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code for key enzymes of one-carbon metabolism related to 
liver fat accumulation. In conclusion, the regulation of the 
expression of MGAT by betaine supplementation provides 
an additional and novel mechanism by which betaine sup-
plementation regulates lipid metabolism and prevents accu-
mulation of fat in the liver.
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Abbreviations
BHMT	� Betaine-homocysteine S-methyltransferase
CβS	� Cystathionine-β-synthase
CDD	� Choline deficient diet
ChDh	� Choline dehydrogenase
CDO	� Cysteine dioxygenase
Chka	� Choline kinase alpha
Chkb	� Choline kinase beta
Cta	� Choline-phosphate cytidylyltransferase A
Cth	� Cystathionase
CTP	� Phosphorylcholine cytidylyltransferase
ET	� Ethanolamine phosphate cytidylyltransferase 2
Gclc	� Glutamyl-cysteine synthetase
Gnmt	� Glycine N-methyltransferase
Hcy	� Homocysteine
HHcy	� Hyperhomocysteinemia
Mat1	� Methionine adenosyltransferase
Mgat1	� Monoacylglycerol O-acyltransferase 1
MS	� Methionine synthase
Mthfr	� 5,10-Methylenetetrahydrofolate reductase
PE	� Phosphatidylethanolamine
PEMT	� Phosphatidylehanolamine N-methyltranferase
PC	� Phosphatidylcholine
SAH	� S-adenosylhomocysteine
SAM	� S-adenosylmethionine

Abstract  The purpose of this study was to examine the 
effects of betaine supplementation on the regulation of one-
carbon metabolism and liver lipid accumulation induced 
by a high-fat diet in rats. Rats were fed one of three differ-
ent liquid diets: control diet, high-fat diet and high-fat diet 
supplemented with betaine. The control and high-fat liquid 
diets contained, respectively, 35 and 71 % of energy derived 
from fat. Betaine supplementation involved the addition of 
1 % (g/L) to the diet. After three weeks on the high-fat diet 
the rats had increased total liver fat concentration, liver tri-
glycerides, liver TBARS and plasma TNF-α. The high-fat 
diet decreased the hepatic S-adenosylmethionine concen-
tration and the S-adenosylmethionine/S-adenosylhomo-
cysteine ratio compared to the control as well as altering 
the expression of genes involved in one-carbon metabo-
lism. Betaine supplementation substantially increased the 
hepatic S-adenosylmethionine concentration (~fourfold) 
and prevented fatty liver and hepatic injury induced by the 
high-fat diet. It was accompanied by the normalization of 
the gene expression of BHMT, GNMT and MGAT, which 
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is one of the 
most common chronic liver diseases throughout the world 
(Brunt 2010). NAFLD is a pathological state that develops 
in the absence of alcohol abuse and includes a wide spec-
trum of liver abnormalities ranging from simple accumu-
lation of triglyceride in hepatocytes to nonalcoholic stea-
tohepatitis (NASH) and cirrhosis (Duvnjak et  al. 2007). 
However, the mechanisms involved in nonalcoholic fatty 
liver disease are not totally understood (Duvnjak et  al. 
2007; Day and James 1998). The two-hit model proposes 
that the first hit involves a simple accumulation of fat in the 
liver, increasing the susceptibility of liver to more severe 
damage resulting from the second hit which involves mito-
chondrial dysfunction, lipid peroxidation and inflammation 
(Day and James 1998). Over the last few years, fat accu-
mulation and NASH progression have been associated with 
impairment of hepatic one-carbon metabolism (Dahlhoff 
et  al. 2013), resulting in decreased availability of S-aden-
osylmethionine (SAM) as well as an increase in homo-
cysteine (Hcy) levels (Kim and Kim 2005; Kwon do et al. 

2009). A recent review on the role of one-carbon metabo-
lism-mediated regulation of lipid metabolism by da Silva 
et al. (2014) provides relevant background information.

