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Abstract
Alcohol-associated liver disease (AALD) is one of most common chronic liver diseases. Hepatic steatosis is the earliest stage 
in AALD pathological spectrum, reversible by alcohol abstinence. Untreated steatosis can progress to steatohepatitis, fibrosis 
and/or cirrhosis. Considering the difficulties in achieving complete abstinence, challenges in disease reversal at advanced 
stages, high costs of AALD management and lack of standardised prescribed medications for treatment, it is essential to 
explore low-cost natural compounds that can target AALD at an early stage and halt or decelerate disease progression. Betaine 
is a non-hazardous naturally occurring nutrient. Here, we address the mechanisms of alcohol-induced hepatic steatosis, the 
role of betaine in reversing the effects i.e., its action against hepatic steatosis in animal models and humans, and the associ-
ated cellular and molecular processes. Accordingly, the review discusses how betaine restores the alcohol-induced reduction 
in methylation potential by elevating the levels of S-adenosylmethionine and methionine. It details how betaine reinstates 
alcohol-induced alterations in the expressions and/or activities of protein phosphtase-2A, FOXO1, PPAR-α, AMPK, SREBP-
1c, fatty acid synthase, diacylglycerol transferase-2, adiponectin and nitric oxide. Interrelationships between these factors in 
preventing de novo lipogenesis, reducing hepatic uptake of adipose-tissue-derived free fatty acids, promoting VLDL synthesis 
and secretion, and restoring β-oxidation of fatty acids to attenuate hepatic triglyceride accumulation are elaborated. Despite 
its therapeutic potential, very few clinical trials have examined betaine’s effect on alcohol-induced hepatic lipid accumulation. 
This review will provide further confidence to conduct randomised control trials to enable maximum utilisation of betaine’s 
remedial properties to treat alcohol-induced hepatic steatosis.
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Introduction

With approximately two billion individuals drinking alco-
holic beverages worldwide, alcohol-associated liver disease 
(AALD) is one of the most common chronic liver diseases. 
It is a result of prolonged excessive alcohol consumption 
and one of the leading reasons for liver transplantation in 
the US; liver being the most affected organ as it is the main 
site of ethanol metabolism. Like other chronic liver diseases, 
AALD pathological trajectory includes the overlapping 
and progressive stages of hepatic steatosis, steatohepati-
tis, fibrosis, and/or cirrhosis with associated complications 

like ascites and/or variceal bleeding and encephalopathy. 
Untreated cases could progress to liver failure or hepatocel-
lular carcinoma [1]. Alcoholic hepatitis is associated with 
high mortality and healthcare costs that run in billions [2]. 
Alongside, more than 50% cirrhosis-related deaths are attrib-
uted to alcohol consumption [3, 4]. To reduce the costs and 
mortality associated with the advanced stages, it is necessary 
to halt disease progression at an early stage.

Alcohol-induced hepatic steatosis is one of earliest mani-
festations of acute or chronic alcohol consumption [5] and 
therefore makes an excellent target for therapeutic inter-
vention. It is characterised by accumulation of excess fat 
in the liver, i.e., deposition of lipid droplets consisting of 
triglycerides and cholesterol esters [6]. Steatosis (and mild 
alcoholic hepatitis) can be reversed by alcohol abstinence 
but this stage is usually asymptomatic [5], thereby increas-
ing the probability of under-diagnosis. Untreated steatosis 
can sensitise the liver to progressive injuries [7] and at 

 *	 Kosha J. Mehta 
	 kosha.mehta@kcl.ac.uk

1	 Faculty of Life Sciences and Medicine, King’s College 
London, London, UK

2	 Centre for Education, Faculty of Life Sciences and Medicine, 
King’s College London, London, UK

http://orcid.org/0000-0002-0716-5081
http://crossmark.crossref.org/dialog/?doi=10.1007/s00394-021-02738-2&domain=pdf


1168	 European Journal of Nutrition (2022) 61:1167–1176

1 3

the advanced stages, disease reversal/regression becomes 
extremely difficult.

As such, there are several challenges at the therapeutic 
front, one being the absence of a standardized prescribed 
medication for AALD or its associated complications. 
Hitherto, AALD management has focused mainly on alco-
hol abstinence, which can halt disease progression [5], but 
complete abstinence can be difficult to achieve. Certain 
drugs can reduce alcohol craving, others such as Nalme-
fene can manage alcohol dependence and reduce alcohol 
consumption [8] but their effects may differ. Disulfiram can 
prevent relapses, but it can cause liver damage. There are 
other drugs, but most have not been studied in patients with 
alcoholic hepatitis and cirrhosis. Nutritional therapy (e.g. 
selenium, beta carotene, vitamins A, C, E, B6 and B12) has 
not shown great benefits [5, 9]. Corticosteroid treatment 
has been used for moderate to severe alcoholic hepatitis 
but results have been variable [10]. Liver transplantation 
and resection remain the ultimate treatment options for any 
end-stage liver disease, but these procedures are prone to 
complications, as expected.

Collectively, this urges to explore non-toxic low-cost 
natural therapeutic compounds that target the early stage 
of steatosis and are safe to use as an adjunct to the current 
AALD treatment/management strategies so that disease pro-
gression can be halted, decelerated and/or reversed.

Betaine is a natural nutrient which has shown protec-
tive effects against hepatic fat deposition. Accordingly, this 
review focuses on the beneficial effects of betaine and the 
associated mechanisms underlining betaine-mediated ame-
lioration of alcohol-induced hepatic steatosis.

Contextual therapeutic potential of betaine

Betaine is found in various food sources, such as sugar beet, 
bread, spinach, wheat, and shellfish. It is low-cost, stable, 
non-toxic, shows high efficacy and has been approved for 
human consumption. While betaine can be obtained from 
dietary sources, it can also be synthesized endogenously by 
the kidneys and liver [11]; the latter shows most abundance 
of betaine and its transporter. It is maintained in the circula-
tion at a median concentration of 27.8 µmol/L and acts as 
an osmolyte [6, 11, 12].

In line with its myriads of functions in human physiol-
ogy, betaine resolved alcohol-induced hepatitis and steato-
sis after liver transplantation in a 40-year-old woman [13]. 
Also, when betaine was administrated in partially hepatec-
tomized rats, it promoted liver regeneration whereby the 
liver regained its original weight in 7 days after surgery 
[14]. Alongside, it has exhibited great therapeutic poten-
tial in clinical trials for non-alcoholic steatohepatitis [15] 
and homocystinuria [16]. Generally, betaine has shown 

hepatoprotective properties against liver injury by enhancing 
antioxidant mechanisms and adipose tissue function, while 
reducing oxidative stress, endoplasmic stress, liver fibrosis 
and necrosis [17]. It has also shown to attenuate alcohol-
induced pancreatic steatosis and high-fat-diet-induced 
hepatic steatosis in animals [18, 19].

