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BACKGROUND AND PURPOSE
Overactive lipolysis in adipose tissue contributes to the pathogenesis of alcoholic liver disease (ALD); however, the
mechanisms involved have not been elucidated. We previously reported that chronic alcohol consumption produces a
hypomethylation state in adipose tissue. In this study we investigated the role of hypomethylation in adipose tissue in
alcohol-induced lipolysis and whether its correction contributes to the well-established hepatoprotective effect of betaine in
ALD.

EXPERIMENTAL APPROACH
Male C57BL/6 mice were divided into four groups and started on one of four treatments for 5 weeks: isocaloric pair-fed (PF),
alcohol-fed (AF), PF supplemented with betaine (BT/AF) and AF supplemented with betaine (BT/AF). Betaine, 0.5% (w v−1),
was added to the liquid diet. Both primary adipocytes and mature 3T3-L1 adipocytes were exposed to demethylation
reagents and their lipolytic responses determined.

KEY RESULTS
Betaine alleviated alcohol-induced pathological changes in the liver and rectified the impaired methylation status in adipose
tissue, concomitant with attenuating lipolysis. In adipocytes, inducing hypomethylation activated lipolysis through a
mechanism involving suppression of protein phosphatase 2A (PP2A), due to hypomethylation of its catalytic subunit, leading
to increased activation of hormone-sensitive lipase (HSL). In line with in vitro observations, reduced PP2A catalytic subunit
methylation and activity, and enhanced HSL activation, were observed in adipose tissue of alcohol-fed mice. Betaine
attenuated this alcohol-induced PP2A suppression and HSL activation.

CONCLUSIONS AND IMPLICATIONS
In adipose tissue, a hypomethylation state contributes to its alcohol-induced dysfunction and an improvement in its function
may contribute to the hepatoprotective effects of betaine in ALD.
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Abbreviations
ALD, alcoholic liver disease; ALT, alanine aminotransferase; BHMT, betaine homocysteine methyltransferase; HSL,
hormone-sensitive lipase; NEFAs, non-esterified free fatty acids; PP2A, protein phosphatase 2A; SAH,
S-adenosylhomocysteine; SAM, S-adenosylmethionine

Introduction
Alcohol liver disease (ALD) covers a wide spectrum of liver
diseases ranging from simple hepatic steatosis [accumulation
of triglyceride (TG) inside hepatocytes] to steatohepatitis
(necrosis and inflammation), with some people ultimately
progressing to fibrosis/cirrhosis and liver failure. The disease
ranks among the major causes of morbidity and mortality in
the world, and affects millions of patients worldwide each
year (O’Shea et al., 2010). Fatty liver is the most common and
earliest response of the liver to chronic alcohol consumption.
Although it can be a completely benign condition, excessive
fat accumulation makes hepatocytes vulnerable to the
‘second hit’, mainly pro-inflammatory cytokines and oxida-
tive stress, ultimately resulting in steatohepatitis (Stewart
et al., 2001; Reddy and Rao, 2006).

Although much progress has been made in recent
decades, the pathogenesis of ALD remains to be clearly
defined. In general, excess fat accumulation in the liver
results from an imbalance in the uptake, synthesis, export
and oxidation of fatty acids. Chronic alcohol exposure, by
up-regulating sterol regulatory element-binding protein
(SREBP)-1c, a master transcription factor controlling de novo
lipogenesis (You et al., 2002), results in increased hepatic TG
biosynthesis. Specific knockout of SREBP-1c in the liver has
been shown to protect mice from alcohol-induced liver
damage (Ji et al., 2006), suggesting that up-regulation of
hepatic de novo lipogenesis contributes to ALD. Moreover,
chronic alcohol consumption has been demonstrated to
impair hepatic fatty acid β-oxidation by suppressing AMPK
and PPAR-α activation (Fischer et al., 2003; You et al., 2004).
Furthermore, both increased hepatic fatty acid absorption
(Zhong et al., 2012) and impaired hepatic very-low-density
lipoprotein secretion (Sugimoto et al., 2002) were reported to
contribute to the development of hepatic steatosis after
chronic alcohol exposure.

Non-esterified free fatty acids (FFAs) in the form of TG are
mainly stored in adipose tissue and are released into the
circulation via a process called lipolysis. Uncontrolled lipoly-
sis in adipose tissue, due to insulin resistance, leads to exces-
sive exposure and uptake of FFA by the liver, which plays a
causal role in the development of obesity-related non-
alcoholic fatty liver disease (NAFLD) (Sanyal, 2005). There is
also accumulating evidence that adipose tissue dysfunction
plays a pivotal role in the pathogenesis of ALD. In the clinical
setting, visceral fat accumulation is positively associated with
the onset of alcoholic liver damage and body mass index
represents an independent risk factor for fibrosis in alcoholic
patients (Loomba et al., 2009; Hart et al., 2010; Shen et al.,
2010; Tsai et al., 2011). Moreover, adipose tissue inflamma-
tion is correlated with the severity of pathological features in
livers of patients with ALD (Souto et al., 2005). Experimen-
tally, chronic alcohol consumption induces oxidative stress
in adipose tissue, insulin resistance, inflammation, adipocyte

cell death and reduced levels of adiponectin (Chen et al.,
2007; Kang et al., 2007; Tang et al., 2007; Song et al., 2008;
Sebastian et al., 2011). Moderate obesity and alcohol act syn-
ergistically to induce steatohepatitis (Xu et al., 2011). Moreo-
ver, chronic alcohol exposure evokes the mobilization of TG
in adipose tissue, which results in increased plasma FFA con-
centrations (Kang et al., 2007). Importantly, both rosiglita-
zone (a PPAR-γ agonist mainly targeting adipocytes) and
recombinant adiponectin (an adipokine exclusively produced
by adipocytes) improve ALD (Xu et al., 2003; Sun et al., 2012),
suggesting that improving adipose tissue function represents
a potential therapeutic approach for ALD.

