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Abstract

Objective     This  study  aimed  to  investigate  the  effects  of N,N-dimethylglycine  (DMG)  on  the
concentration  and  metabolism  of  plasma  homocysteine  (pHcy)  in  folate-sufficient  and  folate-deficient
rats.

Methods     In  this  study,  0.1% DMG  was  supplemented  in  20% casein  diets  that  were  either  folate-
sufficient (20C) or folate-deficient (20CFD). Blood and liver of rats were subjected to assays of Hcy and
its  metabolites.  Hcy  and  its  related  metabolite  concentrations  were  determined  using  a  liquid
chromatographic system.

Results    Folate deprivation significantly increased pHcy concentration in rats fed 20C diet (from 14.19 ±
0.39 μmol/L to 28.49 ± 0.50 μmol/L; P < 0.05). When supplemented with DMG, pHcy concentration was
significantly  decreased  (12.23  ±  0.18  μmol/L)  in  rats  fed  20C  diet  but  significantly  increased  (31.56  ±
0.59  μmol/L)  in  rats  fed  20CFD.  The  hepatic  methionine  synthase  activity  in  the  20CFD  group  was
significantly lower than that in the 20C group; enzyme activity was unaffected by DMG supplementation
regardless  of  folate  sufficiency.  The  activity  of  hepatic  cystathionine  β-synthase  (CBS)  in  the  20CFD
group was decreased but not in the 20C group; DMG supplementation enhanced hepatic CBS activity in
both groups, in which the effect was significant in the 20C group but not in the other group.

Conclusion     DMG  supplementation  exhibited  hypohomocysteinemic  effects  under  folate-sufficient
conditions. By contrast, the combination of folate deficiency and DMG supplementation has deleterious
effect on pHcy concentration.
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INTRODUCTION

A n  elevated  plasma  homocysteine  (pHcy)
concentration  is  not  only  an  independent
risk  factor  for  cardiovascular  disease[1-3],

but  also  a  risk  factor  for  the  development  of
cognitive  impairment  and  Alzheimer’s  disease[4,5].
Nutrition,  physiology,  pharmacology,  lifestyle,
disease,  and  genetics  are  known  factors  influencing
pHcy  concentration[6-8],  in  which  nutrition  and
genetic  factors  were  deemed  to  have  a  greater
influence.

Homocysteine  (Hcy)  is  metabolized  by  either
remethylation or transsulfuration (Figure 1)[9]. In the
remethylation process, Hcy is remethylated either by
methionine  synthase  (MS)  or  betaine-homocysteine
S-methyltransferase  (BHMT)  in  which  5-
methyltetrahydrofolate  (5-MTHF)  or  betaine  act  as
methyl donors. On the contrary, the transsulfuration
pathway  of  Hcy  to  cysteine  is  catalyzed  by
cystathionine  β-synthase  (CBS)  and  cystathionase.
Vitamin  B12  and  folate  are  cofactors  for  MS,
whereas  vitamin  B6  is  a  cofactor  for  CBS  and
cystathionase;  deficiencies  in  these  micronutrients
can cause hyperhomocysteinemia[10,11].

Folate  deficiency-induced  hyperhomocysteinemia
in  rats  is  one  of  the  representative  models  of
hyperhomocysteinemia[12-14].  Folate  deficiency  has
been  thought  to  induce  hyperhomocysteinemia via
the  following  mechanisms[2,15]:  1)  disturbed  Hcy
remethylation  due  to  a  decrease  in  5-MTHF
concentration  and  2)  decreased  transsulfuration  due
to a decrease in hepatic S-adenosylmethionine (SAM),
which is an activator of CBS[16].

