physiol 1999;518:
187-94.

Chambers ST. Betaines: their significance for bacteria and the rena
tract. Clin Sci (Lond) 1995;88:25-7.

Hanson AD, Rathinasabapathi B, Rivoal J, Burnet M, DillonMO, Gage
DA. Osmoprotective compounds in the Plumbaginaceae: anatural ex-
periment in metabolic engineering of stress tolerance. Proc Natl Acad
Sci U SA 1994;91:306-10.

Weretilnyk EA, Hanson AD. Molecular cloning of a plant betaine-
adehyde dehydrogenase, an enzyme implicated in adaptation to salin-
ity and drought. Proc Natl Acad Sci U S A 1990;87:2745-9.
Soderlund T, Zhu K, JdutilaA, Kinnunen PKJ. Effects of betaine on the
structural dymanics of Thermomyces (Humicola) lanuginosa lipase.
Colloids Surf B Biointerfaces 2002;26:75-83.

Hundahl C, Fago A, Malte H, Weber RE. Allosteric effect of water in
fish and human hemoglobins. J Biol Chem 2003;278:42769—73.
Moeckel G, Dasser HG, Chen TJ, Schmolke M, Guder WG.
Bicarbonate-dependent betaine synthesisin rat kidney. Contrib Neph-
rol 1994;110:46-53.

Moeckel GW, La LW, Guder WG, Kwon HM, Lien YH. Kineticsand
osmoregulation of Na(+)-and Cl(—)-dependent betaine transporter in
rat renal medulla. Am J Physiol 1997;272:F100—6.

Moeckel GW, Lien Y H. Distribution of de novo synthesized betainein
rat kidney: role of renal synthesis on medullary betaine accumulation.
Am JPhysiol 1997;272:F94-9.

Moeckel GW, Lien Y H. Bicarbonate dependency of betaine synthesis
in cultured LLC-PK1 cells. Am J Physiol 1994;266:F512-5.

Moeckel GW, Zhang L, Fogo AB, Hao CM, Pozzi A, Breyer MD.
COX2 activity promotes organic osmolyte accumulation and adapta-
tion of renal medullary interstitial cells to hypertonic stress. J Biol
Chem 2003;278:19352—7.

Pummer S, Dantzler WH, Lien Y H, Moeckel GW, Volker K, Silbernagl
S. Reabsorption of betainein Henle' sloopsof rat kidney invivo. AmJ
Physiol 2000;278:F434-9.

Sung CP, Johnstone RM. Evidence for the existence of separate trans-
port mechanisms for choline and betaine in rat kidney. Biochim Bio-
phys Acta 1969;173:548-53.

Burg M. Molecular basis for accumulation of compatible osmolytesin
mammalian cells. In: Somero GN, Osmond CB, Bolis CL, eds. Water
and life. Berlin: Springer, 1992:33-51.

HorioM, Ito A, Matsuoka, et al. Apoptosisinduced by hypertonicity
inMadinDarley caninekidney cells: protectiveeffect of betaine. Neph-
rol Dia Transplant 2001;16:483-90.

Yancey PH, Burg MB. Counteracting effects of urea and betaine in
mammalian cellsin culture. Am J Physiol 1990;258:R198-204.
Zhang F, Warskulat U, Haussinger D. Modulation of tumor necrosis
factor-alpharelease by anisoosmolarity and betainein rat liver macro-
phages (Kupffer cells). FEBS Lett 1996;391:293—6.

Warskulat U, Zhang F, Haussinger D. Modulation of phagocytosis by
anisoosmolarity and betaine in rat liver macrophages (Kupffer cells)
and RAW 264.7 mouse macrophages. FEBS Lett 1996;391:287-92.
Zhang F, Warskulat U, Wettstein M, Haussinger D. Identification of
betaine as an osmolyte in rat liver macrophages (Kupffer cells). Gas-
troenterology 1996;110:1543-52.

Kettunen H, Peuranen S, Tiihonen K. Betaine aids in the osmoregula-
tion of duodenal epithelium of broiler chicks, and affectsthe movement

¥T0Z ‘82 1aqwiada uo 1sanb Aq io uonuinu-usle woly papeojumoq


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

BETAINE IN HUMAN NUTRITION

of water acrossthe small intestinal epitheliuminvitro. Comp Biochem
Physiol A Mol Integr Physiol 2001;129:595-603.

