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Abstract; Methyl groups arc important for numerous cellular functions such as TINA \"|
melbylation, phosphatidylchaline svathesiz, and protein synthesss. The methyl proup can
directly be delivered by dietary melly] donos, inchiding, methionine, folate, betwine, and
choline. The lmver und the muscles eppear o be the major argans for methyl
group metaboliam. Choline can be synthesszed  fom phosphatidylecholine via the
eylidine-diphosphate (CDP) pathesay. Tow dictary choling lweeres methiomine [ormation
und causes o merked incresse in 5 adenosvlmethionine utilization in the Irver. The nk
between cholme, belaine, aed energy metabolism in humans indicates nove] finctions for
these nutrients, Uhis funciion appears W goes besoad the role of the matricnts in gene
methylation end cpigenctic control. Studies thut stmulaed methyl-delicient diets reported
disturhances in encrgy motaholizm and protein synthesizs mthe fiver, Gy lver or mosgle
dizorders, Changes in plasma concentrations of total homocysieme {tHev) rellect one
wspect ol e metabolic  consequences of  methyl  group deficiency or  autrient
supplernentations. Folic acid supplementation spares betaing as a methyl donor. Betame 1=
g osigmficant delenninant of plasma Tley, particularly in case of folate deficiency,
merhioning load, or aleohol consurmpiion. Belans supplementation bias o lowering cffoe
ar poat-methinnine Inad tHoy., Hypomethwlation and (Hey elevation cun be atienuiled
when choling or botaine i3 availabls,
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I, Tntrodnction

Hypomethylatinn has a wide speciiom of elfects thal include senebe, epligeoetic, and metabolic
alterations, Mherary meihy] donors of endogencus]y prodeced methyl groups are protusine for disease

prevenoon and sk madificamon,
2. Meed for Methyl Groups

Sadenpsyimethionine (SAM) 5 the mujor methyl donor w the cell It 15 invalved in numerous
vellular repctions, meluding DMA methylation and synthesis of phospharidyleholing, and in reactions
invelving neurotrunsmitters, creating, camitine, and antinsidants (sch a3 ghitathione and taurine)
Methionine, betaine, choline, and S-methyltereahydrofolare (S MTR) are wopoclant dietiosy sonmees of
lahile methyl gronaps in mammalian cells,

BAM ig produced from methionine by L-methionine S-adenosvitransferase (MAT) {Fimue 15
Methionine is supplied either by the diet or 15 generated from homecysteine via methionine swithase or
wid belne bomocyseine methylranateraze (RHMWT), The BHMT pathway is pacticulady active in the
Irver and the Kidney, which arc the main organs thal slore lacge amounts of belame. Dunng methyl
proap denarion, SAM iz converted inio S-adenvsylhomocveteine {5AH), 4 potent competztive inhibitor
ot many methyliransferases [17].

Figure 1. Moethylanon  cyele, BLUML:  betwine  homocysteine  methyltransterase,
CHES: evstathicaine  beta sayolhuse.  DMOG:  dimethvlzglycine, Hey:  homosysmeing,
MAT: L-mefhmomne  S-adenogvltransterase,  WMS:  methionine  swvothase, PEMT:
phosphubidvlethunolamine  methylransicrase, S MTHF:  S-methylietabydro folae,
SAH: N-pdenesylhomeeystcine, SAM; Sadenosylmethionme, THE: terahvdrofiolale.
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The trangmethylalon cyele 15 stronpgly regulated by foedback mechanizms, For cxample, SAM
actrvatcs cygtathignine beta synthase 10 cabance the converson of homnocysieme into cysteme, the
procusgor of ghitathions and taurioe, o contrust, SAM inhibits BHMT, thus redneing the udlization of
beiume a5 v methy! donor. Moreover, SAM inhibits methylenctetrabvdeofolate reductage (MTITFR).
thereby reducing the availability of 5-MTHF as a methyl donor. The product of betwine demethytation,
dimethylghycine (DM, inhibits BHMT and controls methyl group tramsfer. Methionine load activatcs
the tanssulluration puthway, wherzas the remethylation pathway via meilioniee synothase is aclive
urwler fashnp conditions.