AALD progression can be halted, and disease progression 
reversed upon cessation of alcohol consumption. However, 
those who chronically consume alcohol often find it difficult 
to abstain completely. Therefore, more lenient approaches 
are being considered. For example, recently, comparison of 
abstinence-based and non-abstinent treatment approaches 
did not support abstinence as the sole approach. Instead, it 
proposed controlled drinking supported by psychotherapy 
as an additional AALD management approach [8]. Betaine 
can be useful in such cases of partial abstinence because 
experiments in animal models have shown that betaine sup-
plementation alongside ethanol-feeding can still decrease 
alcohol-induced hepatic triglyceride levels/accumulation, 
prevent and partially reverse alcoholic fatty liver [20], and 
generally improve liver health [7, 21–23]. Mechanistically, 
betaine improves hepatic lipid metabolism by stimulating 
fatty acid oxidation and lipid secretion whilst inhibiting fatty 
acid synthesis in the liver [24].

Mechanisms underlying alcohol‑induced 
steatosis and betaine‑mediated mending

Alcohol-induced hepatic steatosis, i.e. hepatic fat accumula-
tion is caused by four main events as listed below [6]:

	 i.	 Increased breakdown of adipose tissue into free fatty 
acids that are subsequently taken up by the liver and 
converted to triglycerides [10].

	 ii.	 Increased de novo hepatic lipogenesis.
	 iii.	 Decreased mitochondrial fatty acid oxidation [25].
	 iv.	 Decreased synthesis and secretion of very-low density 

lipoprotein (VLDL).

Betaine can amend all four mechanisms and reduce 
hepatic triglyceride accumulation. A characteristic feature 
of betaine is its ability to act a methyl-group donor, particu-
larly relevant and operational in the liver. This ability allows 
betaine to participate in the methionine cycle. Betaine’s 
lipotropic characteristic (i.e. ability to prevent hepatic lipid 
accumulation) is largely attributed to its ability of restoring 
methionine homeostasis and repairing the alcohol-induced 
reduction of methylation potential (Fig. 1) [11].
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Betaine restores alcohol‑induced decrement 
in methylation potential

Methionine is a methyl-group donor and an essential amino 
acid. Its metabolism/cycle generates the universal methyl-
group donor S-adenosylmethionine (SAM), which is also 
a precursor of the antioxidant glutathione. Subsequent 
metabolite S-adenosylhomocysteine (SAH) is converted to 
homocysteine, which is toxic and needs to be removed from 
plasma. This is achieved by transferring methyl groups to 
homocysteine (either via methionine synthase of the folate 
cycle or endogenous cytoplasmic betaine) to regenerate 
methionine. In turn, this produces more SAM and elimi-
nates homocysteine. As the cycle continues, SAM:SAH 
ratio is maintained at high levels and homocysteine levels 
are regulated (kept low) via its conversion to methionine 
(Fig. 1) [11].

Alcohol consumption reduces the levels of endogenous 
hepatic betaine and SAM, increases levels of SAH and 
plasma homocysteine, and inhibits methionine synthase 

activity. SAM:SAH ratio is reduced (Fig. 1a) [11, 22, 
26]. Supplemented betaine re-methylates homocysteine 
to form methionine and dimethyl glycine via increased 
activity and upregulation of the enzyme betaine-homo-
cysteine methyltransferase (BHMT) [11, 22, 27]. This 
not only replenishes methionine levels but also gener-
ates more SAM and reduces/regulates SAH levels. Thus, 
SAM:SAH ratio is increased and restored, and levels 
of plasma homocysteine are reduced and maintained 
(Fig. 1b) [9, 20, 22, 28, 29]. Also, BHMT levels and 
activity affect the methylation status. In mice, decrease 
in BMHT hampered the removal of methyl groups from 
betaine and this was associated with increased fatty liver 
and hepatocellular carcinoma [11, 26].

Alcohol-induced reduction in SAM:SAH ratio reduces 
the overall methylation potential and unfavourably affects 
methylation of many important hepatic factors. For exam-
ple, the conversion of norepinephrine to epinephrine, 
which is a methylation event. Betaine increases the meth-
ylation of norepinephrine leading to increased production 
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Fig. 1   Alcohol-induced impairment of methionine cycle and betaine-
mediated repair. Methylation is essential for normal body functional-
ity and homeostasis. Methionine metabolism/cycle is central to this 
process as it generates methyl-group donors. a Alcohol hampers 
methionine cycle by increasing or decreasing levels/activities of 
various components of this cycle, eventually leading to hepatic lipid 

accumulation. b Betaine repairs the alcohol-induced alterations and 
thereby attenuates lipid accumulation in the liver. BHMT betaine-
homocysteine methyltransferase, PC phosphatidylcholine, PE Phos-
phatidylethanolamine N-methyltransferase, PEMT Phosphatidyletha-
nolamine N-methyltransferase, SAH S-adenosylhomocysteine, SAM 
S-adenosylmethionine, VLDL very-low density lipoprotein
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of NAD +, which further helps alcohol dehydrogenase 
to metabolise alcohol into acetaldehyde and eventually 
promote its elimination (Fig. 2) [30]. Other examples of 
alcohol-induced hypo-methylation in facilitating hepatic 
lipid accrual and betaine-mediated restoration of methyla-
tion potential have been cited in the subsequent sections.

There are numerous signalling events, enzymes, and 
transcription factors that mediate alcohol-induced triglyc-
eride and cholesterol accumulation in the liver (Fig. 3). 
Subsequent sections focus on selected mechanisms and 
factors that have shown betaine-mediated amendments in 
the context of alcohol-induced hepatic steatosis.

Betaine reduces alcohol‑induced adipose 
tissue lipolysis

Adipose tissue is an important energy reserve. Chronic alco-
hol consumption reduces adipose tissue mass by increasing 
fat breakdown (lipolysis) [10]. This generates excess free 
fatty acids which are taken up by the liver, thereby accelerat-
ing steatosis and AALD pathogenesis (Fig. 3). Hypo-meth-
ylation in adipocytes/adipose tissue contributes to increased 
adipose tissue lipolysis. In animal models of AALD, betaine 
has shown to exert hepatoprotective effects by improving the 
methylation status of adipose tissue and its function, which 
in turn reduces the alcohol-induced increment in adipocyte 
lipolysis (Fig. 3) [31].