Moeckel GW, Shadman R, Fogel M, Sadrzadeh SM. Organic os-
molytes betaine, sorbitol and inositol are potent inhibitors of erythro-
cyte membrane ATPases. Life Sci 2002;71:2413-24.

Ortiz-Costa S, Sorenson MM, Sola-Penna M. Counteracting effects of
urea and methylamines in function and structure of skeletal muscle
myosin. Arch Biochem Biophys 2002;408:272—8.

Hammer MA, Baltz JM. Betaineisahighly effective organic osmolyte
but does not appear to be transported by established organic osmolyte
transporters in mouse embryos. Mol Reprod Dev 2002;62:195-202.
Alfieri RR, Cavazzoni A, Petronini PG, et al. Compatible osmolytes
modul ate the response of porcine endothelial cellsto hypertonicity and
protect them from apoptosis. J Physiol 2002;540:499-508.

Matteoni CA, Younossi ZM, Gramlich T, Boparai N, Liu'Y C, McCul-
lough AJ. Nonalcohalic fatty liver disease: a spectrum of clinical and
pathological severity. Gastroenterology 1999;116:1413-9.

Patrick L. Nonalcoholic fatty liver disease: relationshop to insulin
sensitivity and oxidative stress. Treatment approachesusing vitamin E,
magnesium, and betaine. Altern Med Rev 2002;7:276-91.

Mofrad P, ContosMJ, Haque M, et a. Clinical and histologic spectrum
of nonal coholic fatty liver disease associated with normal ALT values.
Hepatology 2003;37:1286-92.

Cravo ML, Camilo ME. Hyperhomocysteinemia in chronic alcohol-
ism: relationstofolicacid and vitamins B(6) and B(12) status. Nutrition
2000;16:296—-302.

MehtaK, Van Thiel DH, Shah N, Mobarhan S. Nonal coholicfatty liver
disease: pathogenesis and the role of antioxidants. Nutr Rev 2002;60:
289-93.

Best CH, Huntsman ME. The effects of the components of lecithine
upon digestion of fat in the liver. J Physiol 1932;75:405-12.

Best CH. Theroleof theliverinthemetabolism of carbohydrateandfat.
Lancet 1934;226:1274—7.

Best CH, Ferguson GC, Hershey JM. Choline and liver fat in diabetic
dogs. J Physiol 1933;79:94-102.

Best CH, Channon HJ. Theaction of cholineand other substancesinthe
prevention and cure of fatty livers. Biochem J 1935;29:2651-8.
Webster GT. Cirrhosis of the liver among rats receiving diets poor in
protein and rich in fat. J Clin Invest 1942;21:385-92.

Best CH, Ridout JH, Lucas CC. Alleviation of dietary cirrhosis with
betaine and other lipotropic agents. Can JPhysiol Pharmacol 1969;47:
73-9.

SugiyamaK, Akai H, Muramatsu K. Effects of methionine and related
compounds on plasma cholesterol level in rats fed a high cholesterol
diet. JNutr Sci Vitaminol (Tokyo) 1986;32:537—49.

Turpin P. A double blind study of the effectiveness of Beaufor betaine
citrate ampulesin the treatment of type IV hyperlipidemias. Sem Hop
1985;61:2420-34.

Odle J. Betaine and carnitine. Feed Manage 1996;47:25-7.

Yao ZM, Vance DE. Head group specificity in the requirement of
phosphatidylcholine biosynthesis for very low density lipoprotein se-
cretion from cultured hepatocytes. J Biol Chem 1989;264:11373—80.
Zhu X, Song J, Mar MH, Edwards L J, Zeisel SH. Phosphatidylethano-
lamine N-methyltransferase (PEMT) knockout mice have hepatic ste-
atosis and abnormal hepatic choline metabolite concentrations despite
ingesting a recommended dietary intake of choline. Biochem J 2003;
370:987-93.

Ghyczy M, Boros M. Electrophilic methyl groups present in the diet
ameliorate pathological states induced by reductive and oxidative
stress: a hypothesis. Br J Nutr 2001;85:409-14.

Rabinowitch IM. Effects of betaine upon the cholesterol and bilirubin
contents of blood plasmain diabetes mellitus. Can Med Assoc J 1936;
34:637-41.

White P, Marble A, Bogan IK, Smith RM. Enlargement of theliver in
diabetic children. Arch Intern Med 1938;62:751—64.