The mechanism underlying alcohol-induced adipose
tissue dysfunction has not yet been clearly defined. We pre-
viously reported that chronic alcohol consumption resulted
in impaired methionine metabolism in adipose tissue, char-
acterized by homocysteine overproduction and a decreased
ratio of S-adenosylmethionine:S-adenosylhomocysteine
(SAM:SAH) (an indicator of cellular hypomethylation status)
due to a reduction in SAM and increased generation of SAH
(Song et al., 2008). We further reported that increased homo-
cysteine accumulation in adipocytes contributes to the
alcohol-induced decline in adiponectin and that homocyst-
eine also suppresses adipogenesis by inhibiting the transacti-
vation of PPAR-γ (Song et al., 2008; Wang et al., 2011).
Collectively, these observations suggest that impaired meth-
ionine metabolism plays an important role in alcohol-
triggered adipose tissue dysfunction and its rectification may
therefore confer protection against alcohol-induced liver
damage.

Hormone-sensitive lipase (HSL) is the major lipase in
white adipose tissue responsible for lipolysis (Schweiger et al.,
2006). Lipolytic hormones quickly activate HSL via cAMP/
PKA-mediated phosphorylation (Anthonsen et al., 1998). In
contrast, protein phosphatase 2A (PP2A) dephosphorylates
HSL and inactivates it (Wood et al., 1993). PP2A is a highly
regulated heterotrimeric protein phosphatase whose enzy-
matic activity requires leucine carboxyl methyltransferase-
dependent methylation, which enhances PP2A enzymatic
activity (Janssens and Goris, 2001). Therefore, PP2A repre-
sents a critical link between hypomethylation and lipolysis
activation in adipose tissue.

Betaine (trimethylglycine) is a natural compound found
in many foods, including wheat, shellfish, spinach and sugar
beets. It is also a metabolite of choline and an essential
biochemical component of the methionine-homocysteine
cycle (Craig, 2004). Hepatoprotective effects of betaine were
reported in a variety of experimental animal models of liver
diseases, including ALD, bile acid-induced liver injury and
NAFLD (Graf et al., 2002; Ji and Kaplowitz, 2003; Song et al.,
2007; Wang et al., 2010). Although different mechanisms
have been proposed, our studies showed that betaine supple-
mentation was associated with an alleviation of the impair-
ments in adipose tissue methionine and improved adipose
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tissue function (Song et al., 2007; Wang et al., 2010), suggest-
ing that improved adipose tissue function may contribute to
the hepatoprotective effects of betaine.

In the present study, using the Lieber-DeCarli alcohol-
containing liquid feed mouse model of ALD, we aimed to (i)
elucidate the mechanisms underlying alcohol-induced
adipose tissue dysfunction, with a focus on whether and how
impaired adipose tissue methionine metabolism contributes
to alcohol-triggered lipolysis; (ii) evaluate the beneficial
effects of betaine on adipose tissue function during chronic
alcohol exposure; and (iii) investigate the mechanisms
involved in the hepatoprotective effect of betaine in ALD. We
demonstrated that the suppression of PP2A contributes to
alcohol-induced overactivation of adipose tissue lipolytic
response by unleashing HSL activation. Betaine corrected the
adipose tissue hypomethylation status and protected against
alcohol-induced fatty liver and liver injury.

Methods

Animals and treatments
All animal studies were approved by the Institutional Animal
Care and Use Committee of the University of Illinois at
Chicago, which is certified by the American Association of
Accreditation of Laboratory Animal Care. Male C57BL/6 mice
weighing 25 ± 0.5 g (means ± SD) were obtained from the
Charles River Laboratories (Wilmington, MA, USA). All mice
were initially housed in conventional conditions and fed
standard diet and water ad libitum at the animal facility
(Research Resource Facility) for 1 week before experiments
began. Thereafter, animals were randomly assigned to four
groups (n = 6–8 per group) and pair-fed a modified Lieber-
DeCarli alcohol (AF) or isocaloric maltose dextrin control
liquid diet (PF) for 5 weeks with a stepwise feeding procedure,
as described previously (Song et al., 2008). The ethanol
content started at 30% of total calories and gradually
increased up to 36% in the last week. Betaine (anhydrous;
Sigma, St. Louis, MO, USA) was administered as a supplement
in the liquid diets (both PF and AF) at a concentration of 0.5%
(w v−1), simultaneously with the alcohol. All animals had
access to diet and water ad libitum. At the end of the experi-
ment, the mice were killed after being deprived of food for
4 h, and the plasma, liver and epididymal fat pad samples
were harvested for assays. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010).

