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Abstract
The prevalence of nonalcoholic fatty liver disease (NAFLD) is 
increasing worldwide. Its etiology includes nutritional, ge-
netic, and lifestyle factors. Several mechanisms may link one-
carbon metabolism – the associated metabolic pathways of 
folate, methionine, and choline – to the onset of NAFLD. In 
this review, we attempted to assess how choline, folate, me-
thionine, and betaine affect NAFLD development, mainly 
through their role in the secretion of very low-density lipo-
proteins (VLDL) from the liver. We also reviewed recent arti-
cles that have described the relation between microbiota 
metabolism and NAFLD progression. Moreover, we describe 
the effect of single-nucleotide polymorphisms (SNP) in 
genes related to one-carbon metabolism and disease preva-
lence. We additionally seek SNP identified by genome-wide 
associations that may increase the risk of this disease. Even 
though the evidence available is not entirely consistent, it 
seems that the concentrations of choline, methionine, fo-

late, and betaine may affect the progression of NAFLD. Since 
there is no effective therapy for NAFLD, further investiga-
tions into the link between nutrition, gut microbiota, genet-
ic factors, and NAFLD are still necessary, with a particular em-
phasis on methyl donors. © 2019 The Author(s)

Published by S. Karger AG, Basel

Nonalcoholic Fatty Liver Disease

Nonalcoholic fatty liver disease (NAFLD) is a process 
of pathological fat deposition in the liver that has a num-
ber of subtypes, such as hepatic steatosis, nonalcoholic 
hepatitis (NASH), and liver fibrosis [1]. The liver ultra-
sound image of NAFLD resembles the changes that occur 
in alcoholic fatty liver. The pathophysiological mecha-
nisms in NAFLD are complex and not fully understood. 
However, it is a multifactorial disease that is influenced 
by nutritional and genetic factors [2–4].

Epidemiological studies indicate that the prevalence  
of NAFLD is approximately 10–35% of the general glo-
bal population [5, 6]. The risk of developing NAFLD  
is related to the onset of obesity and metabolic syn- 
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drome (MetS). A relationship has been observed between 
NAFLD and abnormal glucose tolerance, insulin resis-
tance, dyslipidemia, and type 2 diabetes. In addition, it 
has been observed that fatty liver can occur both in people 
with a normal body mass index (BMI) (10–24% of the 
population has fatty liver) and in 95% of adults with obe-
sity [2, 7]. Research has also indicated the important role 
of nutrition and physical activity in the development of 
NAFLD [2, 3, 7]. The risk factors for the development of 
NAFLD fibrosis and cirrhosis are thus: age, type 2 diabe-
tes, hypertension (> 140/90 mm Hg or treated), a high 
BMI (women > 32.3), elevated alanine aminotransferase 
(ALT) (>twice the upper norm), a high ratio of aspartate 
to alanine aminotransferase (AST/ALT > 1), and high tri-
acylglycerol levels (TG > 1.7 mmol/L) [3, 4, 8–10]. More-
over, there is evidence or a relationship between NAFLD 
and systemic inflammation, suggesting that inflamma-
tion could be the link between NAFLD and insulin resis-
tance [11].

Several nutritional and lifestyle factors, including 
overweight in childhood and adolescence, high intakes of 
fat, fructose, and sodium, and low physical activity levels, 
have been associated with the development of NAFLD 
[1]. In this context, high fat and carbohydrate intakes 
have been associated with NAFLD development. The ex-
cessive intake of these macronutrients in patients with 
fatty liver is positively correlated with glucose disturbanc-
es and a low insulin sensitivity, which have been found to 
be linked to NAFLD. A high carbohydrate consumption 
plays a key role in liver de novo lipogenesis. A high dietary 
sugar level and the intake of sugar-sweetened beverages 
(common in the Western diet) are associated with in-
creased visceral fat and TG and a high risk of MetS. In 
addition, fructose intake is one of the independent factors 
related to NAFLD development [12, 13]. As lipogenic 
compounds, fructose and sucrose are involved in in-
creased oxidative stress, as well as in increased TG syn-
thesis and accumulation in the liver. Unbalanced propor-
tions of polyunsaturated (PUFA), saturated (SFA), and 
trans fatty acids (transFA) have been found to be involved 
with the progression of NAFLD. A lower ratio of n-6 to 
n-3 PUFA and a lower intake of SFA and transFA are rec-
ommended in NAFLD therapy, and they are associated 
with decreased total cholesterol and TG levels and lower 
inflammation [14, 15].