LoweRC. Alimentary lipemiainyoung diabeticswith evidenceof liver
damage or dysfunction. Clin Med 1939;24:943-50.
Neuschwander-Tetri BA. Betaine: an old therapy for a new scourge.
Am J Gastroenterol 2001;96:2534—6.

Y oussef W, McCullough AJ. Diabetes mellitus, obesity, and hepatic
steatosis. Semin Gastrointest Dis 2002;13:17-30.

Angulo P. Current best treatment for non-alcoholic fatty liver disease.
Expert Opin Pharmacother 2003;4:611-23.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171

547

AnguloP, Lindor KD. Treatment of non-al coholic steatohepetitis. Bail-
lieres Best Pract Res Clin Gastroenterol 2002;16:797—810.

Angulo P, Lindor KD. Treatment of nonalcoholic fatty liver: present
and emerging therapies. Semin Liver Dis 2001;21:81-8.

Tokar JL, Berg CL. Therapeutic options in nonalcoholic fatty liver
disease. Curr Treat Options Gastroenterol 2002;5:425-36.
Abdelmalek MF, Angulo P, Jorgensen RA, Sylvestre PB, Lindor KD.
Betaine, a promising new agent for patients with nonal coholic steato-
hepatitis: results of apilot study. Am J Gastroenterol 2001;96:2711—7.
Miglio F, Rovati LC, Santoro A, Setnikar |. Efficacy and safety of oral
betaine glucuronate in non-alcoholic steatohepatitis. A double-blind,
randomized, parallel-group, placebo-controlled prospective clinical
study. Arzneimittelforschung 2000;50:722—7.

Kim SK, Kim SY, Kim YC. Effect of betaine administration on
metabolism of hepatic glutathione in rats. Arch Pharm Res 1998;21.:
790-2.

Kim SK, Kim Y C. Effects of singly administered betaine on hepato-
toxicity of chloroform in mice. Food Chem Toxicol 1998;36:655—-61.
KimSK, KimY C. Attenuation of bacterial lipopolysaccharide-induced
hepatotoxicity by betaine or taurinein rats. Food Chem Toxicol 2002;
40:545-9.

Barak AJ, Kemmy RJ. Methotrexate effectson hepatic betainelevelsin
choline-supplemented and choline-deficient rats. Drug Nutr Interact
1982;1:275-8.

Barak AJ, Kemmy RJ, TumaDJ. The effect of methotrexate on homo-
cysteine methylating agents in rat liver. Drug Nutr Interact 1982;1:
303-6.

Junnila M, Barak AJ, Beckenhauer HC, Rahko T. Betaine reduces
hepatic lipidosis induced by carbon tetrachloride in Sprague-Dawley
rats. Vet Hum Toxicol 1998;40:263—6.

Junnila M, Rahko T, Sukura A, Lindberg LA. Reduction of carbon
tetrachloride-induced hepatotoxic effects by oral administration of
betaine in male Han-Wistar rats: a morphometric histological study.
Vet Pathol 2000;37:231-8.

Murakami T, NagamuraY, Hirano K. The recovering effect of betaine
on carbon tetrachloride-induced liver injury. J Nutr Sci Vitaminol
(Tokyo) 1998;44:249-55.

Graf D, Kurz AK, Reinehr R, Fischer R, Kircheis G, Haussinger D.
Prevention of bileacid-induced apoptosisby betaineinrat liver. Hepa-
tology 2002;36:829-39.

McCarty MF. Co-administration of equimolar doses of betaine may
alleviate the hepatotoxic risk associated with niacin therapy. Med Hy-
potheses 2000;55:189-94.

Barak AJ, Beckenhauer HC, TumaDJ. Methionine synthase. A possi-
ble prime site of the ethanolic lesion in liver. Alcohol 2002;26:65-7.
Barak AJ, Beckenhauer HC, TumaDJ. Betaine effects on hepatic me-
thionine metabolism elicited by short-term ethanol feeding. Alcohol
1996;13:483-6.

Finkelstein JD, Cello JP, Kyle WE. Ethanol-induced changes in me-
thioninemetabolisminrat liver. Biochem Biophys Res Commun 1974;
61:525-31.

Barak AJ, Beckenhauer HC, Junnila M, Tuma DJ. Dietary betaine
promotes generation of hepatic S-adenosylmethionine and protectsthe
liver from ethanol-induced fatty infiltration. Alcohol Clin Exp Res
1993;17:552-5.