The process of methylogenesis depends on several nutrients such as folate, methioning, vitdiming
B12, BS, and B2, belaineg, aod choline, The methylubon potential {SAMSAH ratio) i3 cather resizlanl
o fuctuations in independent nomens 2] A smdy on mcal African women showed (hol sepsonal
winitlions were amelionated by the inmke of the dictary methy] dunors such ws lolale, beleme. and
vilaming BS und B12 [2]. Morcover, there appeared o be o seasonal switch between the folate and
betame pathways as sowrces of methy] sieops mtos study on Afiican women [2).

J. Methyl Donor: Folate

Folate {vitamm BY) iz 2 member of the Bevilamin group that 15 required for emcial cell processes,
Lireen leafy planes arc rich sources of folate in buman diet. The recemmended daily imake of Talowe in
adulrs is A00 pgiday. Foroylistmhvdrofolatz and metheayttetiahydeofoliste aae wiidised mthe synlhesis
il purine and pyrimudme, respectively. Maoreover, -MTHF pluys a key role as a methy! donor. Three
ereyInes are required to produce methyl groups via the Tolate cvcle: serine hydroxymethyl transferase
(SHMTY, MTUHFR, and meshionine synibase, Methionine synthase, 2 vitamin B12-dependant enzy e,
facilitares the last step of methyl group transfer from 3-MTHF to homocwsteing to foim methionine,
Folate deficicney canses anemda ind depression, and mercases the risk of pregnancy complications and
birth delecls [3.4]. A recent mete-analysis snggested an associalion belween the COIT1 polymaphizm
m the MTHFE pene and ncural mbe defecls. mdependent of folate status [5]. Inactivarion of
10-formylecrahydrofnlate syndhetase lowersd pumine symthesis and slowed cell pralifesstion [4].
Martcmal Mthtdl disrapiion impairs fetal prowth but was not associated with binh delects [7].
Approximately. 30% 7% of newral twbe defocts can be provenied by eking folc  acid
supplementations hefore conceplion, thouph the moechanizms of the preventive mole of Tolste have nol
Freen thorenahly studied. Polate deficiency causes several metabolic changes m the cell, mclading
hyperhumocysteinemin, low SAM levelz, and DNA hvpomethylation |5.9].

4. Muethyl Donors: Betaine and Choline

Betane is the methyl donor in the BHMT pathway and is ¢ methvlamine s it contsing three
chermeally reactive mothyl groups linked 1w o mirogen atom. Wheat bran, wheat gonm, spinach, and
hoots are rich souwrces of Dalaine m (e himen dist. Betaine incake varics between populations {range:
Lo 400 mgtdoy) [10,01]. Much lower intakes {mean, 33 mg/dax) have been reported in one rocent
eludy on rural African women |2], suggesting fhat the regulistion of the methylonen evele muy differ
sccordmg to lifestyle and cnvironmental Gaclors. Moreover, differences in intake data hetwoen
populations may He related o wnder- o ove-calimabon ol the [ood contents of betaine and choling,
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Tnvadditiom 1o dietary sources, betane can be produced through the ireeversible oxidation of choline
¥l choline dehydrogenase and hetsine aldehwde debydropenase. Belaine 1= converted mee DMG as it
donatzs & methy] group 1o bemosysteine. This pathway 18 medated by BHMT, an conzvme indoeed by
betaine [E2] and inhibited hy DMG or SAM [13]. A small amount of DMG is shimimated in
the urme, and mosz DMG iz converled vin DMG-debyvdropenase ine sarcosine and  glveine
DM Or-deliydrogenase is o mitochondral flavoprotzin and folate-binding protein, It wansfers one-gcarbon
il W terahydrofolale © prodoce 5 10-methylenelelabydralolate, The non-sssential amine acid
plyeime enters the felase evele o produce 5, I0-meethy leneletrabedrotolate or 12 used o svnthesize hile
sults, glutathione, and protcins such as collogen. Allemanvely, glycine 2 used for creatine svnthesis
vid guanidinoacetale g SAM-dependent pathway |14]. The flowr of meths] arcups vie the BIIM
pathwiay 15 ool dependent on folate or veiamine B2, bar there are several cross-lalk mechunismme
belween the BHMI and the folate pathways, Choline his been shown o omdmectdy support
Momacysicine methvlation [157, One study of posimeropavsel women  showed  ther choline
supplementation increascd  plasimg beluine levels and slighely Iowered plasma levels of tolal
homoeysreme (Iee) wller six weeks (medin change, =009 we 06 uoelL in the placebo sroup:
go= 058 and 12 weeks [15]. Rex- and agerelared differences in choline requirements end hlnod
levels have been reported. Women have lower plasma concentrations of betaine and choline than men,
us well as younger subjects, showed Jewer betuine concentratons than nlder subjects [16],

