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Methyl-donor supplementation in obese mice
prevents the progression of NAFLD, activates
AMPK and decreases acyl-carnitine levelsa
Christoph Dahlhoff 1,2, Stefanie Worsch 3, Manuela Sailer 1, Björn A. Hummel 4,5, Jarlei Fiamoncini 1,
Kirsten Uebel 3, Rima Obeid 4, Christian Scherling 1, Jürgen Geisel 4, Bernhard L. Bader 2,3,*, Hannelore Daniel 1
ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) results from increased hepatic lipid accumulation and steatosis, and is closely linked to liver one-
carbon (C1) metabolism. We assessed in C57BL6/N mice whether NAFLD induced by a high-fat (HF) diet over 8 weeks can be reversed by
additional 4 weeks of a dietary methyl-donor supplementation (MDS). MDS in the obese mice failed to reverse NAFLD, but prevented the
progression of hepatic steatosis associated with major changes in key hepatic C1-metabolites, e.g. S-adenosyl-methionine and S-adenosyl-
homocysteine. Increased phosphorylation of AMPK-a together with enhanced b-HAD activity suggested an increased flux through fatty acid
oxidation pathways. This was supported by concomitantly decreased hepatic free fatty acid and acyl-carnitines levels. Although HF diet changed
the hepatic phospholipid pattern, MDS did not. Our findings suggest that dietary methyl-donors activate AMPK, a key enzyme in fatty acid
b-oxidation control, that mediates increased fatty acid utilization and thereby prevents further hepatic lipid accumulation.

� 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. INTRODUCTION

The generic term non-alcoholic fatty liver disease (NAFLD) describes
an incremental metabolic dysfunction of the liver starting with hepatic
steatosis and steatohepatitis that can progress to end-stage liver
diseases like cirrhosis and hepatocellular cancer [1]. Obesity is one of
the principal causes of hepatic steatosis [2,3], which can be described
as the manifestation of the metabolic syndrome in the liver. 33% of
NAFLD patients have the entire characteristic of the metabolic syn-
drome and nearly 90% develop one particular feature of the syndrome
[4]. Conditions like obesity, type 2 diabetes mellitus and hyperlipidemia
therefore promote NAFLD [5]. Hepatic triacylglycerol (TG) accumulation
results from an imbalance of free fatty acid (non-esterified fatty acids,
NEFA) uptake from circulation, de novo lipogenesis, fatty acid oxidation
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and TG export via very low density lipoprotein (VLDL) particles to pe-
ripheral fat stores [6].
C1-metabolism is of prime importance in hepatic lipid homeostasis.
This appears to originate primarily from its role in providing methyl-
groups for biosynthesis of phosphatidylcholine via the phosphatidyl-
ethanolamine methyltransferase (PEMT) pathway. Evidence for this
close association of lipid homeostasis and C1-metabolism comes
mainly from studies in mice lacking PEMT, glycine N-methyltransfer-
ase (GNMT) or methionine adenosyltransferase (MAT) enzymes or
models with dietary methionine and choline deficiency [7e10].
Especially the analysis of lipoprotein metabolism in PEMT�/� mice
demonstrated the prime importance of C1-metabolism in hepatic lipid
homeostasis. Cultured hepatocytes derived from PEMT�/� mice show
reduced secretion of VLDL and reduced VLDL plasma levels when
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animals are fed a HF/high cholesterol diet [11]. Moreover, an attenu-
ation of atherosclerosis in LDL receptor-deficient mice was observed
by PEMT deletion [12]. Central to C1-metabolism is the methionine
cycle. It maintains the homeostasis of the essential amino acid
methionine from which the methyl-group donor S-adenosylmethionine
(SAM) is generated. SAM is a universal methyl-group provider for more
than 100 methylation reactions [13]. The transfer of the methyl-group
to various acceptors leads to the formation of S-adenosylhomocysteine
(SAH) followed by hydrolysis to homocysteine (Hcy). Hcy represents the
branch point molecule of the methionine cycle and the transsulfuration
pathway [14]. In the latter, Hcy is irreversibly converted by cys-
tathionine b-synthase (CBS) to cystathionine which can be catabolized
to cysteine [14]. But Hcy can also be remethylated to preserve
methionine via i) betaine-homocysteine methyltransferase (BHMT)
dependent oxidation of choline and betaine in the sarcosine pathway or
via ii) the methionine synthase (MTR) with methyl-group delivery from
5-methyltetrahydrofolate [14,15].
A strategy to prevent or attenuate fatty liver disease is based on dietary
supplementation with lipotropic compounds of C1-metabolism. In
1964 Ball [16] described for the first time that lipotropes such as
choline and betaine can prevent hepatic fat infiltration. Improvements
of disease state by MDS could also be observed in models of alcoholic
fatty liver disease [17,18] most likely by restoring a repression of
phosphatidylcholine (PC) biosynthesis [19]. An alleviation of hepatic
lipid accumulation by providing methyl-donors has been reported in a
variety of nutritional models [20e22]. However, whether a dietary
methyl-donor supplementation (MDS) can also reverse a pre-
established NAFLD has rarely been studied [23]. We here describe
the effects of MDS on the progression of hepatic lipid accumulation
combined with the analysis of hepatic amino acid status and phos-
pholipid (PL) signatures. Furthermore, we provide evidence that extra
methyl-donors elevate the activation state of hepatic AMP-activated
protein kinase (AMPK) and thereby increase fatty acid oxidation with
a major reduction in acyl-carnitine levels contributing to a reduced
hepatic lipid accumulation.

2. MATERIAL AND METHODS

2.1. Animal housing, dietary treatments, and sample collection
Animal experiments were conducted in conformity with the Public
Health Service policy and German guidelines for animal care. The study
was approved by the Department of Veterinary Affairs of the govern-
ment of Oberbayern/Germany. The design of feeding trial is shown in
Supplemental Figure S1. In brief, eight week-old male C57BL/6NCrl
mice (n ¼ 46) obtained from Charles River Laboratories were main-
tained in 12 h light/dark cycle with unlimited access to food and water
during the trial. After feeding a standard laboratory chow for 2 weeks,
mice were divided into a control (C, n ¼ 23) and HF group (n ¼ 23)
with similar mean body weight. The following 12-weeks feeding trial
was bipartite including at first a 8-weeks period to achieve diet-
induced obesity (DIO) associated with NAFLD in mice (DIO-phase)
followed by a 4-weeks period of MDS (MDS-phase). During the DIO-
phase, the HF group was fed a beef-tallow based diet with 34% fat
(w/w) (Ssniff GmbH, no. E15741-34; Supplemental Table S1) while the
control group was fed a carbohydrate/starch based diet comprising
4.2% fat (Ssniff GmbH, no. E15000-04; Supplemental Table S1) for 8
weeks. At the end of the DIO-phase (time-point 8 weeks), five animals
of each dietary group were analyzed as described below to determine
the status of obesity and NAFLD. For the MDS-phase, C mice were
divided into a control group (C) and a control/methyl-donor supple-
mented group (CMS), and the HF mice were divided into a high-fat
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group (HF) and a HF/methyl-donor supplemented (HFMS) group,
respectively (n ¼ 9 in each group) with similar mean body weights in
all groups. C and HF diets were identical except that the MS diets
contained additionally 15 g/kg choline chloride, 15 g/kg betaine, 7.5 g/
kg methionine, 15 mg/kg folic acid, 1.5 mg/kg vitamin B12 and
150 mg/kg ZnSO4 (see Supplemental Table S1; supplementation with
methyl-donors and cofactors was according to Wolff et al. [24]).
Subsequently to the DIO-phase the MDS-phase started by feeding the
remaining animals of the C and HF groups either the parent diet or the
corresponding diet supplemented with the methyl-donors and co-
factors [24]. Body weight and food intake were measured during the
entire feeding trial and the corresponding intakes of energy, methio-
nine, cystine, choline chloride, folate, vitamin B12 and vitamin B6 were
calculated for the specific feeding intervals and are provided in
Supplemental Tables S2 and S3, respectively. For the analyses at the
end of the feeding trials (8 weeks and 12 weeks, respectively), mice in
a non-fasting state were anesthetized using isoflurane, blood was
taken from the retro-orbital sinus, and after cervical dislocation, cor-
responding organ samples, such as liver and adipose tissues were
collected, snap-frozen in liquid nitrogen and stored at �80 �C until
analysis.