Betaine (trimethylglycine) is an amino compound 
obtained from dietary sources (especially sea-food, spin-
ach and beets) or synthesized endogenously from choline 
(Kharbanda 2013). Betaine is an important methyl donor 
used for the remethylation of Hcy to methionine (Fig. 1). 
Studies have shown that supplementation with betaine may 
protect the liver from fat accumulation, lipid peroxidation 
and inflammation in rodent models of alcoholic (Erman 
et  al. 2004; Kim et  al. 2008; Kharbanda et  al. 2007) and 
nonalcoholic (Kwon do et  al. 2009; Wang et  al. 2010; 
Kawakami et al. 2012) fatty liver disease. Thus, fatty liver 
disease is linked to one-carbon metabolism through the 
reduction in methylation capacity (SAM/SAH ratio), which 
may be attenuated by betaine supplementation (Khar-
banda 2013). A molecular approach may allow a deeper 
understanding of the alterations in one-carbon metabolism 
induced by high-fat diet and the modulations caused by 
betaine supplementation. The aim of the present study was 
to examine the effects of betaine supplementation on liver 

Fig. 1   Methionine metabolism related to fatty liver and betaine sup-
plementation. HF diet decreases SAM availability for PC formation 
and VLDL secretion via PEMT. Betaine supplementation causes a 
threefold increase in hepatic SAM and alleviates fat liver accumula-
tion induced by the HF diet. MAT Methionine adenosyltransferase, 

SAM S-adenosylmethionine, SAH S-adenosylhomocysteine, CHDH 
choline oxidase, BHMT betaine-homocysteine methyltransferase, 
GNMT glycine methyltransferase, MS methionine synthase, MTHFR 
5,10-methylenetetrahydrofolate reductase, CBS cystathionine 
β-synthase, CTH cystathionase, CDO1 cysteine dioxygenase
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fat accumulation and dysfunction of one-carbon metabo-
lism induced by feeding a HF diet to rats.

Materials and methods

Eighteen male Sprague–Dawley rats (initial weight ~120 g) 
were obtained from the Memorial University of Newfound-
land Animal Care Unit after approval by the institution’s 
Committee on Animal Care. All procedures were in accord-
ance with the Guidelines of the Canadian Council on Ani-
mal Care. The animals were kept in individual cages on a 
12/12  h light/dark cycle at a mean temperature of 22  °C 
and were randomly divided into 3 groups of six rats each: 
control (C); high-fat (HF) and high-fat with betaine (HFB). 
The animals had free access to food throughout the 3 weeks 
and food intake was measured daily to assess total energy, 
total fat and betaine consumption. Composition of the diets 
is presented in Table 1.

The control standard liquid diet provided 35 % of energy 
from fat, 18 % from protein and 47 % from carbohydrates. 
Both high-fat groups received a high-fat liquid diet with 
71  % of energy derived from fat, 18  % from protein and 
11 % from carbohydrates. The diets had the same amount 
of vitamins, minerals, S-containing amino acids and fiber. 
The diets were purchased from Dyets Inc (Bethlehem, PA, 
USA). Betaine supplementation was performed by adding 
1 % (g/L) betaine to the high-fat liquid diet.

Tissue preparation, histopathological evaluation and 
liver fat were performed as described by Deminice et  al. 
(2011). A portion of fresh liver tissue was stained with Oil 

Red O. Liver total fat and total triglycerides were deter-
mined after chemical extraction using chloroform–metha-
nol (2:1) solution.

Assay of metabolites of one‑carbon metabolism

Liver SAM and S-adenosylhomocysteine (SAH) levels 
were determined by HPLC using a method described by 
Jacobs et al. (2005). Total plasma Hcy and cysteine concen-
trations were determined by reverse-phase HPLC and fluo-
rescence detection of ammonium 7-fluoro-2-oxa-1,3-dia-
zole-4-sulphonate (SBDF) thiol adducts as per Vester and 
Rasmussen (1991). Hepatic phosphatidylcholine and phos-
phatidylethanolamine were measured by a phosphorous 
assay after separation by thin-layer chromatography, as 
described by Jacobs et al. (2008).

Indices of hepatic injury

Plasma TNF-α and hepatic thiobarbituric acid reactive spe-
cies (TBARS) were determined using commercially avail-
able kits from Invitrogen Corporation (catalog # KRC3014) 
and ZeptoMetrix Corporation (catalog # 081192), 
respectively.