Barak AJ, Beckenhauer HC, TumaDJ. S-adenosylmethionine genera-
tion and prevention of acoholic fatty liver by betaine. Alcohol 1994;
11:501-3.

Barak AJ, Beckenhauer HC, Badakhsh S, Tuma DJ. The effect of
betaine in reversing alcoholic steatosis. Alcohol Clin Exp Res 1997,
21:1100-2.

Ji C, Kaplowitz N. Betaine decreases hyperhomocysteinemia, endo-
plasmic reticulum stress, and liver injury in acohol-fed mice. Gastro-
enterology 2003;124:1488-99.

Barak AJ, Beckenhauer HC, Kharbanda KK, TumaDJ. Chronic etha-
nol consumptionincreaseshomocysteineaccumulationin hepatocytes.
Alcohol 2001;25:77-81.

Barak AJ, Beckenhauer HC, Mailliard ME, Kharbanda KK, TumaDJ.
Betainelowerselevated S-adenosylhomocysteinelevelsin hepatocytes
from ethanol-fed rats. J Nutr 2003;133:2845-8.

Barak AJ, Beckenhauer HC, Hidiroglou N, Camilo ME, Selhub J,
TumaDJ. Therelationship of ethanol feeding to the methyl folatetrap.
Alcohol 1993;10:495-7.

¥T0Z ‘82 1aqwiada uo 1sanb Aq io uonuinu-usle woly papeojumoq


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

548

172

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.
191.

192.

193.

194.

195.

196.

197.

198.

190.

. Kanbak G, Akyuz F, Inal M. Preventive effect of betaine on ethanol-
induced membrane lipid composition and membrane ATPases. Arch
Toxicol 2001;75:59—-61.

Kanbak G, Inal M, Baycu C. Ethanol-induced hepatotoxicity and pro-
tective effect of betaine. Cell Biochem Funct 2001;19:281-5.

Noga AA, Zhao Y, Vance DE. An unexpected requirement for phos-
phatidylethanolamine N-methyltransferasein the secretion of very low
density lipoproteins. J Biol Chem 2002;277:42358—65.

Lu SC, Huang ZZ, Yang H, Mato JM, Avila MA, Tsukamoto H.
Changesin methionineadenosyltransferase and S-adenosylmethionine
homeostasisin alcoholic rat liver. Am J Physiol 2000;279:G178-85.
Bosy-Westphal A, Ruschmeyer M, Czech N, et a. Determinants of
hyperhomocysteinemiain patients with chronic liver disease and after
orthotopic liver transplantation. Am J Clin Nutr 2003;77:1269—77.
Look MP, Riezler R, Reichel C, et al. Isthe increase in serum cysta-
thionine levels in patients with liver cirrhosis a consequence of im-
paired homocysteine transsulfuration at the level of gamma-
cystathionase? Scand J Gastroenterol 2000;35:866—72.

Forestier M, Banninger R, Reichen J, Solioz M. Betaine homocysteine
methyltransferase: gene cloning and expression analysis in rat liver
cirrhosis. Biochim Biophys Acta 2003;1638:29-34.

Borsook H, Borsook ME. The biochemical basis of betaine-
glycocyamine therapy. Ann West Med Surg 1951;5:825-9.

Borsook ME, Borsook H. Treatment of cardiac decompensation with
betaine and glycocyamine. Ann West Med Surg 1951;5:830-55.

Van Zandt V, Borsook H. New biochemical approach to the treatment
of congestive heart failure. Ann West Med Surg 1951;5:856—62.
Graybiel A, Patterson CA. Use of betaine and glycocyamine in the
treatment of patients with heart disease: preliminary report. Ann West
Med Surg 1951;5:863-75.

Morrison LM. Arteriosclerosis—recent advances in the dietary and
medicinal treatment. JAMA 1951;145:1232—6.

MorrisonLM. Resultsof betainetreatment of atherosclerosis. AmJDig
Dis 1952;19:381-4.

Morrison LM. Use of betaine-lipotropic combinationsin clinical prac-
tice. Geriatrics 1953;8:649-55.

Panteleimonova TN, Zapadniuk V1. Effect of trimethylglycineonlipid
metabolism in experimental atherosclerosisin rabbits. Farmakol Tok-
sikol 1983;46:83-5(in Russian).

Zapadniuk V1, Chekman IS, Panteleimonova TN, Tumanov VA. Cor-
rective effect of trimethylglycine on the nicotinamide coenzyme and
adenine nucleotide content of the tissuesin experimental atherosclero-
sis. Farmakol Toksikol 1986;49:71-3(in Russian).