2.2. Measurements of basal clinical parameters
For measuring blood glucose levels, mice were deprived from food for
6 h and blood glucose levels were measured from the tail vein with
an Accu-Check blood glucose meter (Roche Diagnostics). At the end
of the DIO and MDS-phases, plasma glucose, plasma insulin and
hepatic TG, PL and NEFA concentrations were analyzed. Plasma in-
sulin levels in non-fasting state were determined applying an Ultra-
Sensitive Mouse Insulin ELISA Kit (Crystal Chem Inc.) according to
the manufacturer’s instructions. Intra-assay variation was generally
<10%. Standard curve calculation was performed by Prism4 soft-
ware using 4-parameter logistic fit model [sigmoidal dose-response
curve (variable slope)]. Analysis of total and high molecular weight
(HMW) adiponectin in blood plasma was performed by using the
Adiponectin (Mouse) Total, HMW ELISA Kit (Alpco Diagnostics) ac-
cording to the manufacturer’s instructions. Standard curve calculation
was performed by Prism5 software using third order polynomial
(cubic) fit model.
For analysis of hepatic TG and total PL, liver tissues were ground in
liquid nitrogen and dissolved in 0.9% NaCl. NEFA and PL were
determined from the supernatant using the commercial enzymatic
colorimetric kits NEFA-HR(2) (NEFA, Wako Chemicals GmbH) and
Phospholipid C (PL, Wako Chemicals GmbH), respectively, according to
the manufacturer’s instructions. TG were isolated by alkalinous hy-
drolytic glycerol extraction in alcoholic KOH and 1 ml 0.15 M mag-
nesium sulfate at 70 �C for 30 min. Isolated glycerol in the supernatant
was determined by the commercial enzymatic colorimetric kit Tri-
glycerides liquicolormono (Human GmbH) according to the manufac-
turer’s instructions.

2.3. Histology
Hepatic TG accumulation, was visualized in liver cryosections (5 mm)
fixed in 10% formalin for 1 h, rinsed three times in water, equilibrated
in 60% isopropanol and stained for 1 h in 0.3% Oilred O (Sigma-
Aldrich) staining solution. Sections were again rinsed in 60% iso-
propanol, counterstained by hematoxylin (Medite) for 1 min and
rinsed in water. Stained sections were mounted in Aquatex� (Merck).
Light microscopic analysis was performed by using the Leica DMI
4000 B light microscope and the Leica DFC 490 camera (Leica
Microsystems).
bH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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2.4. RNA extraction and RNA expression analyses
Isolation of total RNA was performed using Trizol reagent (Invitrogen)
and the RNeasy Mini Kit (Qiagen GmbH). RNA was extracted from
homogenized liver tissue by phenol/chloroform extraction. RNA from
the aqueous phase was isolated by RNeasy Mini Kit columns according
to the manufacturer’s instructions. During the isolation residual DNA
was digested using RNase-Free DNase Set (Qiagen GmbH). RNA
concentration was determined with a NanoDrop ND-1000 UV-Vis
spectrophotometer and RNA integrity was assessed with the 2100
Bioanalyzer (Agilent Technologies) using the RNA 6000 Nano Chip Kit
(Agilent Technologies).
Gene expression was measured by Real-time quantitative PCR (RT-
qPCR) using 10 ng of isolated total RNA, corresponding gene-specific
primers, QuantiTect� SYBR Green RT-PCR kit (Qiagen GmbH, Hilden,
Germany) and a Mastercycler ep realplex apparatus (Eppendorf,
Hamburg, Germany) following the manufacturer’s instructions. The
following gene-specific primers were applied:
carnitine palmitoyltransferase 1a (Cpt1a),
fwd. 50-GTCCCAGCTGTCAAAGATACCG-30, rev. 50-ATGGCGTAGTAGTTG
CTGTTAACC-30;
fatty acid synthase (Fasn),
fwd. 50-ATGAAGCTGGGCATGCTCA-30, rev. 50-CCGGCATTCAGAATC
GTGGC-30;
sterol regulatory element-binding protein-1c (Sreb1c),
fwd. 50-ATGGATTGCACATTTGAAGACATG-30, rev. 50-AGAGGAGGCCA
GAGAAGCAG-30;
acetyl-CoA carboxylase 1 (Acc1), Qiagen order no. QT01554441;
acetyl-CoA carboxylase 2 (Acc2),
fwd. 50-AGGGTCATAGAGAAGGTGCTCA-30, rev. 50-AGATCCTCGGGC
GTCACCAT-30.
The following amplification conditions and melting curve analysis were
used: cDNA synthesis at 50 �C for 30 min terminated by reverse
transcriptase enzyme inactivation at 95 �C for 15 min; subsequently,
40 cycles of denaturation, annealing and elongation (at 95 �C for 15 s,
61 �C for 30 s and 72 �C for 30 s, respectively) followed by melting
curve analysis (1.75 �C/min). Relative gene expression was
calculated by the 2�DDCq method using the geometric mean of
the invariant genes hypoxanthine phosphoribosyltransferase 1 (Hprt1)
and glyceraldehyde 3-phosphate dehydrogenase (Gapdh) for
normalization [25,26]. The following gene-specific primers were
applied:
Gapdh, fwd. 50-CCTGGAGAAACCTGCCAAGTATG-30,
rev. 50-GAGTGGGAGTTGCTGTTGAAGTC-30;
Hprt1, fwd. 50-GTCGTGATTAGCGATGATGAACC-30,
rev. 50-GTCTTTCAGTCCTGTCCATAATCAG-30.

2.5. Analysis of metabolites
Amino acid analysis: liver tissues were ground in liquid nitrogen and
100 mg of the homogenates were dissolved in 150 ml H2O/methanol
(50:50), vortexed and centrifuged. 40 ml of the supernatant or 40 ml of
blood plasma samples were used to determine the concentration of
amino acids and derivatives following the iTRAQ-labeling method using
the AA45/32� Kit (Applied Biosystems). Samples were treated ac-
cording to the manufacturer’s instructions and analyzed via LC-MS/MS
(3200QTRAP LC/MS/MS, Applied Biosystems). Spectra were pro-
cessed using the Analyst� 1.5 Software [27]. HPLC-MS/MS detection
of hepatic SAM and SAH levels was performed using a Waters 2795
alliance HT, coupled to a Quattro Micro API tandem mass spectrometer
(Waters Corporation) according to the previously described method-
ology with minor modifications [28]. 1 N acetic acid was added to a
given weight of any tissue and was followed by homogenization in a
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Micro-Dismembrator U (Sartoris AG) and centrifugation at 12,000 g for
10 min. 25 ml of the supernatant were added to 40 ml of internal
standard (SAM and SAH) and 375 ml of 20 mM ammonium acetate
buffer (pH 7.4), followed by cleaning on SPE column and analysis by
HPLC-MS/MS. Plasma total homocysteine (tHcy) was determined using
the Homocysteine HPLC Kit (Immundiagnostik AG) and the Agilent
1100 Series HPLC System (Agilent Technologies) with fluorescence
detection (Excitation 385 nm/Emission 515 nm) according to the
manufacturer’s instructions and integration of peak areas of internal
standard and plasma samples for quantification. Liver Hcy and cys-
tathionine levels were determined by gas chromatography mass
spectrometry (GC-MS) according to Stabler et al., with minor modifi-
cations [29]. Briefly, homogenization of liver tissue samples was
performed with 0.1 M perchloric acid followed by centrifugation at
12,000 g for 10 min and neutralization with 1 M K3PO4. Samples were
stored for further preparation as described by Stabler et al. [29].
Lipid analysis: quantification of acyl-carnitines, phosphatidylcholine,
lysophosphatidylcholine and sphingolipid species was performed with
the Absolute IDQ� Kit p180 (Biocrates Life Sciences AG) with
modifications for tissue analysis [30]. Samples were extracted from
60 mg frozen ground liver using a 1/15 extraction ratio (w/v)
at �18 �C (ice-methanol mixture) followed by shaking at 4 �C for
10 min. Samples were centrifuged (10 min 14,000 g at 4 �C) and
dried by evaporation of methanol in a vacuum centrifuge (SpeedVac
SPDIIIV, Thermo Savant) by applying 1 mbar pressure. According to
weight of tissue samples, the pellets were dissolved in 5% phenyl-
isothiocyanate (PITC) derivatization reagent (v/v) to extract analytes
(120 ml for 60 mg tissue). Samples were finally diluted 1:30 for flow
injection analysis (FIA) using FIA coupled MS (AB SCIEX, QTRAP5500).
Data were analyzed with MetIQ software v1.2.2 (Biocrates Life Sci-
ences AG). Slightly differing sample weights were corrected after
Biocrates METiQ quantification.
3-hydroxybutyrate analysis: 3-hydroxybutyrate (3-HB) was analyzed by
cyclic enzymatic colorimetric measurement using the Autokit 3-HB
(Wako Chemicals GmbH) according to the manufacturer’s instruc-
tion. For quantification, 2 ml of liver extract in H2O/methanol (50:50)
and the Ketone Body Calibrator 300 (300 mM, Wako Chemicals GmbH)
was used.