Gene expression

RNA was isolated from 50 mg of frozen liver using Tri-
zol® (Invitrogen). Total RNA was quantified by spec-
trophotometry at OD 260/280 (NanoDrop2000c, Ther-
moScientific, USA). RNA quality was assessed with an 
Agilent 2100 bioanalyser, using an RNA 6000 Nano kit. 
Samples were treated with DNAse I (Invitrogen) to digest 
genomic DNA; RNA was then reverse transcribed using 
Superscript II (Invitrogen). Primer sets and a correspond-
ing probe for each of the following genes were designed 
using the Universal Probe Library (Roche) based on the 
NCBI reference nucleotide sequences for rattus norvegi-
cus: Mat1a, Gnmt, Mthfr, Mtrr, ChDh, Bhmt1, Cdo1, 
Gclc, Gss, Cth, Mogat1, Lipin1, Chka, Chkb, Pcyt1a, 
Pcyt2a and Pemt. Each primer pair and probe combina-
tion was tested by qPCR (StepOnePlus, Applied Biosys-
tems). Primer mixes for each gene were combined in a 
single assay, which was used to pre-amplify the cDNA 
of the genes of interest in each sample. Pre-amplification 
was tested by qPCR using a probe for cyclophilin. Forty-
eight gene assays and cDNA samples were loaded into 
separate wells on a 48-by-48 gene expression chip (Fluid-
igm). qPCR was run on the Biomark™ system (Fluidigm) 
for 40 cycles. All samples were performed in triplicate 
and cyclophilin A was used as reference gene to normal-
ize the reactions. The relative quantitation was determined 
by the 2−ΔΔCT method.

Table 1   Diet composition of control and high-fat diets

* Control diet provided 1.0  kcal/ml of which 35  % are fat derived 
(Lieber-DeCarli control rat diet#710027) and HF diet provided 
1.0 kcal/ml of which 71 % are fat derived (Lieber-DeCarli fat-derived 
calorie rat diet #712031) according to Dyets Inc (Bethlehem, PA, 
USA)

Ingredient Control* (g/L) HF diet* (g/L)

Casein (100 mesh) 41.4 41.4

l-Cysteine 0.5 0.5

dl-Methionine 0.3 0.3

Corn oil 8.5 48.5

Olive oil 28.4 28.4

Safflower oil 2.7 2.7

Maltose dextrin 115.2 25.6

Cellulose 10.0 10.0

Salt mix 8.75 8.75

Vitamin mix 2.5 2.5

Choline bitartrate 0.53 0.53

Xanthan gum 3.0 3.0
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Data reporting and analysis

Data were reported as mean ± standard error of the mean 
(SEM). Groups were compared by analysis of variance 
(ANOVA) and Tukey post-test was used to identify spe-
cific differences between pairs of treatments using the 
SPSS 18.0 statistical package. The level of significance 
was P < 0.05 in all cases. Some of the data for the con-
trol and high-fat fed rats have already been published 
Deminice et  al. (2011) and are given here for ease of 
comparison.

Results

Three weeks of HF or HFB diet resulted in higher 
(P < 0.05) fat intake, but with no significant differences in 
body weight or food intake between the three diet groups 
(Table  2). The HF diet group had increased liver and 
epididymal fat pad mass compared to the control animals. 
Betaine supplementation prevented the increase in epididy-
mal fat pad weight, but did not prevent the increased liver 
weight that resulted from the high-fat diet (Table 2).

Supplementation of the HF diet with betaine pre-
vented the hepatic accumulation of total lipid and tri-
glycerides (Fig.  2b, c). The effects of betaine supple-
mentation on liver lipid content were clearly evident in 
the Oil Red O-stained histological sections (Fig.  2a). 
In addition, the HF diet group had increased hepatic 
TBARS and plasma TNF-α compared to the control and 
HFB diets (Fig. 2d, e).

The HF diet decreased liver [SAM] by about 20 % when 
compared with the control (Table  3). Betaine supplemen-
tation increased liver SAM concentration almost fourfold, 

increased liver SAH by more than twofold and doubled 
the ratio of SAM to SAH compared to rats fed the HF diet. 
Betaine supplementation also increased liver PC and the 
ratio of PC to PE compared to rats fed either control or 
HF diets. Although no changes were found in plasma Hcy 
concentration between the groups, plasma cysteine was ele-
vated in both the HF and HFB groups.

We examined the transcription levels for genes involved 
in one-carbon and lipid metabolism. Expression of 
BHMT1, GNMT, and MGAT1 was greater in the HF group 
than in the C group. Betaine supplementation normalized 
the abundance of these mRNA to levels measured in con-
trol animals (Table 4). Neither the HF diet, nor HFB diet 
had any effect on the mRNA abundance of the PEMT gene, 
nor were the genes involved in the transsulfuration pathway 
affected by HF but HFB did affect cystathionine β-synthase 
(CBS) expression which was increased and cystathio-
nase (Cth) expression which was decreased by betaine 
supplementation.