Betaine attenuates alcohol‑induced 
elevation in de novo hepatic lipogenesis

Hepatic lipogenesis utilises sterol regulatory element bind-
ing protein (SREBP)-1. This lipogenic transcription factor 
facilitates de novo lipogenesis in the liver and other tissues. 
It regulates lipid synthesis and increases hepatic expression 
of lipogenic enzymes like fatty acid synthase, stearoyl CoA 
desaturase, acetyl-CoA carboxylase [32]. Acetaldehyde, an 
intermediate metabolite of alcohol metabolism activates and 
increases the expression of SREBP-1c (Fig. 3) [7, 25]. No 
wonder, SREBP-1 has been implicated in the development 
of fatty liver in alcoholic and non-alcoholic steatohepatitis 
[33]. This alcohol-induced increment in SREBP-1c expres-
sion is downregulated by betaine (Fig. 3) [7], thereby reduc-
ing de novo hepatic lipogenesis and preventing hepatic fat 
accumulation.

Alcohol is metabolised to acetyl-CoA, which partici-
pates in de novo lipogenesis (Fig. 3). Essentially, fatty acid 
synthase aids in fatty acids synthesis from acetyl-CoA and 
palmitate. Alcohol increases the expression of fatty acid 
synthase whereas betaine supresses this increment in the 
liver (Fig. 3). Another enzyme involved in fatty acid syn-
thesis is diacylglycerol acyltransferase-2. It is a rate-limiting 
enzyme that catalyses the last step in triglyceride synthesis 
whereby diacylglycerol is esterified with a fatty acid. Alco-
hol increases the expression of diacylglycerol acyltransferase 
to promote triglyceride synthesis, but betaine supresses its 
expression in the liver (Fig. 3) [7] and thus helps evade 
liver lipid synthesis. Also, acetyl-CoA carboxylase, which 
catalyses the conversion of acetyl-CoA to malonyl-CoA is 
the rate-limiting enzyme in hepatic de novo lipogenesis. 
In animal models, betaine has shown to attenuate high-fat-
sucrose-induced increase in hepatic acetyl-CoA carboxylase 
and inhibit its activity [34], eventually reducing hepatic lipo-
genesis. A similar mechanism of action of betaine could be 
envisaged in case of an alcohol-feed (Fig. 3).

Betaine repairs alcohol‑induced impairment 
in fatty acid oxidation and uptake

Peroxisome proliferator activated receptor (PPAR)-α is a 
transcription factor that senses lipids in the liver. It tran-
scribes several genes involved with β-oxidation of fatty 
acids, fatty acid uptake and transport, and lipoprotein pro-
duction [35]. It is implicated in the development of fatty 
liver in alcoholic and non-alcoholic steatohepatitis [33]. 
Alcohol decreases [25], but betaine increases and restores 
PPAR-α expression by decreasing methylation of its pro-
moter (Fig. 3) [36]. Subsequently, this would increase the 
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Fig. 2   Betaine-mediated methylation of epinephrine. Betaine-medi-
ated methylation of norepinephrine to epinephrine increases the levels 
of NAD +, which can fuel the catalytic conversion of alcohol to acet-
aldehyde by alcohol dehydrogenase. Thus, betaine can aid in elimi-
nating alcohol by providing methyl groups to norepinephrine
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mRNA expression of its target genes that help implement its 
aforementioned functions.

AMP-activated protein kinase (AMPK) regulates lipid 
metabolism [11]. Its activation (phosphorylation) decreases 
lipogenic enzymes and lipogenic transcription factors such 
as SREBP1, inhibits hepatic fatty acid synthesis partly 
via inhibition of acetyl-CoA carboxylase [37], increases 
β-oxidation of fatty acids in the liver mitochondria, and 
generally improves mitochondrial function that helps pre-
vent and ameliorate hepatic steatosis [38] (Fig. 3). Alcohol 
reduces AMPK expression [39] and inhibits its activity [40]. 
Betaine increases AMPK phosphorylation (activation) and 
thereby restores AMPK activity (Fig. 3) [34]. As expected, 
this restoration activates genes involved in fatty acid trans-
port and oxidation, and decreases fatty acid synthesis. Acti-
vated AMPK targets acetyl-CoA carboxylase, which leads 
to the latter’s phosphorylation (deactivation). Also, betaine 
has shown to reduce acetyl-CoA carboxylase levels in the 
liver. Thus, increased betaine-induced hepatic activation of 

AMPK is associated with attenuation of hepatic steatosis in 
animals (Fig. 3) [11, 34].

Adiponectin maintains lipid homeostasis, inhibits lipid 
synthesis, and stimulates fatty acid oxidation, partly by 
activating AMPK and PPAR-α, and by inhibiting SREBP-
1. Alcohol decreases adiponectin secretion and inhibits 
hepatic expression of adiponectin receptors; particularly 
adiponectin-receptor-1. Betaine restores serum adiponectin 
levels and partially restores levels of adiponectin-receptor-1 
[7, 41]. This eventually aids in restoring β-oxidation of fatty 
acids and attenuating de novo lipogenesis (Fig. 3).

In AALD, hepatic mitochondria alter in function and 
structure. For example, alcohol-affected mitochondria are 
swollen [7], elongated, show increased mitochondrial res-
piration and decreased levels of mitochondrial proteins 
involved in oxidative phosphorylation. Betaine can re-estab-
lish the original functions/mitochondrial activity, and thus 
prevent alcohol-induced mitochondrial injury [7, 11, 24]. 
Thus, betaine protects hepatocyte mitochondria in animal 
models of acute and chronic liver injury [17].

Alcohol 

Acetaldehyde

Acetate

Acetyl CoA

Mitochondrial 
carni�ne 
palmitoyl 
transferase-1

β-oxida�on of fa�y acids

De novo lipogenesis

Malonyl CoA

Hepa�c steatosis

VLDL synthesis
& secre�on 

Microsomal 
triglyceride 
transfer protein 

Correctly folded
apolipoprotein B

Hepa�c uptake of 
adipose-�ssue-derived 
free fa�y acids 

SAM:SAH 

SREBP-1c

Adipose �ssue 
lipolysis  

Free fa�y acids 

Hypomethyla�on 
of adipocytes 

Adiponec�n  

Fork-head
box O1 

Nitric oxide 
synthase 
& nitric oxide   

Activity inhibited 
due to alcohol  

Alcohol-induced 
increase or decrease 

Betaine-induced  
amelioration: increase 
or decrease 

Key:

PP2A 
methyla�on 

AMPK

PPAR-α

Fa�y acid 
synthase  

Diacylglycerol
acyl-
transferase-2

Betaine-induced 
activity restoration

Acetyl CoA
Carboxylase

?