2.6. Analysis of proteins
Enzyme activity measurements: activity of b-hydroxyacyl CoA dehy-
drogenase (b-HAD) was measured as previously described by Molero
et al. [31]. Briefly, ground liver samples were homogenized (1:20 e
wt/vol) in 50 mM Tris-HCl, 1 mM EDTA, 0.1% Triton X-100, pH 7.2,
and were subjected to three freeze-thaw cycles. For measurements of
b-HAD enzyme activity, 10 ml of six-fold diluted extracts were used at
30 �C as previously described [31]. The reactions were monitored at
340 nm using a Varioskan-plate spectrophotometer (Thermo Fisher
Scientific).
Nuclear protein extraction: for nuclear protein extraction, liver tissue
was homogenized in 10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl,
20 mM NaF, 0.5 mM DTT by dounce homogenization. After centrifu-
gation (3,300 g, 15 min), 150 ml low salt buffer (20 mM HEPES,
1.5 mM MgCl2, 20 mM KCl, 0.2 mM EDTA, 20 mM NaF, 25% glycerol
(v/v), 0.5 mM DTT) and 150 ml high salt buffer (20 mM HEPES, 1.5 mM
MgCl2, 1.2 M KCl, 0.2 mM EDTA, 20 mM NaF, 25% glycerol (v/v),
0.5 mM DTT) was added to cell nuclei, followed by 30 min of shaking.
After an additional centrifugation (25,000 g, 30 min) nuclear protein
extracts were isolated for further analysis.
Western blot analysis: gelelectrophoresis was performed by dena-
turing liver protein extracts in Laemmli sample buffer (310 mM Tris,
n access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/). 567
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pH 6.8, 5% SDS, 12.5% glycerol, 2.5 mM EDTA, 50 mM dithiothreitol
and 0.01% bromophenol blue) at 95 �C for 5 min. 30 mg and 50 mg
of samples were separated on 10% and 7.5% SDS-polyacrylamide
gels, respectively. Protein-transfer to a nitrocellulose membrane
(Whatman GmbH) was performed using the semidry Transblot B44 or
Tankblot Eco-Mini system (Biometra). For immunodetection of spe-
cific proteins, membranes were blocked in 2% ECL advance blocking
reagent (GE Healthcare) in TBS (20 mM Tris, 140 mM NaCl, pH 7.6)
for 1 h and incubated with the following primary antibodies at
1:500e1:20,000 dilutions in TBS-T (20 mM Tris, 140 mM NaCl,
0.1% Tween 20, pH 7.6) at 4 �C over night: goat anti-BHMT, rabbit
Figure 1: Body weight development (A), hepatic triacylglycerol, non-esterified fatty acids and total p
and HFMS mice. The bipartite 12-weeks feeding trial includes a 8-weeks DIO-phase to achieve DIO
vertical line between part 8 w and part 12 w delineates the transition between the two phases. Data
Asterisk indicates statistical significance (p < 0.05) of HF and HFMS mice compared to C and CMS
and open lined and gray lined boxes represent data from CMS and HFMS animals, respectively. Dat
(p < 0.05). Data from the 8-weeks DIO-phase (C, HF) and 4-weeks MDS-phase (C, CMS, HF, HF
Keuls Multiple Comparison Test, respectively. (C) Shown are Oil red O-stained mouse liver cryosection
(2) after the 8-weeks feeding phase; mice fed control diet (3), HF diet (4), CMS diet (5) and HFMS die
from mice. Scale bar: 20 mm. NEFA, non-esterified fatty acids; PL, phospholipids; TG, triacylglyce
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anti-SREBP1 activated form (Novus Biologicals); rabbit anti-CBS
(Aviva Systems Biology); rabbit anti-ACC1, rabbit anti-phospho-
ACC1 (Ser76) (Millipore); rabbit anti-phospho-ACC2 (Ser219/Ser221)
(Santa Cruz Biotechnology); rabbit anti-ACC1/2, rabbit anti-AMPKa,
rabbit anti-phospho-AMPKa (Thr172) and rabbit anti-b-ACTIN (Cell
Signaling); mouse anti-heat shock protein 90 (HSP90) (StressMarq
Biosciences Inc.). After several washing steps, secondary donkey
anti-goat or anti-mouse, and goat anti-rabbit conjugated with IRDye
800 (Li-cor) at 1:10,000e1:50,000 dilutions in TBS-T were exposed
at room temperature for 1 h. Signal detection and quantification of
fluorescence intensity was performed with the Odyssey infrared
hospholipids (B) and histological analysis of fat accumulation in liver tissues (C) from C, CMS, HF
associated with NAFLD in mice (part 8 w) followed by a 4-weeks MDS-phase (part 12 w). The
are presented as mean � SEM (8 w ¼ 8 weeks, n ¼ 5; 12 w ¼ 12 weeks, n ¼ 8e9). (A)
mice (p < 0.05). (B) Open and gray boxes represent data from C and HF animals, respectively,
a are presented as box and whisker plot. Different subscript letters indicate statistical significance
MS) were analyzed separately using Student’s t-test and one-way ANOVA followed by Newman-
s, labeled by numbers respective the diet and feeding time: control diet fed mice (1) and HF mice
t (6) after the 12-weeks feeding period, which included the 4-weeks MDS-phase. Tissue sections
rol.
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C CMS HF HFMS

Liver weight [g] 1.40 � 0.04a 1.56 � 0.04ac 1.83 � 0.11b 1.70 � 0.08bc
imaging system (Li-cor) and by using the Odyssey Application Soft-
ware 3.0 (Li-cor) for calculation of integrated intensity. b-actin and
HSP90 were used for normalization of protein abundance.