Red meat, ponltry, mulk, epg, and Gish ane rich souress of choline [10]. The estirmoted recommended
imtake for choline for adults 5 550 mgfday for men, 425 mepdday for women, 450 me'day for prognant
women, and 350 mgiday for lactating women [17], The upper wleruble lmit for adulis i= 1.5 giday, In
addition to the dict, a main source of cloling 15 de move synthesis trom phospharidylcholine via e
CDP-pathweay. Fhosphatidylehndine can be fommed sither fom cholme or from phasphatidylethanelmmme
via the phosphatidylethanolaming methyliransteraze (PEMT) pathway. (Choline generation via LML
conaumes a significan! amount of SAM (3 mole SAM i produce | mole cholme) und produces
hosmgeysteine, Accordingly, PEMT knockour mice show lower plasme concenrations of tHey [1%]. In
vontrast, mice deficient i liver CTPphosphocholine cytidyly!oranstorase have high tHey and low
phosphutidylchotine because of low produclion from choline [ 19]. SAM concenteations are mainlained
by stimulating the BHMT pathway [19]

Available evidenee suggests that Tolale deficiency can be patly  attenvarcd when cholins 1s
avanlable and viee versa. For exanple, choline and phospharidy!icholing were depleled in the bvers of
rata fod a folale-delicien! diel [20]. In contrast, consmoption of i choline-defcient diet decreased
bepatic folate slores (21 A choline-deficicnt dict lowered metlionine formation in animal livers by
200-25% [22], probally hecanse less choling way svailable for conversion i Betaine. Tlowever, the
efects of choline deficiency uvn reducimg Iover SAM (hy A084) and increasing liver SA01 (by 5054
were impressive [22]. Therefore, the effoet of choline deliviency on luwering SAM iz probably naor
sulely mediated by lowering methinnine, A choline-defivient dict may increase SAM wilization in the
liver, to convert phosphatidylethanolamiie izilo phosphatidyleholine viz PEMT.

The liver and the nmseles are e major sites of chuline metabalism. Choline deficiency caused
tarty liver and muscle damage in humans and increased hepatic carcinogenssis in rodents exposed 1o
aleolwo] [23].
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5. Metaholic Burden of 2 Methyl-Deficient Died

Studies simmlaring merthyl-deficient diets have reporled disonders n protein symthesis in the Iver
and fatty liver us well ws musele disturbances |24-26]. Betaine [27-3], choline, or folate [31] werne
ahle tn reverse aleohol-relared or non-alcobol telaled liver disturbonces, probebly vin epipenetic
repulation [32] or bipid-related mechamsms. The quantitative participation of cagh of the methyl
dimors n the daily net flowe of metled groopa Bas oo been thorouahly examined [33,34] Larue
fucmations in plasma concentrations of Faluie and belivine wers ameliomted snd not ranslated to lares
Mucrarices in e plasma SAMEALL e [2]. Howsver, the plasmo SARMSAH retio did not show
sipiifivanl vhanges, wod 11 15 cumently not known whether this ratio reficets the mothylation potontial
in wll oreuns.