High physical activity is positively correlated with 
good health and prevents obesity and MetS. It has been 
indicated that physical activity is an independent factor 
for weight reduction in NAFLD treatment. Increasing 
physical activity in patients with NAFLD is associated 

with decreased levels of liver enzymes, TG, and LDL-C, 
and with improved insulin sensitivity [16].

Nutritional recommendations point primarily to the 
need to reduce body weight in order to reduce the risk of 
NAFLD. The effectiveness of supplementation with fatty 
acids has also been considered. For example, it has been 
observed that higher intakes of eicosapentaenoic acid and 
docosahexaenoic acid can reduce the risk of fatty liver 
disease [7, 17–23]. The present review focuses on the role 
of methyl donors on the etiology, prevention, and therapy 
of NAFLD and associated comorbidities. In this context, 
NAFLD has been associated not only with changes in lip-
id metabolism but also with disorders in one-carbon me-
tabolism [24–29]. Thus, supplementation with different 
methyl donors such as choline and betaine has been pro-
posed as a therapeutic tool to prevent or treat NAFLD, 
although a high methyl donor intake may also have det-
rimental effects. 

One-Carbon Metabolism

One-carbon metabolism involves interrelated methio-
nine and folate pathways. Methionine is an essential ami-
no acid whose status in the organism depends on its in-
take from diet, protein breakdown, and its synthesis 
through remethylation of homocysteine (Hcy). Hcy can 
be methylated back to methionine by a number of reac-
tions as follows: 

	− remethylation by methionine synthase, which is lim-
ited by the availability of 5-methyltetrahydrofolate 
(methyl-THF) or betaine derived from choline;

	− transsulfuration, which converts Hcy to cysteine; how-
ever, this pathway is limited to the liver, kidneys, intes-
tine, and pancreas.
Methionine may then be transformed to S-adenosyl-

methionine (SAM), which is used as a universal methyl 
donor in the majority of methyltransferase reactions, 
such as phospholipid synthesis and methylation of nu-
cleic acid and protein [30]. SAM is then converted to 
SAH (S-adenosyl-L-homocysteine) and subsequently to 
Hcy. 

The folate cycle is linked to the methionine cycle by 
this Hcy remethylation reaction. Folate absorbed from 
food is converted to methyl-THF, the main form of fo-
late in human plasma. Otherwise, folic acid supplemen-
tation enters the cycle via dihydrofolate (DHF). The 
principal role of folate in these pathways is to donate or 
accept one-carbon units. The central acceptor molecule 
is THF. THF is converted to 5,10-methylene tetrahydro-



One-Carbon Metabolism and NAFLD 55Lifestyle Genomics 2020;13:53–63
DOI: 10.1159/000504602

folate (methylene-THF) and then reduced by the en-
zyme methylene-THF reductase (MTHFR), leading to 
the formation of methyl-THF. The methyl group of 
methyl-THF can only be used in the Hcy remethylation 
reaction [31] (Fig. 1).

Choline can be synthesized endogenously from phos-
phatidylethanolamine (PE), which is converted to phos-
phatidylcholine (PC) by the enzyme PE methyltransfer-
ase (PEMT). The expression of the PEMT gene is known 
to be regulated by estrogens [32]. Trimethylamine (TMA) 
is a gut microbiota-derived metabolite synthesized from 
choline and betaine (Fig. 1). The concentration of TMA 
substrates is dependent on diet. TMA is oxidized in the 
liver to form TMA-N-oxide (TMAO), which correlates 
with cardiovascular disease risk [33]. 

Several mechanisms may link one-carbon metabolism 
and NAFLD, but it seems that the most relevant one is 
synthesis of VLDL and the export of lipids from the liver. 
Choline participates in the packaging and exporting of 
TG in VLDL and aberrant levels of one-carbon metabo-
lites may lead to a reduced VLDL secretion and then fat 
accumulation in the liver [34]. 