2.7. Statistical analysis
Statistical analysis was performed by using Prism 4.01 software
(GraphPad Software). In case of inhomogeneous variances, data were
analyzed using Student’s t-test with Welch’s correction. Data from C,
CMS, HF and HFMS groups were tested by one-way ANOVA followed
by Newman-Keuls Multiple Comparison Test. In case of unequal var-
iances data were logarithmic transformed. In addition, outliers were
detected by using Grubb’s test and excluded from analysis. Analysis of
body weight development was performed with SigmaStat 3.5 (Systat
Software, Inc.) using the two-way ANOVA with repeated measures and
the Holm-Sidak method. For all tests, the bilateral alpha risk was
a ¼ 0.05. Differences in liver acyl-carnitines and plasma or hepatic
amino acid concentrations were tested using the R software package
[32]. The p-values were adjusted for multiple testing using the p.adjust
function within the R-library limma and the BenjaminieHochberg
method [33]. Correlations were determined using the rcorr function
within the Hmisc package [34]. Multivariate data analysis of liver PL
subclasses was done with the TIGR MeV software version 4.1 using
normalized metabolite data [x ¼ (value � average)/sd] for hierarchical
clustering analysis. Data were tested by one-way ANOVA with bilateral
alpha risk of a ¼ 0.01 and Bonferroni adjustment.

3. RESULTS

3.1. Feeding HF diets causes NAFLD while MDS alleviates the
progression of hepatic steatosis and reduces free fatty acid levels
At the end of the first 8 weeks of feeding, HF animals showed aw35%
increased body weight (p < 0.001) compared to the control group
(Figure 1A), with liver and visceral adipose tissue (VAT) weight
increased by w31% (p ¼ 0.001) and w150% (p ¼ 0.002),
respectively. HF feeding also increased basal blood glucose
(p ¼ 0.012) and plasma insulin levels (p ¼ 0.161) as compared to
mice on C diet (Table 1). The observed body weight difference between
control and HF fed animals remained over the next 4 weeks of MDS
feeding (Figure 1A, p < 0.001). Liver weight increased further in all
animals over the additional 4 weeks with highest levels in animals on
HF diets (Table 2). However, animals of the HFMS group displayed the
lowest % liver to body weight ratio. Glucose and insulin levels also
further increased over time and showed highest levels in HF and HFMS
mice (Table 2), while plasma total or HMW adiponectin levels did not
reveal any differences.
For mice analyzed after the 8-weeks feeding phase, TG content in liver
of animals fed HF compared to mice fed control diet increased
significantly (p¼ 0.003), while hepatic free fatty acids (NEFA) and total
C HF

Liver weight [g] 1.24 � 0.04a 1.62 � 0.04b

% Liver/body weight 4.59 � 0.06 4.34 � 0.11

VAT weight [g] 1.10 � 0.05a 3.86 � 0.38b

% VAT/body weight 4.09 � 0.11a 10.22 � 0.74b

Blood glucose [mg/dl] 123.4 � 3.4a 169.4 � 10.1b

Plasma insulin [ng/ml] 1.23 � 0.25 2.72 � 0.77

Table 1: Basal parameters of control and HF C57BL/6N male mice after 8 weeks of dietary
treatment.

Data are presented as mean � SEM (n ¼ 5). Different subscript letters indicate statistical

significance (p < 0.05). Visceral adipose tissue (VAT) was calculated by summing up the

weight of epididymal, perirenal and mesenteric adipose tissue.
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PL levels remained unaffected by diet (Figure 1B, see respective parts
8 w). For mice analyzed after the 12-weeks feeding phase, which
included additional 4 weeks of control and HF diet feeding and in
parallel MDS, TG levels in HF mice displayed still significantly higher
levels than in control and CMS mice (part 12 w of Figure 1B), whereas
TG levels in HFMS were significantly lower than in HF mice, but not as
low as in control and CMS mice (p < 0.001). Oil red O-stained cry-
osections of livers from control and HF mice after 8-weeks (Figure 1C1
and C2, respectively) and 12-weeks feeding (Figure 1C3 and C4,
respectively), as well as from CMS (Figure 1C5) and HFMS (Figure 1C6)
mice after 12-weeks feeding, including a MDS-phase, confirmed the
changes in hepatic TG content: increased TG accumulation in livers of
HF mice reflected by intense staining with increased lipid droplet sizes
after 12-weeks HF (Figure 1C4) compared to 8-weeks HF (Figure 1C2),
reduced staining intensity and a major reduction in lipid droplet size in
livers of HFMS animals (Figure 1C6) compared to HF (Figure 1C4),
control (Figure 1C3) or CMS mice (Figure 1C5). For hepatic free fatty
acid (NEFA) and PL levels after the 4-weeks MDS-phase as shown in
part 12 w of Figure 1B, significantly increased NEFA concentrations
were detected in HF mice compared to C and CMS mice, whereas this
increase was not observed in HFMS animals. PL concentrations were
found significantly elevated in both HF and HFMS mice compared to
control mice.

3.2. Amino acid profiling in plasma and liver reveals a specific
signature of MDS
Concentrations of 31 amino acids and their derivatives were analyzed
in plasma (Supplemental Table S4) and livers (Supplemental Table S5)
by LC-MS/MS. As shown in Figure 2, in plasma of CMS and HFMS mice
compared to control mice, L-serine levels significantly increased
(p ¼ 0.007), while glycine levels significantly decreased (p < 0.001).
For sarcosine, only CMS mice displayed significantly elevated con-
centrations compared to control and HF mice (p ¼ 0.001). L-methio-
nine was only slightly increased in plasma of HFMS mice (p ¼ 0.064).
For systemic total (reduced) Hcy levels, in comparison to controls,
concentrations increased significantly in CMS animals (p < 0.001),
whereas they were significantly decreased in HF mice, and no dif-
ferences were observed in HFMS animals.
Hepatic amino acid levels (Figure 3A) in MDS animals compared to C
showed significant increases for sarcosine (p < 0.001), while glycine
(p < 0.001) concentrations significantly decreased, and L-serine
levels in CMS and HFMS mice did not change. However, both HF and
HFMS mice showed significantly lower serine levels than CMS mice.
L-methionine levels remained unaltered regardless of diet. MDS
% Liver/body weight 4.37 � 0.12ab 4.58 � 0.07a 4.29 � 0.13ab 4.08 � 0.10b

VAT weight [g] 1.84 � 0.15a 2.15 � 0.17a 4.80 � 0.37b 4.56 � 0.27b

% VAT/body weight 5.67 � 0.35a 6.28 � 0.36a 11.19 � 0.52b 10.94 � 0.38b

Blood glucose [mg/dl] 136.9 � 4.2a 146.8 � 4.2a 171.6 � 5.5b 167.7 � 1.9b

Plasma insulin [ng/ml] 1.42 � 0.13a 2.15 � 0.48ab 3.68 � 0.70b 3.01 � 0.57b

Plasma total adiponectin [mg/
ml]

22.77 � 1.46 20.64 � 1.13 19.84 � 0.76 18.93 � 0.71

Plasma HMW adiponectin

[mg/ml]
5.46 � 0.34 5.32 � 0.32 5.16 � 0.46 4.91 � 0.31

HMW/total adiponectin [%] 24.08 � 0.82 25.89 � 1.20 25.81 � 1.71 25.81 � 0.80

Table 2: Basal parameters of C, CMS, HF and HFMS mice after 4 weeks of therapeutic

MDS.

Data are presented as mean � SEM (n ¼ 7e9). Different subscript letters indicate statistical

significance (p < 0.05). Visceral adipose tissue (VAT) was calculated by summing up the

weight of epididymal, perirenal and mesenteric adipose tissue.
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Figure 2: Analysis of blood plasma for selected metabolite concentrations after 4 weeks of dietary MDS. Data are presented as box and whisker plot (n ¼ 8e9). Open and gray boxes represent data
from C and HF mice, respectively, and open lined and gray lined boxes represent data from CMS and HFMS mice, respectively. Different subscript letters indicate statistical significance (p< 0.05). Gly,
Glycine; Hcy, reduced (total) L-homocysteine; Met, L-methionine; Sar, Sarcosine; Ser, L-serine.
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however changed hepatic SAM, SAH, Hcy and cystathionine con-
centrations as shown in Figure 3B. MDS significantly increased he-
patic SAM (p ¼ 0.002) and cystathionine, levels (p ¼ 0.001) in HFMS
mice compared to all other diet groups, including CMS mice. SAH
levels were significantly increased in CMS and HFMS mice and
decreased in HF mice compared to control (p < 0.001). Furthermore,
the data analysis revealed that MDS significantly increased hepatic
Hcy levels in CMS mice (p ¼ 0.009) and marginally in HFMS mice
compared to control.

