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I. INTRODUCTION
The discovery of S-adenosyl-L-methionine (AdoMet, also
frequently abbreviated as SAM and SAMe) occurred nearly
60 years ago (31). Widely known as the principal biological
methyl donor, recent evidence illustrates its essential role in
diverse cellular processes including growth and death. Although AdoMet is synthesized in all mammalian cells, liver
can be considered as the body’s AdoMet factory as this is
where ⬃85% of all transmethylation reactions and 50% of
methionine metabolism take place (67, 179). This review is
focused mainly on the role of AdoMet in liver health, injury,
and cancer. Much of current understanding has been gained

through the use of genetic models that exhibit chronic hepatic AdoMet deficiency or excess. AdoMet is also available
as a drug in many parts of the world and in the United States
as a nutritional supplement. This review will also briefly
discuss the current status of AdoMet’s therapeutic use in
liver diseases and several extrahepatic disorders.

II. STRUCTURE AND BIOSYNTHESIS
OF AdoMet
A. Structure of AdoMet
Early in evolution AdoMet emerged as the foremost donor
of methyl groups in methylation reactions. Specific amino
acid side chains in proteins, nucleotide bases in DNA and
RNA, sugars, and many small molecules often carry a
methyl group that is derived from AdoMet. Nature’s selection of AdoMet for this role is attributable to its unique
chemical structure. AdoMet is a typical sulfonium salt, a
compound in which the sulfur atom has three single covalent substituents and therefore has a positive charge analogous to an ammonium compound (FIGURE 1). Structurally,
sulfonium salts form a pyramidal arrangement of the three
substituents, and there is a lone electron pair also associated
with the sulfur atom (17). The sulfonium ion of AdoMet is
particularly well suited for the transfer of its methyl group
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Lu SC, Mato JM. S-adenosylmethionine in Liver Health, Injury, and Cancer. Physiol Rev
92: 1515–1542, 2012; doi:10.1152/physrev.00047.2011.—S-adenosylmethionine (AdoMet, also known as SAM and SAMe) is the principal biological methyl donor
synthesized in all mammalian cells but most abundantly in the liver. Biosynthesis of
AdoMet requires the enzyme methionine adenosyltransferase (MAT). In mammals, two
genes, MAT1A that is largely expressed by normal liver and MAT2A that is expressed by all
extrahepatic tissues, encode MAT. Patients with chronic liver disease have reduced MAT activity
and AdoMet levels. Mice lacking Mat1a have reduced hepatic AdoMet levels and develop oxidative
stress, steatohepatitis, and hepatocellular carcinoma (HCC). In these mice, several signaling
pathways are abnormal that can contribute to HCC formation. However, injury and HCC also occur
if hepatic AdoMet level is excessive chronically. This can result from inactive mutation of the enzyme
glycine N-methyltransferase (GNMT). Children with GNMT mutation have elevated liver transaminases, and Gnmt knockout mice develop liver injury, fibrosis, and HCC. Thus a normal hepatic
AdoMet level is necessary to maintain liver health and prevent injury and HCC. AdoMet is effective
in cholestasis of pregnancy, and its role in other human liver diseases remains to be better defined.
In experimental models, it is effective as a chemopreventive agent in HCC and perhaps other forms
of cancer as well.
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FIGURE 1. Structure of S-adenosyl-L-methionine (AdoMet), S-adenosyl-L-homocysteine (AdoHcy), and 5=methylthioadenosine (MTA).

Giulio Cantoni discovered AdoMet in 1953 (31). He elegantly demonstrated that methionine and ATP reacted to
form a molecule, and after determination of its chemical
structure, he named it AdoMet, capable of transferring a
methyl group to nicotinamide or guanidinoacetic acid to
form N-methylnicotinamide and creatine, respectively.
Since then, investigators have implicated AdoMet in thousands of different methylation reactions in biological systems. In fact, AdoMet competes with ATP as the most
widely used enzyme substrate (31, 138).
In addition to the chiral carbon at the ␣ amino position, the
sulfur at the sulfonium center of AdoMet is also chiral.
Consequently, AdoMet can exist in two diastereomeric
forms with respect to its sulfonium ion, (S,S)-AdoMet and
(R,S)-AdoMet, where the designations refer to the sulfur
and the ␣ carbon, respectively. (S,S)-AdoMet is the only
form that is synthesized enzymatically, whereas the
AdoMet obtained by chemical methylation of AdoHcy is a
racemic mixture of the two isomers (50). The (S,S) diastereomer is also the only form used in almost all methylation
reactions (16, 17, 29, 56). Although under physiological
conditions, 37°C and pH 7.5, the sulfonium ion of (S,S)AdoMet can spontaneously racemize to the R form producing (R,S)-AdoMet with a first-order rate constant of 1.8 ⫻
10⫺6 s⫺1 (91), the in vivo concentration of this biologically
inactive AdoMet form is low to undetectable in the several
tissues where it has been determined. Thus the (R,S)-
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AdoMet form was found to be only 1.5 and 3% of total
AdoMet in mouse liver and rat brain, respectively (16, 91).
This contrasts with the values predicted from the estimated
racemization rate (91), which implies that in vivo there are
mechanisms that either dispose of the (R,S)-AdoMet diastereomer or convert it back to (S,S)-AdoMet.
Another two spontaneous AdoMet reactions that take place
under physiological conditions are: an intramolecular
cleavage reaction that produces homoserine lactone and
5=-methylthioadenosine (MTA) (FIGURE 1) and a hydrolysis
reaction that generates adenine and S-pentosylmethionine,
which occur with first-order rate constants of 4.6 ⫻ 10⫺6
s⫺1 and 3 ⫻ 10⫺6 s⫺1, respectively (91, 265). These two
reactions may contribute to balance the racemization of
(S,S)-AdoMet in vivo and prevent the accumulation of
(R,S)-AdoMet. Two methyltransferases (MT), Mht1 (Smethylmethionine-homocysteine methyltransferase) and
Sam4 (AdoMet-homocysteine methyltransferase), which
transfer methyl groups from AdoMet to homocysteine to
synthesize methionine, have been identified in yeast,
worms, plants, and flies (255). Sam4 was found to use both
the (S,S) and (R,S) forms of AdoMet, with a higher affinity
for the (R,S) diastereomer, while Mht1 was found to use
exclusively the (R,S) form. Mht1 and Sam4 deletion in yeast
resulted in accumulation of the biologically inactive (R,S)
form, indicating that these two enzymes play an important
role in controlling the in vivo accumulation of spontaneously
generated (R,S)-AdoMet (256). Interestingly, Mht1 and Sam4
activities have not been detected in mammalian cells (257),
which indicates that mammals limit (R,S)-AdoMet accumulation using other mechanisms.
It is important to note that spontaneous cleavage, hydrolysis, and racemization of AdoMet also take place in test
tubes and tissue culture plates and that this may affect the
interpretation of experimental results. For instance, MTA,
a product of the spontaneous cleavage of AdoMet, in addition to being metabolized in vivo to form methionine can
also inhibit certain MTs (54) (see sect. IIIC). When utilizing
AdoMet, it is also important to note that racemization is
independent of the pH in a range from 7.5 to 1.5, that the
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to a variety of nucleophilic atoms by a typical sn-2 substitution reaction with the concomitant release of S-adenosylL-homocysteine (AdoHcy) (FIGURE 1) (87, 229, 263). In
AdoMet-dependent methylation reactions, the nucleophile
may be a carbon atom, as in the C-methylation reaction of
the C5-cytosine in DNA methylation; a nitrogen atom, as in
the N-methylation reaction of the amino group in glycine
methylation; an oxygen atom, as in the O-methylation reaction of the hydroxyl moiety in catecholamine methylation; or a sulfur atom, as in the S-methylation reaction of
the sulfur atom in thiopurines methylation. AdoMet can
also methylate other atoms, such as arsenic, an important
step in the metabolism of this toxic metalloid (135).

S-ADENOSYLMETHIONINE IN LIVER HEALTH AND DISEASE
cleavage reaction persists up to a pH of 1.5, and that hydrolysis ceases at pH 6 (91). Finally, the chiral and chemical
purity of AdoMet may vary between different commercial
sources, which may affect its biological activity when used
in the laboratory, as a food supplement, or in clinical settings.

B. Biosynthesis of AdoMet

The mechanism of AdoMet biosynthesis has been best studied using MAT purified from Escherichia coli and rat liver

ATP + methionine

MAT

Ethionine is a nonproteinogenic amino acid structurally related to methionine with an ethyl group in place of a methyl
group attached to the sulfur atom. Ethionine is a substrate
of MAT and as such can react with ATP to form S-adenosylethionine, a nonmetabolizable analog of AdoMet (140).
In vivo, ethionine causes hepatic AdoMet and ATP depletion, impaired methylation reactions, reduction of glucose
and glycogen, lipid accumulation, and drug-induced liver
injury (234). Cycloleucine, a nonmetabolizable, nonsubstrate analog of methionine synthesized by cyclization of
leucine, is an inhibitor of MAT activity (140) that induces
AdoMet depletion and potentiates drug-induced cytochrome P-450 2E1 (CYP2E1)-mediated oxidative stress
and toxicity in hepatocytes (279). Nitric oxide (NO) reversibly inhibits liver MAT tripolyphosphatase activity and also
induces hepatic AdoMet depletion (58, 203, 222). This inhibitory effect of NO on MAT activity seems to be important for the in vivo regulation of AdoMet concentration
during liver regeneration (253; see sect. IVA).

AdoMet

III. METABOLISM OF AdoMet
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FIGURE 2. Methionine metabolism: transmethylation pathway.
Methionine adenosyltransferase (MAT) catalyzes the conversion of
methionine and ATP into AdoMet. In transmethylation reactions,
AdoMet donates its methyl group to a large variety of acceptor
molecules (X) in reactions catalyzed by methyl transferases (MTs).
AdoMet-dependent methylation reactions yield AdoHcy as a byproduct. AdoHcy cellular content is regulated by the enzyme AdoHcy
hydrolase (AHCY), which reversibly cleaves this molecule into adenosine and homocysteine. Remethylation of homocysteine to form
methionine occurs by two enzymes: methionine synthase (MS),
which requires normal levels of folate and vitamin B12, and betaine
homocysteine methyltransferase (BHMT), which requires betaine, a
metabolite of choline. MS-catalyzed homocysteine remethylation requires 5-methyltetrahydrofolate (5-MTHF), which is derived from
5,10-methylenetetrahydrofolate (5,10-MTHF) in a reaction catalyzed by methylenetetrahydrofolate reductase (MTHFR). 5-MTHF is
then converted to tetrahydrofolate (THF) as it donates its methyl
group and THF is converted to 5,10-MTHF to complete the folate
cycle.