Methionine

Methionine is an essential amino acid that plays a key 
role as a regulator of a number of cellular functions [35–
37]. It is metabolized mainly in the liver [37, 38]. Methio-
nine is one of the major dietary sources of methyl donor 
groups [39]. It has been extensively reported that methio-
nine deficiency induces steatosis or fatty liver disease in a 
few days in animal models [40–43].

Intrahepatic lipid accumulation could be caused by 
impaired VLDL secretion. Furthermore, methionine is a 
precursor of PC and choline, which can induce distur-
bances in lipid metabolism and lipid accumulation in the 
liver [44, 45]. Moreover, a methionine-choline-deficient 
diet in mice has been found to decrease the activity of 
SCD-1, an enzyme involved in TAG metabolism. Abnor-
mal TAG secretion is also the reason for the accumulation 
of intrahepatic lipid [46].

Several studies conducted in mice fed methionine-de-
ficient or methionine-supplemented diets showed that 
these diets led to alterations in the expression of genes 
involved in lipid metabolism. Moreover, these studies 
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Fig. 1. Scheme of selected reactions of one-carbon metabolism. BHMT, betaine Hcy S-methyltransferase; CHDH, 
choline dehydrogenase; MAT, methionine adenosyl transferase; MS, methionine synthase; SAH, S-adenosyl
homocysteine; SH, SAH hydrolase; MTHFD, methylenetetrahydrofolate dehydrogenase; FMO3, flavin-contain-
ing monooxygenase 3.
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showed an increase in SAH and Hcy levels compared to 
controls. However, methionine-supplemented rats had 
almost twice as high SAH and Hcy concentrations com-
pared to the methionine-deficient group. Administration 
of the methionine-deficient diet resulted in the develop-
ment of hepatic steatosis, which was not observed in the 
methionine-supplemented diet. Hepatic triglyceride con-
centrations were higher in both experimental groups 
compared to the control group. These pathophysiological 
molecular events may ultimately lead to lipid accumula-
tion in the liver, triggering the development of NAFLD 

[47–49]. Hepatic methionine was depleted in mice that 
developed marked steatosis and extensive fibrosis while 
on a high-fat high-cholesterol diet, while the SAM/me-
thionine ratio, SAH, and Hcy significantly increased [37]. 
Methionine depletion leads to liver steatosis in mice. 
However, to achieve the NAFLD model, a methionine- 
and choline-deficient diet is usually used. Rodents fed a 
methionine- and choline-deficient diet develop the whole 
spectrum of liver pathologies from macrovesicular ste-
atosis to hepatic fibrosis [50]. 

Table 1. SNP associated with NAFLD risk identified in genome-wide association and candidate gene studies and SNP associated with 
the odds of developing choline deficiency

Gene Gene name rs RAF OR p value Study

SNP associated with NAFLD risk identified in genome-wide association studies
LCP1 Lymphocyte cytosolic protein 1 rs7324845-A 0.096 3.29 3×10–6 Adams et al. [97]
SLC38A8 Solute carrier family 38 member 8 rs11864146-A 0.100 3.14 2×10–6 Adams et al. [97]
GC, SLC4A4 GC vitamin D-binding protein, solute 

carrier family 4 member 4
rs222054-C 0.301 2.54 1×10–6 Adams et al. [97]

AL365220.1, PLPPR4 ENSG00000233983 (pseudogene) 
phospholipid phosphatase-related 4

rs12743824-C 0.441 2.3 5×10–6 Adams et al. [97]

PNPLA3 Patatin-like phospholipase domain 
containing 3

rs2896019-G 0.46 1.85 2.3×10–31 Kawaguchi et al. [120]

PNPLA3 Patatin-likep phospholipase domain 
containing 3

rs738409-G 0.484 1.66 1×10–10 Kawaguchi et al. [120]

SAMM50, PNPLA3 Sorting and assembly machinery 
component, patatin like phospholipase 
domain containing 3

rs738491-T 0.52 1.6 1×10–18 Kawaguchi et al. [120]

PNPLA3 Patatin-like phospholipase domain 
containing 3

rs738409-G 0.398 1.54 2×10–15 Chung et al. [121]