Botaine iz atored in the eell and hence represents @ ready-lo-use methy]l sreup source, Anmmal
smidies have 2hown hat plasroa belaine 18 o poor prodictor of tissue betaine contenc [35] MG
concenirations in plasma may be o pood mdicator of betaine utilized as a methyl donne [2] Foo
exumple, plosme beluine way ncreased in onby 36% of folate-deficient patients and in 2% of
tolate-deficient patents who had scvere aleoholic liver disease [36]. Plasma DAG wis increased in
T4 ot the folate-deficient patienis [36], suggesting thal plasma DMG ruther thun betwine muy be =
eocs] marker for belaine uliliztion as o methyl donor [36].

Despite the yuestionable importunce of low and high plasma bataine [37], plasma hotaing is o
significant determinant of plasma tHey comcentiation. A recenl study inoa lanpe sample of precnant
wornen showed that women wirh low plason folate at 2427 gesattonal weeks (<114 nmol/L) had
‘mwer plasma betaine and higher DMG and Ulcy until the end of pregnancy compared to women with
plasma folate shove 114 nmolD [38]. Plasma betamne s a negative predicms of increased plasma tHicy
ifler meth:omine lpad m subjects with low tolate |39). Morcover, a low methionine dizt slightly enhanced
the DIIMT patboway mather than the sanssulturation patheay [40]. Similadly, in ceses of [olale
defictercy, the BHM | pathway appears to be a feasible method for re-methylating homeeystene siter o
methroning load |39 A1) In conteast, (olate supplemenlaiion causes s dose-dependent mercase m plasma
hataina [42], suggesting that belaine 1s beine whiltsed o a lower extent. In non-mipplementad indmviduals,
e concentrations ol [ulute und betaine showed no comelation, and plasma folare was nol a signilicant
predictor of plasrn belane (42|, Another stedy cxamining healthy individials (men age, 36 years) who
wele oL eceiving supplenents revealed o direet relatonship herwaeen plasma hetaine and chaline and
that ol serum [olate, but no relationship with plasma tHey [43], Plasma 3AM concenlralions wens
posttively comelated with plasma levels of choline and DBG, bul not with that of betaine [43].

Changes in fHoy concenrralions rellecl enly one side of the metebolic burden of methyl grougp
deficiency or nulrient supplementaion. Folate |16], betaine | 16,33,447, and chaline [43] are significant
deiermmants of the fastmg plasma concentratinns of 1Hey, Betaine and choline inluke were mversely
related tn fasting and post-methionine [oad Tley concentrations [46]. [hs inverse correlation wes nn
tonger present in populstions ingesting foods fortified with folic acid (4G ). As folic acid [nwers plasma
ey, betume 1w probubly more sffective az a methyl donor and as a tHev-lowering mttient in
pupulutivns nol on forificetion programs compared to thoss on such programs [16], One stdy showed
thul plesma concemtrations of tHey and hemine are inversely comelated in belthy men and
women (42 ], supplemending folic acid 400500 pesday for 12 weeks cansed a 15% incrense o plasmoe
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belaine levels, but the inverse corrclation between 1ITey and beluine remained sipnificant afker
supplementution [42]. In general hetaing seeme 10 be less involved in they methylation in people whn
received folie acid supplementaion thun in those who did not receive folate supplemenration, Tn
agreement with (hese results, in subjects with low serum [olae, conceantrations of [sting or
pust-neethionine Ioad tHey and that of belsine showed a pronounced invemse assnciation |16], Plasma
folale is @ muore important determmant of plasma ey than plasma belaine [15]. Furthermore, scute
mappicmentation of & small dose of 550 me betame slightly lnwerned cirenfating tHoy and increased
I, with minimat levels of belvine appearng in the urine, suggesting that heraing was mefabolized
and partly stoved o ssees [42]0 Only g osmall ameount is escieted in the urdne, even when
supplementution 3% continued [42]. Acute supplementation of befuine (350 me) hed o stronzer lowermg
effect on post-methionine Toad tHey concentrotions in vune study on healthy men [42]. In & firther
study that inchuded patients with rewal failure, a large dose of hetaing (4 giday) for theee momhs caused
no additional lowering of ey when given with 5 mg folic acid and 50 mg BE compured fo 3 me folic
acid plus 50 mg Bt without betaine [41]. However, belaine moreased plasima end urine betaing and
L3MCE i this smdw [41], sugeesting that o least some of the betaine was memsholized @ IV,