Current  studies[17-19] have  focused  on  the
relationship  between  the  two  remethylation
pathways of Hcy (i.e., BHMT and MS pathways). Both
pathways  are  separate  but  closely  related,  in  which
several  studies  have  suggested  that  both  are
connected via N,N-dimethylglycine (DMG). DMG is a
product of the BHMT remethylation pathway, which
binds  to  tetrahydrofolate  derived  from  dietary  folic
acid  to  further  participate  in  the  MS  remethylation
pathway.  In  addition,  DMG  acts  as  an  inhibitor  for
the  BHMT  enzyme[20,21].  As  tetrahydrofolate
participates  in  DMG  metabolism  as  a  methyl-group
acceptor,  BHMT  pathway  was  reported  to  require
folate  as  a  cofactor[22].  Therefore,  folate  deficiency
was  assumed  to  decrease  tetrahydrofolate
availability,  which  will  then  reduce  DMG
consumption.  This  will  result  in  the  impairment  of
the Hcy remethylation pathways, whereby the BHMT
pathway  is  the  focus  of  this  study.  In  fact,  two
studies  have  reported  that  serum  DMG
concentration  was  significantly  increased  in  folate-
deficient  participants  but  not  in  vitamin  B12-
deficient  participants[23,24].  However,  limited
information  is  currently  available  on  the
compensatory  relationship  between  the  BHMT  and
MS pathways  as  well  as  the  specific  role  of  DMG in
both pathways.

In  this  study,  we aimed to  investigate  the effect
of  DMG  supplementation  on  pHcy  concentration  in
folate-sufficient and folate-deficient rats. 

MATERIAL AND METHODS
 

Chemicals

Folic  acid and choline bitartrate were purchased
from  Sigma-Aldrich  (St.  Louis,  MO).  All  other
chemicals  were  of  analytical  grade  and  purchased
from  either  Wako  Pure  Chemical  (Osaka,  Japan)  or
Sigma-Aldrich.  Dietary  ingredients  such  as  vitamin-
free  casein,  mineral  mixture  (AIN-93G),  folate-free
vitamin mixture (AIN-93), and cellulose powder were
purchased from Oriental Yeast (Tokyo), whereas the
others were purchased from Wako. 
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Animals and Diets

Six-week-old male Wistar rats weighing 120–140 g
were  purchased  from  Japan  SLC  (Hamamatsu,
Japan).  They  were  individually  housed  in  a
temperature  (23–25  °C)-  and  humidity  (40%–60%)-
controlled animal  room with a  12-h light–dark cycle
(lights on from 07:00 to 19:00 h). All rats were given
free access to water and a 25% casein diet during the
5-day  acclimatization  period.  Thirty-two  rats  were
randomly  assigned  to  one  of  the  four  diet  groups
and fed on different diets respectively: 1) 20% casein
(20C),  2)  20C  +  0.1% DMG  (20C  +  DMG), �(3)  folate-
deprived  20C  (20CFD),  and  4)  20CFD  +  0.1% DMG
(20CFD  +  DMG);  20C  was  a  folate-sufficient  diet,
whereas  20CFD  was  a  folate-deficient  diet.  The
composition of 20C was as follows (units are in g/kg):
vitamin-free  casein  (200),  α-cornstarch  (472.26),
sucrose (200), corn oil (50), mineral mixture AIN-93G
(35), folate-free vitamin mixture AIN-93 (10), choline
bitartrate (2.5),  lactose-containing folate (33.3 mg/g
at  0.24),  susccinylsulfathiazole  (10),  and  cellulose
powder  (20).  Folate  levels  in  folate-sufficient  diets
(20C  and  20C +  DMG)  were  8  mg/kg,  a  four-fold
increase  compared  with  the  folate-free  vitamin
mixture  used  in  the  diet.  In  folate-deficient  diets
(20CFD  and  20CFD +  DMG),  folate-free  lactose  was
used instead of lactose-containing folate. In addition
to  AIN-93  which  was  folate-free,
succinylsulfathiazole  was  included  in  the  folate-
deficient  groups  to  suppress  folate  synthesis  by  the
rodents’ intestinal  bacteria.  DMG  was  added  in  the
diet  of  the  supplementation  groups  at  the  expense
of  cornstarch.  Rats  were  given  free  access  to  the
experimental  diets  and water  for  28 days.  After  the
experiment,  the  rats  were  euthanized  between
10:00 and 11:00 h without prior food deprivation, as
it  was  shown that  nonfasting  pHcy  concentration  in
humans relied on the dietary treatment[25].