PARVB Parvin-β  rs2073080-T 0.458 1.47 8×10–7 Kawaguchi et al. [120]
SAMM50 Sorting and assembly machinery component rs2143571-A 0.458 1.47 9×10–7 Kawaguchi et al. [120]
AC025539.1, AC005699.1 ENSG00000251152 gene

ENSG00000249631 gene
rs1390096-A 0.372 1.44 3×10–6 Kawaguchi et al. [120]

SAMM50 Sorting and assembly machinery component rs2143571-A 0.395 1.44 2×10–11 Chung et al. [121]
GCKR Glucokinase regulator rs1260326-T 0.57 1.38 1×10–9 Kawaguchi et al. [120]
GATAD2A GATA zinc finger domain containing 2A rs4808199-A 0.27 1.37 2×10–8 Kawaguchi et al. [120]
GCKR Glucokinase regulator rs780094-T 0.57 1.35 2×10–8 Kawaguchi et al. [120]
ZNF512, AC074091.1 Zinc finger protein 512

ENSG00000259080 gene
rs1881396-T 0.71 1.34 1×10–6 Kawaguchi et al. [120]

MUM1 Melanoma associated antigen rs2668423-T 0.33 1.3 1×10–6 Kawaguchi et al. [120]

SNP associated with NAFLD in candidate gene studies
PEMT Phosphatidylethanolamine 

N-methyltransferase
rs7946-A 0.46 Song et al. [76]

MTHFR Methylenetetrahydrofolate reductase rs1801131-C
rs1801133-T (NASH)

0.29
0.30

Catalano et al. [122]
Sazci et al. [123]

SNP associated with choline deficiency
CHKA Choline kinase-α rs10791957-A 0.53 Ganz et al. [108]
CHDH Choline dehydrogenase rs12676-T 0.23 Ganz et al. [108]
BHMT Betaine homocysteine methyltransferase rs3733890-A 0.29 Ganz et al. [108]
FMO3 Flavin-containing monooxygenase 3 rs2266782-A 0.38 Ganz et al. [108]
SLC44A1 Solute carrier 44A1 rs7873937-C

rs3199966-G
0.18
0.11

Ganz et al. [108]

RAF, risk allele frequency.
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Folate

It has been reported that folate depletion may cause 
oxidative stress in the liver and lead to the development 
of NAFLD [51]. Folate depletion also leads to the utiliza-
tion of betaine and choline for Hcy remethylation, dis-
rupting choline metabolism. This mechanism may con-
tribute to increased steatosis, at least in mice [24, 52]. 
Moreover, depletion of dietary folates results in increased 
expression of genes related to lipogenesis that promote 
lipid accumulation [53]. The mechanisms of lipid export 
from the liver through VLDL secretion were also dis-
turbed in mice fed folate-deficient diets [24, 52]. One 
mechanism that is likely involved in this process is folate 
participation in SAM synthesis, which is subsequently in-
volved in PC synthesis and VLDL secretion (Fig. 1). This 
mechanism still appears to be unclear, since PC synthesis 
can occur independently of one-carbon metabolism, i.e., 
via the de novo pathway (the Kennedy pathway) [54]. It 
has also been reported that, when rats with NAFLD are 
treated with folic acid, an improvement in the SAM/SAH 
ratio and one-carbon metabolism is noticed [55]. More-
over, an in vitro study showed that administration of folic 
acid to the medium of primary chicken hepatocytes with 
NAFLD reduced triglyceride deposition by suppressing 
fatty acid synthesis [56].

Pregnant rats fed a folic acid-depleted diet or a control 
diet had similar TG concentrations in the liver. In con-
trast, rats fed a diet deficient in folic acid, methionine, and 
choline showed higher TG levels in the liver compared to 
the control group [57]. 

Interestingly, excessive folic acid levels in the diet may 
result in effects similar to folic acid deficiency. Mthfr+/– 
mice fed a 10× higher folic acid dose than the control 
group showed a reduced concentration of the MTHFR 
protein, which resulted in hepatocyte degeneration. This 
condition has been referred to as a pseudo-MTHFR defi-
ciency [58].