Cell culture
Mouse embryo fibroblast 3T3-L1 cells and HepG2 cells, a
human hepatoma cell line, were both obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). HepG2 cells were cultured in DMEM containing 10% (v
v−1) FBS, 2 mM glutamine, 5 U·mL−1 penicillin and 50 μg·mL−1

streptomycin at 37°C in a humidified O2/CO2 (19:1) atmos-
phere. 3T3-L1 pre-adipocytes were grown in DMEM contain-
ing 10% FBS and 1% antibiotics (Cellgro, Manassas, VA, USA)
and differentiated exactly as previously described (Zhang
et al., 2013). The cells were used 9–11 days after they had
been induced to differentiate.

Primary adipocytes were isolated from epididymal fat
pads from male C57BL/6 mice (8–9 weeks old), as described
previously (Gu et al., 2013; Zhang et al., 2013). Briefly, mice
were anaesthetized with Avertin (300 mg/kg BW, ip) and
killed via cervical dislocation. Epididymal fat pads were har-
vested, washed in PBS (pH 7.4) at room temperature and
minced thoroughly (2–3 mm) in collagenase solution
(0.2 mg·mL−1 collagenase A; 4 mL·g−1 of adipose tissue). This
mixture was incubated at 37°C with shaking at 120 r.p.m. for
30 min. After digestion, the mixture was filtered through a
250 μm gauze mesh into a 50 mL conical polypropylene tube
and allowed to stand for 2–3 min. The floating layer of adi-
pocytes was washed three times and incubated at 37°C in
DMEM containing 1% BSA.

Conditioned medium (CM) experiments
Fully differentiated 3T3-L1 adipocytes were treated with
3-deazaadenosine (DZA, 100 μM) or okadaic acid (OA,
50 nM) for 24 h. Medium (CM) was then transferred freshly
onto HepG2 cells (2 mL per well in a 6-well plate). Twenty-
four hours later, HepG2 cells were rinsed and intracellular TG
levels were determined. To determine the potential direct
effect of DZA or OA on intracellular TG accumulation in
hepatocytes, in another set of experiments, oleic acid
(0.2 mM) was directly added to the media of HepG2 cells after
2 h of pretreatment with either DZA or OA.

Determination of lipolysis in adipocytes
Glycerol and FFA contents in the culture medium of
adipocytes were measured in both basal and isoproterenol-
stimulated conditions, using commercially available colori-
metric assay kits for both glycerol (Cayman Chemical
Company, Ann Arbor, MI, USA) and FFA (BioVision, Moun-
tain View, CA, USA).

Measurements of liver injury and hepatic
fat content
Liver injury was determined by measuring plasma alanine
aminotransferase (ALT) activities using a commercially avail-
able kit (Infinity, Thermo Electron, Melbourne, Australia).
Hepatic fat accumulation was determined by measuring total
hepatic TG content and by histopathological evaluations. For
intrahepatic TG measurement, liver tissues were homog-
enized and total lipids were extracted and redissolved in 2%
Triton X-100 in water. Hepatic TG content was determined by
enzymatic colorimetric methods using a commercially avail-
able kit (Infinity, Thermo Electron).

Plasma biochemical assays
The plasma biochemical assays were performed with
commercially available kits: glycerol (Cayman Chemical
Company), FFAs (Waco Chemicals, Richmond, VA, USA).
Blood alcohol level was determined in plasma using a NAD-
alcohol dehydrogenase reagent (Sigma-Aldrich, St Louis, MO,
USA).

Quantitative real-time RT-PCR
Total RNA from the epididymal fat pad was isolated with a
phenol–chloroform extraction. For each sample, 1.0 μg of
total RNA was reverse transcribed using a high-capacity cDNA
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reverse transcription kit (Applied Biosystems, Foster City, CA,
USA). The cDNA was amplified in MicroAmp Optical 96-well
reaction plates with a SYBR Green PCR Master Mix (Applied
Biosystems) on an Applied Biosystems Prism 7000 sequence
detection system. Relative gene expression was calculated
after normalization to a housekeeping gene (mouse or human
18S rRNA).

Cell lysates and Western blot analyses
Total proteins from either cultured adipocytes or epididymal
fat pads were obtained using Western lysis buffer consisting
of the following: 20 mM Tris–HCl (pH 7.4), 150 mM NaCl,
10% glycerol, 2% Nonidet P-40, 1 mM EDTA (pH 8.0), 20 mM
sodium fluoride, 30 mM sodium pyrophosphate, 0.2% SDS,
0.5% sodium deoxycholate, 1 mM PMSF, 1 mM dithiothrei-
tol, 1 mM sodium vanadate, 50 μM leupeptin and 5 μM
aprotinin. Samples were incubated on ice with frequent vor-
texing for 15 min and centrifuged for 20 min at 18 000× g.
The protein content of each supernatant was quantified via a
protein assay reagent from Bio-Rad Laboratories (Hercules,
CA, USA) in accordance with the manufacturer’s instructions.
Proteins were separated by SDS-PAGE and transferred to
0.45 μm Immobilin-P PVDF membranes (PerkinElmer Life
Sciences, Waltham, MA, USA). After this transfer, membranes
were blocked in 5% (w v−1) non-fat dry milk in PBS/0.1%
Tween 20 and probed with primary antibodies, as indicated.
Phospho-HSL (p-HSL) at Ser660 and HSL antibodies were pur-
chased from Cell Signaling (Danvers, TX, USA). Methylated-
PP2A/C subunit (04–1479) and PP2A/C (05–421) antibodies
were obtained from Millipore (Billerica, MA, USA). Betaine-
homocysteine methyltransferase (BHMT) antibody was pur-
chased from Santa Cruz Biotechnology (Dallas, TX, USA).
HRP-conjugated secondary antibodies (Sigma) and enhanced
chemiluminescence substrate kit (PerkinElmer Life Science)
were used in the detection of specific proteins.