A. Transmethylation
AdoMet is the principal biological methyl donor made in
the cytosol of every mammalian cell, but the liver is where
the bulk of AdoMet is generated as it is the site where up to
half of the daily intake of methionine is metabolized and up
to 85% of all methylation reactions takes place (164, 179).
AdoMet is the link to four key metabolic pathways: transmethylation (sect. IIIA), transsulfuration (sect. IIIB), polyamine synthesis (sect. IIIC), and 5=-deoxyadenosyl 5=-radical mediated biochemical transformations (sect. IIID). In
transmethylation (FIGURE 2), AdoMet donates its methyl
group to a large variety of acceptor molecules in reactions
catalyzed by MTs. Over 200 proteins in the human genome
have been identified as known or putative AdoMet-dependent MTs (204). These enzymes transfer a methyl group
from AdoMet to a variety of nucleophiles, including oxygen, sulfur, nitrogen, and carbon atoms on proteins, nucleic
acids, carbohydrates, lipids, and small molecules. The most
abundant AdoMet-dependent MT in liver is glycine
N-methyltransferase (GNMT), where it accounts for 1% of
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Methionine adenosyltransferase (MAT) is the enzyme that
catalyzes the biosynthesis of AdoMet from ATP and methionine, an essential amino acid (FIGURE 2). All living cells,
with the only exception of some parasites and infectious
agents that obtain AdoMet from their hosts (170, 236) (see
sect. IX), express MAT. MAT is one of the genes that is
essential to sustain life (80). Although divergent sequences
have been reported for Archea, MAT has been extremely
well conserved through evolution, with 59% sequence identity being found between the human and Escherichia coli
enzymes (81). In mammals, all cells and tissues that have
been studied express MAT, its activity being highest in the
liver (67). Consequently, individuals with hepatic MAT activity deficiency are characterized by isolated persistent hypermethioninemia (248). The plasma methionine concentration in these subjects with hepatic MAT activity deficiency can be as high as 1,300 M, while the upper limit in
control individuals is ⬃35 M (248).

(58, 151). MAT activity is the combination of two consecutive reactions, AdoMet synthesis and hydrolysis of tripolyphosphate, with the latter being rate-limiting. The first
reaction involves the formation of an enzyme-ATP-methionine complex and the synthesis of AdoMet and tripolyphosphate. In the second reaction, tripolyphosphate is hydrolyzed to orthophosphate and pyrophosphate before the release of the products. Tripolyphosphate is tightly bound to
the enzyme so that its hydrolysis is oriented and over 95%
of the orthophosphate generated originates from the
␥-phosphoryl group of ATP. MAT is also able to hydrolyze
exogenously added tripolyphosphate.
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cytosolic protein (147, 237). Genetic deficiency of GNMT
activity in humans has been reported in only three cases (6,
178). Metabolic abnormalities in these patients include elevated plasma methionine and AdoMet, which is consistent
with this enzyme being the most abundant MT in liver (6,
178). Patients with GNMT deficiency develop hepatomegaly and liver injury at an early age (6, 178). Similarly, Gnmt
knockout (KO) mice spontaneously develop steatohepatitis
and HCC (see sect. VIII).

AdoHcy cellular content is regulated by the enzyme AdoHcy hydrolase (AHCY, also known as adenosylhomocysteinase), which reversibly cleaves this molecule into adenosine and homocysteine (Hcy) (FIGURE 2) (218). The thermodynamics of AHCY favor AdoHcy biosynthesis rather than
hydrolysis (67). In vivo, the reaction proceeds in the direction of hydrolysis only if the products, adenosine and Hcy,
are rapidly removed (90, 162), which is essential to prevent
accumulation of AdoHcy.
Genetic deficiency of AHCY activity in humans has been
reported in only a few cases (11, 12, 21, 82, 258). Metabolic
abnormalities in all patients with AHCY deficiency include
elevated plasma AdoHcy, AdoMet, and methionine, which
confirms the important role of this enzyme in methionine
metabolism. Plasma AdoMet and methionine accumulation
in AHCY deficiency can be easily explained as the consequence of the inhibition of transmethylation reactions by
AdoHcy and, therefore, of AdoMet utilization. Loss of
function of the gene encoding AHCY in zebrafish larvae
also induces an elevation of the content of AdoHcy and
AdoMet with a reduction of the AdoMet-to-AdoHcy ratio
(167). AHCY deficiency in zebrafish induced a decrease in
global DNA methylation and global protein lysine methylation, which is consistent with a global inhibition of MTs
caused by elevated AdoHcy and decreased AdoMet-toAdoHcy ratio.
Whereas the patients with the mildest clinical symptoms
have 20 –30% residual AHCY activity and develop myopathy, delayed development, steatosis and abnormal liver
function tests, patients with very low or undetectable resid-

1518

AHCY is a reversible enzyme that favors AdoHcy biosynthesis so that impairment in Hcy catabolism will lead to
AdoHcy accumulation and inhibition of MTs. In liver, Hcy
can undergo remethylation or conversion to cysteine via the
transsulfuration pathway. Remethylation of Hcy to form
methionine occurs by two enzymes: methionine synthase
(MS), which requires normal levels of folate and vitamin
B12, and betaine Hcy methyltransferase (BHMT), which
requires betaine, a metabolite of choline (FIGURE 2). MScatalyzed Hcy remethylation requires 5-methyltetrahydrofolate (5-MTHF), which is derived from 5,10-methylenetetrahydrofolate (5,10-MTHF) in a reaction catalyzed by methylenetetrahydrofolate reductase (MTHFR). 5-MTHF is then
converted to tetrahydrofolate (THF) as it donates its methyl
group and THF is converted to 5,10-MTHF to complete the
folate cycle.

B. Transsulfuration
The transsulfuration pathway (FIGURE 3A) links AdoMet to
cysteine biosynthesis. Here Hcy is converted to cysteine (the
rate-limiting precursor for GSH synthesis) via a two-step enzymatic process catalyzed by cystathionine ␤-synthase (CBS)
and cystathionase (CSE), both requiring vitamin B6. The transsulfuration pathway is particularly active in the liver, making AdoMet an important precursor of GSH (142). All
mammalian tissues express MAT and MS, whereas
BHMT is limited to the liver and kidney. In the liver,
AdoMet inhibits MTHFR (therefore reduces 5-MTHF,
the substrate for MS) and activates CBS (162, 207). This
way AdoMet level controls the flux so that when it is
depleted, Hcy is channeled to remethylation to regenerate AdoMet, whereas when the level is high, Hcy is channeled to the transsulfuration pathway. Accordingly,
whereas mice deficient in BHMT or MTHFR have increased levels of Hcy and AdoHcy as well as reduced
AdoMet, CBS deficiency associates with elevated Hcy,
AdoHcy, and AdoMet (68).
Although the classical role of CBS and CSE is to generate
cystathionine and cysteine, respectively, these two enzymes
catalyze multiple hydrogen sulfide (H2S)-generating reactions using cysteine and homocysteine as substrates (FIGURE
3B) (104). Whereas H2S production from cysteine is primarily catalyzed by CSE, H2S generation by CBS occurs
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AdoMet-dependent methylation reactions yield AdoHcy as
a byproduct. AdoHcy is a potent inhibitor of methylation
reactions with an inhibition constant (Ki) that is in the same
micromolar range as the Km of most AdoMet-dependent
MTs (45, 46). The ratio of AdoMet to AdoHcy is frequently
considered as a metabolic gauge controlling in vivo methylation reactions, where a decrease in this ratio predicts
reduced methylation capacity. However, it is important to
note that since the activity of a given MT depends of its
kinetic constants (mainly the Km and Ki for AdoMet and
AdoHcy, respectively), the methylation capacity is better
determined by measuring the concentration of AdoMet and
AdoHcy (69).

ual AHCY activity have fetal hydrops (probably due to
impaired liver function), severe hypotonia/myopathy, feeding problems, respiratory failure, and develop tumors and
die soon after birth (11, 12, 21, 82, 258). Since the two
published cases of fetal hydrops associated with AHCY
deficiency are two siblings (82), it is not possible to exclude
that this condition is not due to some other family trait
independent of the AHCY deficiency. Hepatic steatosis also
develops spontaneously in zebrafish deficient in AHCY activity (167).
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FIGURE 3. Methionine metabolism: transsulfuration and hydrogen sulfide synthesis. A: the transsulfuration
pathway links AdoMet to cysteine biosynthesis. Here homocysteine is converted to cysteine (the rate-limiting
precursor for glutathione) via a two-step enzymatic process catalyzed by cystathionine ␤-synthase (CBS) and
cystathionase (CSE), both requiring vitamin B6. ␣-Ketobutyrate, the other product of cystathionine cleavage, is
further metabolized by the mitochondria through the Kreb’s cycle. B: hydrogen sulfide synthesis. Although the
classical role of CBS and CSE is to generate cystathionine and cysteine, respectively, these two enzymes
catalyze multiple hydrogen sulfide (H2S)-generating reactions using cysteine and homocysteine as substrates.
The predominant H2S-generating reactions are shown in red. A third pathway uses aspartate aminotransferase (AST) to yield mercaptopyruvate, which is further converted into H2S in a reaction catalyzed by mercaptopyruvate sulfurtransferase (MST). The function of this pathway is primarily catabolic.

mainly by condensation of cysteine and homocysteine
(104). A third pathway uses aspartate aminotransferase
(AST), which also deaminates cysteine to yield mercaptopyruvate that is further converted into H2S and pyruvate in
a reaction catalyzed by mercaptopyruvate sulfurtransferase
(MST) (FIGURE 3B) (104). Whereas CBS regulates H2S
production mainly in the brain, CSE is principally responsible for H2S synthesis in the periphery (75). The
high Km of AST for cysteine is consistent with the function of this enzyme, together with MST, in the cysteine
catabolic pathway (104).
H2S is a signaling molecule that has been shown to reduce
systemic blood pressure causing vasodilation of mesenteric
artery, aorta, and portal vein (75). Decreased CSE expression coupled with reduced plasma H2S contributes to the
development of portal hypertension (70), the main complication of cirrhotic liver. Cse KO mice develop normally,
although they display hypercystationinemia, hyperhomocysteinemia, and reduced levels of serum H2S (100, 269).
Hypermethioninemia and hepatic dysfunction/steatosis, a
characteristic feature of Cbs KO mice as well as of other
mouse models displaying elevated plasma Hcy levels (166),
are not observed in Cse-deficient animals (100, 269). These
results indicate 1) that peripheral H2S does not play an
important role in the initiation of liver injury, although it
may be important in the development of portal hypertension in cirrhosis, and 2) that hyperhomocysteinemia alone
does not induce hepatic injury in mice.