This  study  was  approved  by  the  Animal  Use
Committee  of  Shizuoka  University  and  adhered  to
the ‘Guidelines  for  the  Care  and  Use  of  Laboratory
Animals’ of Shizuoka University. 

Tissue Collection and Fractionation

Blood  plasma  was  separated  from  heparinized
whole blood by centrifugation at 2,000 ×g for 15 min
at 4 °C and was stored at −30 °C for further analysis.
Whole  liver  was  quickly  removed,  rinsed  in  ice-cold
saline,  blotted  with  filter  paper,  cut  into  three
portions,  weighed,  and  frozen  in  liquid  nitrogen.
Liver  samples  were  stored  at  −80  °C  until  further
analysis.

One portion of the liver was homogenized in ice-
cold 0.3 mol/L trichloroacetic acid solution and then
centrifuged  at  10,000  ×g for  10  min  at  4  °C.  The
supernatant  of  the  deproteinized  liver  homogenate
was subjected to assays for methionine metabolites,
betaine, and serine. Another portion of the liver was
homogenized  in  10  mmol/L  sodium  phosphate
buffer  (pH  7.4)  containing  0.15  mol/L  KCl  and
centrifuged  at  14,000  ×g for  10  min  at  4  °C.  The
resulting  supernatant  was  subjected  to  enzyme
assays.  The  third  portion  of  the  liver  was  subjected
to  mRNA  analysis;  total  mRNA  was  isolated  using  a
kit  purchased  from  ISOGEN  (Nippon  Gene,  Tokyo),
according to manufacturer’s instructions. 

Biochemical Analysis

Hcy  and  cysteine  concentrations  in  both  plasma
and liver were measured by high-performance liquid
chromatography (HPLC) using the method of Durand
et  al.[26].  The  concentrations  of  SAM  and S-
adenosylhomocysteine (SAH) in the liver and that of
betaine were measured by HPLC using the methods
of Cook et al.[27] and Laryea et al.[28],  respectively. 5-
MTHF  concentration  in  the  plasma  and  liver  were
measured  by  HPLC  using  the  method  as  mentioned
by  Shimoda  et  al.[29].  Hepatic  serine  concentration
was  measured  by  an  amino  acid  autoanalyzer.  The
BHMT  activity  in  the  liver  was  measured  using  the
method  described  by  Finkelstein  et  al.[30],  whereas
DMG concentration was determined by the method
mentioned  by  Laryea  et  al.[28].  MS,  CBS,  and
cystathione  activities  in  the  liver  were  determined
using  the  methods  as  described  by  Huang  et  al.[31],
Mudd  et  al.[32],  and  Einarsson  et  al.[33],  respectively.
Protein  concentration  was  measured  according  to
the  method  of  Lowry  et  al.[34] using  bovine  serum
albumin as a standard.

Hcy,  Cys,  SAM,  and  SAH  concentrations  were
determined  using  a  chromatographic  system  with  a
Shimadzu LC-10AT (VP series) pump equipped with a
model  RF-10AXL  fluorescence  detector  (Shimadzu
Instruments, Japan). Separation was carried out with
an  analytical  reverse  phase  column  (C18  ODS,
150  mm ×  4.6  mm,  Beckman)  protected  by  a  guard
column  of  the  same  type.  The  excitation  and
emission  wavelengths  were  385  nm  and  515  nm,
respectively.  The  analytical  column  (150  mm  ×
4.6 mm) used to determine CBS activity was packed
with  5  μm  ODS-A  (YMC  Pack),  and  the  wavelength
ranged from 290 nm to 356 nm.