Deactivation due 
to betaine 

Activity increased
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and betaine-mediated amelioration. Key interrelated events and fac-
tors that cause alcohol-induced excess hepatic triglyceride accu-
mulation are depicted. Alcohol-induced events include (i) increased 
hepatic de novo lipogenesis, (ii) decreased/hindered mitochondrial 
fatty acid oxidation, (iii) reduced synthesis and secretion of VLDL, 
and (iv) increased hepatic uptake of adipose-tissue-derived free 
fatty acids. There are several mechanisms and factors that facilitate 
these events. This figure also shows selected mechanisms of betaine-
mediated amendments to these alcohol-induced effects. Interestingly, 
alcohol metabolism generates excessive amount of malonyl-CoA. 
This inhibits mitochondrial carnitine palmitoyl transferase-1 [25], the 

enzyme essential for β-oxidation of fatty acids, thereby contributing 
to alcohol-induced impairment in fatty acid oxidation. Dotted line 
indicates the relation between AMPK and acetyl-CoA carboxylase; 
activation of AMPK deactivates (phosphorylates) acetyl-CoA car-
boxylase and thereby partly inhibits hepatic fatty acid synthesis [34]. 
Yellow star with question reflects the apparent contradiction between 
alcohol-induced increment in activity of PP2A and alcohol-induced 
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An enzyme-molecule pair that affects mitochondrial 
health in AALD is nitric oxide synthase and nitric oxide, a 
signalling molecule. Probably, alcohol-induced decrement 
in SAM:SAH ratio induces the generation of both in the 
liver. This not only inhibits aldehyde dehydrogenase-2 and 
hampers alcohol metabolism but also inhibits mitochon-
drial enzymes like 3-ketoacyl-CoA thiolase, a facilitator 
of mitochondrial β-oxidation of fatty acids [42]. Betaine 
blocks the alcohol-induced generation of these moieties and 
thereby helps preserve mitochondrial function and promote 
β-oxidation of fatty acids (Fig. 3) [23].

Betaine restores alcohol‑induced reduction 
in VLDL synthesis and secretion

Hepatic lipid accumulation involves impaired VLDL export. 
VLDL transport is the means of transporting triglycerides 
and cholesterol from the liver/hepatocytes to the circula-
tion, a process that removes/reduces intrahepatic lipid levels. 
Alcohol-induced reduction in SAM:SAH ratio unfavoura-
bly affects phosphatidylethanolamine N-methyltransferase 
(PEMT)-mediated methylations of phosphatidylethanola-
mine N-methyltransferase (PE) to form phosphatidylcho-
line (PC). PC is an essential component of VLDL. Alcohol 
reduces PEMT activity, which reduces PC levels and thereby 
reduces VLDL synthesis and secretion. This results in 
impaired transport of triacylglycerols from the liver into the 
circulation and promotion of alcohol-induced hepatic stea-
tosis (Fig. 1a). Betaine restores PEMT activity, PC levels, 
and consequently, VLDL synthesis and secretion (Fig. 1b) 
[6, 20, 28, 43].

Apolipoprotein-B serves to assemble lipids using micro-
somal triacylglycerol transfer protein to form hepatic tri-
acylglycerol that can be secreted as VLDL. Thus, VLDL 
synthesis and secretion is additionally regulated by levels of 
apolipoprotein-B and the activity of microsomal triglycer-
ide transfer protein. Alcohol reduces the activity of hepatic 
PPAR-α [41] leading to downregulation of microsomal tri-
glyceride transfer protein [35] causing subsequent reduction 
in VLDL synthesis and secretion (Fig. 3). While betaine 
can elevate PPAR-α expression [36] to restore microsomal 
triglyceride transfer protein, in rats (Fig. 3), dietary betaine 
increased the expressions of hepatic BHMT (Fig. 1b) and 
apolipoprotein-B, elevated VLDL secretion and thereby 
reduced hepatic triacylglycerol (Fig. 3) [44].

Yet another example of the undesirable effect of alcohol-
induced hepatic hypo-methylation involves protein phos-
phatase-2A and the activity of Forkhead box O1 (FOXO1), 
a transcription factor that contributes to hepatic lipid 

metabolism. Alcohol-induced hypo-methylation reduces the 
methylation of protein phosphatase-2A catalytic C subunit, 
which increases phosphorylation (inactivation) of FOXO1 
(Fig. 3) [45]. FOXO1 de-phosphorylation (activation) allows 
its translocation into the nucleus [46], while phosphorylated 
inactive FOXO1 is excluded from the nucleus. Activated 
FOXO1 can transcriptionally activate microsomal triglyc-
eride transfer protein whereas inactivated FOXO1 reduces 
microsomal triglyceride transfer protein and has shown to 
affect apolipoprotein-B levels in vitro (Fig. 3). Thereby, 
inactivated FOXO1 (a downstream result of alcohol expo-
sure) restricts/reduces VLDL assembly (Fig. 3) [47]. Also, 
since active FOXO1 is a negative regulator (inhibitor) of 
SREBP-1c expression [48], inactivation of FOXO1 would 
elevate SREBP-1c expression causing increased hepatic tri-
glyceride synthesis. Collectively, these mechanisms favour 
hepatic lipid accumulation (Fig. 3).

Betaine reduces the “extent of demethylation of protein 
phosphatase-2A catalytic C subunit” [45], thereby attempt-
ing to rescue its methylation level. This would help restore 
FOXO1 activity and prevent hepatic lipid accumulation 
(Fig. 3) [45].

An additional mechanism of relevance is the alcohol-
induced increment in cellular ceramide, which increases 
the activity of protein phosphatase-2A, which in turn inhib-
its AMPK activity (inhibits AMPK phosphorylation) and 
reduces AMPK levels. This contributes to hepatic steatosis 
[40]. Restoration of AMPK activity by betaine [34] would 
reduce de novo lipogenesis, restore β-oxidation of fatty 
acids, and thus attenuate hepatic steatosis (Fig. 3).

Apparently, the two aforementioned observations: alco-
hol-induced increment in the activity of protein phosphatase-
2A [40] and alcohol-induced reduction in methylation of 
protein phosphatase-2A [45] may seem contradictory. This 
is because formation of functional protein phosphatase-
2A involves its methylation by leucine carboxyl methyl-
transferase-1 [49]. This implies that reduction in protein 
phosphatase-2A methylation would reduce its activity. The 
reason for these seemingly contrasting inferences remains 
to be investigated and explained. Regardless of the reason, 
existence of both events has been shown and these events 
contribute to hepatic steatosis (Fig. 3).

Table 1 provides a brief overview of betaine dosing in 
various clinical trials and experiments in animal models and 
cell lines.

Summary and future work

Betaine promises attenuation of alcohol-induced hepatic 
steatosis in humans. It acts as a lipotrope by increasing 
mitochondrial fatty acid oxidation, restoring VLDL syn-
thesis and secretion, and reducing de novo lipogenesis as 



1173European Journal of Nutrition (2022) 61:1167–1176	

1 3

well as hepatic uptake of adipose-derived free fatty acids. 
Essentially, by enhancing and restoring hepatic methylation 
potentiation, it regulates genes/proteins that prevent triglyc-
eride accumulation in the liver. Since majority of contex-
tual studies have been conducted in animal models and in 
cell culture, elaborate clinical trials are needed to affirm the 
results and examine whether the beneficial effects of betaine 
vary with age, sex, and ethnicity.