Intracellular PP2A activity assay
The intracellular PP2A activities were determined by a com-
mercially available ELISA assay kit according to the manufac-
turer’s instructions (R&D System, Minneapolis, MN, USA).

HPLC analysis
Cultured adipocytes or adipose tissue were homogenized and
deproteinized in 4% metaphosphoric acid (1:8, w v−1). The
homogenates were centrifuged at 15 000× g for 10 min. SAM,
SAH and homocysteine levels were determined by HPLC
using a 5 mm Hypersil C-18 column (250 × 4.6 mm). The
mobile phase consisted of 40 mM ammonium phosphate,
8 mM heptane sulfonic acid [ion-pairing reagent (pH 5.0)]
and 6% acetonitrile, and was delivered at a flow rate of
1.0 mL·min−1. SAM, SAH and homocysteine were detected
using a Waters 740 UV detector (Milford, MA, USA) at
254 nm.

Statistical analysis
All data are expressed as means ± SD. Statistical analysis was
performed using a one-way ANOVA and was analysed further
by Newman–Keuls test for statistical difference. Differences
between treatments were considered to be statistically signifi-
cant at P < 0.05.

Results

Betaine supplementation alleviates
alcohol-induced fatty liver and liver injury
Chronic alcohol feeding for 5 weeks resulted in a significant
increase in liver-to-body weight ratio, which was attenuated
by betaine supplementation (Figure 1A). The pathological
alterations in the livers from different groups were evaluated
by measuring hepatic TG contents and circulating liver
enzyme levels. As shown in Figure 1B–D, chronic alcohol
exposure was associated with fatty liver and liver injury in
mice, manifested as a significantly increased hepatic TG
content as well as augmented plasma ALT and AST levels
respectively. A massive accumulation of fat in the liver of
mice chronically exposed to the alcohol-containing diet was
also observed via H&E staining (Figure 1E). When betaine was
added to the alcohol-containing liquid diet, both hepatic TG
accumulation and liver injury were significantly reduced
(Figure 1B–E).

Betaine supplementation rectifies
alcohol-induced adipose tissue dysfunction
Betaine supplementation attenuated epididymal fat pad mass
loss induced by chronic alcohol feeding (Figure 2A). Light
microscopy examination revealed that alcohol exposure led
to a reduction in the size of adipocytes in the epididymal fat
pad, which was also rectified by betaine supplementation
(Figure 2B). Moreover, chronic alcohol exposure was associ-
ated with enhanced lipolysis in adipose tissue, as indicated by
the significantly higher fasting plasma glycerol (Figure 2C)
and FFA (Figure 2D) concentrations in alcohol-fed mice when
compared with pair-fed counterparts.

Betaine supplementation corrects the
abnormalities in methionine metabolism
in adipose tissue induced by chronic
alcohol exposure
Betaine is an intermediate in methionine metabolic pathway
and a homocysteine-lowering agent (Figure 3A) via a reac-
tion catalysed by BHMT. To determine whether the benefi-
cial effect of betaine supplementation on adipose tissue
function in the setting of chronic alcohol consumption
involves the correction of adipose tissue methionine
metabolism, we examined SAM, SAH and homocysteine
concentrations in adipose tissues obtained from different
treatments. As shown in Figure 3B–D, alcohol consumption
resulted in a significant reduction in SAM in adipose tissue
(Figure 3B), but significantly increased the SAH level
(Figure 3C), so reducing the SAM:SAH ratio (Figure 3D), a
strong indicator of cellular hypomethylation state. In
keeping with our previous findings, the epididymal homo-
cysteine levels were significantly increased by chronic
alcohol feeding (Figure 3E). Betaine supplementation pre-
vented the depletion of SAM and reduced the increase in
SAH, thereby improving the methylation state of the
adipose tissue (Figure 3B–D). As expected, betaine supple-
mentation also attenuated adipose tissue homocysteine
accumulation in alcohol-fed mice (Figure 3E). BHMT, the
enzyme that integrates betaine into the methionine/
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homocysteine cycle, is known to be abundantly expressed in
the liver. However, its expression in adipose tissue has never
been reported. We therefore examined BHMT expression in
epididymal fat pads obtained from different groups. As
shown in Figure 3F, the basal BHMT expression can be

detected in adipose tissue. Chronic alcohol exposure had a
tendency to increase BHMT gene expression; however, the
increase did not reach statistical significance. Interestingly,
betaine supplementation increased the expression of BHMT,
at both the mRNA and protein levels.