Zapadniuk V1, Panteleimonova TN. Cholagogic effect of trimethylg-
lycinein normal animals of different ages and in experimental athero-
sclerosis. Biull Eksp Biol Med 1987;104:30—2(in Russian).

Schwab U, Torronen A, Toppinen L, et a. Betaine supplementation
decreases plasma homocysteine concentrations but does not affect
body weight, body composition, or resting energy expenditure in hu-
man subjects. Am J Clin Nutr 2002;76:961-7.

Selhub J. Homocysteine metabolism. Annu Rev Nutr 1999;19:217-46.
Finkelstein JD. Homocysteine: a history in progress. Nutr Rev 2000;
58:193-204.

Seshadri S, Beiser A, Selhub J, et al. Plasma homocysteine as a risk
factor for dementiaand Alzheimer’ sdisease. N Engl JMed 2002;346:
476-83.

Loscalzo J. Homocysteine and dementias. N Engl J Med 2002;346:
466-8.

Kittner SJ, Giles WH, Macko RF, et a. Homocyst(e)ine and risk of
cerebral infarction in a biracial population: the stroke prevention in
young women study. Stroke 1999;30:1554—60.

McCully KS. Vascular pathology of homocysteinemia: implications
for the pathogenesis of arteriosclerosis. Am J Pathol 1969;56:111-28.
Wilcken DE, Wilcken B. The pathogenesis of coronary artery disease.
A possible role for methionine metabolism. J Clin Invest 1976;57:
1079-82.

BoersGH. Hyperhomocysteinaemia: anewly recognized risk factor for
vascular disease. Neth JMed 1994;45:34—41.

Steenge GR, Verhoef P, Katan MB. Betaine supplementation lowers
plasma homocysteine in healthy men and women. J Nutr 2003;133:
1291-5.

Schwahn BC, Chen Z, LaryeaMD, et a. Homocysteine-betaine inter-
actionsinamurinemodel of 5,10-methylenetetrahydrofol atereductase
deficiency. FASEB J2003;17:512—4.

CRAIG

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Holm Pl, Bleie O, Ueland PM, et al. Betaine as a determinant of
postmethionine load total plasma homocysteine before and after
B-vitamin supplementation. Arterioscler Thromb Vasc Biol 2004;24:
301-7.

Olthof MR, van Vliet T, Boelsma E, Verhoef P. Low dose betaine
supplementation leads to immediate and long term lowering of plasma
homocysteine in healthy men and women. J Nutr 2003;133:4135-8.
James SJ, Melnyk S, PogribnaM, Pogribny IP, Caudill MA. Elevation
in S-adenosylhomocysteine and DNA hypomethylation: potential epi-
genetic mechanism for homocysteine-related pathology. J Nutr 2002;
132:2361S-6S.

Kang SS. Treatment of hyperhomocyst(e)inemia: physiological basis.
JNutr 1996;126:1273S-5S.

Obregon DF, Murthy SN, McNamara DB, Fonseca VA. Novel ap-
proaches to the treatment of hyperhomocysteinaemia. Expert Opin
Ther Patents 2003;13:1023-35.

Mudd SH, Levy HL, Skovby F. Disorders of transsulfuration. In:
Scriver CR, Beaudet AL, Sly WS, Valle D, eds. The metabolic basis of
inherited disease. New Y ork: McGraw-Hill Book Co, 1989:693-734.
OgierdeBaulny H, Gerard M, Saudubray JM, Zittoun J. Remethylation
defects: guidelines for clinical diagnosis and treatment. Eur J Pediatr
1998;157(suppl):S77-83.

Mudd SH, Levy HL. Disorders of transulfuration. In: Stanbury JB,
Wyngaarden JB, Fredrickson DS, Goldstein JL, Brown MS, eds. The
metabolic basis of inherited disease. 5th ed. New Y ork: McGraw-Hill,
1983:522-59.

Smolin LA, BenevengaNJ, Berlow S. The use of betaine for the treat-
ment of homocystinuria. J Pediatr 1981;99:467—72.

Wilcken DE, Wilcken B, Dudman NP, Tyrrell PA. Homocystinuria—
the effects of betaine in the treatment of patients not responsive to
pyridoxine. N Engl JMed 1983;309:448-53.