The  liquid  chromatographic  system  used  to
determine  concentrations  of  Bet,  DMG,  and  BHMT
activity  consisted  of  the  following  components:
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Shimadzu  HPLC  model  (VP  series)  containing  LC-
10AT  (VP  series)  pump,  ultraviolet-visible  detector
with  programmable  wavelength  (SPD-10AVP)  and
Rheodyne  injector  (7725i)  with  a  20-μL  fixed  loop
(Shimadzu  Instruments,  Japan).  The  analytical
column (25 cm × 4.6 mm) was packed with 5 μm LC-
SCX  (SUPELCO,  SUPELCOSILTM).  The  absorption
wavelength  was  254  nm.  The  analytical  column
(25 cm × 4.6 mm) to determine concentrations of 5-
MTHF  and  MS  activity  was  packed  with  5  μm  ODS-
120A (Tskgel,  Tosoh  Bioscience  LLC,  King  of  Prussia,
PA). The excitation wavelength was 290 nm, and the
emission wavelength was 356 nm. 

Statistical Analysis

All  values  were  expressed  as  mean  ±  SEM.  Data
were analyzed by one-way analysis  of  variance,  and
differences  among  the  experimental  groups  were
analyzed  by  the  Tukey  test  when  the F value  was
significant.  Statistical  analysis  was  performed  with
Mac  Tokei-Kaiseki  software  (version  1.5;  Esumi,
Tokyo). 

RESULTS

No  differences  were  observed  in  weight  gain,
food intake, and liver weight of rats assigned to 20C,
20C + DMG, 20CFD, and 20CFD+DMG, indicating that
neither folate deprivation nor DMG supplementation
affected the aforementioned parameters (Table 1). 

Effect of DMG on pHcy and Hcy Metabolism

pHcy  concentration  was  significantly  elevated  in
rats fed folate-deficient diets (20CFD) compared with
those fed a folate-sufficient diet  (20C):  28.49 ± 0.50
vs. 14.19  ±  0.39  μmol/L  (Figure  2A).  When

supplemented  with  DMG,  pHcy  concentration  was
significantly  decreased  (12.23  ±  0.18  μmol/L)  in  the
20C  group  but  significantly  increased  (31.56  ±
0.59 μmol/L) in the 20CFD group.

In  contrast,  plasma  cysteine  and  5-MTHF  levels
were significantly higher in the 20C group than in the
20CFD  group  (Figure  2B and C).  DMG
supplementation  did  not  show  an  effect  on  plasma
cysteine  levels  in  both  20C  and  20CFD  groups.
However,  DMG  supplementation  significantly
increased  plasma  5-MTHF  concentration,  a
quantitative  index  of  folate  status[35],  in  the  20C
group but not in the 20CFD group (Figure 2, panel C).

The hepatic concentration of DMG was markedly
higher in the 20CFD group than in the 20C group and

Table 1. Effect of dietary supplementation with N,N-
Dimethylglycine (0.1%) on body weight gain, food
intake and liver weight in rats fed 20% casein diets

with or without folate deficiency

Diet Body wt gain
g/28 d

Food intake
g/28 d

Liver wt % of
body wt

20C 101 ± 61 421 ± 21 4.07 ± 0.14

20C + DMG 88 ± 7 439 ± 18 3.99 ± 0.10

20CFD 86 ± 5 402 ± 14 4.14 ± 0.10

20CFD + DMG 100 ± 7 418 ± 14 4.38 ± 0.17

　　 Note. 1Each  value  is  the  mean  ±  SEM, n =  8.
Values without a common letter differ, P < 0.05. 20C,
20% casein  diet;  20CFD,  folate-deprived  20C;
different letters are significantly different at P < 0.05.
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were  unaffected  by  DMG  supplementation  (Figure
2D). 