It is extremely surprising that despite the therapeutic 
potential of betaine, there are insufficient contextual stud-
ies in humans. For example, as of August 2021, PubMed 

shows only a couple of published randomized control tri-
als that have shown promising effects of betaine in non-
alcoholic fatty liver disease [52, 53] and there are a couple 
of clinical trials for non-alcoholic steatohepatitis [54, 55]. 
There is a desperate and urgent need for inexpensive and 
non-toxic therapeutic agents that can pause the exacerbation 
of alcohol-induced hepatic steatosis. The reason for lack of 
sufficient relevant studies in human remains unknown.

Acknowledgements  The article was made open access with the finan-
cial support of King’s College London, UK.

Table 1   Overview of betaine dosing in some clinical trials and experiments in animal models and cell lines

Betaine dosage in various experiments/trials Reference

Exposure of betaine from diet is approximately 0.830 g/day. Exposure of 4 g/day for 6 months showed no adverse effects on platelet counts in 
human. Exposure of 0.4 g/day betaine in addition to the endogenous exposure is considered safe for human [50]

Clinical trials
 Oral, 1,3,6 g single doses mixed with orange juice after overnight fast [51]
 Oral, 3 g/day for 1 month [9]
 Oral, 10 g, twice a day, probably for 12 months [13]
 Oral, 20 g/day for 12 months [52]
 3–9 g/day for different conditions for a mean of 7.4 ± 4.3 years [16]
 Oral, betaine glucoronate in combination with diethanolamine glucuronate and nicotinamide ascorbate for 8 weeks [53]
 Oral, 20 g/day in 2 divided doses for 12 months [54]
 Oral, 10 g (anhydrous betaine) twice a day for 12 months [55]

Animal experiments
 Piglets: 20 g/kg feed (2% betaine in diet) for 6 weeks [50]
 Rats: ethanol with 1% betaine for 6 months [7]
 Rats: 10 and 50 mg/kg i.p for three consecutive days [17]
 Rats: ethanol containing water with betaine (1% w/v) for 6 months [18]
 Rats: betaine 0.4 g/kg/day intragastrically post 12 weeks of high-fat diet from weeks 13–16 [19]
 Rats: ethanol with betaine (1% w/v; 10 mg/mL) for 4–5 weeks [23]
 Rats: ethanol with 1% betaine for 4 weeks [28]
 Rats: ethanol with 1% betaine for 4 weeks [43]
 Rats: 3 g/kg betaine hydrochloride in diet for up to 14 days [44]
 Rats: 1% betaine either from 2 weeks before or after partial hepatectomy [14]
 Rats: 1% betaine w/v in water for 3 weeks [27]
 Guinea pigs: Betaine containing chow (2% w/w) for 30 days [21]
 Mice: 0.5% betaine w/v in liquid diet for 5 weeks [31]
 Mice: 1% w/v betaine in drinking water for 16 weeks [34]
 Mice: 2% betaine/100 g diet for 7 weeks [36]

Cell lines
 Betaine at 2 mM (with or without fatty acids) to HepG2 cells and AML12 cells for 24 h [24]
 Betaine at 2 mM (with or without alcohol) to HepG2 cells overexpressing CYP2E1 for 24 h [56]
 Betaine at 84 mM to 336 mM to Hepa 1–6 and clones of HepG2 cells for up to 4 days [57]
 Betaine up to 80 mM to breast cancer cell line MCF-7, in combination or parallel with ethanol treatment for 6 days [58]
 Rat small intestinal cell line IEC-18 3.4 to 6.8 mM for 24 h (in combination with lipopolysaccharide) [59]



1174	 European Journal of Nutrition (2022) 61:1167–1176

1 3

Author contributions  AR: performed literature search; KJM: concep-
tualised, performed literature search and wrote the article.

Funding  No funding was accessed/obtained for writing this article.

Availability of data and material  Not applicable.

Code availability  Not applicable.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Ethics approval  Not applicable.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Mehta KJ, Farnaud SJ, Sharp PA (2019) Iron and liver fibrosis: 
mechanistic and clinical aspects. World J Gastroenterol 25:521–
538. https://​doi.​org/​10.​3748/​wjg.​v25.​i5.​521

	 2.	 Thompson JA, Martinson N, Martinson M (2018) Mortality and 
costs associated with alcoholic hepatitis: a claims analysis of a 
commercially insured population. Alcohol Fayettev N 71:57–63. 
https://​doi.​org/​10.​1016/j.​alcoh​ol.​2018.​02.​003

	 3.	 Asrani SK, Devarbhavi H, Eaton J, Kamath PS (2019) Burden 
of liver diseases in the world. J Hepatol 70:151–171. https://​doi.​
org/​10.​1016/j.​jhep.​2018.​09.​014

	 4.	 Julien J, Ayer T, Bethea ED et al (2020) Projected prevalence 
and mortality associated with alcohol-related liver disease in 
the USA, 2019–40: a modelling study. Lancet Public Health 
5:e316–e323. https://​doi.​org/​10.​1016/​S2468-​2667(20)​30062-1

	 5.	 Crabb DW, Im GY, Szabo G et al (2020) Diagnosis and treat-
ment of alcohol-associated liver diseases: 2019 practice guid-
ance from the American association for the study of liver dis-
eases. Hepatology 71:306–333. https://​doi.​org/​10.​1002/​hep.​
30866

	 6.	 Arumugam MK, Paal MC, Donohue TM et al (2021) Benefi-
cial effects of betaine: a comprehensive review. Biology 10:456. 
https://​doi.​org/​10.​3390/​biolo​gy100​60456

	 7.	 Yang W, Huang L, Gao J et al (2017) Betaine attenuates chronic 
alcohol-induced fatty liver by broadly regulating hepatic lipid 
metabolism. Mol Med Rep 16:5225–5234. https://​doi.​org/​10.​
3892/​mmr.​2017.​7295

	 8.	 Henssler J, Müller M, Carreira H et al (2021) Controlled drink-
ing—non-abstinent versus abstinent treatment goals in alcohol use 
disorder: a systematic review, meta-analysis and meta-regression. 
Addiction 116:1973–1987. https://​doi.​org/​10.​1111/​add.​15329

	 9.	 Rajdl D, Racek J, Trefil L et al (2016) Effect of folic acid, betaine, 
vitamin B6, and vitamin B12 on homocysteine and dimethylgly-
cine levels in middle-aged men drinking white wine. Nutrients 
8:E34. https://​doi.​org/​10.​3390/​nu801​0034