Discussion

The positive effects of betaine on fatty liver disease have 
been attributed to the fact that it is an important methyl 
donor, resulting in a considerable increase in hepatic 
SAM concentrations (Kwon do et  al. 2009; Kharbanda 
2013; Wang et al. 2010; Kawakami et al. 2012; Jung et al. 
2013). The increased SAM availability is thought to regu-
late phosphatidylcholine (PC) synthesis by PEMT and 
this normalizes VLDL production rates (Kharbanda et al. 
2009), preventing hepatic fat accumulation induced either 
by a high-fat diet (Kwon do et al. 2009; Wang et al. 2010; 
Kawakami et al. 2012) or by ethanol ingestion (Kharbanda 
et  al. 2007; Jung et  al. 2013). Our results confirmed that 
betaine supplementation substantially increased SAM con-
centration in the liver (Table 1) and prevented fatty liver; 
it also prevented the elevation of the levels of two markers 
of liver damage, TBARS and TNF-α (Fig. 2). Betaine sup-
plementation increased hepatic PC levels and the hepatic 
PC/PE ratio (Table 2), although there were no changes in 
PEMT gene expression. A decreased hepatic PC/PE ratio 
has been previously associated with hepatic dysfunction 
(Li et  al. 2006; Li and Vance 2008). Increased PC levels 
and hepatic PC/PE ratio may result in increased export 
of lipids from the liver (Kharbanda et  al. 2009; Li et  al. 
2006), preventing fatty liver induced by a high-fat diet. 
Wang et  al. (2014) recently demonstrated that betaine 
supplementation attenuated hepatic steatosis and restored 
reduced levels of microsomal triglyceride transfer protein 
(MTTP) gene expression in mice fed with high-fat diet, 
which catalyzes the transfer of PC between membranes, 
required for the secretion of VLDL in the liver. These 

Table 2   Weight gain, liver and fat pad weights, total energy, fat and 
betaine intake for rats fed the C, HF and HFB diets for 3 weeks

Values are given as mean ± SEM
ab  Mean values with unlike letters were significantly different 
(P < 0.05 by ANOVA with Tukey post-test)

C HF HFB

Mean ± SEM Mean ± SEM Mean ± SEM

Weight gain (g) 183.5 ± 20.5 193.3 ± 15.6 178.7 ± 10.9

Liver weight  
(% body weight)

4.24 ± 0.26a 4.82 ± 0.40b 4.75 ± 0.19b

Epididymal fat pad  
(% body weight)

1.61 ± 0.10a 1.84 ± 0.12b 1.42 ± 0.11a

Food intake (mL/d) 120.0 ± 11.4 121.7 ± 5.6 117.4 ± 8.5

Energy intake (kJ/d) 502.1 ± 45.9 508.6 ± 24.3 490.8 ± 35.8

Fat intake (kJ/d) 175.7 ± 16.1a 361.2 ± 16.1b 334.0 ± 25.1b

Betaine INTAKE  
(g/kg.d)

3.1 ± 0.4



843Betaine supplementation prevents fatty liver

1 3

data reinforce the effect of betaine supplementation on 
phospholipid metabolism and its importance in fatty liver 
disease.

We also found that the HF diet induced the expression 
of key genes involved in one-carbon metabolism (BHMT, 
GNMT) and lipid metabolism (MGAT1), and that betaine 
supplementation can prevent such alterations. Alterations in 
BHMT and GNMT caused by changes in SAM concentra-
tion were previously reported (Obeid 2013); however, we 
consider the alterations in the expression of these genes 
both by feeding a high-fat diet and by supplementation of 
HF-fed rats with betaine as novel mechanisms by which 

betaine supplementation regulates one-carbon metabolism 
and prevents hepatic steatosis.

BHMT catalyzes the transfer of a methyl group from 
betaine to homocysteine, yielding methionine and dimeth-
ylglycine. The mitochondrial metabolism of dimethylgly-
cine provides two additional one-carbon groups. Our data 
revealed that 3  weeks on the high-fat diet increased gene 
expression of BHMT and decreased the hepatic concen-
tration of SAM; these changes were prevented by betaine 
supplementation. Increased BHMT gene expression in the 
HF-fed group would tend to increase the availability of 
SAM and, indeed, may be a reflection of enhanced SAM 