DMG  Supplementation  on  Hepatic  SAM,  SAH,  and
Hcy

In general, hepatic SAM and SAM/SAH ratio were
significantly  higher  in  the  fed  20C  group,  whereas
hepatic SAH and Hcy were significantly higher in the
20CFD  group  (Figure  3).  DMG  supplementation
increased  SAM  levels  in  both  folate-sufficient  and
folate-deficient groups, and its effect was significant
in  the  20C  group  but  not  in  the  20CFD  group  (P =
0.05).  Moreover,  the  liver  SAM/SAH  ratio  was

significantly higher in the 20CFD+DMG group, but no
changes  were  observed  in  the  20C+DMG  group.
DMG supplementation showed no effect on liver Hcy
concentration  in  either  folate-deficient  or  folate-
sufficient groups. 

DMG Supplementation in Hepatic Hcy Metabolism

The  BHMT  activity  in  the  liver  was  similar  in  all
groups  (20C,  20C+DMG,  20CFD,  and  20CFD+DMG).
Rats in the 20C group had significantly higher hepatic
MS and CBS  activity,  as  well  as  hepatic  betaine  and
5-MTHF  levels,  than  those  in  the  20CFD  group.
However,  hepatic  serine  levels  in  the  20C  group
were  significantly  lower  than  those  in  the  20CFD
group (Figure 4).

DMG  supplementation  had  no  effect  on  hepatic
MS  activity  in  rats  fed  either  20C  or  20CFD.  DMG
supplementation  elevated  hepatic  CBS  activity  in
both  groups,  in  which  the  effect  was  significant  in
the 20C group but not in the 20CFD group (Figure 4,
panel  E).  Hepatic  betaine  was  significantly  higher  in
the  20C  group  than  in  the  fed  20CFD  group  (1.63  ±
0.12  μmol/g vs.  1.04  ±  0.08  μmol/g).  DMG
supplementation  only  slightly  increased  betaine
concentration  in  both  groups  (20C+DMG  at
1.96  ±  0.16  μmol/g  and  20CFD+DMG  at  1.39  ±
0.08  μmol/g),  but  its  effects  were  statistically  not
significant.  DMG  supplementation  significantly
increased  hepatic  5-MTHF  level  and  significantly
decreased hepatic  serine level  in the 20C group. On
the  contrary,  no  differences  were  observed  in
hepatic 5-MTHF and serine levels in the 20CFD+DMG
group (Figure 4D and F). 

DISCUSSION

This  study  demonstrated  that  a  relatively  low
concentration of DMG can significantly reduce pHcy
in  rats  when  fed  a  normal,  folate-sufficient  diet,
whereas  concentration  significantly  increased  when
rats were fed a folate-deprived diet. It is reasonable
to assume that DMG supplementation increased Hcy
removal  by  the  MS  pathway via an  increase  in
hepatic  5-MTHF  concentration,  which  leads  to  a
reduction in pHcy in rats fed a folate-sufficient diet.
This supports the theory that under folate-sufficient
conditions,  DMG  acts  as  a  C1  source.  In  contrast,
during  folate  deficiency,  tetrahydrofolate  deficiency
may lead to impaired DMG metabolism and impede
the role of DMG as a C1 source.

Generally,  folate  deficiency-induced
hyperhomocysteinemia  is  mainly  caused  by  a
decrease in 5-MTHF concentration, in which 5-MTHF
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acts  as  a  methyl-group donor  for  MS;  a  decrease  in
5-MTHF will therefore suppress Hcy remethylation[2].
Results of this study coincide with the representative
rat  models  whereby  folate  deficiency  leads  to
hyperhomocysteinemia[12].  In  this  study,  folate
deprivation  not  only  drastically  decreased  hepatic
5-MTHF  concentration  but  also  decreased  hepatic
MS  activity,  indicating  a  great  suppression  in  the