	10.	 Osna NA, Donohue TM, Kharbanda KK (2017) Alcoholic liver 
disease: pathogenesis and current management. Alcohol Res Curr 
Rev 38:147–161

	11.	 Day CR, Kempson SA (2016) Betaine chemistry, roles, and poten-
tial use in liver disease. Biochim Biophys Acta BBA-Gen Subj 
1860:1098–1106. https://​doi.​org/​10.​1016/j.​bbagen.​2016.​02.​001

	12.	 Patel VB, Mehta K (2015) CHAPTER 1. Betaine in context. In: 
Preedy VR (ed) Food and nutritional components in focus. Royal 
Society of Chemistry, Cambridge, pp 3–8

	13.	 Samara K, Liu C, Soldevila-Pico C et al (2006) Betaine resolves 
severe alcohol-induced hepatitis and steatosis following liver 
transplantation. Dig Dis Sci 51:1226–1229. https://​doi.​org/​10.​
1007/​s10620-​006-​8038-3

	14.	 Jun DS, Choi YJ, Ahn CW, Kim YC (2017) Acceleration of liver 
regeneration by betaine supplementation after partial hepatec-
tomy. FASEB J 31:803.8-803.8. https://​doi.​org/​10.​1096/​fasebj.​
31.1_​suppl​ement.​803.8

	15.	 Mukherjee S (2020) Role of betaine in liver disease-worth revisit-
ing or has the die been cast? World J Gastroenterol 26:5745–5748. 
https://​doi.​org/​10.​3748/​wjg.​v26.​i38.​5745

	16.	 Valayannopoulos V, Schiff M, Guffon N et al (2019) Betaine anhy-
drous in homocystinuria: results from the RoCH registry. Orphanet 
J Rare Dis 14:66. https://​doi.​org/​10.​1186/​s13023-​019-​1036-2

	17.	 Heidari R, Niknahad H, Sadeghi A et al (2018) Betaine treatment 
protects liver through regulating mitochondrial function and coun-
teracting oxidative stress in acute and chronic animal models of 
hepatic injury. Biomed Pharmacother 103:75–86. https://​doi.​org/​
10.​1016/j.​biopha.​2018.​04.​010

	18.	 Yang W, Gao J, Tai Y et al (2016) Betaine attenuates alcohol-
induced pancreatic steatosis. Pancreas 45:836–845. https://​doi.​
org/​10.​1097/​MPA.​00000​00000​000557

	19.	 Zhang W, Wang L-W, Wang L-K et  al (2013) Betaine pro-
tects against high-fat-diet-induced liver injury by inhibition of 
high-mobility group box 1 and Toll-like receptor 4 expression 
in rats. Dig Dis Sci 58:3198–3206. https://​doi.​org/​10.​1007/​
s10620-​013-​2775-x

	20.	 Craig SA (2004) Betaine in human nutrition. Am J Clin Nutr 
80:539–549. https://​doi.​org/​10.​1093/​ajcn/​80.3.​539

	21.	 Balkan J, Öztezcan S, Küçük M et al (2004) The effect of betaine 
treatment on triglyceride levels and oxidative stress in the liver 
of ethanol-treated guinea pigs. Exp Toxicol Pathol 55:505–509. 
https://​doi.​org/​10.​1078/​0940-​2993-​00347

	22.	 Purohit V, Abdelmalek MF, Barve S et al (2007) Role of S-aden-
osylmethionine, folate, and betaine in the treatment of alcoholic 
liver disease: summary of a symposium. Am J Clin Nutr 86:14–
24. https://​doi.​org/​10.​1093/​ajcn/​86.1.​14

	23.	 Kharbanda KK, Todero SL, King AL et al (2012) Betaine treat-
ment attenuates chronic ethanol-induced hepatic steatosis and 
alterations to the mitochondrial respiratory chain proteome. Int 
J Hepatol 2012:962183. https://​doi.​org/​10.​1155/​2012/​962183

	24.	 Zhang L, Qi Y, ALuo Z, et al (2019) Betaine increases mitochon-
drial content and improves hepatic lipid metabolism. Food Funct 
10:216–223. https://​doi.​org/​10.​1039/​c8fo0​2004c

	25.	 Kong L-Z, Chandimali N, Han Y-H et al (2019) Pathogenesis, 
early diagnosis, and therapeutic management of alcoholic liver 
disease. Int J Mol Sci. https://​doi.​org/​10.​3390/​ijms2​01127​12

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3748/wjg.v25.i5.521
https://doi.org/10.1016/j.alcohol.2018.02.003
https://doi.org/10.1016/j.jhep.2018.09.014
https://doi.org/10.1016/j.jhep.2018.09.014
https://doi.org/10.1016/S2468-2667(20)30062-1
https://doi.org/10.1002/hep.30866
https://doi.org/10.1002/hep.30866
https://doi.org/10.3390/biology10060456
https://doi.org/10.3892/mmr.2017.7295
https://doi.org/10.3892/mmr.2017.7295
https://doi.org/10.1111/add.15329
https://doi.org/10.3390/nu8010034
https://doi.org/10.1016/j.bbagen.2016.02.001
https://doi.org/10.1007/s10620-006-8038-3
https://doi.org/10.1007/s10620-006-8038-3
https://doi.org/10.1096/fasebj.31.1_supplement.803.8
https://doi.org/10.1096/fasebj.31.1_supplement.803.8
https://doi.org/10.3748/wjg.v26.i38.5745
https://doi.org/10.1186/s13023-019-1036-2
https://doi.org/10.1016/j.biopha.2018.04.010
https://doi.org/10.1016/j.biopha.2018.04.010
https://doi.org/10.1097/MPA.0000000000000557
https://doi.org/10.1097/MPA.0000000000000557
https://doi.org/10.1007/s10620-013-2775-x
https://doi.org/10.1007/s10620-013-2775-x
https://doi.org/10.1093/ajcn/80.3.539
https://doi.org/10.1078/0940-2993-00347
https://doi.org/10.1093/ajcn/86.1.14
https://doi.org/10.1155/2012/962183
https://doi.org/10.1039/c8fo02004c
https://doi.org/10.3390/ijms20112712


1175European Journal of Nutrition (2022) 61:1167–1176	

1 3

	26.	 Kempson SA, Vovor-Dassu K, Day C (2013) Betaine transport 
in kidney and liver: use of betaine in liver injury. Cell Physiol 
Biochem 32:32–40. https://​doi.​org/​10.​1159/​00035​6622

	27.	 Ahn CW, Jun DS, Na JD et al (2016) Alleviation of hepatic fat 
accumulation by betaine involves reduction of homocysteine 
via up-regulation of betaine-homocysteine methyltransferase 
(BHMT). Biochem Biophys Res Commun 477:440–447. https://​
doi.​org/​10.​1016/j.​bbrc.​2016.​06.​080