Dudman NP, Tyrrell PA, Wilcken DE. Homocysteinemia: depressed
plasma serine levels. Metabolism 1987;36:198—201.

Wiley VC, Dudman NP, Wilcken DE. Free and protein-bound homo-
cysteine and cysteine in cystathionine beta-synthase deficiency: inter-
relations during short- and long-term changes in plasma concentra-
tions. Metabolism 1989;38:734-9.

Cochran FB, Sweetman L, Schmidt K, Barsh G, Kraus J, Packman S.
Pyridoxine-unresponsive homocystinuria with an unusual clinical
course. Am J Med Genet 1990;35:519-22.

Dudman NP, Guo XW, Gordon RB, Dawson PA, Wilcken DE. Human
homocysteine catabolism: three major pathwaysand their relevanceto
development of arteria occlusive disease. J Nutr 1996;126:1295S—
300S.

Wilcken DE, Wilcken B. The natural history of vascular disease in
homocystinuria and the effects of treatment. J Inherit Metab Dis 1997,
20:295-300.

Steen MT, Kruger WD, Singh RH, Elsas L J. Betaine increases methi-
onine/homocysteine ratios and decreases total plasma homocysteine
(tHcy) in cystathionine beta-synthase deficiency. J Inherit Metab Dis
2000;23:61(abstr).

Matthews A, Johnson TN, Rostami-Hodjegan A, et a. An indirect
response model of homocysteine suppression by betaine: optimising
the dosage regimen of betainein homocystinuria. Br J Clin Pharmacol
2002;54:140-6.

Gahl WA, Bernardini |, Chen S, Kurtz D, Horvath K. The effect of oral
betaine on vertebral body bone density in pyridoxine-non-responsive
homocystinuria. J Inherit Metab Dis 1988;11:291-8.

BrensCM, SerraJD, TomasMLC, Gomez AMG, Monegal MR, Busca
AV. Homocystinuria: efficacy of pyridoxine, folic acid and betaine
therapy. An Esp Pediatr 1993;1:37—41(in Spanish).

llanY,EidA, Rivkind Al, WeissD, DubinZ, Y atziv S. Gastrointestinal
involvement in homocystinuria. JGastroenterol Hepatol 1993;8:60—2.
Dudman NP, Wilcken DE, Wang J, Lynch JF, Macey D, Lundberg P.
Disordered methionine/homocysteine metabolism in premature vascu-
lar disease. Its occurrence, cofactor therapy, and enzymology. Arterio-
scler Thromb 1993;13:1253-60.

Orendac M, Zeman J, Stabler SP, et a. Homocystinuria due to cysta-
thionine beta-synthase deficiency: novel biochemica findings and
treatment efficacy. J Inherit Metab Dis 2003;26:761-73.

Surtees R, Bowron A, Leonard J. Cerebrospinal fluid and plasmatotal
homocysteine and related metabolites in children with cystathionine
beta-synthase deficiency: the effect of treatment. Pediatr Res 1997;42:
577-82.

¥T0Z ‘82 1aqwiada uo 1sanb Aq io uonuinu-usle woly papeojumoq


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245,

246.

247.

248.

BETAINE IN HUMAN NUTRITION

Wendel U, Bremer HJ. Betainein the treatment of homocystinuriadue
to 5,10-methylenetetrahydrofol ate reductase deficiency. Eur J Pediatr
1984;142:147-50.

Hyland K, Smith I, Bottiglieri T, et al. Demyelination and decreased
S-adenosylmethionine in 5,10-methylenetetrahydrofolate reductase
deficiency. Neurology 1988;38:459—62.

Holme E, Kjellman B, Ronge E. Betaine for treatment of homocystin-
uria caused by methylenetetrahydrofolate reductase deficiency. Arch
Dis Child 1989;64:1061—4.

Haworth JC, Dilling LA, Surtees RA, et al. Symptomatic and asymp-
tomatic methylenetetrahydrofolate reductase deficiency in two adult
brothers. Am JMed Genet 1993;45:572—6.

Kishi T, Kawamura |, Harada Y, et a. Effect of betaine on
S-adenosylmethioninelevelsin the cerebrospinal fluidinapatient with
methylenetetrahydrofolate reductase deficiency and peripheral neu-
ropathy. J Inherit Metab Dis 1994;17:560-5.