5-MTHF-MS  system.  Kim  et  al.[36,37] showed  that
severe folate deficiency caused secondary depletion
of  hepatic  choline  and  phosphocholine  in  rats.  The
above  finding  was  also  true  for  hepatic  betaine
concentration,  as  choline  is  easily  metabolized  to
betaine, and this study showed that hepatic betaine
concentration  was  significantly  decreased  by  folate
deprivation  in  rats.  However,  it  is  unclear  whether
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Figure 4. Effects  of  supplementation  with N,N-dimethylglycine  on  hepatic  activities  of  betaine-
homocysteine S-methyltransferase  (A),  methionine  synthase  (C),  and  cystathionine  β-synthase  (E)  and
hepatic concentrations of betaine (B),  5-methyltetrahydrofolate (D), and serine (F) in rats. Each value is
the presented as the mean ± SEM, n = 8. The means in a panel without a common letter are different, P <
0.05. BHMT, betaine-homocysteine S-methyltransferase; CBS, cystathionine β-synthase; MS, methionine
synthase;  5-MTHF,  5-methyltetrahydrofolate.  The  means  in  a  panel  without  a  common  letter  are
different, P <  0.05.  20C,  20% casein  diet;  20CFD,  folate-deprived  20C;  DMG, N,N-dimethylglycine;  5-
MTHF, 5-methyltetrahydrofolate.
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the  decrease  in  hepatic  betaine  concentration
contributed  to  hyperhomocysteinemia  induced  by
folate deprivation, as hepatic betaine concentrations
(1.04 ± 0.08 μmol/g) in folate-deprived rats was still
one-order  higher  than  the  reported  Km  value
(120  μmol/L)  of  BHMT  in  rats[38].  By  contrast,  we
demonstrated  that  the  hepatic  concentration  of
DMG, a  reaction product  and an inhibitor  of  BHMT,
was  markedly  increased  by  folate  deprivation.
Although the Ki value of rat BHMT for DMG has not
been  reported,  Finkelstein  et  al.[20] reported  a
positive  correlation  between  DMG  concentration
and  inhibition  of  BHMT  reaction  in  rats;  BHMT
reactions  were  inhibited  by  19% with  0.02  mol/L
DMG,  followed  by  76% and  90% inhibition  with
0.1 mmol/L and 1 mmol/L DMG, respectively. Hence,
an  increase  in  hepatic  DMG  concentration  may
strongly inhibit BHMT reaction in vivo. In addition to
DMG,  the  betaine/DMG  ratio  may  have  some
significance  in  the  BHMT  reaction  similar  to  the
SAM/SAH ratio  in  SAM-dependent  transmethylation
reactions,  where  SAH  is  known  as  an  inhibitor  of
various  types  of  methyltransferase.  To  our
knowledge, this study is the first to show that folate
deprivation  markedly  increased  hepatic  DMG
concentration,  which  supports  the  concept  that
folate  deprivation  impairs  not  only  the  5-MTHF
system  but  also  the  betaine-BHMT  system  and
subsequently induces hyperhomocysteinemia.

However,  it  is  unknown  why  DMG
supplementation  increased  pHcy  in  rats  fed  folate-
deficient  diet.  In  this  study,  the  marked  increase  in
hepatic  DMG  concentration  in  rats  fed  a  folate-
deprived  diet  found  coincided  with  the  results  of
Allen  et  al.[23],  who  showed  that  serum  DMG
concentration  was  significantly  higher  in  folate-
deficient  patients  than  in  normal  participants.  It  is
presumed  that  the  increase  in  hepatic  DMG
concentration  by  folate  deficiency  can  inhibit
endogenous BHMT reaction,  which is  a  contributing
factor  of  hyperhomocysteinemia.  Notably,  DMG
supplementation  did  not  further  increase  hepatic
DMG  concentration  in  rats  fed  folate-deficient  diet.
This  may  be  attributed  to  the  relatively  low  dosage
level (0.1%) of DMG used in this study. 

CONCLUSION

This  study  showed  that  under  normal,  folate-
sufficient  conditions,  DMG  supplementation
exhibited  hypohomocysteinemic  effect,  whereas
when  supplemented  in  a  folate-deficient  diet,  DMG
can  have  deleterious  effect  on  pHcy  concentration.

The dosage effect of DMG should be investigated in
the future. 
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