3.3. Proteins of hepatic C1-metabolism are as well affected by
MDS
To assess diet effects on key enzymes of methyl-group utilization,
protein levels of BHMT and CBS were determined by Western blot
analysis. Comparing mice fed control diet to mice fed extra methyl-
donors (CMS, HFMS), significantly increased BHMT and reduced CBS
protein levels were detected (Figure 4). Similar changes were also
found in HF mice demonstrating a strong diet effect.

3.4. Changes in expression for mRNAs and proteins and levels
of metabolites involved in de novo lipogenesis and mitochondrial
b-oxidation
The reduced TG accumulation in HFMS mice suggested that hepatic
lipid handling is altered. This could either be by reduced fatty acid
570 MOLECULAR METABOLISM 3 (2014) 565e580 � 2014 The Authors. Published by Elsevier Gm
import, diminished de novo fatty acid synthesis, increased fatty acid
oxidation or by enhanced VLDL mediated TG export.
To determine whether de novo lipogenesis is affected, gene expression
for hepatic sterol regulatory element-binding protein1c (SREBP1c),
fatty acid synthase (FASN) (Figure 5A), and acetyl-CoA carboxylase 1
and 2 (ACC1 and ACC2) (Figure 6A) was analyzed by qRT-PCR. In
addition, protein expression of SREBP1 (Figure 5B and Supplemental
Figure S2), total ACC1 (265 kDa) and ACC2 (280 kDa) and their
phosphorylated forms P-ACC1 (P-Ser76) and P-ACC2 (P-Ser219/P-
Ser221) (Figure 6B) were determined by Western blot analysis. In
addition, quantification of the ratios for P-ACC1 and total ACC1 protein
(P-ACC1/ACC1) and P-ACC2 and total ACC2 (P-ACC2/ACC2) were
determined.
With regard to Srebp1c gene expression, no obvious changes upon HF
feeding or MDS compared to control diet were observed, except that
HF animals compared to CMS fed mice showed elevated SREBP1c
mRNA levels (p ¼ 0.045). However, for Fasn, a target gene of
SREBP1c, significantly decreased mRNA levels in MDS mice
(p¼ 0.013) were revealed (Figure 5A). Furthermore, mRNA expression
for ACC1 and 2 in CMS, HF and HFMS mice compared to control mice
was significantly lower (ACC1: p < 0.0003; ACC2: p ¼ 0.0029;
Figure 6A).
Analysis of activated and nuclear SREBP1 protein did not show
expression differences in activated and nuclear SREBP1 protein
bH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Figure 3: Analysis of liver tissues for selected hepatic metabolites after 4 weeks of dietary MDS. (A and B) Data are presented as box and whisker plot (n ¼ 7e9). Open, gray, open lined and gray
lined boxes show data from C, HF, CMS and HFMS animals, respectively. Different subscript letters indicate statistical significance (p < 0.05). Cth, Cystathionine; Gly, Glycine; Hcy, L-Homocysteine;
Met, L-methionine; SAH, S-adenosyl-homocysteine; SAM, S-adenosyl-methionine; Sar, Sarcosine; Ser, L-serine.
(Figure 5B, Supplemental Figure S2) which suggests that SREBP1
proteolytical cleavage and activation remain unaffected in liver.
Interestingly, significantly reduced expression for both total
(p ¼ 0.0063) and phosphorylated ACC1 (p < 0.0001) protein were
measured in mice fed CMS (ACC1: p < 0.05; P-ACC1: p < 0.01),
HFMS (ACC1: p< 0.01; P-ACC1: p< 0.001) and HF (ACC1: p< 0.05;
P-ACC1: p < 0.01) compared to controls, whereas P-ACC1/ACC1
ratios did not change. For hepatic ACC2 protein expression, in com-
parison to control mice significantly lower levels for total ACC2 were
only found in HFMS mice, but not in CMS and HF mice which showed
only a tendency for lower levels (p ¼ 0.0503), whereas for P-ACC2
significantly reduced levels (p¼ 0.0005) were determined for CMS (P-
ACC2: p < 0.01), HF (P-ACC2: p < 0.05) and HFMS (P-ACC2:
MOLECULAR METABOLISM 3 (2014) 565e580 � 2014 The Authors. Published by Elsevier GmbH. This is an ope
www.molecularmetabolism.com
p < 0.001) mice. However, P-ACC2/ACC2 ratios were not significantly
different between the dietary groups (Figure 6B). Our findings indicate
that de novo lipogenesis might be diminished by transcriptional
downregulation of ACC1 upon MDS and HF diets, leading to reduced
ACC1 protein, rather than by enzymatic inhibition of ACC1 upon
phosphorylation; similar regulation appears to apply for ACC2, which is
involved in the control of mitochondrial import of fatty acids for b-
oxidation.
Degradation of fatty acids in liver occurs mainly via mitochondrial b-
oxidation [35] and the rate limiting step is the transfer of acyl-CoA via
the carnitineeacylcarnitine transporter (CACT) across the inner mito-
chondrial membrane. The acylation of carnitine is catalyzed by
carnitine palmitoyltransferase 1 (CPT1) on the outer mitochondrial
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Figure 4: Influence of dietary treatment on hepatic BHMT and CBS protein expression in C,
CMS, HF and HFMS mice. Data are presented as mean � SEM (n ¼ 8e9). Open, gray, open
lined and gray lined boxes show data from C, HF, CMS and HFMS animals, respectively. Different
subscript letters indicate statistical significance (p < 0.05). Bhmt, Betaineehomocysteine
methyltransferase; Cbs, Cystathionine b-synthase.
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membrane [4]. Higher Cpt1a mRNA levels were detected in HF and
HFMS mice than C and CMS mice (p < 0.001), but no further increase
by MDS was observed (Figure 5A).
CPT1 is known to be regulated allosterically by malonyl-CoA generated
by ACC2 causing an inhibition of the enzyme and leading to reduced
fatty acid import into mitochondria. Malonyl-CoA levels generated by
ACCs are mainly controlled by phosphorylation of ACC by AMPK as a
central regulator of cellular energy homeostasis [36]. We therefore also
determined protein levels for total AMPKa and phospho-AMPKa (P-
AMPKa; P-Thr172) in liver tissues by Western blot analysis, and
calculated the P-AMPKa/AMPKa ratio. Although total AMPKa protein
levels remained unaffected upon HF or MDS, P-AMPKa levels
increased significantly in both HF and MDS animals as compared to
controls, and significant higher levels were found in HFMS than HF
livers (p< 0.0001; Figure 5B). For P-AMPKa/AMPKa ratio, HFMS mice
showed a 2.7-fold higher ratio compared to control mice, which was
the highest significant value compared to the respective ratio of CMS
(1.9) and HF (1.7) mice as shown in Figure 5B. Interestingly, the
comparison of P-AMPKa/AMPKa ratios between HFMS and HF mice,
that reflects the effect of methyl-donor supplementation of HF diet,
revealed a 1.6-fold increased P-AMPKa/AMPKa ratio. Based on pre-
vious observations [37], our data suggested that AMPK activity is
increased, and consequently, hepatic b-oxidation capacity is elevated
in HFMS mice as compared to HF mice.
To proof this further, we determined in the liver the enzyme activity
of b-HAD (oxidation of b-hydroxyacyl CoA dehydrogenase), which is
a specific enzyme of b-oxidation. The analysis revealed a signifi-
cantly increased b-HAD activity in HFMS mice (p < 0.001) compared
to C, CMS and HF mice (Figure 5C). Furthermore, we analyzed he-
patic b-hydroxybutyrate (3-HB) as typical metabolite of ketogenesis,
but this did not reveal any changes in CMS and HFMS mice
compared to the respective control and HF diet (Figure 5C). We next
determined free carnitine and acyl-carnitine concentrations in liver
tissues via FIA-MS (Supplemental Table S6). As shown in Figure 7,
significantly reduced concentrations of DL-carnitine, short chain acyl-
carnitines as well as long-chain acyl-carnitines including C16:0,
C16:1, and C18:0 were detected in MDS mice. Interestingly, levels of
medium-chain acyl-carnitines such as C7-DC, C8, C9, C10, C10:1,
and C12 were not significantly affected by MDS, except for C12:1,
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which was slightly increased upon CMS (Supplemental Table S6).
However, these medium-chain acyl-carnitines showed higher levels
(p < 0.001) in HF and HFMS mice than control and CMS mice,
except for C7-DC and C12 in CMS mice (Supplemental Table S6),
suggesting a generalized obesity effect in elevating medium-chain
acyl-carnitines in liver.