Phosphatidyleholing supplementution for two weeks in healthy men from a population without
mandatory fortification with felic acid lowered mean plasma tHey by 18% [ 3010 3.9 2.1) pmol/L]
amd medn post-methionme load tHew by 29% [—9.2 —113, 721 pmolL] compared to the
plucebo [47]. The intake of glyvecrophasphochaline (mainly ohtained from milk) was negatively relued
{o plasma tHey in wornen wirh Tow inlakes of Tolale (=400 pe'day) (mean tHey 1220 we 1002 pmel/L:
—15%) [11]. Alechol consumplion (215 p'day) was also a srong predictor of the inverse assoction
between choling and ey in women with low folate fofake [11]. Alcchol 3% known to inhibit
methioning svolhuse golivity in the liver, thus incregsing plusme (Hey, lowerng liver AM, and
cAusing fally liver [48]. Theretore, the BHMT parbvway hecornes mere imporiomt as o source of SAM
and determinant of Uley inaleoholism [48],

The effect of folate in preventing (Tley elevabion was recentdy tested in RHMT deleted mice
{Bhmt ") 149]. Bhmt © mice showed approxmmately 10-told higher plasis T1cy, heavier liver (futly
livar), bower liver BAM. and higher liver SAH than Bhme”’ mice [49], 11luy elevation was not comectad
after folic acid supplementation. Howesar, falie acid supplemented Bhm™ muce were able to produce
mone hepaiic SAM compored to Blimt © mice fod a folate deficient diet or those on & contral diet [,
The resulis suppest that folate enhancod SAM prodeclicn vie the methwonine synthase pathway, = was
oot able o remove tHey in this mouse mode] The BLIM I pathwsy appears to substantially parficipsts in
tHey mabolism in mice [50]. AL lewst m this mowse modol. folic acid sepplomentation did not
comnterbalance e metnbolic burden consed b dismpting the BHMT eneyme.

Tuken together, betaine und choline support the wele of folale in lvweringe fasting tHey. The cfteet of
bistwine or lowering pose-rmethioning load ley s strenper thun i effcet on fasting tHey [41], The
tHew-lowering effect of betaing 15 higher in individugls noe receiving, folic acid. The effect of betuine
an plazgmi Tley appeans o be more dependent on plasma [olate (hen vn plusina belaine [31]. In
[ulate-deficient pulienis, plasma betaine and meathiomnine concenlralions wers maintainsd and DG
was ncrepsed, sugpesting that betaing acted as a methyl donor 1o produce methioning and T¥ G 517,
Flasma betaine does not reflect tissue belnine, but may refiect tumsient changes in the Tabile methyl
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group mocise of higher reyuitements (prognancy. lver damage), after methionine-load, or atter folic
eid supplemnentation,

ti. Metabalic Burden: Osmotic Siress and Energy Metalwolism
.1 Cemodic Siess

Betaine is 2 major osmolyle in the cell |52]; it regulates the cell vohime and stabilizes protaing, Inis
slored sl high amounts in the liver and the kidney. Retaine levels in sheletal muscles are stmilar Lo
those in the plasma and brain |33 ). Betaine prevents asmalylic stress when added 1o furmed fish upon
transfor from low o high salinity, Moreover, ncells exposed W hyperosmeotic conditions, choling
uptake is enhanced i mitochemdiie i order w resisl volumie reducoon and osteobic waeer Toss. Choline

i& copverted inlo betaine uoder these conditions [53].
2 Enevpry and Lipid Mevobolizm

Hypomethylohon 15 wvelved m oenerey metabolism disorders. Much oo betaing elfects con be
learmed from animal studres. Betaine has hoen an importnt compoient of anisal nutrilion for ever
S wenrs, A choline-rich diet is an addiional soutce of betaine since cholime is uxidized to betaine by
the mitochondriel enzyme choline delwdiegenise [54] and belaine sldebyde dehydrogenase, which is
cuprossed in the syrosal and mitoshondria.