C. Polyamine Biosynthesis
AdoMet is best known as the principal biological methyl
donor. However, in addition to this well-recognized function, AdoMet is critically involved in the synthesis of polyamines. Polyamines are low-molecular-weight, positively
charged molecules that are ubiquitous in all living cells
(201). Polyamines play a crucial role in many biochemical
processes including regulation of transcription and translation, cell growth, and apoptosis. To enter this pathway,
AdoMet needs first to be decarboxylated, a reaction catalyzed by the enzyme AdoMet decarboxylase, which is the
rate-limiting step for polyamine synthesis since decarboxylated AdoMet (dcAdoMet) content is low to not detectable
in cells under normal conditions (FIGURE 4). The predominant polyamines in mammalian cells are spermidine (SPD)
and spermine (SPM). These polyamines are made by sequential addition of aminopropyl groups from dcAdoMet,
yielding MTA as a byproduct. SPD synthase catalyzes the
transfer of the first aminopropyl group from dcAdoMet to
putrescine to form SPD and MTA, whereas the addition of
the second aminopropyl group to the n-10 position of SPD
to form SPM and a second molecule of MTA is catalyzed by
SPM synthase.
MTA is a potent inhibitor of SPM synthase with a Ki of
⬃0.3 M (89, 192, 193) and a less potent inhibitor of SPD
synthase with a Ki of ⬃2–10 M (89, 210). This inhibition,
however, does not have a great impact on polyamine synthesis in vivo since MTA is rapidly metabolized, through the
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methionine salvation pathway, to regenerate AdoMet (FIGURE 4) (200). The first reaction in this pathway is the phosphorylation of MTA by the enzyme MTA phosphorylase
(MTAP). MTAP cleaves MTA to adenine and 5-methylthioribose-1-phosphate, and the latter compound is further metabolized to methionine. Cells lacking MTAP cannot salvage methionine or adenine from endogenous MTA, which
leads to impaired polyamine biosynthesis and to the accumulation of dcAdoMet and MTA. dcAdoMet is an inhibitor of methylation reactions, such as DNA methylation (73,
86), as this compound cannot donate its methyl group.
MTA is both an inhibitor of methylation reactions (54, 119,
264) and an inhibitor of AHCY (208). AHCY, as mentioned in section IIIA, is a reversible enzyme that cleaves
AdoHcy, a potent inhibitor of methylation reactions, into
adenosine and Hcy. Thus MTAP deficiency not only leads
to an impaired biosynthesis of polyamines, but also to the
inhibition of methylation reactions caused by the cellular
accumulation of dcAdoMet, MTA, and AdoHcy.
MTAP has been proposed to be a tumor suppressor gene,
and as such, downregulation of MTAP has been associated
with tumor progression both in experimental animal models and in humans (18). Loss of Mtap in mice induces embryonic lethality, but heterozygous Mtap KO mice are viable and although indistinguishable from wild-type animals,
tend to die prematurely of T-cell lymphoma (103). How
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MTAP-deficient tumor cells escape from the deleterious effects of an excessive accumulation of MTA is not clear.
Changes in AdoMet synthesis (25) and MTA excretion
(111) as well as changes in the polyamine biosynthetic and
catabolic pathways (108, 109, 199) may be among the
mechanisms used by cancer cells to adapt to a deficiency in
MTAP activity. Interestingly, MTA has been shown to be
pro-apoptotic in Huh-7 and HepG2, two hepatoma cell
lines, but anti-apoptotic in normal hepatocytes (4, 9, 275).
Similarly, MTA has been shown to be pro-apoptotic in
colon cancer cells but not in normal colon epithelial cells
(131), and MTA has also been found to reduce the growth
of preneoplastic lesions in rat liver during the early stages of
hepatocarcinogenesis (197, 198).
Inhibition of residual MTAP with picomolar methylthioDADMe-immuncillin-A (MTDIA) increases cellular MTA
concentration, decreases polyamine synthesis and DNA
methylation, and induces apoptosis in FaDu and Cal27,
two head and neck squamous cell carcinoma cell lines, but
not in normal human cell fibroblasts or in MCF7, a breast
cancer cell line where MTAP is deleted (14). Furthermore,
inhibition of MTAP with MTDIA produces an increase in
the intracellular MTA concentration and blocks A549 (human non-small cell lung carcinoma cells) and H358 (human
bronchioalveolar non-small cell lung carcinoma) xenograft
tumor growth in immune-deficient nude mice (15).
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FIGURE 4. Methionine metabolism: polyamine synthesis, methionine salvation pathway, and AdoMet radical
reactions. To synthesize polyamines, AdoMet needs first to be decarboxylated, a reaction catalyzed by the
enzyme AdoMet decarboxylase (AdoMetDC), to form decarboxylated AdoMet (dcAdoMet). The predominant
polyamines in mammalian cells are spermidine (SPD) and spermine (SPM). These polyamines are made by
sequential addition of aminopropyl groups from dcAdoMet, yielding 5=-methylthioadenosine (MTA) as a byproduct. SPD synthase (SPDS) catalyzes the transfer of the first aminopropyl group from dcAdoMet to putrescine
to form SPD and MTA, whereas SPM synthase (SPMS) catalyzes the transfer of the second aminopropyl group
to SPD to form SPM and a second molecule of MTA. MTA is metabolized through the methionine salvation
pathway to regenerate AdoMet. The first reaction in this pathway is the cleavage of MTA by the enzyme MTA
phosphorylase (MTAP) yielding adenine and 5-methylthioribose-1-phosphate, which is further metabolized to
methionine and adenine to AMP. AdoMet may be also converted to 5=-deoxyadenosyl 5=-radical by a large family
of AdoMet radical enzymes (ARE) and initiate a variety of radical chemical reactions. These enzymes share a
CX3CX2C motif forming a characteristic [4Fe-4S] cluster. This [4Fe-4S] cluster binds AdoMet catalyzing its
reductive cleavage to generate [4Fe-4S]-methionine and a 5=-deoxyadenosyl 5=-radical. ODC, ornithine decarboxylase; MAT, methionine adenosyltransferase.

S-ADENOSYLMETHIONINE IN LIVER HEALTH AND DISEASE
These findings, along with those made in cells and animal
models defective in AdoMet biosynthetic and catabolic
pathways (see sects. VII and VIII), indicate that metabolic
fluxes through the transmethylation and the polyamine
pathways and the consequent changes in levels of various
metabolites within the cell (i.e., AdoMet, dcAdoMet, MTA,
AdoHcy, and methionine) are critical in tumor development, and that alteration of this onco-metabolic homeostasis, as exemplified by treatment with MTA, can block cell
growth and induce apoptosis.

D. AdoMet Radical Reactions

IV. AdoMet’s EFFECT ON GROWTH AND
APOPTOSIS
A. AdoMet’s Effect on Growth
Accumulating evidence shows that AdoMet regulates cellular proliferation. It is important to point out that the effect
is cell-type specific. Thus intracellular AdoMet level increases nearly fivefold during lymphocyte activation, and
this increase appears to be essential for activation presumably by providing a source for polyamines (83). This is not
the case in hepatocytes, where AdoMet level is related to the
differentiation status so that quiescent and proliferating
hepatocytes have high and low AdoMet levels, respectively

Several molecular mechanisms of AdoMet’s growth inhibitory effect in hepatocytes have been elucidated. One important mechanism is the ability of AdoMet to inhibit mitogenic activity of growth factors. Examples include the hepatocyte growth factor (HGF), the most potent hepatocyte
mitogen essential for liver regeneration (122), and leptin
(214). Both growth factors activate MAT2A transcriptionally and induce hepatocyte DNA synthesis (122, 214).
MAT2A induction has been shown to be required for liver
cell proliferation (194, 214). AdoMet prevented MAT2A
induction and inhibited the mitogenic activity of HGF and
leptin (122, 214). Although HGF is a potent mitogen
in vitro, it elicits a poor mitogenic response when administered in vivo to normal rats (173). These observations suggest that hepatic parenchymal cells need to be primed to
respond to proliferative signals. Two key inflammatory cytokines, tumor necrosis factor (TNF)-␣ and interleukin
(IL)-6, are part of this priming event (52, 268). Both cytokines promote the activation of signaling pathways including NFB, STAT-3, activator protein 1 (AP-1), and
CCAAT/enhancer binding protein ␤ (C/EBP ␤) that lead to
activation of target genes in hepatocytes leading to DNA
synthesis and cell proliferation (250). One target gene induced is inducible NO synthase (iNOS), which also occurs
before the onset of DNA synthesis (185). Increased NO
production is essential for liver regeneration as mice lacking
iNOS have impaired liver regeneration (209). NO is known
to inactivate MAT I/III (but not MAT II) (see sect. VA), and
interestingly, the mitogenic activity of HGF in cultured
hepatocytes required iNOS activity and a fall in AdoMet
level (77). These observations suggest a scenario where
the influx of inflammatory cytokines following PH induces iNOS expression and increases NO production,
leading to inactivation of MAT I/III and a fall in AdoMet
level. This then releases the inhibitory tone that AdoMet
exerts on growth factors. Consistent with this, Mat1a
KO mice do not exhibit a fall in AdoMet level following
PH, and Mat1a KO hepatocytes are resistant to the mitogenic effect of HGF (42).
Recent work has shed further insight on the HGF-NO
link in hepatocyte proliferation. HGF activates the Met
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In 1976, Knappe and Schmitt (112) elegantly demonstrated
that apart from its well-known function as a methyl donor
and precursor of polyamine synthesis, AdoMet also mediates novel radical chemical reactions in organisms grown
anaerobically (112). This family of AdoMet radical enzymes currently comprises more than 2,800 members that
share a CX3CX2C motif forming a characteristic [4Fe-4S]
cluster (72). This [4Fe-4S] cluster binds AdoMet to the only
Fe not bound to a cysteine residue catalyzing its reductive
cleavage to generate [4Fe-4S]-methionine and a 5=-deoxyadenosyl 5=-radical (FIGURE 4). 5=-Deoxyadenosyl 5=-radical then removes a hydrogen atom from a small molecule,
protein, RNA, or DNA substrate to initiate a radical mechanism. AdoMet radical enzymes participate in more than 40
distinct biochemical transformations, and most members
have not been biochemically characterized (72). Viperin, an
interferon (IFN)-inducible antiviral protein (228), has been
recently demonstrated to be an AdoMet radical enzyme,
although the substrate for this reaction has not been identified (61). Viperin is one of the IFN-stimulated genes whose
expression in liver biopsy specimens of chronic hepatitis C
patients is predictive of the response to pegylated-IFN-␣/
ribavirin treatment (228). Interestingly, AdoMet improves
early viral responses and IFN-stimulated gene induction in
chronic hepatitis C patients (63, 66), whether AdoMet radical reactions are mediating this effect of AdoMet is unknown.

(25, 155). Hepatic AdoMet level is dramatically reduced
shortly after two-thirds partial hepatectomy (PH), coinciding with the onset of DNA synthesis and the induction of
early response genes (96). Hepatocyte DNA synthesis was
inhibited when this fall in AdoMet was prevented by exogenous AdoMet administration (198, 253). This is further
illustrated by the Mat1a KO mouse model, which exhibits
increased basal hepatocyte proliferation but impaired regeneration following PH (42). In this model, the basal hepatic AdoMet level is reduced but did not change following
PH (42). Impaired liver regeneration is also observed in
Gnmt KO mice, where hepatic AdoMet levels are markedly
elevated (251).
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In the case of leptin, AdoMet was able to block its mitogenic
effect in HepG2 cells by preventing leptin-mediated activation of ERK and AKT (214). Interestingly, AdoMet was
also shown to block transforming growth factor-␤ (TGF␤)-mediated ERK activation in hepatic stellate cells (HSCs),
and this may be one of its antifibrogenic effects (181). In

addition to the liver, AdoMet also blocks the mitogenic
effects of leptin, epidermal growth factor (EGF), and insulin-like growth factor (IGF)-I in colon cancer cell lines (41).
How AdoMet blocks the effect of these mitogens on ERK,
AKT signaling remains largely unknown.
The antiproliferative effect of AdoMet can be recapitulated
by MTA (41, 77, 214). As discussed above, MTA is a key
metabolite of AdoMet generated in the polyamine pathway
as well as a product of AdoMet via nonenzymatic breakdown. In contrast to AdoMet, MTA is not a methyl donor
and inhibits polyamine synthesis and MTs by multiple
mechanisms (48, 54). While AdoMet is highly unstable with
a short half-life (12 h at 37°C in culture medium), MTA is
very stable (41). The rate of conversion from AdoMet to
MTA is 0.013 mM per hour per mM AdoMet under the
same condition (41). These observations also suggest that
many of AdoMet’s biological effects, when delivered at
pharmacological doses, could be mediated in part through
its conversion to MTA.