Al-EssaMA, Al Amir A, Rashed M, et a. Clinical, fluorine-18 labeled
2-fluoro-2-deoxyglucose positron emission tomography of the brain,
MR spectroscopy, and therapeutic attemptsin methylenetetrahydrofo-
late reductase deficiency. Brain Dev 1999;21:345-9.

Barshop BA, Steiner RD. In vivo studies of methionine metabolismin
homocystinuric patients. J Inherit Metab Dis 2000;23:61(abstr).
Bonig H, Daublin G, Schwahn B, Wendel U. Psychotic symptomsin
severe MTHFR deficiency and their successful treatment with betaine.
Eur J Pediatr 2003;162:200-1.

Bartholomew DW, Batshaw ML, Allen RH, et a. Therapeutic ap-
proaches to cobalamin-C methylmalonic acidemia and homocystin-
uria. J Pediatr 1988;112:32-9.

Carmel R, Watkins D, Goodman Sl, Rosenblatt DS. Hereditary defect
of cobalamin metabolism (cblG mutation) presenting as a neurologic
disorder in adulthood. N Engl JMed 1988;318:1738—-41.

Berlow S, Bachman RP, Berry GT, et a. Betaine therapy in homo-
cystinemia. Brain Disfunct 1989;2:10—-24.

Ribes A, Briones P, VilasecaMA, et a. Methylmalonic aciduriawith
homocystinuria: biochemical studies, trestment, and clinical course of
a Cbl-C patient. Eur J Pediatr 1990;149:412-5.

Sprince H, Parker CM, Josephs JA Jr. Homocysteine-induced convul-
sionsin therat: protection by homoserine, serine, betaine, glycine and
glucose. Agents Actions 1969;1:9-13.

Freed WJ, Gillin JC, Wyatt RJ. Anticonvulsant properties of betaine.
Epilepsia 1979;20:209-13.

Ghoz EH, Freed WJ. Effectsof betaineon seizuresintherat. Pharmacol
Biochem Behav 1985;22:635-40.

Freed WJ. Prevention of strychnine-induced seizures and death by the
N-methylated glycine derivatives betaine, dimethylglycine and sar-
cosine. Pharmacol Biochem Behav 1985;22:641-3.

Freed WJ. N,N-dimethylglycine, betaine, and seizures. Arch Neurol
1984;41:1129-30.

van der Westhuyzen J, Metz J. Betaine del aysthe onset of neurological
impairment in nitrous oxide-induced vitamin B-12 deficiency in fruit
bats. JNutr 1984;114:1106-11.

VandenVeyver IB, Zoghbi HY . Genetic basisof Rett syndrome. Ment
Retard Dev Disabil Res Rev 2002;8:82—6.

Percy AK. Clinical trials and treatment prospects. Ment Retard Dev
Disabil Res Rev 2002;8:106—11.

Knopman D, Patterson M. An open-label, 24-week pilot study of the
methyl donor betaine in Alzheimer disease patients. Alzheimer Dis
Assoc Disord 2001;15:162-5.

FrankenDG, BoersGH, BlomHJ, TrijbelsFJ, Kloppenborg PW. Treat-
ment of mild hyperhomocysteinemiain vascular disease patients. Ar-
terioscler Thromb 1994;14:465-70.

van den Berg M, Boers GH. Homocystinuria: what about mild hyper-
homocysteinaemia? Postgrad Med J 1996;72:513-8.

Brouwer 1A, Verhoef P, Urgert R. Betaine supplementation and
plasma homocysteine in healthy volunteers. Arch Intern Med 2000;
160:2546—7.

Wilcken DE, Dudman NP, Tyrrell PA. Homocystinuria due to cysta-
thionine beta-synthase deficiency—the effects of betaine treatment in
pyridoxine-responsive patients. Metabolism 1985;34:1115-21.
McGregor DO, Dellow WJ, Robson RA, Lever M, George PM, Cham-
bers ST. Betaine supplementation decreases post-methionine hyperho-
mocysteinemiain chronic renal failure. Kidney Int 2002;61:1040—6.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

549

Weisberg IS, Park E, Ballman KV, et a. Investigations of a common
genetic variant in betaine-homocysteine methyltransferase (BHMT) in
coronary artery disease. Atherosclerosis 2003;167:205-14.

Jacques PF, Bostom AG, Williams RR, et al. Relation between folate
status, a common mutation in methylenetetrahydrofolate reductase,
and plasma homocysteine concentrations. Circulation 1996;93:7-9.
Frosst P, Blom HJ, Milos R, et al. A candidate genetic risk factor for
vascular disease: a common mutation in methylenetetrahydrofolate
reductase. Nat Genet 1995;10:111-3.