An observational study in humans did not find differ-
ences in folate and B12 vitamin levels when comparing 30 
patients with biopsy-proven NAFLD with 24 healthy 
controls [59]. A similar result was observed in larger 
groups (NAFLD, n = 134; control, n = 134) [60]. On the 
contrary, another study showed that a low serum folic 
acid concentration was an independent risk factor of 
NAFLD in a Chinese population [61]. Moreover, low fo-
late and vitamin B12 levels were correlated with NASH 
severity [62]. In obese patients, despite an adequate intake 
of folate, serum folate levels were lower than in healthy 
individuals [63]. Interestingly, a high-fat diet led to a de-

crease in hepatic folate levels and suppressed the expres-
sion of hepatic folate transporters in mice [64]. The rela-
tion between folate and obesity has not been well under-
stood. It is not known whether a folate deficiency leads to 
obesity or obesity causes a folate deficiency. 

In summary, the relation between folate concentra-
tions and NAFLD has been observed and one of the un-
derlying mechanisms is participation of folate in SAM 
synthesis, but other pathways may also be involved.

Choline and Betaine

Different animal models have been used to induce 
NAFLD-like disorders. However, comparison and inter-
pretation of the results can be confusing, because differ-
ent models show different levels of steatosis, insulin resis-
tance, and steatohepatitis. Methionine-deficient and cho-
line-deficient rats developed a higher degree of steatosis, 
a decreased antioxidant response, and progression to ste-
atohepatitis compared to choline-depleted rats. More-
over, hepatocellular damage, as assessed by increased 
plasma ALT, was observed in methionine-deficient and 
choline-deficient rats [65].

Pemt–/– mice fed a choline-deficient diet developed a 
severe lipid pathology after 3–4 days of consuming the 
choline-depleted diet [66], presenting a significant de-
crease in hepatic and plasma PC levels and an increase in 
hepatic TG levels. Pemt–/– mice fed a choline-supple-
mented diet did not display liver damage and had normal 
hepatic and plasma PC levels, as well as normal hepatic 
TG levels [67].

Humans fed a choline-deficient diet for 3-weeks de-
plete their stores of choline and start to develop liver dys-
function [68]. In a human study encompassing 664 sub-
jects, a decreased choline intake was associated with in-
creased fibrosis in postmenopausal women with NAFLD 
but not in children, men, or premenopausal women, in 
whom no such association was found [69]. Another study 
showed an association between a lower choline intake 
and the risk of NAFLD in middle-aged and older Chinese 
women with a normal body weight. The same study also 
observed a stronger association of choline intake with fat-
ty liver in men with lower saturated fat intakes; the au-
thors speculated that a higher consumption of fat may 
induce gut bacterial dysbiosis. That could lead to an al-
teration in microbiota choline metabolism and a reduced 
choline bioavailability to the host [70].

Adult rats eating a choline-deficient diet have been 
shown to develop liver dysfunction and fatty liver [68]. In 
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humans, gender and menopausal status also affect the re-
sponse to a choline-deficient diet. Men and postmeno-
pausal women more frequently developed organ dysfunc-
tion, but this did not hold true for most premenopausal 
women [71]. This could be related to the estrogen status 
of younger women. In this respect, the PEMT enzyme 
synthesizes de novo PC in the liver. This enzyme is en-
coded by the PEMT gene, which is induced by estrogens, 
due to the presence of several estrogen response elements 
in its promoter region. The estrogen concentration is 
higher in premenopausal women than in postmenopaus-
al women, and this mechanism may protect young wom-
en from choline depletion. In another experiment, post-
menopausal women receiving placebo were 4 times more 
likely to develop liver dysfunction than estrogen-treated 
postmenopausal women [72]. 

When it comes to choline supplementation, it has been 
reported that it improves or reverts liver steatosis, but  
no interventional studies have been undertaken to ana-
lyze whether choline supplementation is able to prevent 
NAFLD or reduce NAFLD progression [73, 74].