Figure 1
Betaine supplementation alleviates alcohol-induced fatty liver and liver injury. C57BL/6 mice were fed with control or alcohol-containing diet
with/without betaine supplementation (0.5%, w v−1) for 5 weeks. (A) Changes in liver-to-body weight (BW). (B) Changes in the liver triglyceride
content. (C) Changes in plasma ALT levels. (D) Changes in plasma AST levels. Data are means ± SD (n = 8 for PF, BT/PF and BT/AF; n = 6 for AF).
Bars with different letters differ significantly (P < 0.05). (E) H&E staining of liver tissue shows that betaine supplementation significantly decreased
hepatic fat accumulation induced by chronic alcohol consumption. AF, alcohol-fed; BT, betaine supplementation; PF, pair-fed.
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A reduction in intracellular SAM:SAH ratio
(hypomethylation) contributes to the
enhanced lipolytic response in adipocytes
Cell culture experiments were subsequently conducted to
determine whether the cellular hypomethylation status in
adipocytes contributes to the enhanced lipolytic response.
Primary mouse adipocytes were treated with DZA, a potent

inhibitor of SAH hydrolase (SAHH), the enzyme involved in
SAH degradation (see Figure 3A), for 6 h, and the levels of
intracellular SAM and SAH were measured and SAM:SAH
ratios calculated. As shown in Figure 4A,B, DZA increased the
cellular hypomethylation status, observed as a marked reduc-
tion in the SAM:SAH ratio in DZA-treated adipocytes; this
resulted from both a reduction in SAM and an increase in

Figure 2
Betaine supplementation rectifies alcohol-induced adipose tissue dysfunction. C57BL/6 mice were fed a control or alcohol-containing diet
with/without betaine supplementation (0.5%, w v−1) for 5 weeks. (A) Epididymal fat pad weights. (B) H&E staining of epididymal adipose tissue
shows that betaine supplementation prevents the reduction in adipocyte size induced by chronic alcohol exposure. (C) Plasma glycerol levels. (D)
Plasma non-esterified fatty acid levels. Data are means ± SD (n = 8 for PF, BT/PF and BT/AF; n = 6 for AF). Bars with different letters differ
significantly (P < 0.05). AF, alcohol-fed; BT, betaine supplementation; PF, pair-fed.
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Figure 3
Betaine supplementation corrects the abnormal methionine metabolism in adipose tissue induced by chronic alcohol exposure. C57BL/6 mice
were fed a control or alcohol-containing diet with/without betaine supplementation (0.5%, w v−1) for 5 weeks. (A) Intracellular methionine
metabolic pathway. (B) SAM levels in epididymal fat pads. (C) SAH levels in epididymal fat pads. (D) Epididymal adipose tissue SAM:SAH ratio.
(E) Homocysteine levels in epididymal fat pads. (F) BHMT gene expression and protein in epididymal fat pads. Data are means ± SD (n = 8 for
PF, BT/PF and BT/AF; n = 6 for AF). Bars with different letters differ significantly (P < 0.05). AF, alcohol-fed; BHMT: betaine homocysteine
methyltransferase; BT, betaine supplementation; PF, pair-fed; SAHH, SAH hydrolase.
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SAH. To determine the effect of DZA on the lipolytic
response, primary mouse adipocytes were pretreated with
DZA for 6 h before stimulation with 10 μM isoprenaline.
Glycerol release was measured after 1 h. As shown in
Figure 4C, DZA promoted glycerol release from adipocytes in
both basal and isoprenaline-stimulated conditions. To further
validate this observation, we conducted similar experiments
in fully differentiated 3T3-L1 adipocytes transfected with the
siRNA for SAHH overnight. As shown in Figure 4D–F, similar
to DZA, SAHH knockdown significantly reduced the cellular
SAM:SAH ratio, and this was associated with an enhanced
lipolytic response in both basal and isoprenaline-stimulated
adipocytes. To exclude the potential cytotoxic effects of DZA
or SAHH siRNA transfection in adipocytes, we also monitored

LDH release in the culture medium. No differences in LDH
release were found between the control groups and the
treated groups (data not shown).

Activation of HSL due to PP2A suppression
contributes to the hypomethylation-triggered
lipolytic response in adipocytes
HSL activation has a central role in controlling the lipolytic
response of adipocytes. In response to lipolytic hormone
stimulation, several serine residues of HSL, including Ser660,
are phosphorylated by PKA, which leads to HSL activation. In
contrast, HSL activity is also regulated by PP2A, which deac-
tivates HSL by dephosphorylation, and the methylation state
of PP2A affects its enzymatic activity (Janssens and Goris,