3.5. Diet-induced obesity (DIO) affects phospholipid subclasses in
liver of HF mice while MDS reveals no effects on phospholipid status
We also quantified a large number of phosphatidylcholine (PC) species
as well as selected sphingomyelins (SM) and lyso-PC species in liver
tissues via LC-MS/MS. Figure 8 shows a heat-map based on the
metabolites analyzed in liver samples of 8e9 animals in each of the
different dietary groups of trial. The corresponding data are provided in
Supplemental Table S7. Out of 105 lipid species analyzed, 52 revealed
significant differences between C and HF mice, but clustering did not
provide evidence for an effect of the MDS. Amongst the metabolites
that discriminated most between animals from C and HF diets were
predominantly PC species with medium-chain fatty acids revealing
reduced levels in livers from HF and HFMS mice such as PC aa C30:0,
PC aa C32:0, PC aa C32:1, PC aa C32:2, PC aa C34:3 or PC aa C34:4.
In contrast, PC species with long-chain fatty acids, including PC aa
C36:1, PC aa C38:0, PC aa C38:3, PC aa C38:4, PC aa C38:5 or PC aa
C40:6, were increased in liver samples of HF and HFMS mice.
Furthermore, some ether-linked PC subclasses (PC ae) showed
significantly increased hepatic concentrations in HF and HFMS mice as
compared to control liver tissues (Supplemental Table S7). These
ether-PC species contained also fatty acids with higher numbers of
double-bonds. Amongst the lyso-PC subclass, especially lysoPC a
C18:0 showed elevated levels in NAFLD liver while lysoPC a C18:2
decreased in those samples (Supplemental Table S7). Regarding
changes in hydroxyl-sphingomyelin concentrations in NAFLD tissues,
SM (OH) C16:1 and SM (OH) C24:1 levels were increased, whereas
other sphingomyelins as for example SM C24:0 and SM C24:1 showed
reduced levels (Supplemental Table S7). Taken together, all lipid
subclasses covered in the analysis revealed marked alterations in
hepatic tissues when HF and HFMS samples were compared to C and
CMS samples. Yet, a significant alteration in the lipid profiles by MDS
was not observed.

4. DISCUSSION

Excess fat deposition in liver, referred to as NAFLD, is commonly
observed in DIO models in rodents and mimics the condition in humans
with metabolic syndrome. Methyl-donors such as choline and betaine
act as lipotropic compounds and were shown to attenuate NAFLD and
steatosis [16,20,21]. In addition, it has been demonstrated that feeding
mice and rats with methionine and choline deficient diet led to the
development of steatohepatitis [38,39]. However, whether dietary MDS
can reverse an established NAFLD has not been proven. We therefore
studied the effects of a dietary supplementation of methyl-donors on
NAFLD progression when animals after 8-weeks HF feeding received a
HF diet enriched with methyl-donors for additional 4 weeks (Figure 9).
The study included as well animals receiving a low fat/carbohydrate-
rich control diet either supplemented or not with the methyl-donors.

4.1. Reduction of elevated hepatic free fatty acid levels in HF diet
fed animals upon methyl-donor supplementation
8-weeks HF feeding was sufficient to cause high hepatic TG deposition
as well as increased liver and VAT weight associated with the body
weight gain. Animals displayed also plasma hyperglycaemia and
bH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Figure 5: Influence of 4-weeks dietary methyl-donor supplementation on de novo lipogenesis, pivotal regulators, specific enzyme activity of fatty acid oxidation and ketone body production in the liver.
(A) Gene expression of Srebp1c, Fasn and Cpt1a. (B) Protein expression of activated SREBP1 (aSREBP1), and AMPKa expression (AMPKa) and phosphorylation (P-AMPKa). (C) b-hydroxyacyl CoA
dehydrogenase (BHAD) enzyme activity and 3-hydroxybutyrate concentrations. Separate gels were run for quantification of total AMPKa and P-AMPKa. b-ACTIN of the respective membranes were
used for protein normalization. Data are presented as mean � SEM (n ¼ 5e9). Open, gray, open lined and gray lined boxes show data from C, HF, CMS and HFMS animals, respectively. Different
subscript letters indicate statistical significance (p < 0.05). 3-HB, 3-hydroxybutyrate; AMPKa, AMP-activated protein kinase a; P-AMPKa, phosphorylated AMP-activated protein kinase a (Thr172);
aSREBP1, soluble activated SREBP1; b-HAD, b-hydroxyacyl-CoA dehydrogenase; Cpt1a, carnitine palmitoyltransferase 1a; Fasn, fatty acid synthase.
started to develop hyperinsulinemia. Compared to mice from 12-week
HF feeding, HFMS animals, which received first HF diet for 8 weeks
followed by HFMS diet for 4 weeks, showed significant reduced he-
patic TG and NEFA levels. This was also visible in Oil red O-stained liver
sections. Although MDS could not completely reverse the NAFLD state,
it prevented completely further TG accumulation. This is crossly in line
with findings of Kathirvel et al. [40] describing reduced hepatic fat
deposition and improved insulin sensitivity in a murine DIO model by
betaine supplementation for the last 6 weeks of a trial. According to the
glucolipotoxicity hypothesis, increased plasma and hepatic NEFA levels
combined with hyperglycaemia are the main drivers for NAFLD [41,42].
In hepatocytes, an increase in free fatty acids and acyl-CoA levels is
considered to result from a reduced ability to enhance fatty acid
oxidation by a simultaneously reduced peroxisome proliferator-
activated receptor-a (PPARa) activation, enhanced SREBP1c expres-
sion and reduced CPT1 activity [42,43]. In this respect, our finding that
methyl-donor administration can reduce the elevated hepatic free fatty
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acid levels in animals on HF diet to normal levels, as in controls, is of
particular importance.

4.2. Diminished hepatic CBS protein level but increased BHMT
protein status in mice upon HF diet
A high dietary fat intake and increased hepatic lipid processing re-
quires phospholipids for storage as well as for VLDL secretion into
circulation. Our metabolite analysis in liver clearly demonstrates that
MDS increased hepatic SAH levels and most importantly, increased
the levels of SAM in HFMS mice needed for PC synthesis. MDS also
raised Hcy and cystathionine levels. In plasma, methyl-supplemented
animals displayed as well elevated serine and decreased glycine
levels and most prominently increased concentrations of sarcosine
which is the prime metabolite for methyl-group excretion. Despite a
lack of MDS effect on hepatic methionine concentrations, they tended
to be higher in supplemented animals. In all mice on HF diet with or
without MDS a significantly diminished hepatic CBS protein level but
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Figure 6: Influence of 4-weeks dietary methyl-donor supplementation on genes regulating fatty acid metabolism in the liver. (A) Gene expression of acetyl-CoA carboxylase 1 and 2 (ACC1 and
ACC2). (B) Shown are protein expression levels for ACC1 and ACC2 and their phosphorylated form (P-ACC1 and P-ACC2) relative to control in %, and the ratio for P-ACC1/ACC1 and P-ACC2/ACC2
(normalized values were used). Separate gels were run for quantification of total ACC1 and P-ACC1, as well as for ACC2 and P-ACC2. b-ACTIN or HSP90 of the respective membranes were used for
protein normalization. Data are presented as mean � SEM (n ¼ 7e9). Open, gray, open lined and gray lined boxes show data from C, HF, CMS and HFMS animals, respectively. Different subscript
letters indicate statistical significance (p < 0.05).