B. AdoMet’s Effect on Apoptosis
AdoMet also regulates hepatocyte’s death response. AdoMet
is known to ameliorate many liver injuries where apoptosis
plays a contributory role (see sect. IX). Part of its beneficial
effect is due to the fact that in normal hepatocytes, AdoMet is
antiapoptotic (4). The protection may be partly related to raising the antioxidant capacity as a GSH precursor and suppressing TNF-␣ induction (98, 261). However, while AdoMet protected against okadaic acid-induced apoptosis in normal hepatocytes, it induced apoptosis in liver cancer cell lines HepG2
and Huh-7 (4). MTA also recapitulated these actions. These
findings are consistent with the chemopreventive action of
AdoMet and MTA in an in vivo model of hepatocarcinogenesis in rats, which was accompanied by increased apoptotic bodies in atypical nodules and HCC foci in AdoMettreated animals (196).
HuR
nuclear to
cytoplasm
translocation

HGF

LKB1-P

AMPK-P
eNOS-P

Me-PP2A
AdoMet

Increased cyclin D1 &
cyclin A expression

MATI/III

NO

Cell cycle progression
and growth
iNOS

FIGURE 5. HGF-LKB1/AMPK signaling and AdoMet regulation. Although AMPK and LKB1 are traditionally
thought of as metabolic tumor suppressors, they induce hepatocyte proliferation, via HuR cytoplasm translocation and stabilization of cyclin D1 and cyclin A expression, following hepatocyte growth factor (HGF) stimulation, and AdoMet can block this process. Activated AMPK induces the phosphorylation and activation of
endothelial nitric oxide synthase (eNOS) leading to the generation of nitric oxide (NO). NO thus generated
activates inducible NOS (iNOS) leading to a further increase in NO and the inactivation of MAT I/III. As a result,
AdoMet content decreases releasing the inhibitory effect that this molecule exerts on LKB1 and AMPK
phosphorylation via methylation and activation of phosphoprotein phosphatases 2A (Me-PP2A).
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receptor tyrosine kinase signaling cascade, leading to the
activation of the Ras/ERK/MAPK, phosphatidylinositol
3-kinase (PI3K)/AKT, Rac/Pak (serine/threonine kinase
p21-activated kinase), and Crk/Rap1 pathways (20). Recently, a noncanonical signaling pathway was identified for
HGF involving serine/threonine kinase 11 (LKB1)/AMPactivated protein kinase (AMPK) that is essential for hepatocyte proliferation (253). LKB1 lies upstream of AMPK,
and both are considered commonly as metabolic tumor suppressors (231). However, in hepatocytes, HGF treatment
activates LKB1/AMPK signaling, leading to nuclear to cytosolic translocation of the RNA-binding protein HuR,
which in turn increases the half-life of target mRNA such as
cyclin D1 and A2 to promote hepatocyte proliferation (159,
253). AdoMet can block HGF-mediated activation of
LKB1/AMPK signaling by a mechanism that requires protein phosphatase 2A (PP2A) (159), presumably by increasing the level of methylated PP2A (mePP2A), which is known
to have higher activity (40, 127). The link between HGF’s
mitogenic activity and NO is through AMPK, which can
phosphorylate and activate endothelial NO synthase
(eNOS) (128), and mice lacking eNOS have impaired liver
regeneration (253). Taken together, the working scheme is
summarized in FIGURE 5 as follows: 1) HGF induces NO
production through the activation of eNOS phosphorylation, via LKB1 and AMPK activation, and the eNOS derived NO contributes to the stimulation of NO synthesis via
iNOS; 2) this increase in hepatic NO inactivates MATI/III,
leading to a fall in AdoMet level and reduction in the
mePP2A/demethylatedPP2A ratio; and 3) this reduction in
PP2A activity facilitates LKB1/AMPK phosphorylation, cell
cycle progression, and growth.
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V. METHIONINE ADENOSYLTRANSFERASE
GENES AND ISOENZYMES
A. MAT Genes, Isoenzymes, Kinetics,
and Posttranslational Regulation
Mammals express two genes, MAT1A and MAT2A, which
encode for two homologous MAT catalytic subunits, ␣1
and ␣2 (118). MAT1A is mostly expressed in normal liver,
and the ␣1 subunit organizes into two MAT isoenzymes,
MAT III (dimer) and MAT I (tetramer) (118). MAT2A is
widely distributed, and it encodes for a catalytic subunit
(␣2) found in the MAT isoenzyme MAT II that also exists in
polymeric forms that vary from tissue to tissue (92, 117).
Mammals also express a third gene, MAT2B, which encodes for a ␤-regulatory subunit that regulates the activity
of MAT II by lowering the Ki for AdoMet and the Km for
methionine (83, 125). Recently we reported that MAT2B
encodes for two dominant splicing variants, V1 and V2,
and V1 is the ␤-regulatory subunit but V2 differs from V1
by 20 amino acids in the NH2 terminus (272). MAT2B is
expressed in most but not all tissues, and the two variants
are differentially expressed in normal tissues; prostate,
lung, thyroid, adrenal gland, fetal liver, and brain express
mostly V1, whereas skeletal muscle and heart express
mostly V2. Thymus and kidney express both variants (272).
In addition to interacting with MAT II, both MAT2B variants can interact with many other proteins, including HuR
(267), and participate in the regulation of growth and apoptosis (155, 272) by mechanisms that appear to be independent of AdoMet.

MAT isoenzymes differ in kinetic and regulatory properties
and sensitivities to inhibitors of MAT (146). MAT III has
highest (215 M to 7 mM), MAT I has intermediate (23
M to 1 mM), and MAT II has the lowest (⬃4 –10 M) Km
for methionine (146). AdoMet strongly inhibits MAT II
(IC50 ⫽ 60 M), whereas it minimally inhibits MAT I (IC50 ⫽
400 M) and stimulates MAT III (up to 8-fold at 500 M
AdoMet) (238). The Km for ATP is also highest for MAT III
(1–2 mM), intermediate for MAT I (0.2– 0.5 mM), and
lowest for MAT II (70 M) (186, 190). Since the intracellular methionine concentration in hepatocytes is in the
range of 50 – 80 M (67), MAT II and MAT I would be the
predominantly active MAT under physiological conditions,
assuming equal amounts of isoenzymes are present. Given the
difference in kinetics and regulatory properties, the type of
MAT isoenzyme expressed can influence cellular AdoMet levels. Consistent with this, cells that express MAT1A have much
higher steady-state AdoMet levels than cells that express
MAT2A (25). Cells that express only MAT II have AdoMet
levels that should be relatively unaffected by fluctuations in
methionine availability because of negative feedback inhibition. However, expression of MAT2B can influence this as the
␤ regulatory subunit renders MAT II more susceptible to
feedback inhibition by AdoMet (83). Indeed, during lymphocyte activation, the ␤-subunit disappears, which may
explain the nearly fivefold increase in AdoMet levels compared with resting cells (83). In liver cancer cells, overexpression of MAT2B lowered (155), while knockdown of
MAT2B raised AdoMet content (214). In contrast, in cells
that express only MAT1A, AdoMet level increases with
increasing methionine availability (67), which agrees with
the observation that both methionine and AdoMet activate
MAT III (24, 58).
MAT isoenzymes differ in responsiveness to sulfhydryl
modifying agents. This is because the cysteine at position
121, conserved in rat and human MAT ␣1 but absent in ␣2,
is a target of covalent modification (10, 203, 222, 226).
Based on the model structure of the rat MAT I/III, cysteine
121 is localized at a “flexible loop” over the active site cleft
of MAT (203, 226). Although this cysteine is not essential
for activity, when cysteine is modified either by oxidation or
nitrosylation, the enzyme is inactivated (10, 174, 203, 222,
226). GSH and other thiol-reducing agents can reverse this
inactivation. MAT III (dimer) requires 3 mM while MAT I
(tetramer) requires 25 mM GSH to reverse the inactivation
(226). Since normal hepatic GSH concentration is 5–10
mM, the difference may also contribute to the selective loss
of the tetramer in liver disease (23, 51). MAT I/III nitrosylation and inactivation have been demonstrated both in
vitro and in vivo in animals treated with LPS (10, 222).
MAT I/III have been shown to be phosphorylated by PKC
(191), but it did not alter the overall kinetic parameters and
is unclear whether phosphorylation plays any physiological
role in the regulation of the enzyme activity. Whether MAT
II is regulated by phosphorylation is unknown.