Detaine was shown 1o be related to protein [muscalar fissoe) amd B mefabolism [35]. Moreover,
betaine his been disoussed m animal nuoition for it3 role in saving methionine and choline [36,57).
The methionme-sparing cffeet of betaine makes methiomine more aveiluble for protein synthesis, and
the chaline-sparing effect makes choline more evailable for hipid metabolism. The role of betaine in
chergy metabalism appears o be elfective ut low wotal energy intake, Betaine is vscful a3 a pantiioning
pgent under low aming ucid und energy intake sitnatinns in animals [36,57]; thus, i has the pelential o
sulve public health problems related to cecess far in mesl produgts.

Betaine 15 considered v be a Tipotmoeic compournd that con influence lipid metabolism o
amirnalz | SK]. It improves enargy metubolism probably by supperting the synthesia of camiting, which
iz necesgary for the inmsporl of lonp-chwn faty acids to the mitochondba where hey are
oxidized [58], Laest ef wf, found thal betaine may decrease the demand for choline metly] groups, thes
ingieasing choline avadahility [or ipid metabaolism [59%]. This was copporled by the Ondings of Yao
and Yenee [60] showing that betaine can comrect very fow demsity [ipoprotein (Y LDLY seerction from
Roputocytes grown i a chnling defcieol wedioe,

Human studies have demonsbated a meletionship between low betaing and BMT In one Tarpe
proprlation-hased smdy, BMWD was inversely related to betame and direetly relared to choline [61], The
sorne was found (ot body Tl and trighreerides [61], Tn a fuimher study. plasma betsine wis lower m
men with BMIE = 25 kgmi' compared with men with BMI = 25 kp'm® (medisn 373 v 4005
F= ey, but plasma choline did o dilfer sipmificantly |62 In obese men, plasma hetaing was
mverniely melaled o blood lipids and liver enmymas [62], sppesting that belaine (ur cheline) con
amehorate ety liver and the components of metabolic syodeame, The disinbution of cholme Between
the maothvlotion and pheapholipid patbosass appears e plive o ey role m emerey mstnbolism since the
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pssoviation of wlomme smmotranzforase (ALT §s a fiver engyme) amd low-densily lipoprotem
iLI2L)-chnlestoral showed & negative association with the betuine/cheline rutio only in individuals
wilh a pelymerphism m PEMT (PEMTS405 GG [62], A genotvpe-phenotype-specilic telalionship
betwesn cholme metabolites and metabolic stiess has been suggesied [62], bul ngeds 1o be confinned.

A vory high-methioninedlow-Tolae diel coaused hyperhomoovstemenia and  accumulation  of
cholesterol and tnpcylplveerol in mouse hver bt noc in the plasimz [63], Masma VLDL was increased,
suggestng Lthal the excrenon of VLI from the liver was nol iopaimed [63). Activaiion of buth Lhe
unfalded protein responss and sterol regulaiory element-binding protens hes been sugeested. In cases
of higher plasma folate, choline 15 probubly spared and wtilized for phosphaolipid syathesis, This can
explun resulis on the inverss associarion between plasma  [olile and plasma  Lpoprotemns
(LDOL-cholesteral) 641, or the increased hiph-devsily hpoprotein (DL —cholesterol levels atter folic
acid supplementation [&5],

A modderate high-fat diet (200 of (otal colomes from fit) m mice caused a higher body weight, Blood
ghicoss, friglveendes, and insulin compared with a low-fat dier (9% of toral @loges fom fack [28].
Betaine supplernenwwtionm way shic to prevent and reverse Gty liver, lower serom ALT, and improve
tnsubin resiztance m mice fed & high fat diet for up Lo eighl months [28]. Betaine was also able to comrace
ineulin signaling by activating insulin recepior substrute 1 (IRS1) by increasing tyrosine phinaphorylation
andd anher signaling mechiansme that repulats gluconsogencsiz and glyeogen synthesis [28].