Original article
increased BHMT protein status was observed. This confirms literature
findings in which extra dietary betaine or choline upregulates BHMT
mRNA expression and activity on the background of either
methionine-deficient or methionine-adequate diets [44e46]. The
importance of BHMT in Hcy homeostasis and its association to NAFLD
was recently demonstrated in a Bhmt�/� mouse model [47] dis-
playing increased hepatic TG concentrations and altered choline and
phosphatidylcholine concentrations associated with reduced VLDL
secretion emphasizing the crucial role of BHMT in hepatic lipid ho-
meostasis [47].

4.3. Changes of acyl-carnitine levels in all methyl-supplemented
animals
In the present study, HF diets caused significant alterations in liver
phosphatidylcholines, lyso-PC and sphingomyelins, but no effects of
MDS on the concentrations of these metabolite species could be
observed. However, amongst the lipid subclasses analyzed, acyl-
carnitine levels changed significantly in all methyl-supplemented
animals. Both, short-chain acyl-carnitines (C2eC6) as well as long-
chain derivatives (>C16) showed significantly reduced concentrations
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while medium-chain acyl-carnitines (>C8 < C14) remained unaf-
fected. Although the latter, as for example C8, C9 or C10:1 revealed
increased levels in liver tissues of animals on HF diets, MDS was
without any effects. There is convincing evidence from a comparative
analysis that the acyl-carnitines in tissues mirror in both, concen-
tration and pattern the status of the corresponding acyl-CoA species
[48]. Acyl-CoA esters are known as regulators of energy metabolism
[49]. Long-chain acyl-CoA act as inhibitors for the mitochondrial
adenine nucleotide translocase (ANT), which is considered to be the
overall rate limiting step in energy metabolism [49]. In addition,
malonyl-CoA has been identified as a crucial allosteric regulator of
CPT1, the rate-limiting enzyme for transfer of long-chain acyl-CoA
into mitochondria for b-oxidation.

4.4. Expression of genes and proteins involved in de novo
lipogenesis and mitochondrial b-oxidation
ACC1 and 2 catalyze the synthesis malonyl-CoA from acetyl-CoA,
whereas malonyl-CoA is degraded by a malonyl-CoA decarboxylase
(MCD). ACC1-generated malonyl-CoA is utilized by FASN for cytosolic
fatty acid synthesis. In contrast, the mitochondrial bound ACC2
bH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Figure 7: Analysis of C, CMS, HF and HFMS liver tissues for selected hepatic carnitine and acyl-carnitine concentrations after 12-weeks feeding, including 4-weeks dietary methyl-donor sup-
plementation. Data are presented as box and whisker plot (n ¼ 8e9). Data from C, HF, CMS and HFMS animals are shown as open, gray, open lined and gray lined boxes, respectively. Different
subscript letters indicate statistical significance (p < 0.05). C0, DL-carnitine; C2, acetyl-L-carnitine; C3, propionyl-L-carnitine; C3-DC/C4-OH, malonyl-L-carnitine/hydroxybutyryl-L-carnitine; C4, butyryl-
L-carnitine; C5, valeryl-L-carnitine; C5-DC/C6-OH, glutaryl-L-carnitine/hydroxyhexanoyl-L-carnitine; C5-M-DC, methylglutaryl-L-carnitine; C16, hexadecanoyl-L-carnitine; C16:1, hexadecenoyl-L-
carnitine; C18, octadecanoyl-L-carnitine; C18:1, octadecenoyl-L-carnitine.
generates malonyl-CoA which operates as inhibitor of CPT1, the rate-
limiting protein for mitochondrial fatty acid import. ACC is under the
control of insulin leading to increased malonyl-CoA levels, whereas
phosphorylation of ACCs decreases their activity resulting in a
reduction of malonyl-CoA [37]. Phosphorylation of ACC [36] and MCD
[37] is mainly regulated by AMPK leading to reduced malonyl-CoA
levels. Stimulation of AMPK results in the activation of catabolic pro-
cesses, e.g. fatty acid uptake and transport into mitochondria, b-
oxidation and the repression of many anabolic processes, e.g. fatty
acid and cholesterol synthesis, gluconeogenesis [50].
In contrast, to the expected classical inhibition of ACCs upon
increased AMPK-mediated phosphorylation, and the enhanced AMPK
phosphorylation upon HF and MDS as observed in our study (see also
discussion below), it was surprising that ACC1 and 2 were rather
regulated on transcriptional level upon MDS and HF diets, leading to
reduced hepatic ACC1 and 2 mRNA and protein levels without
obvious changes in ratios for P-ACC1/ACC1 and P-ACC2/ACC2. In
addition, hepatic FASN mRNA levels were reduced in mice by MDS.
Together, these changes strongly suggest that de novo lipogenesis is
altered.
Interestingly, the transcription factor SREBP1c, known to alter gene
transcription of lipogenic enzymes and a prime candidate to be
involved in the transcriptional regulation of ACCs and FASN [50], did
not reveal any diet or supplementation effects on its own hepatic
mRNA or protein expression level. However, in this study we did not
assess whether the binding of SREBP1c to the promoter of these
target genes was reduced upon the diets. Moreover, one could
speculate that the regulation of other transcription factors, known to
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be involved in the complex transcriptional control of lipogenesis and
TG synthesis, such as ChREBP (carbohydrate-response element-
binding protein), LXR (liver X receptor), PGC1a (peroxisome
proliferator activated receptor-g co-activator-1a) and PGC1b or XBP1
(X-box binding protein 1), or epigenetic mechanism, such as DNA
methylation, histone modifications or microRNA, might have changed
the mRNA and protein expression of ACCs and FASN or other genes,
which are functionally involved in the reduction of TG and NEFA levels
in HFMS mice [50].
Regarding mitochondrial b-oxidation, increased CPT1a transcript
levels were found in both HF groups, but no change by added methyl-
donors was observed. However, when total and P-AMPKa levels were
determined, it became obvious that total AMPKa protein levels
remained unaffected by diet, but the threonine172 (Thr172)-phos-
phorylation state of AMPKa, and consequently the P-AMPKa/AMPKa
ratio, which enhances the AMPK activity, increased strongly. For both
the HF and CMS diet compared to the control diet, increased P-AMPKa
and P-AMPKa/AMPKa levels were found suggesting that both the high
fat and methyl-donor supplementation can lead to AMPK activation in
liver. Importantly, for HFMS compared to CMS and HF diet, P-AMPKa/
AMPKa levels were significantly 1.4-fold and 1.6-fold higher,
respectively, indicating synergistic effects for MDS combined with HF
diet feeding on AMPKa phosphorylation.
Considering increased phosphorylation of AMPKa as enhanced enzy-
matic AMPK activity, consequently, both mitochondrial fatty acid
oxidation and mitochondrial biogenesis could be affected via
the ‘master regulator’ of mitochondrial biogenesis PGC1a. It has been
shown that PGC1a enhances the activity of several transcription
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factors for mitochondrial genes [50]. Interestingly, AMPK can directly
phosphorylate PGC1a, which can cause activation of its own tran-
scription via a positive feedback loop [51]. An alternative mechanism
for PGC1a activation by AMPK is through promotion of PGC1a
deacetylation by increasing NAD-concentration, which is the co-
substrate for the deacetylase sirtuin 1 (SIRT1) [50]. With regard to
dietary changes in methyl-donors, it is of particular interest that PGC1a
activity can be enhanced additionally by its methylation dependent on
protein arginine methyltransferase 1 [52]. In this context, dietary
methyl-donor deficiency was recently described to impair fatty acid
oxidation through PGC1a hypomethylation in rat liver [39] and
myocardium [53]. Interestingly, PGC1a is also known to influence
homocysteine homeostasis, likely via hepatic nuclear factor 4a
mediated expression control of BHMT [54].
Together, one can speculate that in our study both AMPK and PGC1a
may operate in the alleviation of TG accumulation in the livers of
methyl-donor supplemented mice and that the increased BHMT protein
expression observed in these mice may reflect enhanced PGC1a ac-
tivity on its target genes. Considering the complex molecular network
of metabolism regulation in living organisms, it will be very interesting
for future experiments to determine whether MDS and HF diet impact
the regulation of PGC1a activity by methylation and/or P-AMPK
dependent phosphorylation associated with metabolic changes. In this
context, the analysis of PGC1b, having similar metabolic targets, will
be also of interest [50].
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4.5. Increase of AMPKa phosphorylation in MDS mice
AMPKa phosphorylation mediated by upstream kinases is a prereq-
uisite for AMPK activation [55,56]. AMPK senses the cellular energy
state by AMP-dependent activation, antagonized by ATP [36]. AMPK is
a heterotrimeric protein with a g-subunit containing four tandem re-
peats of evolutionary conserved CBS-domains known to bind AMP or
ATP [36]. However, CBS-domains can also bind SAM and recently a
CBS-domain with bound SAM was crystallized [57]. As proposed by
Finkelstein, AMPK could therefore also act as a SAM sensor [14]. Wang
et al. reported an improved adipose tissue function by betaine sup-
plementation in obese mice with improved insulin signaling and the
prevention of endoplasmatic reticulum stress in adipose tissue [22].
Furthermore, betaine supplementation normalized plasma adiponectin
concentrations which were decreased upon DIO [22]. Adiponectin is
known to activate AMPK by an unknown mechanism [58], potentially
by an endocrine mechanism. However, analysis of plasma adiponectin
in our mice did not reveal a significant difference, suggesting that
adiponectin effects on hepatic AMPK activation in MDS mice are
negligible.
An enhanced supply of methyl-donors increases the hepatic
biosynthesis and turnover of SAM which consumes ATP and the
subsequent use of SAM for transmethylation produces cellular SAH
and hence Hcy and adenosine. The thermodynamically favored SAH
synthesis generates the necessity to constantly metabolize Hcy and
adenosine in the methionine cycle [59,60]. Accumulating adenosine
bH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/3.0/
http://www.molecularmetabolism.com