	28.	 Kharbanda KK, Mailliard ME, Baldwin CR et al (2007) Betaine 
attenuates alcoholic steatosis by restoring phosphatidylcholine 
generation via the phosphatidylethanolamine methyltransferase 
pathway. J Hepatol 46:314–321. https://​doi.​org/​10.​1016/j.​jhep.​
2006.​08.​024

	29.	 Obeid R (2013) The metabolic burden of methyl donor deficiency 
with focus on the betaine homocysteine methyltransferase path-
way. Nutrients 5:3481–3495. https://​doi.​org/​10.​3390/​nu509​3481

	30.	 French S (2015) How to prevent alcoholic liver disase. Exp Mol 
Pathol 98:304–307. https://​doi.​org/​10.​1016/j.​yexmp.​2015.​03.​007

	31.	 Dou X, Xia Y, Chen J et al (2014) Rectification of impaired adi-
pose tissue methylation status and lipolytic response contributes 
to hepatoprotective effect of betaine in a mouse model of alcoholic 
liver disease. Br J Pharmacol 171:4073–4086. https://​doi.​org/​10.​
1111/​bph.​12765

	32.	 You M, Crabb DW (2004) Molecular mechanisms of alcoholic 
fatty liver: role of sterol regulatory element-binding proteins. 
Alcohol Fayettev N 34:39–43. https://​doi.​org/​10.​1016/j.​alcoh​ol.​
2004.​07.​004

	33.	 Ansari RA, Husain K, Rizvi SAA (2016) Role of transcription fac-
tors in steatohepatitis and hypertension after ethanol: the epicenter 
of metabolism. Biomolecules 6:29. https://​doi.​org/​10.​3390/​biom6​
030029

	34.	 Song Z, Deaciuc I, Zhou Z et al (2007) Involvement of AMP-
activated protein kinase in beneficial effects of betaine on high-
sucrose diet-induced hepatic steatosis. Am J Physiol Gastrointest 
Liver Physiol 293:G894–G902. https://​doi.​org/​10.​1152/​ajpgi.​
00133.​2007

	35.	 Améen C, Edvardsson U, Ljungberg A et al (2005) Activation 
of peroxisome proliferator-activated receptor alpha increases the 
expression and activity of microsomal triglyceride transfer protein 
in the liver. J Biol Chem 280:1224–1229. https://​doi.​org/​10.​1074/​
jbc.​M4121​07200

	36.	 Wang L, Chen L, Tan Y et al (2013) Betaine supplement alleviates 
hepatic triglyceride accumulation of apolipoprotein E deficient 
mice via reducing methylation of peroxisomal proliferator-acti-
vated receptor alpha promoter. Lipids Health Dis 12:34. https://​
doi.​org/​10.​1186/​1476-​511X-​12-​34

	37.	 Liangpunsakul S, Wou S-E, Zeng Y et al (2008) Effect of etha-
nol on hydrogen peroxide-induced AMPK phosphorylation. Am 
J Physiol-Gastrointest Liver Physiol 295:G1173–G1181. https://​
doi.​org/​10.​1152/​ajpgi.​90349.​2008

	38.	 Srivastava RAK, Pinkosky SL, Filippov S et al (2012) AMP-
activated protein kinase: an emerging drug target to regulate 
imbalances in lipid and carbohydrate metabolism to treat cardio-
metabolic diseases. J Lipid Res 53:2490–2514. https://​doi.​org/​10.​
1194/​jlr.​R0258​82

	39.	 Chen L, Wang F, Sun X et al (2010) Chronic ethanol feeding 
impairs AMPK and MEF2 expression and is associated with 
GLUT4 decrease in rat myocardium. Exp Mol Med 42:205–215. 
https://​doi.​org/​10.​3858/​emm.​2010.​42.3.​021

	40.	 Liangpunsakul S, Sozio MS, Shin E et al (2010) Inhibitory effect 
of ethanol on AMPK phosphorylation is mediated in part through 

elevated ceramide levels. Am J Physiol Gastrointest Liver Physiol 
298:G1004-1012. https://​doi.​org/​10.​1152/​ajpgi.​00482.​2009

	41.	 You M, Arteel GE (2019) Effect of ethanol on lipid metabolism. J 
Hepatol 70:237–248. https://​doi.​org/​10.​1016/j.​jhep.​2018.​10.​037

	42.	 Deng X, Deitrich RA (2007) Ethanol metabolism and effects: 
nitric oxide and its interaction. Curr Clin Pharmacol 2:145–153

	43.	 Kharbanda KK, Todero SL, Ward BW et  al (2009) Betaine 
administration corrects ethanol-induced defective VLDL secre-
tion. Mol Cell Biochem 327:75–78. https://​doi.​org/​10.​1007/​
s11010-​009-​0044-2

	44.	 Sparks JD, Collins HL, Chirieac DV et al (2006) Hepatic very-
low-density lipoprotein and apolipoprotein B production are 
increased following in vivo induction of betaine–homocysteine 
S-methyltransferase. Biochem J 395:363–371. https://​doi.​org/​10.​
1042/​BJ200​51966

	45.	 Zhang Y, Yuan T, Su Z et al (2020) Reduced methylation of 
PP2Ac promotes ethanol-induced lipid accumulation through 
FOXO1 phosphorylation in  vitro and in  vivo. Toxicol Lett 
331:65–74. https://​doi.​org/​10.​1016/j.​toxlet.​2020.​05.​035

	46.	 Li Y, Ma Z, Jiang S et al (2017) A global perspective on FOXO1 
in lipid metabolism and lipid-related diseases. Prog Lipid Res 
66:42–49. https://​doi.​org/​10.​1016/j.​plipr​es.​2017.​04.​002

	47.	 Sparks JD, Dong HH (2009) FoxO1 and hepatic lipid metabolism. 
Curr Opin Lipidol 20:217–226. https://​doi.​org/​10.​1097/​MOL.​
0b013​e3283​2b3f4c

	48.	 Deng X, Zhang W, O-Sullivan I et al (2012) FoxO1 inhibits sterol 
regulatory element-binding protein-1c (SREBP-1c) gene expres-
sion via transcription factors Sp1 and SREBP-1c. J Biol Chem 
287:20132–20143. https://​doi.​org/​10.​1074/​jbc.​M112.​347211

	49.	 Stanevich V, Jiang L, Satyshur KA et al (2011) The structural 
basis for tight control of PP2A methylation and function by 
LCMT-1. Mol Cell 41:331–342. https://​doi.​org/​10.​1016/j.​molcel.​
2010.​12.​030