Physiol Rev • VOL 92 • OCTOBER 2012 • www.prv.org

1523

Downloaded from http://physrev.physiology.org/ by 10.220.32.246 on May 9, 2017

One mechanism of AdoMet and MTA’s differential effect
on apoptosis in normal hepatocytes and liver cancer cells is
due to their ability to selectively induce Bcl-xS in liver cancer
cells but not normal hepatocytes (275). Bcl-xS and Bcl-xL
are splice variants of Bcl-x; Bcl-xL is anti-apoptotic, while
Bcl-xS is pro-apoptotic (19). Alternative splicing requires
dephosphorylation of SR proteins (176), which are specific
substrates of protein phosphatase 1 (PP1) (36). Both
AdoMet and MTA increased PP1 catalytic subunit mRNA
and protein levels and dephosphorylation of SR proteins,
leading to increased alternative splicing of Bcl-x (275). This
also points out that AdoMet and MTA can affect cellular
phosphorylation state in liver cancer cells. AdoMet and
MTA also have a selective proapoptotic activity against
colon cancer cell lines but not normal colonic epithelial cells
(131). However, the mechanism is different from in liver
cancer cells, as Bcl-xS expression was not affected. Instead,
these molecules inhibited the expression of cellular FLICE
inhibitory protein (cFLIP), resulting in activation of procaspase-8, Bid cleavage, and release of cytochrome c from
the mitochondria (131). This further illustrates that the effects of these molecules are cell-type specific.
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B. MAT Gene Regulation and Dysregulation
Fetal liver expresses MAT2A and MAT2B but not MAT1A
(78, 272). MAT1A expression increases a few days after
birth and progressively takes over so that the adult liver
(mostly hepatocytes) expresses mainly MAT1A, very little
MAT2A, or MAT2B (78, 272). Thus MAT1A can be considered a marker of differentiated liver phenotype (164).
MAT1A expression is stimulated by glucocorticoid and
cAMP (47, 78, 225, 277). Glucocorticoid also induced human MAT1A promoter activity and expression (277).
Chronic hypoxia decreased rat MAT1A gene expression (8,
38). Whether the same occurs for the human gene is unknown. In the rat, TNF-␣ was shown to downregulate
MAT1A expression, an action mediated by acidic sphingomyelinase and was achieved via accelerated mRNA degradation (150). Recently, thyroid hormone T3 was shown to
positively regulate human MAT1A indirectly via C/EBP ␣
and ␤ at the transcriptional level (266). Several putative
C/EBP binding sites are present in the human and murine
MAT1A promoter region, and although the human gene
is regulated by both C/EBP␣ and ␤, only C/EBP␤ has been
shown to positively regulate the murine gene (99, 266).
Lastly, sterol regulatory element-binding protein 1a
(SREBP1a), a transcription factor that regulates transcription of many genes involved in fatty acid biosynthesis, was recently identified to positively regulate MAT1A
at the mRNA level, although the precise mechanism is
unclear (259).
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Hepatic MAT1A gene expression is downregulated in HCC
(26), during dedifferentiation (146, 254), in most cirrhotic
patients (7), and in patients with alcoholic hepatitis (123).
The mechanisms of MAT1A downregulation occur both at
transcriptional and posttranscriptional levels. The rat and
murine MAT1A expression is regulated by epigenetics,
namely, promoter methylation and histone acetylation (99,
245). Elevated levels of histone acetylation help to maintain
a decondensed and active state of the chromatin, and the
underlying pattern of CpG methylation modulates histone
acetylation (44, 233). Indeed, the degree of acetylation of
histones (H4) associated with the rat MAT1A promoter in
the liver is ⬃15-fold higher than in the kidney (245). The
human MAT1A gene is similarly regulated as its expression
can be induced by treatment with a demethylating agent or
inhibitor of histone deacetylase in HepG2 cells (245). Furthermore, in HepG2 cells and human cirrhotic livers, decreased MAT1A expression is associated with hypermethylation of a HpaII site at ⫺977 position (numbered relative
to the translational start site) of the human MAT1A promoter (7, 245). However, more recent examination showed
that methylation at ⫹10 and ⫹88, but not ⫺977, correlated
better with lack of human MAT1A expression in HCC
(242). MAT1A promoter construct methylated at ⫹10 or
⫹88, but not ⫺977, exhibited reduced reporter activity.
This was due to reduced transcription. Thus, instead of
promoter hypermethylation, it is coding region methylation
close to the translational start site of human MAT1A that
can interfere with gene transcription (242).
One mechanism of posttranscriptional regulation of human
MAT1A involves binding of the AU-rich RNA binding factor 1 (AUF1) to the MAT1A 3=-UTR region (254). AUF1 is
known to destabilize target mRNAs (278). HCC specimens
express higher AUF1 protein levels, and knockdown of
AUF1 increased MAT1A mRNA level (254). In addition,
AUF1 expression is high in fetal liver and falls during liver
development, which coincides with increased MAT1A expression (254).
While MAT1A is a marker for normal differentiated liver,
MAT2A is a marker for rapid liver growth and dedifferentiation. MAT2A is transcriptionally induced in human
HCC (26), during rapid liver growth, dedifferentiation, and
in response to ethanol feeding in rodents (96, 97, 145). Like
MAT1A, MAT2A is also regulated at transcriptional and
posttranscriptional levels. We have identified four cis-acting elements and trans-activating factors (Sp1, c-Myb,
NFB, and AP-1) to be involved in MAT2A transcriptional
upregulation in HCC (271, 276). TNF-␣ upregulates
MAT2A via NFB and AP-1 (276). During liver regeneration in rats, MAT2A induction occurs during hepatocyte
priming (G0-G1 transition) and at the G1-S interface, and
Sp1 plays a critical role for MAT2A induction during the
second phase (219). There is an adjacent E2F binding site in
both human and rat MAT2A promoter, and cooperation
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In addition to catalyzing the synthesis of AdoMet in cytosol,
recent work from Reytor et al. (217) showed that MAT I/III
exhibit two partially overlapping areas at its COOH-terminal end that are involved in cytoplasmic retention and nuclear localization. Both tetrameric and monomeric forms of
␣1 are localized to the nucleus. The authors speculate that
the presence of nuclear MAT might be involved in providing a continuous source of nuclear AdoMet. In support of
this, nuclear accumulation of the active MAT1A protein
correlated with higher levels of histone H3K27 trimethylation, an epigenetic modification associated with gene repression and DNA methylation (217). We reported that
MAT2B variants are largely localized to the nucleus and
interact with many proteins including HuR, the RNA binding protein known to stabilize many mRNAs (267). Recently, MAT II has also been reported to be mostly nuclear
where it serves in conjunction with the ␤-subunit as a transcriptional corepressor complex of MafK (107). These investigators found that MAT II interacts with many nuclear
proteins and may provide a source of AdoMet for methylation of histones or DNA to participate in chromatin-based
regulations (107). This accumulating evidence suggests the
products of MAT genes are involved in regulation of many
pathways, some of which are chromatin-based and some
may be independent of AdoMet.
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HuR and methylated HuR regulate MAT2A expression at
the posttranscriptional level (254). While HuR is a ubiquitously expressed RNA binding protein known to stabilize
its target mRNAs, methylated-HuR exerts the opposite effect (254). During hepatocyte dedifferentiation and in
HCC, methylated-HuR level falls while HuR level increases, and there is a switch from methylated-HuR to HuR
binding to the 3=-UTR of MAT2A, resulting in increased
MAT2A mRNA level. The opposite occurs during fetal development, resulting in a fall in MAT2A expression (254).
Similar to MAT2A, MAT2B is also expressed minimally in
normal adult liver (272). In human liver, MAT2B expression is increased in cirrhosis and HCC (155, 272). Of the
two dominant MAT2B splicing variants, TNF-␣ induces V1
expression (but not V2) at the transcriptional level by mechanisms that involve AP-1 and NFB (272). Leptin induces
the expression of both MAT2A and MAT2B at the transcriptional level in human hepatoma cells by mechanisms
that involve ERK and AKT signaling (214). This induction
is essential for leptin to exert its mitogenic effect (214).
Since leptin is a profibrogenic factor and MAT2A and

MAT2B are essential for growth, we also examined their
expression during HSC activation in vitro and in vivo. Both
genes are highly induced during HSC activation and are
required for HSCs to be activated. During HSC activation,
there is a fall in cellular AdoMet level and global DNA
hypomethylation. MAT2A induction appears to be essential to provide a source of AdoMet for the growing cells,
while MAT2B (not MAT2A) expression is required for
ERK and PI3K signaling to occur so that blocking the expression of either MAT2A or MAT2B inhibited HSC activation (213). MAT2B expression is also required for leptinmediated activation of ERK, PI3K, and STAT3 in hepatoma
cells (214). The molecular mechanism(s) of how MAT2B
regulates these signaling pathways remains to be elucidated.
Whether MAT2B is regulated posttranscriptionally is unknown.
While MAT expression can influence the steady-state
AdoMet level (25), AdoMet level can influence MAT expression in return. MAT1A expression falls while MAT2A
is induced in primary cultures of hepatocytes due to dedifferentiation (76, 241). This change is prevented by the addition of AdoMet. The opposite occurs with MAT2A so
that MAT2A gene expression is rapidly induced when
AdoMet level falls (by restricting L-methionine in medium)
and downregulated when AdoMet is added (156, 270).
AdoMet treatment results in higher methylated-HuR level,
which destabilizes the MAT2A mRNA and may explain its
inhibitory effect on MAT2A expression (254). AdoMet can
also inhibit MAT2B expression at baseline and prevent its
induction by leptin in hepatoma cells (214). TABLE 1 summarizes properties and regulation of mammalian MATs.

VI. GLYCINE N-METHYLTRANSFERASE
After a protein-rich meal, serum methionine concentration increases transiently as it gets rapidly metabolized in
the liver through the concerted action of MAT III and
GNMT, which are allosterically activated by methionine

Table 1. Properties and regulation of mammalian MAT genes
Protein
MAT Gene Product

MAT1A

␣1

MAT2A

␣2

MAT2B

␤ (V1)
V2

Isoenzymes

MATI-(␣1)4
MATIII-(␣1)2
MATII-Structure
varies in tissue-specific
manner
Interacts with
MATII
Interacts with MATII

Km for Methionine

Inhibition by

23 M-1 mM
215 M-7 mM
4–10 M

ROS, NO
(activity)
AdoMet

Lowers Km
of MATII
?

(activity and mRNA level)
AdoMet
(mRNA level)
?

Expression Pattern
in Healthy Liver

HCC

Reference Nos.

High
High
Low

Low
Low
High

26, 78, 117,
164
26, 78, 117,

Low

High

164, 214
117, 155,
214, 272

Low

High

See text for details.
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between E2F and Sp1 occurs to induce the MAT2A expression (219). Promoter methylation and histone acetylation
status also regulate MAT2A expression. Specifically, the
human MAT2A promoter is hypomethylated in HCC but
hypermethylated in normal liver (270). Histone acetylation
status correlates with MAT2A expression in both human
and rat so that a hyperacetylated status correlates with high
MAT2A expression (122, 270). Indeed, HGF induces
MAT2A expression in rat hepatocytes via stimulation of
histone (H4) acetylation associated with the MAT2A promoter (122). Recently, Liu et al. (137) reported that hypoxia-inducible factor 1␣ (HIF-1␣) can induce the human
MAT2A promoter activity that was abolished when the
putative HIF-1␣ binding motif was mutated, confirming its
functionality (137). This may represent another mechanism
of MAT2A induction in HCC as HIF-1␣ is often overexpressed (137).
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Consistent with this concerted action of MAT III/GNMT to
maintain AdoMet concentration within a tight range and to
prevent aberrant methylation reactions, the tissue expression profile of GNMT parallels that of MAT1A. Thus
GNMT is present in large amounts in the liver (1–3% cytosolic protein) and in pancreas and prostate (0.4% of cytosolic protein) and in smaller amounts in other tissues such
as kidney tubules, submaxillary glands, intestinal mucosa,
cortical neurons, and Purkinje and Schwann cells (149).
Similar to MAT1A, the expression of GNMT is minimal in
livers of embryos, increases rapidly after birth, and is low or
undetectable in liver and prostate tumors; both MAT1A
and GNMT expression are induced by glucocorticoids (79,
149). As it occurs with MAT1A, GNMT is also expressed in
the nuclei of liver cells, as well as other cells, although in

AdoMet

AdoHcy

GNMT

Glycine

Me-glycine (sarcosine)

SDH

5,10-MTHF

THF

FIGURE 6. AdoMet catabolism. Excess AdoMet generated in the
liver after a protein-rich meal is rapidly eliminated by the enzyme
glycine N-methyltransferase (GNMT), which catalyzes the synthesis
of methyl-glycine (sarcosine) from glycine. Sarcosine dehydrogenase
(SDH) is a flavoprotein that catalyzes the oxidative demethylation of
sarcosine to glycine. In this reaction, tetrahydrofolate (THF) is converted to 5,10-methyllenetrahydrofolate (5,10-MTHF).
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small amounts (149). The function of nuclear GNMT is still
a matter of speculation, but a simple hypothesis is that the
content of AdoMet in this organelle needs to be particularly
well regulated to prevent aberrant epigenetic modifications.
In Gnmt KO mice, hepatic AdoMet concentration is increased ⬃40-fold, methionine is increased ⬃7-fold, AdoHcy content is reduced ⬃3-fold, and the AdoMet-to-AdoHcy ratio, which is an index of the liver methylating capacity, is increased ⬃100-fold (148, 158). Consistently there is
global DNA hypermethylation and increased histone methylation (148, 158). These results confirm the hypothesis
that the main biological function of GNMT is to regulate
AdoMet content and thus control the AdoMet-to-AdoHcy
ratio. In patients with GNMT deficiency and in Gnmt KO
mice, serum methionine is also markedly increased (6, 158,
178). Because MAT1A expression is not affected in Gnmt
KO mice (158) and MAT III has a large capacity to catabolize methionine and is activated by both methionine and
AdoMet (see sect. VA), it is puzzling that Gnmt KO mice
have increased serum and liver methionine levels. One possible explanation is that GNMT deficiency causes an increased flux of AdoMet through the methylation-independent pathways (polyamine biosynthesis and the AdoMet
radical superfamily) leading to a rapid regeneration of methionine (see FIGURE 4 and sect. III, C and D). Since methionine is rapidly and reversibly transported through the
hepatocytes (116), this may provide a mechanism to explain
why serum and liver methionine levels are increased in
Gnmt KO mice. Increased serum methionine may also result from the inhibition of MAT II in extrahepatic tissues
caused by AdoMet effluxing from the liver. However, none
of these hypotheses has been experimentally explored.