Fig. 2   Betaine supplementa-
tion prevented fatty liver and 
liver injury induced by HF diet. 
a Liver samples stained with 
Oil red O. b Liver total lipid. 
c Liver triglycerides. d Liver 
thiobarbituric acid reactive 
species (TBARS). e Plasma 
tumor necrosis factor alpha 
(TNF-a). Values are given as 
mean ± SEM (n = 6). *Indi-
cates P < 0.05 and **P < 0.01 
by ANOVA with Tukey post-test
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availability. Previous studies have shown that either a high-
fat diet or ethanol intake decreased SAM availability and 
increased BHMT activity (Dahlhoff et al. 2013; Kharbanda 
et al. 2007). Decreased SAM can also result from reduced 
MAT1a gene expression (Kharbanda 2013) but we did not 
observe this in our study. The changes in mRNA abun-
dance of genes affecting one-carbon metabolism caused 
by the HF diet were prevented by betaine supplementa-
tion. Increased SAM inhibits remethylation by BHMT thus 
reducing the excess of SAM; and activates transsulfura-
tion via CBS to enhance the conversion of homocysteine 
into cysteine (Obeid 2013). These data are consistent with 
our finding that increased SAM caused by betaine sup-
plementation led to decreased BHMT and increased CBS 
gene expression, which could lead to the increased cysteine 
plasma concentration observed in HFB compared to other 
groups. These data show the importance of BHMT for the 
regulation of one-carbon metabolism in fatty liver and the 
potential of betaine to regulate this pathway.

GNMT activity has the highest flux of all the methyltrans-
ferase enzymes when methionine is in excess in the diet and 
is important for the homeostasis of SAM. GNMT transfers 
the labile methyl group of SAM to a molecule of glycine and 
thereby prevents the accumulation of excessive [SAM] by 
forming sarcosine (Martínez-Chantar et  al. 2008), which is 
metabolized within mitochondria. Studies have shown that 
GNMT knockout mice had steatosis, fibrosis and in some 

cases hepatocellular carcinoma (Martínez-Chantar et  al. 
2008; Varela-Rey et al. 2010; Liu et al. 2007). Rowling et al. 
(2002) showed the loss of GNMT in mice leads to the accu-
mulation of hepatic SAM and to a marked increase in the 
hepatic SAM/SAH ratio. In contrast, activation of GNMT in 
rats by retinoic acid causes a reduction in SAM and global 
DNA methylation in the liver. It seems paradoxical that the 
HF diet should increase the gene expression of GNMT, given 
that SAM levels are reduced in the HF-fed rats. It is, how-
ever, possible that the decreased hepatic [SAM] was caused 
by the increased GNMT. Moreover, the decrease in GNMT 
expression in the betaine-supplemented rats may be partly 
responsible for the increased hepatic SAM levels.

MGAT codes for monoacylglycerol acyltransferase, 
which transfers a fatty acyl group, from fatty acyl-CoA, 
to monoacylglycerol to produce diacylglycerol. It is the 
first step of the monoacylglycerol pathway for the synthe-
sis of triacylglycerol (Hall et  al. 2012). The importance of 
MGAT action in both healthy and fatty livers was recently 
demonstrated (Hall et al. 2012; Lee et al. 2012). Lee et al. 

Table 4   mRNA levels of hepatic genes involved in one-carbon and 
lipid metabolism for rats fed the control (C), high fat (HF) and high-
fat supplemented with betaine (HFB) diets for 3 weeks

Values are given as mean ± SEM of relative mRNA expression
ab  Mean values with unlike letters were significantly different 
(P < 0.05 by ANOVA with Tukey post-test)