	50.	 EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA), 
Turck D, Bresson J-L, et al (2017) Safety of betaine as a novel 
food pursuant to regulation (EC) No 258/97. EFSA J 15:e05057. 
https://​doi.​org/​10.​2903/j.​efsa.​2017.​5057

	51.	 Schwab U, Törrönen A, Meririnne E et al (2006) Orally admin-
istered betaine has an acute and dose-dependent effect on serum 
betaine and plasma homocysteine concentrations in healthy 
humans. J Nutr 136:34–38. https://​doi.​org/​10.​1093/​jn/​136.1.​34

	52.	 Abdelmalek MF, Sanderson SO, Angulo P et al (2009) Betaine for 
nonalcoholic fatty liver disease: results of a randomized placebo-
controlled trial. Hepatol Baltim Md 50:1818–1826. https://​doi.​
org/​10.​1002/​hep.​23239

	53.	 Miglio F, Rovati LC, Santoro A, Setnikar I (2000) Efficacy and 
safety of oral betaine glucuronate in non-alcoholic steatohepatitis. 
A double-blind, randomized, parallel-group, placebo-controlled 
prospective clinical study. Arzneimittelforschung 50:722–727. 
https://​doi.​org/​10.​1055/s-​0031-​13002​79

	54.	 Abdelmalek MF, Angulo P, Jorgensen RA et al (2001) Betaine, a 
promising new agent for patients with nonalcoholic steatohepa-
titis: results of a pilot study. Am J Gastroenterol 96:2711–2717. 
https://​doi.​org/​10.​1111/j.​1572-​0241.​2001.​04129.x

	55.	 Mukherjee S, Bernard T, Kharbanda K et al (2011) Impact of 
betaine on hepatic fibrosis and homocysteine in nonalcoholic 
steatohepatitis—a prospective. Cohort Study Open Transl Med 
J. https://​doi.​org/​10.​2174/​18763​99501​10301​0001

	56.	 Oliva J, Bardag-Gorce F, Tillman B, French SW (2011) Protective 
effect of quercetin, egcg, catechin and betaine against oxidative 
stress induced by ethanol in vitro. Exp Mol Pathol 90:295–299. 
https://​doi.​org/​10.​1016/j.​yexmp.​2011.​02.​006

https://doi.org/10.1159/000356622
https://doi.org/10.1016/j.bbrc.2016.06.080
https://doi.org/10.1016/j.bbrc.2016.06.080
https://doi.org/10.1016/j.jhep.2006.08.024
https://doi.org/10.1016/j.jhep.2006.08.024
https://doi.org/10.3390/nu5093481
https://doi.org/10.1016/j.yexmp.2015.03.007
https://doi.org/10.1111/bph.12765
https://doi.org/10.1111/bph.12765
https://doi.org/10.1016/j.alcohol.2004.07.004
https://doi.org/10.1016/j.alcohol.2004.07.004
https://doi.org/10.3390/biom6030029
https://doi.org/10.3390/biom6030029
https://doi.org/10.1152/ajpgi.00133.2007
https://doi.org/10.1152/ajpgi.00133.2007
https://doi.org/10.1074/jbc.M412107200
https://doi.org/10.1074/jbc.M412107200
https://doi.org/10.1186/1476-511X-12-34
https://doi.org/10.1186/1476-511X-12-34
https://doi.org/10.1152/ajpgi.90349.2008
https://doi.org/10.1152/ajpgi.90349.2008
https://doi.org/10.1194/jlr.R025882
https://doi.org/10.1194/jlr.R025882
https://doi.org/10.3858/emm.2010.42.3.021
https://doi.org/10.1152/ajpgi.00482.2009
https://doi.org/10.1016/j.jhep.2018.10.037
https://doi.org/10.1007/s11010-009-0044-2
https://doi.org/10.1007/s11010-009-0044-2
https://doi.org/10.1042/BJ20051966
https://doi.org/10.1042/BJ20051966
https://doi.org/10.1016/j.toxlet.2020.05.035
https://doi.org/10.1016/j.plipres.2017.04.002
https://doi.org/10.1097/MOL.0b013e32832b3f4c
https://doi.org/10.1097/MOL.0b013e32832b3f4c
https://doi.org/10.1074/jbc.M112.347211
https://doi.org/10.1016/j.molcel.2010.12.030
https://doi.org/10.1016/j.molcel.2010.12.030
https://doi.org/10.2903/j.efsa.2017.5057
https://doi.org/10.1093/jn/136.1.34
https://doi.org/10.1002/hep.23239
https://doi.org/10.1002/hep.23239
https://doi.org/10.1055/s-0031-1300279
https://doi.org/10.1111/j.1572-0241.2001.04129.x
https://doi.org/10.2174/1876399501103010001
https://doi.org/10.1016/j.yexmp.2011.02.006


1176	 European Journal of Nutrition (2022) 61:1167–1176

1 3

	57.	 Oliva J, Zhong J, Buslon VS, French SW (2012) The effect of 
same and betaine on hepa 1–6, c34 and e47 liver cell survival 
in vitro. Exp Mol Pathol 92:126–130. https://​doi.​org/​10.​1016/j.​
yexmp.​2011.​10.​001

	58.	 Hong Z, Lin M, Zhang Y et al (2020) Role of betaine in inhibiting 
the induction of RNA Pol III gene transcription and cell growth 
caused by alcohol. Chem Biol Interact 325:109129. https://​doi.​
org/​10.​1016/j.​cbi.​2020.​109129

	59.	 Chen Q, Wang Y, Jiao F et al (2020) Betaine inhibits Toll-like 
receptor 4 responses and restores intestinal microbiota in acute 
liver failure mice. Sci Rep 10:21850. https://​doi.​org/​10.​1038/​
s41598-​020-​78935-6

https://doi.org/10.1016/j.yexmp.2011.10.001
https://doi.org/10.1016/j.yexmp.2011.10.001
https://doi.org/10.1016/j.cbi.2020.109129
https://doi.org/10.1016/j.cbi.2020.109129
https://doi.org/10.1038/s41598-020-78935-6
https://doi.org/10.1038/s41598-020-78935-6

	Betaine in ameliorating alcohol-induced hepatic steatosis
	Abstract
	Introduction
	Contextual therapeutic potential of betaine
	Mechanisms underlying alcohol-induced steatosis and betaine-mediated mending
	Betaine restores alcohol-induced decrement in methylation potential
	Betaine reduces alcohol-induced adipose tissue lipolysis
	Betaine attenuates alcohol-induced elevation in de novo hepatic lipogenesis
	Betaine repairs alcohol-induced impairment in fatty acid oxidation and uptake
	Betaine restores alcohol-induced reduction in VLDL synthesis and secretion
	Summary and future work
	Acknowledgements 
	References