Figure 4
A reduction in intracellular SAM:SAH (hypomethylation) enhances the lipolytic response in adipocytes. Primary adipocytes isolated from mouse
epididymal fat pad were cultured in a 24-well plate (1 × 106 cells·mL−1). Adipocytes were treated with DZA for 6 h followed by the stimulation with
10 μM isoprenaline (iso) for 1 h. (A) Intracellular SAM and SAH concentrations. (B) Intracellular SAM:SAH ratio. (C) Glycerol levels in the culture
media. All values are denoted as means ± SD from three or more independent studies. *P < 0.05 compared to corresponding control. Bars with
different letters differ significantly (P < 0.05). Fully differentiated 3T3-L1 adipocytes were transfected with siRNA for SAH hydrolase (SAHH)
overnight, followed by stimulation with isoprenaline for 1 h. (D) Intracellular SAM and SAH concentrations. (E) Intracellular SAM:SAH ratio. (F)
Glycerol levels in culture media. All values are denoted as means ± SD from three or more independent studies. *P < 0.05 versus control (scramble
siRNA). Bars with different letters differ significantly (P < 0.05).
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2001) (Figure 5A). Catalytic (C) subunit methylation is
required for the binding of the regulatory subunit (B) to
facilitate the assembly of PP2A holoenzyme trimers and sub-
sequent activation (Stanevich et al., 2011). To determine
whether the lowered intracellular SAM:SAH ratio is associated
with an altered methylation state and activity of PP2A,
primary adipocytes were treated with DZA for 16 h. As shown
in Figure 5B, DZA reduced the PP2A C subunit methylation
state, without affecting the total amount of C subunit
protein. Hence the activity of PP2A was significantly
decreased by DZA (Figure 5C). Furthermore, DZA enhanced
the lipolytic activity of HSL by markedly increasing the
phosphorylation of HSL at Ser660 (Figure 5D). To further
confirm that the suppression of PP2A is involved in the
hypomethylation-triggered activation of HSL and increased
lipolysis, primary adipocytes were treated with OA, a potent
inhibitor of PP2A (Haystead et al., 1989) for 16 h. OA inhib-
ited PP2A activity (Figure 5C), increased HSL activation
(Figure 5D) and significantly increased the release of glycerol
release (Figure 5E).

The hypomethylation state in adipocytes
contributes to TG accumulation in
hepatocytes in vitro
CM experiments were conducted to directly test whether
the hypomethylation state or PP2A inhibition in adipocytes
is capable of inducing TG accumulation in hepatocytes.
Fully differentiated 3T3-L1 adipocytes were treated with
either DZA or OA for 24 h, after which the supernatant
(CM) was collected and applied to HepG2 cells. The intra-
cellular TG content of HepG2 cells was determined 24 h
later. As shown in Figure 6A, the TG content of HepG2 cells
cultured in CM from either DZA- or OA-treated adipocytes
was significantly higher than that in the cells cultured in
CM from untreated (UT) adipocytes. The LDH release assay
indicated that the CM had no effect on hepatocyte cell
death (Figure 6B). To exclude any potential direct effect of
DZA or OA on hepatocytes, HepG2 cells were pretreated
with either DZA or OA, at the same concentrations as used
for adipocytes, for 2 h, followed by the addition of 0.2 mM
oleic acid. Intracellular TG contents were determined 24 h
later. As shown in Figure 6C, neither DZA nor OA pretreat-
ment resulted in a further elevation of intracellular TG
accumulation.

Betaine supplementation alleviates
alcohol-induced PP2A inhibition and HSL
activation in adipose tissue
To test the relevance of our mechanistic observations from
cell culture studies in vivo, we measured PP2A activity, PP2A C
subunit methylation state, as well as HSL Ser660 phosphoryla-
tion in epididymal fat pads obtained from alcohol-fed mice.
As shown in Figure 7, chronic alcohol exposure decreased
PP2A activity in adipose tissue, in parallel with a reduced C
subunit methylation state (Figure 7A,B). Accordingly, chronic
alcohol enhanced HSL activity in adipose tissues, observed as
increased HSL Ser660 phosphorylation (Figure 7C). Impor-
tantly, all these alterations were attenuated by betaine
(Figure 7A–C).

Discussion
In the present study, we provided evidence that improving
adipose tissue function contributed to the beneficial effect of
betaine in ALD. We demonstrated for the first time that the
hypomethylation status of adipose tissue, indicated by the
significant reduction in cellular SAM:SAH ratio, contributes
to the enhanced lipolytic response observed in adipose
tissue of mice chronically exposed to an alcohol-containing
diet. Specifically, we revealed that the reduction in intra-
cellular SAM:SAH ratio in adipocytes was associated with
a hypomethylated PP2A C subunit and suppressed enzy-
matic activity, which leads to uncontrolled activation of
HSL. Betaine supplementation rectified this methionine
metabolism abnormality in adipose tissue and prevented
alcohol-induced PP2A suppression and consequently HSL
overactivation.