C HF HFB

Mean ± SEM Mean ± SEM Mean ± SEM

Transmethylation

 MAT1a 0.88 ± 0.18 1.01 ± 0.16 0.62 ± 0.06

 GNMT 1.00 ± 0.02a 1.78 ± 0.09b 0.69 ± 0.10a

Remethylation

 MTHFR 1.08 ± 0.17 0.90 ± 0.03 1.28 ± 0.05

 MSR 1.13 ± 0.24 1.08 ± 0.12 1.25 ± 0.15

 CHDH 1.06 ± 0.16 0.83 ± 0.11 0.74 ± 0.12

 BHMT1 0.61 ± 0.06a 1.2 ± 0.21b 0.28 ± 0.05a

Transsulfuration

 CBS 1.08 ± 0.09a 0.93 ± 0.05a 1.40 ± 0.15b

 Cdo1 1.25 ± 0.40 1.27 ± 0.43 1.28 ± 0.48

 Gclc 0.89 ± 0.11 0.86 ± 0.09 1.16 ± 0.22

 Gss 1.04 ± 0.13 0.96 ± 0.03 0.93 ± 0.09

 Cth 1.03 ± 0.10a 0.93 ± 0.07a 0.58 ± 0.03b

Phospholipid metabolism

 MGAT1 1.01 ± 0.12a 1.63 ± 0.13b 1.15 ± 0.16a

 Lipin1 0.88 ± 0.13 1.09 ± 0.21 0.69 ± 0.09

 Chka 1.01 ± 0.07 1.08 ± 0.13 1.60 ± 0.21

 Chkb 1.01 ± 0.08 0.97 ± 0.04 0.88 ± 0.08

 CTa 1.16 ± 0.12 0.94 ± 0.16 0.73 ± 0.09

 ET 1.12 ± 0.11 0.85 ± 0.08 1.22 ± 0.19

 PEMT 1.01 ± 0.06 1.00 ± 0.04 0.94 ± 0.10

Table 3   One-carbon metabolism-related metabolites for rats fed the 
control (C), high fat (HF) and high-fat supplemented with betaine 
(HFB) diets for 3 weeks

Values are given as mean ± SEM
$  Total cysteine is cysteine plus 1/2 cystine
ab  Mean values with unlike letters were significantly different 
(P < 0.05 by ANOVA with Tukey post-test)

C HF HFB

Mean ± SEM Mean ± SEM Mean ± SEM

Liver

 SAM (nmol/g  
tissue)

67.2 ± 6.3ª 55.2 ± 5.4b 262.4 ± 16.7c

 SAH (nmol/g  
tissue)

7.1 ± 1.1ª 7.9 ± 0.8ª 18.8 ± 2.6b

 SAM/SAH 9.6 ± 0.8ª 7.1 ± 0.8ª 14.2 ± 2.4b

 PC (nmol/mg  
protein)

131 ± 4.4a 145 ± 4.8a 155 ± 5.3b

 PE (nmol/mg  
protein)

54.3 ± 2.2 56.7 ± 3.7 49.4 ± 1.5

 PC/PE 2.4 ± 0.1a 2.6 ± 0.1a 3.1 ± 0.1b

Plasma

 Total homocysteine 
(µmol/L)

6.4 ± 1.0 6.2 ± 1.0 7.5 ± 1.1

 Total cysteine 
(µmol/L)$

196.0 ± 14.7a 219.2 ± 11.8ab 241.3 ± 15.4b
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(2012) showed that MGAT1 expression was very low in nor-
mal liver but was highly expressed in the fatty liver. These 
authors also observed that suppression of MGAT1 expres-
sion protected liver from fat accumulation in three models: 
Ad-PPARγ-induced steatosis; 12-wk-HF diet-induced stea-
tosis; and ob/ob mice with hepatic steatosis. The increased 
MGAT1 mRNA in the rats fed with HF diet observed in our 
study is consistent with increased hepatic triacylglycerol 
synthesis. Similarly, the decrease in the expression of this 
MGAT1 mRNA with betaine supplementation is consistent 
with the lack of hepatic steatosis in this model. Recent stud-
ies have proposed that modulation of fatty acid metabolism 
could represent a new mechanism for the hepatoprotective 
effect of betaine in nonalcoholic fatty liver (Wang et al. 2010; 
Dahlhoff et  al. 2014; Song et al. 2007). Song et al. (2007) 
demonstrated that betaine supplementation increased fatty 
acid oxidation by the activation of the hepatic AMPK system 
in mice fed high-sucrose diet. Wang et  al. (2010) verified 
raised circulating adiponectin levels in mice fed high-sucrose 
diet after betaine supplementation. Both studies suggest that 
betaine might have potential to improve adipose tissue func-
tion. To our knowledge, ours is the first study demonstrating 
that betaine supplementation suppresses MGAT1 expression 
induced by a HF diet. This result suggests that a decrease 
in the MGAT1 pathway of TG synthesis might be a novel 
and effective mechanism whereby betaine supplementation 
reduces the severity of HF-induced hepatic steatosis.

In conclusion, we have provided evidence that homeo-
stasis of hepatic methionine metabolism is disturbed in rats 
on HF diet. Betaine supplementation prevented fatty liver 
in rats fed with HF diet, increasing SAM levels and pre-
venting changes in the levels of BHMT, GNMT and MGAT 
mRNA. These changes in gene expression may represent 
additional, novel mechanisms by which betaine supplemen-
tation regulates one-carbon metabolism and prevents fatty 
liver induced by a HF diet.
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