Betaine supplementation has a possibly beneficial ef-
fect on fatty liver disease on account of the contribution 
of betaine to PC and VLDL synthesis (Fig.  1). Betaine 
treatment has also been shown to decrease the Hcy con-
centration, as compared to high-fat diet and high-sucrose 
diets, which may also have an impact on disease develop-
ment [75, 76]. Oral betaine treatment has been proposed 
as a treatment for alcoholic liver disease [77, 78], as it has 
been observed that betaine decreases the total triglyceride 
and cholesterol concentrations in the livers of rats with 
alcoholic fatty liver [79]. In mice with fat-induced NAFL, 
betaine also reduced triglycerides, hepatic fat, and hepat-
ic steatosis while improving insulin resistance [75]. An-
other study showed that betaine may ameliorate fatty liv-
er in mice with high-sucrose-diet-induced hepatic steato-
sis [76]. 

A different approach was applied to supplementation 
with a mixture of methyl donors (betaine, choline, vita-
min B12, and folic acid). Folate, as one of the methyl do-
nors, plays a key role in the production of SAM. However, 
in folate deficiency, betaine and choline supplementation 
of these nutrients may be a beneficial alternative form of 
methyl donor. In addition, deficiencies in compounds as-
sociated with the one-carbon metabolism such as folate, 
methionine, choline, or vitamin B12 can affect abnormal 
SAM levels and then affect histone modifications [80]. 
Rats receiving this methyl donor cocktail were protected 
from liver fat accumulation induced by a high-fat and 
high-sucrose diet [81, 82]. Interestingly, another study 

showed that methyl donor supplements may prevent lip-
id accumulation in the liver but are unable to reverse this 
condition in mice [83]. However, a bioinformatic analysis 
has shown that NAFLD induced by one-carbon donor 
deficiency in rodents only poorly represents human 
NAFLD on the transcriptional level [27].

In addition to changes associated with choline or be-
taine deficiencies, it is also worth noting the potential 
benefits of supplementing these nutrients. In a study  
in male mice with a metabolic phenotype of Pemt–/–/
Ldlr–/– that were fed a high-fat diet with a choline con-
tent of 1.3 g/kg, it was shown that choline supplementa-
tion had no preventative effect against fatty liver. How-
ever, they were able to maintain normal blood cholester-
ol levels and it improved functioning and prevention of 
adverse liver changes [84].

Gut Microbiota

The intestinal microbiota may promote the onset and 
progression of NAFLD [85, 86]. Two main mechanisms 
have been proposed to explain the association between 
gut microbiota and NAFLD, i.e., alcohol-producing bac-
teria and one-carbon microbiota metabolism. Gut micro-
bial genera such as Escherichia, Bacteroides, Bifidobacte-
rium, and Clostridium [87] and also Klebsiella pneumonia 
[88] are able to produce alcohol that may promote liver 
inflammation. It has been reported that children with 
NAFLD have a distinct microbiome compared to that of 
healthy counterparts, with more alcohol production [89]. 
It is well known that alcohol induces steatosis and oxida-
tive stress in the liver, which may promote fatty liver, hep-
atitis, and cirrhosis [90]. Moreover, microbiota may 
modulate one-carbon metabolism. For example, Bifido-
bacterium and Lactobacillus are able to produce folate 
that may alter host folate levels [91]. An alternative mech-
anism is alteration of one-carbon metabolism by micro-
biota, which impairs VLDL secretion. Intestinal bacteria 
may reduce the choline pool of the host, mimicking the 
effects of choline-deficient diets and causing hepatic fat 
accumulation [92]. 

On the other hand, choline is a dietary precursor of 
TMA that is subsequently oxidized to TMAO in hepato-
cytes. An adverse association has been found between cir-
culating TMAO concentrations and the presence and se-
verity of NAFLD [93]. A recent meta-analysis showed  
a positive dose-dependent association between TMAO 
plasma levels and increased cardiovascular risk and all-
cause mortality. However, no causal evidence has been 
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provided, also in NAFLD [94]. It has been also reported 
that TMAO may alter lipid metabolism and glucose toler-
ance [95]. However, it is not known whether free choline 
itself or other metabolites like TMAO contribute to such 
an effect [96]. 