Schwahn B, Wendel U, Lussier-Cacan S, et al. Effects of betainein a
model of hyperhomocysteinemiadueto deficiency of cystathionine-b-
synthase. J Inherit Metab Dis 2002;25:35(abstr).

Heil SG, Lievers KJ, Boers GH, et al. Betaine-homocysteine methyl-
transferase (BHMT): genomic sequencing and relevance to hyperho-
mocysteinemia and vascular disease in humans. Mol Genet Metab
2000;71:511-9.

Morin |, Platt R, Weisberg |, et al. Common variant in betaine-
homocysteine methyltransferase (BHMT) and risk for spina bifida
Am JMed Genet 2003;119:172—6.

Delgado-Reyes CV, Garrow T. Betaine-homocysteine S methyltrans-
ferase (BHMT) is regulated by tonicity in vivo. FASEB J 2003;17:
AT738(abstr).

Ozturk F, Ucar M, Ozturk IC, Vardi N, Batcioglu K. Carbon tetrachlo-
ride-induced nephrotoxicity and protective effect of betaine in
Sprague-Dawley rats. Urology 2003;62:353-6.

van Guldener C, Janssen MJ, Lambert J, ter Wee PM, Donker AJ,
Stehouwer CD. Falic acid treatment of hyperhomocysteinemiain peri-
toneal dialysis patients: no change in endothelial function after long-
term therapy. Perit Dial Int 1998;18:282-9.

van Guldener C, Janssen MJ, de Meer K, Donker AJ, Stehouwer CD.
Effect of folic acid and betaine on fasting and postmethionine-loading
plasma homocysteine and methionine levelsin chronic haemodialysis
patients. J Intern Med 1999;245:175-83.

Bostom AG, Shemin D, Nadeau MR, et a. Short term betaine therapy
fails to lower elevated fasting total plasma homocysteine concentra-
tionsin hemodialysis patients maintained on chronic folic acid supple-
mentation. Atherosclerosis 1995;113:129-32.

Cooney CA. Are somatic cellsinherently deficient in methylation me-
tabolism? A proposed mechanism for DNA methylation loss, senes-
cence and aging. Growth Dev Aging 1993;57:261-73.

Newberne PM, Rogers AE. L abile methyl groups and the promotion of
cancer. Annu Rev Nutr 1986;6:407-32.

Blount BC, Mack MM, Wehr CM, et al. Folate deficiency causes uracil
misincorporation into human DNA and chromosome breakage: impli-
cations for cancer and neuronal damage. Proc Natl Acad Sci U S A
1997;94:3290-5.

Van den Veyver IB. Genetic effects of methylation diets. Annu Rev
Nutr 2002;22:255-82.

Cooney CA, Dave AA, Wolff GL. Maternal methyl supplements in
mice affect epigenetic variation and DNA methylation of offspring. J
Nutr 2002;132:23935-2400S.

Wolff GL, Kodell RL, Moore SR, Cooney CA. Maternal epigenetics
and methyl supplements affect agouti gene expression in Avy/amice.
FASEB J1998;12:949-57.

Waterland RA, Jirtle RL. Transposable elements: targets for early nu-
tritional effects on epigenetic gene regulation. Mol Cell Biol 2003;23:
5293-300.

Waterland RA. Do maternal methy! supplements in mice affect DNA
methylation of offspring? J Nutr 2003;133:238(letter).

Borsook ME, Billig HK, Golseth JG. Betaine and glycocamine in the
treatment of disability resulting from acute anterior poliomyelitis. Ann
West Med Surg 1952;6:423—7.

Borsook H, Borsook ME, inventors; California Institute Research
Foundation, assignee. Glycocyamine and methylating agent in vivo
creatine producing composition. US patent 2,761,807. September 4,
1956.

Liversedge LA. Glycocyamine and betaine in motor-neurone disease.
Lancet 1956;2:1136-8.

Armstrong LE, Roti MW, Hatch HL, et a. Rehydration with fluids
containing betaine: running performance and metabolism in a31 C
environment. Med Sci Sports Exerc 2003;35:S311(abstr).

¥T0Z ‘82 1aqwiada uo 1sanb Aq io uonuinu-usle woly papeojumoq


http://ajcn.nutrition.org/