Figure 9: Schematic presentation of the interrelationship of identified changes in gene and protein expression, as well as in metabolite levels in methyl-group donor supplemented DIO mice. (A) DIO-
mediated NAFLD results in increased hepatic free fatty acid concentrations and triacylglycerol accumulation accompanied by changes of BHMT and CBS in the C1-metabolism. (B) MDS down-regulates
DNL (decreased ACC1 and 2 mRNA and protein levels; not depicted) and enhances AMPK activity which induces elevated hepatic b-oxidation, thereby preventing DIO mediated NAFLD progression
and further increasing BHMT expression. Observed changes of mRNA (e.g. Cpt1a), proteins (BHMT, CBS), protein phosphorylation (P-AMPKa) and metabolites (acyl-carnitine, FA) are depicted.
Upward- and downward-oriented arrows indicate up-regulation or down-regulation, respectively. AMPK, AMP-activated protein kinase; C1-metabolism, one-carbon metabolism; Cpt1a, carnitine
palmitoyltransferase-1a; DIO, diet-induced obesity; DMG, dimethylglycine; DNL, de novo lipogenesis; FA, free fatty acids; 5-MTHF, 5-methyl-tetrahydrofolate; NAFLD, non-alcoholic fatty liver disease;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; CH3, methyl group transfer via SAM; TG, triacylglycerol; THF, tetrahydrofolate; VLDL, very low density lipoprotein.
is primarily used by adenosine kinase in liver for AMP synthesis
[15,61]. Therefore, it is conceivable that an enhanced SAM syn-
thesis and turnover increases cellular AMP concentrations with an
altered AMP/ATP ratio affecting AMPK activation. In addition,
enhanced SAM turnover may be able to reduce the activity of AMPK
specific protein phosphatases resulting in an increased AMPK
phosphorylation status [62].

4.6. AMPK-mediated stimulation of L-carnitine acylation of fatty
acids and increase of fatty acid b-oxidation
The increased phosphorylation state of AMPK observed in liver tissues
of CMS and HFMS mice may translate into an increased activity of
CPT1 and in turn increased fatty acid b-oxidation. The increased b-
HAD activity supports the increased capacity for fatty acid oxidation,
although this was not associated with enhanced 3-HB levels in MDS
livers. Interestingly, Ogborn et al. described that a dietary betaine
supplementation also did not alter hepatic 3-HB levels in a rat poly-
cystic kidney disease model [63] suggesting that a methyl-donor
supplementation not a priori also increases hepatic ketone body
MOLECULAR METABOLISM 3 (2014) 565e580 � 2014 The Authors. Published by Elsevier GmbH. This is an ope
www.molecularmetabolism.com
production. Our analysis of the various acyl-carnitines revealed that in
the CMS and HFMS groups all short- and long-chain acyl-carnitines
were reduced in levels compared to C tissues. Considering that
acyl-carnitines are shuttled out of mitochondria via the CACT [64] in a
one to one exchange process it is conceivable that the export of acyl-
carnitines increases when the acyl-CoA flux through b-oxidation is
limited by the availability of NAD and FAD and intermediate products.
Acyl-carnitines are released into plasma and their analysis is used for
diagnosing inherited diseases of b-oxidation represented for example
by long-chain or medium-chain acyl-CoA dehydrogenase deficiencies
[65]. In this context, the increased appearance of the acyl-carnitines in
plasma may serve as a surrogate marker of a limited b-oxidation
capacity. It is interesting to note that HF diets increased also all me-
dium-chain acyl-carnitines (> C8< C14) although MDS failed to affect
their levels. Medium-chain fatty acids are known to be taken up into
mitochondria independent of CPT1 and may be exported back into the
cytosol by CACT as acyl-carnitines. As all other hepatic acyl-carnitines
declined in concentration in MDS animal, it seems plausible to assume
that this is a consequence of increased uptake of fatty acids into
n access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/). 577
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mitochondria through CPT1 that is no more inhibited by cytosolic
malonyl-CoA when AMPK is activated. The importance of CPT1 in
limiting fatty acid oxidation was recently elegantly shown in functional
studies with genetically obese mice where increased CPT1 activity in
the liver protected the mice against hepatic steatosis and insulin
resistance [66]. Our data therefore argue for an AMPK-mediated
stimulation of L-carnitine acylation of fatty acids by CPT1 that in turn
increases fatty acid b-oxidation with a concomitant decline in short-
and long-chain acyl-carnitines, NEFA and TG especially in livers from
HFMS mice.

4.7. Conclusions
In summary, we have demonstrated that a MDS can prevent the
progression of lipid accumulation in liver tissues of animals with
NAFLD but it cannot reverse NAFLD. MDS leads to major changes in
C1 metabolites and reduces hepatic free fatty acid and acyl-carnitine
levels. These effects are associated with an increased activity state of
AMPK and b-HAD enzyme activity that links C1-metabolism and b-
oxidation. This is suggested by significant cross-correlations of he-
patic SAH, Hcy and cystathionine concentrations with acyl-carnitine
levels in liver tissues across all diets. AMPK may bind SAM directly
via its CBS domains and thus acts as a direct SAM-sensor or
alternatively responds with activation to increased AMP levels that
arise from the enhanced methyl-group turnover. Considering the
prime roles of PGC1a and AMPK in the complex molecular network of
metabolism regulation and adaptations it will be of great interest to
assess in future experiments whether the increase of AMPKa
phosphorylation upon MDS leads to enhanced PGC1a methylation
and activity.
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