VII. CONSEQUENCES OF CHRONIC
HEPATIC AdoMet DEFICIENCY
The Mat1a KO mouse model has provided much insight
into the consequences of chronic hepatic AdoMet deficiency
and altered signaling pathways that may lead to malignant
degeneration. This model is highly relevant to human liver
disease as MAT1A expression is markedly diminished in the
majority of patients with cirrhosis (7). This is the result of
reduced or absent MAT1A mRNA and inactivation of
MAT I/III as a result of nitrosative and oxidative stress
(164). Reduced hepatic MAT activity also explains why
many cirrhotic patients have hypermethioninemia and delayed plasma clearance of methionine after intravenous injection (7, 94, 110, 223). Recently, methionine metabolism
(whole body flux of methionine, its rate of transmethylation and transsulfuration) has been studied in patients
with nonalcoholic steatohepatitis (NASH) after intravenous injection of trace amounts of L-[1-13C]methionine and L-[C2H3]methionine. A lower rate of methionine
transmethylation in NASH compared with control subjects
was observed, suggesting that hepatic MAT activity is im-
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and AdoMet, respectively (161). The products of the reaction catalyzed by GNMT are AdoHcy and sarcosine (FIGURE 6). Sarcosine has no known essential metabolic function and is demethylated by the mitochondrial flavoprotein
sarcosine dehydrogenase (SDH) to regenerate glycine. During this reaction, THF bound to SDH is converted to 5,10MTHF as a byproduct (FIGURE 6) (206). 5,10-MTHF is
then used to regenerate methionine, via its conversion to
5-MTHF, an inhibitor of GNMT (FIGURE 2). Through this
intricate set of reactions, the methyl group of AdoMet used
by GNMT is not lost but is saved from being used in undesired methylation reactions of nucleic acids, proteins, etc.,
to be recovered, via the folate cycle, to regenerate methionine (see sect. IIIA). Together, these results indicate that the
function of GNMT is to act as a cellular buffer that maintains constant the concentration of AdoMet.
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paired in these subjects (105). Hypermethioninemia also
occurs in Mat1a KO mice, confirming the importance of
MAT1A in methionine clearance (144). Mat1a KO mice
appear normal at a young age but are more susceptible to
steatosis induced by a choline-deficient diet and liver injury
induced by CCl4, and they develop NASH and HCC spontaneously on a normal diet by 8 and 18 mo, respectively
(144, 154). The following summarizes the current understanding of pathways that are abnormal in this model that
may contribute to the phenotype observed (FIGURE 7).

A. Increased Oxidative Stress

↓ Apurinic/apyrimidinic endonuclease 1

↑ Liver cancer stem cells

(APEX1) protein level

CD49f+CD133+

↓
• Tumorigenic

Mat1α knockout
AdoMet deficient
mouse

• High oncogene expression
• Increased ERK activation

DNA base excision repair

↑
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↓
↓
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↓
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AMP-activated protein kinase (AMPK)

Cyclin D1 expression

↑ DUSP1Ser296-P
SKP2, CDC28

↑

LKB1 activity

DUSP1 protein level

Cytoplasmic HuR

↑
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Multifocal HCC

DUSP1 proteolytic degradation
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FIGURE 7. Signaling pathways leading to HCC in AdoMet-deficient Mat1a KO mice. Several abnormal
pathways have been identified in Mat1a KO mice that can contribute to hepatocellular carcinoma (HCC)
formation: 1) a fall in apurinic/apyrimidinic endonuclease 1 (APEX1) activity, which leads to a reduction in DNA
base excision repair, genome instability, and malignant transformation; 2) an increase in LKB1 activity, which
induces the activation of AMPK and an increased translocation of HuR from the nucleus to the cytoplasm
leading to the stabilization of several cyclin mRNAs and enhanced growth; 3) a reduction in prohibitin 1 (PHB1)
content, which leads to impaired mitochondrial function and liver injury, increased cyclin D1 expression, and
multifocal HCC; 4) a decrease in dual-specificity phosphatase 1 (DUSP1), which leads to uncontrolled ERK
activation, a hallmark of HCC; and 5) expansion of tumorigenic oval stem cells positive for CD133, a cancer
stem cell marker. See text for details.
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Mat1a KO mice have increased hepatic oxidative stress
(154). There are several contributing factors. The first is
decreased hepatic GSH level as AdoMet is an important
precursor for GSH through the trans-sulfuration pathway
(142). Mat1a KO mice have 75 and 40% lower hepatic
AdoMet and GSH levels, respectively (144). In addition,

there is impaired mitochondrial function and enhanced
CYP2E1 activity (154, 227). Thus Mat1a KO mice are more
susceptible to liver injury induced by CCl4 (154), a hepatotoxin that requires CYP2E1 to mediate its toxicity (262).
Interestingly, AdoMet has been shown to be a noncompetitive inhibitor of CYP2E1 catalytic activity, and depletion
of AdoMet sensitizes hepatocytes to CYP2E1 toxicity
in vitro while exogenous AdoMet protects against
CYP2E1-dependent hepatotoxicity in vivo (35). Regarding
impaired mitochondrial function, one of the mechanisms is
reduced protein level of prohibitin 1 (PHB1), a well-known
mitochondrial chaperone protein (175, 183). PHB1 is one
of the proteins found to be downregulated from the time of
birth to development of NASH at 8 mo (227). PHB1 is
essential for mitochondrial function, and liver-specific
Phb1 KO mice have significant liver injury at a young age
with markedly abnormal mitochondria and increased oxidative stress (113). Mice lacking Phb1 develop progressive
fibrosis and multi-focal HCC by ⬃8 –10 mo of age (113).
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Reduced PHB1 protein level is also found in obese patients
and ob/ob mice (227). A possible role of PHB1 in HCC
development is discussed further below in section VIIG.

B. Abnormal Lipid Homeostasis

C. Increased Genomic Instability
Several abnormal pathways have been identified in Mat1a
KO mice that can contribute to HCC formation. One is
increased genomic instability (GI) (241), which is the result
of chromosomal rearrangements, duplications, genomic
mutations, deletion, and replication errors (49). Acquisition of GI is thought to occur in the early process of
carcinogenesis (49). Recently Calvisi et al. (28) showed
that early changes in methionine/AdoMet metabolism
(fall in AdoMet) and global DNA hypomethylation have a
prognostic value for hepatocarcinogenesis in most patients
possibly acting through a modulation of GI. Multiple cellular pathways defend against GI; one of the most critical is
the apurinic/apyrimidinic endonuclease 1 (APEX1), which
is a multifunctional protein possessing both DNA repair
and redox regulatory activities (241). Oxidative stress induces APEX1 expression, which is an adaptive response to
defend against GI (211). Since Mat1a KO mice have increased oxidative stress, one would expect higher APEX1
expression. However, APEX1 expression was actually
downregulated in Mat1a KO mice livers despite increased
GI (241). Both mRNA and protein levels of APEX1 were
lower in Mat1a KO livers, with the protein level more reduced than the mRNA level, suggesting posttranslational
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D. Dysregulated ERK Signaling
AdoMet’s ability to stabilize APEX1 is not unique. In subsequent work, Tomasi et al. (243) found that AdoMet also
stabilizes dual-specificity phosphatase 1 (DUSP1) (243).
DUSP1 belongs to a family of dual-specificity MAPK phosphatases that can dephosphorylate both serine/threonine
and tyrosine residues and control MAPK signaling activity
(244). In highly malignant HCC, ERK is overexpressed
while DUSP1 expression is decreased (243). DUSP1 and
ERK regulate each other in a reciprocal manner. Prolonged
ERK activation promotes phosphorylation at the Ser296
residue of DUSP1, which renders the DUSP1 protein susceptible to proteasomal degradation (136). In contrast,
transient ERK activation activates DUSP1, which in turn
shuts off ERK by dephosphorylation (136). Mat1a KO mice
livers have increased basal ERK activity (42, 243). On the
other hand, hepatic DUSP1 expression is low in Mat1a KO
mice both at the mRNA and protein level, with protein level
lower than mRNA (243). AdoMet treatment corrected the
AdoMet deficiency in Mat1a KO mice and normalized
DUSP1 expression (243). AdoMet normalized DUSP1
mRNA level likely by enhancing p53 binding to its consensus element in the DUSP1 promoter, which is known to
activate DUSP1 transcriptionally (243). AdoMet also stabilized DUSP1 protein by inhibiting the proteasomal activity, which was increased in Mat1a KO livers (243). Importantly, with normalization of DUSP1 expression, ERK activity returned to that of control level (243). Thus AdoMet
deficiency can lead to uncontrolled ERK activity due at least
in part to decreased DUSP1 expression.
It should be noted that there are conflicting data on the
effect of AdoMet on proteasomal activity. Osna et al. (188)
reported that ethanol’s inhibitory effect on proteasomal activity in cultured cells may be related to lower AdoMet/
AdoHcy ratio, and AdoMet treatment prevented this.
French et al. (71) also reported that in an animal model of
diet-induced formation of Mallory-Denk bodies (MDBs),
there is a shift from 26S proteasome to immunoproteasome
formation, which was prevented by AdoMet administration. In our study, incubation of purified 26S proteasomes
with AdoMet led to rapid degradation of some of the 26S
proteasomal subunits, which was blocked by the proteasome inhibitor MG132 (243). This suggests either AdoMet
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Mat1a KO mice have abnormal hepatic lipid homeostasis as
evident by increased susceptibility to steatosis induced by a
choline-deficient diet and spontaneous development of
NASH (144, 154). Recently, the role of MAT1A in verylow-density lipoprotein (VLDL) assembly was investigated.
Loss of MAT1A increased the number of VLDL (apoB)
particles secreted by 3-mo-old KO mice but decreased the
mobilization of hepatic triglycerides (TG) into these particles resulting in lipoproteins that contained less TG and
were smaller in diameter (30). Plasma lipid homeostasis was
also altered with an increase in lipid transport in low-density lipoprotein (LDL) subclasses and decrease in high-density lipoprotein (HDL) subclasses. Importantly, these abnormalities were corrected after AdoMet treatment for 7
days (30), which normalized hepatic AdoMet levels in these
mice (241). Of interest, rats fed a choline-deficient diet,
which would deplete hepatic AdoMet content, were noted
over 40 years ago to have impaired release of hepatic TGs
(139). In addition, recently Walker et al. (259) reported
acute knockdown of MAT1A resulted in activation of
SREBP-1a, which would enhance lipogenesis (see also sect.
IXE). Taken together, normal hepatic AdoMet level is essential to maintain normal lipid homeostasis.

regulation. A useful in vitro model to examine the consequences of MAT1A downregulation and AdoMet depletion
is cultured primary hepatocytes, as they rapidly dedifferentiate and lose MAT1A expression (241). Supplementing
culture medium with AdoMet can prevent AdoMet depletion, blunt the fall in MAT1A expression, and completely
prevent the fall in APEX1 protein level (241). Thus an important consequence of AdoMet depletion is decreased
APEX1 protein stability and increased GI, possibly facilitating malignant degeneration.
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activates the intrinsic protease activity of the proteasome,
leading to degradation of some of its subunits, or it modifies
the proteasome posttranslationally, which makes the protein more susceptible to protease degradation. D’Anselmi
et al. (53) have also reported a similar inhibition by AdoMet
on proteasomal activity. The explanation for the conflicting
report is unclear at present.