The role of belaine and choline i encrgy memaholism appeard to be beyord he ellect on zene
methylation und epigenctic contral since folate is noi kpown 1o show Lhe same effect on energy
mefabolism, but rather on epigenetic evenls

7. Methyl Dyoer and Physiological and THsense Condifiens

Phystoloeical chimges in plasma fhlate and (Hey during pregoancy have been reporied previoosly.
Pregmuncy-related changes in plazma befzioe and choline bave also been reported (38.060], From
gesatinmal wook cight onward, choline incressed durmng pregnancs while betaine decreaged, Trom
N gestational weels onward, betwine was & stronger predictor of plasma (Uley thun [olae "68).
Increpsed plesme chebine durmg pregnancy | 38] is probably telaed 10 enhanced endogenous syntheais,
sinpe I'EML enzyme 15 induced by carogen, Decrensed betaine duning pregmaney 15 associated with
inercased DMO suppestinge that o signiticant amount of nethyl eroups wee wfforded by the BHMT
pathway at lae pestation [38], The vole of the BEMT puthwuy 1 delivering methyl groups may be
even more significant in pregnant women wilh e felate |38]. Folatz [67] and choling Tave beon
related 1o ¢ognilive development and bram function. In a recent report [om the Tordolund  Health
Sludy on 219 partizipants, better cognitive finction was associuled with higher choling and B12 or
higher Betaine and B12 [68],

Falate o choling deliciency hus been related w several adverse health effocrs in humans, The
association between [olale deticiency and cancer in also well-docemenied [69]. The most importunt
disenses associated with folate deficieacy are neural lube defects. Choline deficiency or defects in
choline membolism have been aleo linked to fetal breain development and birth defects [70,71]. Defects
in choling wrilization cavse eady eobovone lethahly und have ssvere effects on embryn survival ne
deveiupment [72], Furlhermore, severe heom defoets wore observed when a choline defizient diel
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(18 of the revommended daily intake} was administercd to mice, siv weeks before concepiion [13].
Folaie and choline con prevent disorders in heain development and funelion, @f less! in part by
supplementing methyl groups,

Foth high and low plazima concentrutions ot betaine are linked to discases [37). Urinary betaine
excretion 15 increased moapproximarchy 20% of patients with type 2 disbeles [74]. Low levels of
plasma heraing are associaled with cardivvascular risk factors and probably cardiovascular risk [44].

Severul mechunisms may sxplain the role of dielary methyl denors in buman dissases. For example,
hypo- or hyper methylation of TN A aind digroption of DA repair wers reported o cancer pacients and
were related to methy] dooes [75,76]. Dhisturbed methylation of key proteing in the beain plays a
eentral role in the seuroedegenenlive process and enhanees the patholoesy of amyloid beta and The tau
profein [7Y] (Hher mechumsme may be relaccd to the toxic effecrs of hvpedwmoeysiginemia or
oxidative stress. Osmotic smess cansed by low intrcellular belaine can allect protein stubility and
sigmuling parhways in the call [28] Dismplion of the methylotion pathway in the lver ihy alcohal o
choline deficicney) causes accummlation of lprds and famy liver. Finally, mechanizms not elated w
methylation may be involved. For exumple, choling i3 nsed for svalesigdng 1he neomotmmsmitier
auelylcholine and the mmportant membranc lipid, phosphatidelcholime.

&, Comclusions

Matabilism of lole, belame, choling, and methionine are interelated, am] deficiency of one nubieat
wim be partly compensuted for. Deficiency of distary methy] donors can cause mesbelic and functional
disturbances. Metzbalic changes in the coll s reflecled by elevaled tHey levels, dismrhed crergy and
lipid metabodism, and dysregulation of DNA methylation and protein syntheziz, Folare supplemens sive
hetaine as a methyl donor, snd betwine supplementation appears o have a lowering effect on
prse-mcthinhing loading of {IIcy. The wssociation between fasting plasma ey amd plasme belaine or
ehalitie appeiars o be equivocal: however, hetaine ar choling supplemenlativn oun lower plasma tHey.

Conllicts of Inlerest
The awthor declures no conflics ot inerest.
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