Gene Polymorphisms

NAFLD progression depends on the complex inter-
play between environmental and genetic factors. The idea 
that NAFLD is related to the genetic background is based 
on the fact that NAFLD development differs between 
populations, even though it does not always correlate 
with differences in the prevalence of environmental risk 
factors. Genome-wide association studies have identified 
single-nucleotide polymorphisms (SNP) that increase the 
risk of NAFLD occurrence. These are mostly associated 
with fatty acid metabolism, insulin resistance, oxidative 
stress, and fibrosis development. The most important 
SNP associated with NAFLD development are presented 
in Table 1; the OR there range from 1.3 to 3.29. The poly-
morphism rs7324845, located in the LCP1 gene, has the 
strongest effect on NAFLD presence. The LCP1 gene is 
located on chromosome 13 and encodes a cytosolic actin-
binding protein called plastin 1. This polymorphism has 
been associated with chemotherapy-induced hypertri-
glyceridemia, which suggests that this gene plays a role in 
lipid metabolism [97]. 

To date, several SNP in genes related to one-carbon 
metabolism have been associated with NAFLD [98, 99]. 
PEMT is an enzyme that catalyzes the reaction of de novo 
PC synthesis in the liver. Song et al. [25] showed for the 
first time that the rs7946 SNP in PEMT (a G-to-A substi-
tution in exon 8 resulting in the replacement of valine by 
methionine) impairs the activity of the enzyme. AA ho-
mozygotes were more frequent in the NAFLD subpopu-
lation than in the controls [25]. Another study of a Japa-
nese population reported that rs7946 increased the sus-
ceptibility to NASH. Although this SNP is very rare in the 
Japanese population, it was demonstrated that the A allele 
was more frequent in NASH patients than in controls. 
Moreover, heterozygote patients had lower BMI values 
than patients with wild-type homozygotes, which may 
suggest that this SNP is a risk factor for NASH [100].

Another polymorphism with a very strong associa-
tion with choline depletion and fatty liver is G1958A 
(rs2236225), which is located in MTHFR1, a gene in-
volved in folate metabolism. It has been reported that pre-
menopausal women carrying this risk variant are 15 times 

more likely to develop organ dysfunction on a low-cho-
line diet [101].

Other polymorphisms that have been associated with 
NAFLD susceptibility are the C677T (rs1801133) and 
A1298C (rs1801131) variants of the MTHFR gene. How-
ever, the association between these SNP and susceptibil-
ity to NAFLD is controversial. Several studies have inves-
tigated this relation [60, 102, 103], and one meta-analysis 
concluded that the T/T genotype of the C677T polymor-
phism and the C/C genotype of MTHFR A1298C under 
the recessive model were associated with a higher suscep-
tibility to NAFLD (OR = 1.42, p = 0.006; OR = 2.08, p < 
0.0001) [103].

Corbin et al. [104] identified 260 SNP across 21 genes 
of one-carbon metabolism, with PNPLA3 rs738409 being 
strongly associated (p = 0.02) with hepatic steatosis. Since 
individual SNP have only small effects on liver steatosis, 
the authors used an unsupervised hierarchical clustering 
approach that revealed patterns of SNP across relevant 
genes that were highly associated with steatosis status  
(p = 0.0002) [104]. In another study analyzing the rela-
tionship between SNP in genes of one-carbon metabo-
lism and the risk of choline deficiency, rs2236225 
(MTHFD1), rs12676 (CHDH), rs12325817, and rs4646343 
(PEMT) were associated with increased odds of organ 
dysfunction. 

SNP of the genes involved in one-carbon metabolism 
may alter the risk of fatty liver. Moreover, gene-nutrient 
interactions may further contribute to this but alter this 
risk. More studies, however, are necessary to fully under-
stand this interplay.

Fetal Programming

The intrauterine and early-life environment may af-
fect long-term health; this phenomenon is called fetal 
programming [105]. There are several factors that create 
the intrauterine environment. These include maternal 
metabolic health, nutritional status, and current nutrient 
intake [106]. It has been hypothesized that the fetus adapts 
to the unbeneficial environment during pregnancy, but 
this adaptation may have adverse health effects when 
postnatal conditions are more favorable [107].  