E. Dysregulated LKB1/AMPK Signaling

F. Cancer Stem Cell Expansion
In recent years the role of cancer stem cells (or tumor initiating stem cells) has received increasing attention in the
pathogenesis of many cancers, including HCC (121, 230).
Hepatic cancer stem cells can be derived from hepatic stem/
progenitor cells (also known as oval cells) and dedifferentiation of matured hepatocytes, although there is no evidence
for the latter (121). Oval cells reside near the terminal bile
ducts, at the hepatocyte-cholangiocyte interface. Oval cells
are quiescent and few in number in adult normal liver and
proliferate only during severe, prolonged liver injury and in
models of experimental carcinogenesis (221). Mat1a KO
mice have expansion of oval cells as they age (221). A subpopulation of these oval cells stains positive for CD133, a
cancer stem cell marker, and they are tumorigenic when
injected into immune-deficient mice (221). This was the first
demonstration of adult liver stem cells possessing tumorigenic potential in a model without using carcinogenic treatment or manipulating the expression of tumor-suppressors
or oncogenes. The cancer stem cells from Mat1a KO mice
possess highly enhanced MAPK signaling with increased
ERK activity (59), similar to Mat1a KO livers (42, 243).
These cancer stem cells use their constitutive ERK activation to evade the apoptotic effect of TGF-␤, a well-known

G. Decreased Prohibitin 1 Expression
Using proteomics, prohibitin 1 (PHB1) was identified as one
of several mitochondrial proteins downregulated in Mat1a
KO livers from birth until development of NASH (227).
Similar to APEX1 and DUSP1, AdoMet also stabilizes
PHB1 protein during culture of hepatocytes (227). PHB1
belongs to an evolutionary conserved and ubiquitously expressed family of proteins with a variety of suggested activities in different cellular compartments (175, 183). Two
homologous PHB proteins, PHB1 and PHB2, form a large
multimeric complex that is found largely in the inner mitochondrial membrane where it exerts a chaperone-like function to stabilize newly synthesized mitochondrial proteins
(182) and maintains the organization and stability of mitochondrial nucleoids (106). They are essential for mitochondrial function and biogenesis in yeast (235) and mammals
(172). PHB1 is also found in the nucleus, where it has been
shown to interact with Rb and p53 among other proteins to
bring about a change in transcriptional activities of E2F
(259) and p53 (74). These nuclear events have been associated with inhibition of cell cycle progression (260) and induction of apoptosis (74). PHB1 was originally cloned from
regenerating livers (its expression was found to be nearly
absent shortly after 2/3 partial hepatectomy), identified as
having antiproliferative activity and thought to be a tumor
suppressor (hence its name) (168). However, the tumor suppressor activity of PHB1 is highly controversial as PHB1
expression is actually higher in many transformed cells and
tumors (183). Deletion of PHB1 leads to embryonic lethality so that its in vivo function was unexplored until the
development of liver-specific Phb1 KO mice (113). There is
significant fetal wastage and biochemical and histological
liver injury at 3 wk of age. The KO livers have markedly
abnormal mitochondria and exhibit increased oxidative
stress, progressive fibrosis, and hepatocyte dysplasia. From
20 wk on, KO mice have multiple liver nodules, and from
35 to 46 wk, 38% have multifocal HCC. Since HCC may
have resulted from chronic injury and inflammation, the
effect of acute PHB1 knockdown was also examined in
murine nontransformed AML12 cells. Knockdown by 30%
at the protein level raised cyclin D1, H19, and IGF2 expression as well as increased E2F binding to the cyclin D1 promoter and proliferation. The opposite occurred with PHB1
overexpression (113). These results support PHB1 as a tumor suppressor at least in hepatocytes.

VIII. CONSEQUENCES OF CHRONIC
HEPATIC AdoMet EXCESS
GNMT expression is reduced or absent in HCC (43) and
downregulated in the livers of patients at risk of developing
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In addition to enhanced ERK signaling, Mat1a KO mice
livers also exhibit enhanced LKB1 and AMPK activity (250,
253). Although AMPK and LKB1 are traditionally thought
of as metabolic tumor suppressors, they induce proliferation in hepatocytes following HGF stimulation, and
AdoMet can block this (253) (see sect. IVA). AMPK activation in hepatocytes results in nuclear to cytoplasmic HuR
translocation, which leads to stabilization of several cyclin
mRNAs to enhance growth (FIGURE 5). AMPK can also
activate eNOS, leading to NO formation, which can inactivate MAT I/III and result in lowering of AdoMet level and
releasing the inhibitory tone exerted on mitogens (253).
Recently, the increase in LKB1 activity in HCC cells derived
from Mat1a KO livers was found to be required for cell
survival, and increased LKB1 activity was also found in
human HCC samples (160). Whether increased LKB1 contributes to tumor growth survival in other models of hepatocarcinogenesis or is specific of the Mat1a KO is not
known.

growth inhibitor in hepatocytes (59, 184). How AdoMet
deficiency allows expansion of oval cells remains unknown.
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FIGURE 8. Signaling pathways leading to HCC in Gnmt KO mice.
Loss of GNMT activity induces an abnormal accumulation of hepatic
AdoMet leading to a major epigenetic alteration in gene expression
regulation. These epigenetic changes include the hypermethylation
of Rassf1 and Socs2 promoters, as well as the trimethylation of
histone 3 lysine 27 associated with these genes. As a consequence,
the expression of Rassf1 and Socs2, as well as of other inhibitors of
Ras and JAK/STAT signaling pathways, is downregulated. This
leads to the activation of Ras and JAK/STAT signaling pathways, to
abnormal growth, and to malignant transformation.
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A. Impaired Lipid Metabolism
In Gnmt KO mice, the expression of peroxisome proliferator-activated receptor alpha (PPAR␣), a lipid-activated
transcription factor primarily expressed in the liver that
activates fatty acid ␤-oxidation (126), is downregulated,
and the activity of AMPK, a key regulator of cellular energy
that once activated switches on the oxidation of fatty acids
while switching off the synthesis of lipids (84), is inhibited
(252). Additionally, the expression of CD36, a fatty acid
translocase whose elevated expression is associated with
increased hepatic fatty acid uptake (115); ADFP, a gene
related to hepatic lipid droplet formation and whose absence relieves steatosis (37); PPAR␥, a transcription factor
whose overexpression in the liver induces steatosis (249);
and of the Cyp4a omega-oxidation system that metabolizes
long-chain and very long-chain fatty acids generating H2O2
and toxic dicarboxylic acids in the process (216) are upregulated in Gnmt KO mice (252). Serum bile acids, which
may contribute to the higher hepatic fatty acid oxidation in
NASH (55), are also elevated in Gnmt KO mice (13). Thus
both a deficiency and an excess of AdoMet can lead to
uncontrolled hepatic lipid metabolism, steatosis, and oxidative stress, albeit with distinct mechanisms (see sect.
VIIB). How AdoMet excess influences the expression of
these genes involved in lipid metabolism is unclear.

B. DNA and Histone Hypermethylation
As in human HCC, the Ras and JAK/STAT pathways are
activated in Gnmt KO mice liver, and also as found in
human HCC, activation of these signaling pathways coincided with the downregulation of the expression of the Ras
and JAK/STAT inhibitors Rassf1, Rassf4, Socs1, Socs2,
Socs3, and Cis (158). These inhibitors of the Ras and JAK/
STAT signaling pathways, which are frequently inactivated
by promoter methylation, have been involved in human
carcinogenesis (27). Hypermethylation of Rassf1 and Socs2
promoters, and trimethylation of histone 3 lysine 27
(H3K27) bound to Rassf1 and Socs2 promoters, has been
identified in livers from Gnmt KO mice. Moreover, and
consistent with its function as a cellular AdoMet buffer that
prevents the occurrence of aberrant methylation reactions,
Gnmt KO mice show global liver DNA hypermethylation
(158). Thus absence of GNMT results in increased hepatic
AdoMet and aberrant DNA and histone hypermethylation,
which can lead to major epigenetic alteration in gene expression regulation.
Consistent with these findings, treatment of Gnmt KO mice
with nicotinamide, a substrate of nicotinamide N-methyltransferase (NNMT, an enzyme mainly expressed in the
liver), leads to the reduction of hepatic AdoMet content,
normalization of lipid metabolism, and prevention of
global DNA methylation and of the activation of the Ras
and JAK/STAT pathways, fatty liver, and fibrosis formation
(252).
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HCC, such as in those with hepatitis C virus- and alcoholinduced cirrhosis (7). Moreover, a loss of heterozygosity of
GNMT has been reported in ⬃40% of HCC patients, and
GNMT has been proposed to be a tumor-susceptibility gene
for liver cancer (43, 246). Identification of several children
with mutations of GNMT as having mild to moderate liver
disease with elevated serum aminotransferases (6, 178) further suggests that a defect in this enzyme leads to liver
disease. Two Gnmt KO mouse models have been developed
(133, 148, 158). These mouse models have provided much
insight into the consequences of chronic hepatic AdoMet
excess and altered signaling pathways that may lead to malignant degeneration. Both mouse models appear normal at
birth but develop HCC spontaneously, although at different ages (133, 158). The Gnmt KO mouse model generated
by Luka et al. (158) develops NASH and HCC at 3 and 8
mo of age, respectively, whereas the Gnmt KO model generated by Liao et al. (133) develops HCC at 17 mo of age.
The reason for these differences is not clear. The following
summarizes the current understanding of pathways that are
abnormal in Gnmt KO mice that may contribute to the
phenotype observed (FIGURE 8).
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C. Expansion of Hepatic Progenitor Cells