Increased adipose tissue TG mobilization contributes to
alcohol-induced fatty liver and liver injury (Kang et al., 2007;
Sun et al., 2012; Zhong et al., 2012); however, the exact
mechanism underlying alcohol-triggered overactivation of
lipolysis remains elusive. We previously reported that chronic
alcohol feeding resulted in abnormal methionine metabolism
in adipose tissue, and increased homocysteine levels in
adipose tissue contribute to the decreased adiponectin
response induced by chronic alcohol exposure (Song et al.,
2008). In keeping with our previous findings, in this study we
also observed that methionine metabolism was impaired in
adipose tissue of mice chronically exposed to alcohol. In
addition to the significantly increased levels of homocyst-
eine, the alcohol also enhanced the hypomethylation status
in adipose tissue, manifested as a significant reduction in
SAM:SAH ratio, which was a consequence of both a decrease
in SAM and an elevation of SAH. Betaine rectified the
SAM:SAH ratio in adipose tissue and concomitantly attenu-
ated the enhanced lipolytic response, suggesting that the
hypomethylation state in adipocytes may play a mechanistic
role in alcohol-induced lipolysis. This notion was indeed
confirmed by the subsequent cell culture studies, in which a
lowered intracellular SAM:SAH ratio, induced either by phar-
macological or genetic approaches, led to an enhanced lipo-
lytic response of both basal and isoprenaline-stimulated
adipocytes. Importantly, our CM experiments further sup-
ported the possibility that the hypomethylation status in
adipocytes plays an important role in the development of
hepatocyte steatosis.

Although adipocyte lipolysis is regulated by a variety of
proteins exhibiting lipase activity (Birner-Gruenberger et al.,
2005), HSL plays an important role in this process and,
together with ATGL, is responsible for more than 95% of
lipase activity in murine white adipose tissue (Schweiger
et al., 2006). A recent study from Zhou’s group elegantly
showed that chronic alcohol feeding was associated with
increased ATGL expression and HSL activation in adipose
tissue (Sun et al., 2012). In the present study, our data also
indicate that increased plasma glycerol and FFA concentra-
tions in response to chronic alcohol exposure are closely
assocaited with the HSL Ser660 phosphorylation levels in
epididymal fat pads. Since betain corrected the alcohol-
induced changes in adipose tissue methylation status and
concomitantly attenuated HSL activation, it is likely that
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Figure 5
Activation of HSL induced by PP2A suppression contributes to hypomethylation-triggered lipolytic response in adipocytes. Primary adipocytes
isolated from mouse epididymal fat pad were cultured in a 6-well plate (1 × 106 cells·mL−1). Adipocytes were treated with DZA or OA for the
indicated time periods. (A) Catalytic (C) subunit methylation status regulates PP2A activity. (B) DZA, a hypomethylation inducer, reduces PP2A C
subunit methylation. (C) DZA suppresses PP2A activation. (D) Suppression of PP2A activation enhances the activity of HSL. (E) OA, a PP2A
inhibitor, enhances lipolysis in adipocytes. All values are denoted as means ± SD from three or more independent studies. *P < 0.05 vs.
corresponding control. Bars with different letters differ significantly (P < 0.05).
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intracellular methylation status in adipocytes may play a
regulatory role in HSL phosphorylation. Therefore, further
investigation into whether and how hypomethylation results
in HSL activation will provide useful information regarding
mechanisms underlying alcohol-induced lipolysis.

Upon stimulation with lipolytic hormones, such as
catecholamines, HSL is quickly activated by cAMP/PKA-
mediated phosphorylation of several serine residues
(Anthonsen et al., 1998). In contrast, PP2A dephosphorylates
HSL at some serine residues, leading to its inactivation (Wood
et al., 1993). PP2A is a highly regulated heterotrimeric protein
phosphatase, composed of a catalytic (C) subunit and a struc-
tural (A) subunit, in association with a third variable regula-
tory (B) subunit (Perrotti and Neviani, 2013). It is now
emerging as an important regulator of many cellular pro-
cesses involving protein phosphorylation. Interestingly, the
methylation status of subunit C of PP2A is positively associ-
ated with its enzymatic activity. Subunit C methylation dra-
matically enhances the binding of B regulatory subunit to AC
complex and facilitates the assembly of PP2A holoenzyme
trimers (Janssens and Goris, 2001). Employing both a phar-
macological and genetic approach, we revealed that PP2A
represents a critical link between adipose tissue hypometh-
ylation and lipolysis activation. We demonstrated that the
reduction in SAM:SAH ratio in adipocytes lowered PP2
subunit C methylation, leading to a reduction in its enzy-
matic activity, which was associated with an up-regulation of
HSL Ser660 phosphorylation and increased glycerol release.
This notion was further supported by the observation that
OA, a potent inhibitor of PP2A, enhanced lipolysis in cul-
tured adipocytes, which was associated with increased HSL
Ser660 phosphorylation. Taken together, these observations
suggest that, by enhancing the activity of HSL, PP2A suppres-
sion contributes to the increased lipolysis induced by the
decreased intracellular methylation status. It is noteworthy
that, although the hypomethylation status induced by SAHH
suppression in our cell culture experiments does not mimic
that observed in the adipose tissue of alcohol-fed mice in that
SAHH inhibition is potentially associated with decreased
homocysteine generation, it represents an ideal approach to
differentiate the effect of hypomethylation and hyperhomo-
cysteinaemia on adipocyte physiology.