For example, high maternal sugar levels lead to hyper-
glycemia of the fetus and trigger insulin synthesis and af-
fect fetal growth and obesity [108]. Also, mothers who 
have a high-fat diet may promote lipid accumulation in 
the infant liver, possibly leading to NAFLD development 
[109, 110]. One-carbon metabolism may affect lipid ac-
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cumulation in the liver, and the authors thus investigated 
how one-carbon nutrient intake during pregnancy affects 
the livers of the mother and fetus. Fetuses of dams fed a 
diet deficient in methionine, folic acid, and choline had 
more extensive changes in fat metabolism than fetuses of 
mothers fed a folic acid-deficient diet. This may suggest 
that the other methyl group donor carriers are involved 
in or may protect lipid metabolism during folic acid defi-
ciency, or that stores of this nutrients were employed 
[111]. 

A deficiency of methyl donors, folate, and vitamin B12 
during pregnancy and lactation in rats results in a low 
birth weight and microvascular steatosis in pups [112]. 
The link between methyl donor deficiency and epige
nomic deregulation of energy metabolism has also been 
studied in a rat model, where it was shown that liver ste-
atosis resulted from hypomethylation of PGC1-α, which 
impairs fatty acid oxidation. Rat pups from dams sub-
jected to methyl donor deficiency during gestation and 
lactation had microvascular steatosis, with increased tri-
glycerides, decreased methionine synthase, and a lower 
SAM/S-adenosylhomocysteine ratio compared to the 
dams [113].

Not only B vitamin or choline deficiency during preg-
nancy may have a programming effect. Protein malnutri-
tion by increased oxidative stress may lead to fatty liver 
[107]. Other factors, including fetal undernutrition, may 
also contribute to the development of fatty liver. A popu-
lation-based study showed that subjects exposed to the 
Chinese famine in early life had moderate to severe 
NAFLD as adults [114]. The Helsinki birth cohort study 
showed that men born during the war had a higher risk 
of developing NAFLD during adulthood [115]. On the 
other hand, fetal overnutrition caused by maternal obe-
sity or gestational diabetes mellitus also may lead to fat 
accumulation in the infant liver [116]. A recent study 
showed that both a high birth weight and a low birth 
weight are more present often in children with NAFLD 
than in the general population. However, a high birth 
weight was a predictor of more severe steatosis [117]. 

There are several molecular and cellular mechanism 
that are responsible for the fetal programming phenom-
enon. One of them is constituted by persistent epigenet- 
ic alterations such as DNA methylation or histone acet
ylation changes stimulated by the prenatal factors. Epi-
genetics plays a key role in programming of cells during 
embryonic development and may act as a cellular mem-
ory. Since nutrients such as folate, betaine, and choline 
are methyl donors, it has been hypothesized that their in-
take and availability may affect this mechanism [118]. 

Deficiencies of methyl donors, folate, and vitamin B12 
during pregnancy and lactation in rats resulted in a low 
birth weight and microvascular steatosis in pups [112]. 

Even though there is evidence that one-carbon metab-
olism leads to fatty liver, there is still a knowledge gap 
concerning this effect in a transgenerational model. One 
recent study showed that prenatal dietary restriction did 
not induce broad changes in hepatic DNA methylation of 
the genes involved in lipid or carbohydrate metabolism 
in 3 generations of female rats [119].

Conclusions

In this review, we attempted to assess how methyl do-
nors affect NAFLD, also in the context of gut microbiota 
and SNP. Considering different models, the evidence is 
not entirely consistent but it seems that the status of cho-
line, methionine, folate, and betaine may affect the pro-
gression of NAFLD. Since treatment with these particular 
nutrients results in different onsets on NAFLD, further 
investigation is still necessary, especially in humans. As-
sociation studies indicate that several SNP in one-carbon 
metabolism-related genes may affect metabolic handling 
of methyl-donors and presumably fat liver accumulation. 
Even though the relationship between microbiota and 
NAFLD is still not clear, it seems that the gut microbiota 
composition may alter the host metabolism and influence 
the risk of this disease. Since there is no effective therapy 
for NAFLD, further investigations into the link between 
nutrition, gut microbiota, genetic factors, and NAFLD 
are still needed, with a particular emphasis on methyl do-
nors.
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