Betaine is a metabolite in the choline metabolism
pathway and is an important participant in methionine
metabolism. Betaine converts homocysteine to methionine,
by a BHMT-catalysed reaction, thereby preventing the accu-
mulation of homocysteine (hyperhomocysteinaemia) (Craig,
2004). The beneficial effect of betaine supplementation on
ALD is well recognized and has been extensively investigated.
However, the exact mechanisms are still elusive. Since hyper-
homocysteinaemia, resulting from dys-regulated hepatic
methionine metabolism, is one of major metabolic abnor-
malities induced by chronic alcohol consumption and repre-
sents a pathological factor involved in the pathogenesis of
ALD, the rectification of hepatic methionine metabolism was
considered to be a major mechanism accounting for the ben-
eficial effects of betaine. Using a mouse model of ALD, it was
reported that betaine supplementation prevented fatty liver
and liver injury induced by chronic alcohol consumption by
attenuating hyperhomocysteinemia and subsequent ER stress
in the liver (Ji and Kaplowitz, 2003). Similarly, betaine sup-

Figure 6
Conditioned medium (CM) from adipocytes treated with either DZA
or OA induces triglyceride accumulation in hepatocytes in vitro. Fully
differentiated 3T3-L1 adipocytes were treated with either DZA or OA
for 24 h, after which the supernatant (CM) was collected and applied
to HepG2 cells. Intracellular triglyceride content in HepG2 cells and
LDH level in culture medium were determined 24 h later. (A) Bio-
chemical assay of intercellular triglyceride concentration. (B) LDH
release assay. HepG2 cells were pretreated with DZA or OA for 2 h.
Oleic acid (0.2 mM) was then added into the culture medium. Intra-
cellular triglyceride content in HepG2 cells were determined 24 h
later. All values are denoted as means ± SD from three or more
independent studies. Bars with different letters differ significantly (P
< 0.05).
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plementation alleviated high-fat diet-induced NAFLD in rats
by correcting impaired sulfur-amino acid metabolism and
oxidative stress in the liver (Kwon do et al., 2009). However,
several recent reports suggested that in addition to serving as
a homocysteine-reducing agent, other mechanisms exist. In
high-fat diet-fed rats, betaine was found to protect against
fatty liver and liver injury by reducing hepatic high-mobility
group box 1 and toll-like receptor 4 expression (Zhang et al.,
2013). Using a high-sucrose diet model of NAFLD, we dem-
onstrated that betaine directly activates the AMPK system in

hepatocytes, leading to improved liver function (Song et al.,
2007). Moreover, betaine improves insulin resistance in
HepG2 cells triggered by high-glucose exposure and alleviates
hepatic insulin resistance induced by a high-fat diet in mice
(Kathirvel et al., 2010). A recent study in our group indicated
that in addition to directly acting on the liver, betaine also
improves adipose tissue dysfunction induced by a high-fat
diet in mice, which accounts for its hepatoprotective effect in
NAFLD (Wang et al., 2011). Furthermore, betaine was
reported to prevent the blood alcohol cycle in alcohol-fed rats

Figure 7
Betaine supplementation alleviates alcohol-induced inhibition of PP2A and activation of HSL in adipose tissue. C57BL/6 mice were fed a control
or alcohol-containing diet with/without betaine supplementation (0.5%, w v−1) for 5 weeks. Total protein extracts from epididymal fat pads were
prepared thereafter. Forty micrograms of protein was subjected to Western blot analysis for (methylated) PP2A C subunit and HSL phosphorylation
using specific antibodies. (A) PP2A activity in epididymal fat pad. (B) Epididymal adipose tissue PP2A C subunit methylation. (C) Epididymal
adipose tissue HSL activity. Data are means ± SD (n = 8 for PF, BT/PF and BT/AF; n = 6 for AF). Bars with different letters differ significantly (P <
0.05). AF, alcohol-fed; BT, betaine supplementation; PF, pair-fed.
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(Li et al., 2011). Altogether these results suggest that the
mechanisms underlying the beneficial effects of betaine on
liver diseases are multifactorial and involve different organs/
tissue. Employing both in vitro and in vivo experimental
approaches, the present work not only confirmed the benefi-
cial effect of betaine on adipose tissue function but also
provided a mechanistic explanation for its hepatoprotective
effect in ALD. We clearly demonstrated that adipose tissue
hypomethylation status contributes to the development of
alcoholic liver disease. Betaine supplementation may, there-
fore, have a hepatoprotective effect by improving adipose
tissue function during chronic alcohol exposure.

In summary, our data suggest that overactivation of
lipolysis in adipose tissue plays an important role in the
pathogenesis of ALD and adipose tissue hypomethylation
status in response to chronic alcohol exposure represents a
novel mechanism in this process. A reduced intracellular
SAM:SAH ratio in adipose tissue induced by chronic alcohol
exposure results in compromised PP2A activation, leading to
constant HSL activation, increased FFA release and the result-
ant fatty liver and liver injury. Our results provide evidence
that rectification of this methionine metabolism abnormality
in adipose tissue, such as that inuced by betaine supplemen-
tation, represents a potential and novel therapeutic target for
the treatment of ALD. Betaine is a natural component of
many foods and safe in doses ranging from 3 to 30 g·day–1;
therefore, betaine represents an ideal therapeutic agent for
ALD. Our present study provides strong evidence for further
evaluation of the potential therapeutic role of betaine in ALD
or other types of liver disease in which a dysfunction in
adipose tissue is mechanistically involved.
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