IX. THERAPEUTIC USE OF AdoMet IN
LIVER INJURY
AdoMet treatment is well established to ameliorate liver
injury in multiple animal models, including galactosamine,
acetaminophen, alcohol, thioacetamide, endotoxemia,
CCl4, bile duct ligation (BDL), NASH, and ischemia-reperfusion (34, 35, 114, 162, 165, 273, 274). AdoMet not only
protected against acute injury, it also reduced fibrosis in
multiple experimental models (35, 165, 274). The underlying mechanisms include AdoMet’s ability to raise GSH level
(particularly in the mitochondria), inactivate CYP2E1, suppress TNF-␣ expression, maintain mitochondrial function
at least in part via membrane dynamics and changes in
mitochondrial proteome, protect hepatocytes against apoptosis, and suppress collagen synthesis by HSCs (3, 22, 35,
164) (see sect. IVB). In hepatocytes, AdoMet not only serves
as a precursor for GSH synthesis, it is also able to positively
regulate the expression of glutamate-cysteine ligase catalytic (GCL), the rate-limiting enzyme in GSH synthesis
(114, 274). Thus, through its multiple actions, AdoMet has
been a well-known hepatoprotective agent in experimental
liver injury.
Evidence for AdoMet’s efficacy in human liver disease is
much more limited. In humans, AdoMet is available in oral
and parenteral formulations. Bioavailability is much better
with parenteral administration. AdoMet was found to be
80 –90% bioavailable after an intramuscular injection, with
a half-life of 81 min after 100 mg injected dose and 101 min
after a 500 mg dose (85). In the United States, AdoMet is
only available as an oral dietary supplement, while it is a
prescribed medication in Russia, India, China, Italy, Germany, Vietnam, and Mexico (information provided by
María Roche, International Pharmaceuticals Abbott). Bio-

Below are several nonmalignant human liver diseases where
AdoMet treatment may be of benefit.

A. Cholestasis of Pregnancy
The Agency for Healthcare Research and Quality (AHRQ)
reviewed 102 individual clinical trials of AdoMet in 2002
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Liver regeneration is inhibited in Gnmt KO mice as a result
of a sustained increase in AdoMet content (251). The concept of intrahepatic stem/progenitor cells activation to replicate and differentiate to replenish the liver parenchyma
when regeneration is suppressed is well established (153).
With time, these intrahepatic stem/progenitor cells, which
are resistant to liver injury, may selectively proliferate and
form preneoplastic nodules that ultimately form liver tumors. Consistent with this concept, stem/progenitor cells
staining positive for antibodies to oval cells were visualized
in livers of Gnmt KO mice at 8 mo of age (157). Thus both
a deficiency and an excess of AdoMet can lead to expansion
of liver stem/progenitor cells (see sect. VIIF). Whether there
are also cancer stem cells among the progenitor cells in the
Gnmt KO livers remains to be examined. How abnormal
hepatic AdoMet content sets the stage for normally dormant stem/progenitor cells to replicate and differentiate is
not known.

availabilty of the orally administered AdoMet is poor due to
a significant first-pass effect and rapid hepatic metabolism.
Peak plasma concentrations of 0.5–1 mg/l are achieved 3–5 h
after single AdoMet doses ranging from 400 to 1,000 mg
and decline to baseline within 24 h (85). One study showed
a gender difference in bioavailability, with women showing
three- to sixfold greater peak plasma values than men (85).
Plasma-protein binding of AdoMet is no more than 5%,
and it crosses the blood-brain barrier, with slow accumulation in the cerebrospinal fluid. Unmetabolized AdoMet is
excreted in urine and feces. Thus far, no significant adverse
events have been reported in clinical trials using either parenteral or enteral AdoMet (85). However, there is a theoretical concern of administering AdoMet to human immune
deficiency (HIV)-infected and other immunocompromised
individuals at risk for Pneumocystis carinii infection. This is
because P. carinii is an AdoMet auxotroph so that AdoMet
administration enhanced its growth and exacerbated the
infection in animal models (171). P. carinii actively transports AdoMet, and targeting AdoMet transporters is being
proposed as a potential therapy (202). Some species of
Rickettsia and Leishmania also do not synthesize AdoMet
(202), and it is possible that AdoMet administration could
exacerbate these infections as well. The only eukaryotic
plasma membrane AdoMet transporters characterized to
date are the Saccharomyces cerevisiae SAM3 protein, belonging to the amino acid permease superfamily (220), and
the Leishmania AdoMet transporter (AdoMetT1) that belongs to the folate biopterin transporter family (60). In
mammalian cells, transport of AdoMet across the plasma
membrane to the blood occurs when intracellular AdoMet
abnormally accumulates as in Gnmt KO mice and in patients with GNMT or AHCY deficiency (6, 11, 12, 21, 82,
158, 178, 258). This transport mechanism probably operates in the opposite direction after either parenteral or
enteral AdoMet administration, or during cell incubation
with high AdoMet. The proteins mediating AdoMet
transport across the plasma membrane in mammalian
cells are not known. Mitochondrial transporters of
AdoMet (SAMC) in yeast and mammalian cells have been
also functionally characterized. They belong to the mitochondrial carrier protein family (MCF), a class of proteins mediating the transport of various substrates (1,
152). As AdoMet is not synthesized in the mitochondria,
the main function of SAMC is probably to facilitate the
uptake of AdoMet into the mitochondria in exchange for
internal AdoHcy generated by MTs, which is hydrolyzed
exclusively in the cytoplasm.
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(85). Forty-one studies were in liver diseases and six were
included in a meta-analysis of the efficacy of AdoMet to
relieve pruritus and decrease elevated serum bilirubin levels
associated with cholestasis of pregnancy (85). AdoMet
treatment (mostly 800 mg iv) was associated with a significant decrease in pruritus and serum bilirubin levels compared with placebo (85). AdoMet did not appear to be
superior to ursodeoxycholic acid (UDCA), the conventional
therapy, and combining AdoMet with UDCA in some studies appeared to be better than either alone (85).

B. Alcoholic Liver Disease

C. Chronic Hepatitis C Treatment
Recent data suggest AdoMet improves interferon signaling
and early viral response to HCV treatment (63, 66). Potential mechanism(s) include increasing STAT1 methylation to
enhance STAT1-DNA binding and greater IFN-stimulated
gene responses (63). Interestingly, the expression of viperin,
one of the IFN-stimulated genes, predicts response to pegylated-IFN-␣/ribavirin treatment (228). Since AdoMet is
also being used to treat depression (85) and depression is a
well-known side effect of IFN, AdoMet may be particularly
attractive as adjunct to IFN-based therapy in HCV.
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While the evidence supporting the use of AdoMet in cholestasis of pregnancy is strong (85), there are no randomized
controlled trials that examined the efficacy of AdoMet in
chronic cholestatic liver diseases. In the United States,
cholestatic liver injury is a major cause of chronic liver
disease. Primary biliary cirrhosis (PBC) is a chronic cholestatic liver disease in which the only Federal Drug Administration-approved medication is UDCA (120). However,
UDCA has no proven efficacy against other chronic cholestatic liver diseases such as primary sclerosing cholangitis
and even in PBC, only 25–30% of the patients have a complete response (232). Moreover, high-dose UDCA was actually found to be associated with higher risk of developing
colon cancer in patients with primary sclerosing cholangitis
and ulcerative colitis (62). Therefore, more effective treatment against chronic cholestatic liver diseases is sorely
needed.
We recently reported that in mice subjected to BDL, adding
AdoMet to UDCA was better than either treatment alone in
protecting the liver against BDL-induced chronic liver injury (274). The molecular mechanism may be related to the
ability of AdoMet and UDCA to enhance the nuclear binding activity of Nrf2, a key transcription factor that activates
many genes involved in defense against oxidative stress via
binding to the antioxidant response element (ARE) present
in the promoter region of these genes (142, 273, 274).
AdoMet and UDCA seem to act by different mechanisms in
this regard as they exerted additive effects when combined
(273). Some of these ARE-dependent genes are involved in
the biosynthesis of GSH, a key antioxidant that is also
known to induce choleresis (65). Combined AdoMet and
UDCA treatment protected against the fall in GSH biosynthesis during chronic cholestasis (273, 274). Thus an interesting area to examine is whether AdoMet has a role in the
treatment of PBC, where UDCA is ineffective in 40% of
patients (232), either alone or in combination with UDCA.
If AdoMet is effective, then it can be studied in other
chronic cholestatic liver diseases as well.

E. Potential Use in NASH
A diet deficient in methyl groups (methionine and choline,
also known as the MCD diet) is known to cause hepatic
steatosis for almost 100 years (166), and the steatotic effect
of ethionine, an inhibitor of AdoMet biosynthesis, is also
known for many years (102). Phenotype of the Mat1a KO
mouse links a reduction in the transmethylation capacity of
the liver with hepatic steatosis and liver injury (144, 154).
Interestingly, downregulation of Mat-1 (also known as
sams-1) in Caenorhabditis elegans leads to the accumulation of TG in lipid droplets in the intestine, which was
rescued by choline feeding (132), suggesting that the link
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Abnormal methionine metabolism and reduced hepatic
AdoMet levels are well established in animal models as well
as patients with alcoholic liver disease (ALD) (123, 247). In
2001, the Cochrane Hepato-Biliary Group analyzed 8 clinical trials with a total of 330 ALD patients treated with
AdoMet (215). However, most of the studies were small
with variable quality, and the meta-analysis did not find a
significant benefit of AdoMet treatment. Only 1 trial with
123 patients with alcoholic cirrhosis used adequate methodology and reported clearly on mortality and liver transplantation (163). In this study patients were randomized to
receive AdoMet or placebo at 1,200 mg/day in three divided
doses for 2 years. Mortality decreased from 30% in the
placebo group to 16% in the AdoMet group (P ⫽ 0.077),
and if patients with more advanced cirrhosis (Child’s class
C) were excluded (8 patients), the mortality was significantly less in the AdoMet group (12%) compared with the
placebo group (25%, P ⫽ 0.025). However, this was a
subgroup analysis that was data driven so that confirmation
with another larger placebo-controlled trial is needed. A
smaller trial using the same dosage of AdoMet in less advanced ALD patients showed no benefit of AdoMet on biochemical parameters or histology after 24 wk (169). However, the study included only 24 subjects, and a post-liver
biopsy was done in 14 of them due to the high drop-out
rate. This along with the short duration of the trial precluded any conclusion to be made.

D. Potential Use in Chronic Cholestatic
Disorders

S-ADENOSYLMETHIONINE IN LIVER HEALTH AND DISEASE

X. POTENTIAL USE OF AdoMet IN LIVER
CANCER
A. Chemoprevention
The idea of using AdoMet in chemoprevention of HCC is
not new as several studies from Feo and co-workers from
the mid 1980s on demonstrated in several rodent models of
hepatocarcinogenesis that AdoMet is effective in preventing
HCC (64, 196 –198). In these models, hepatic AdoMet level
fell, and several protooncogenes became hypomethylated
and their expression induced. The mechanism of chemoprevention was thought to be related to preventing the hypomethylation that occurred. Recently AdoMet’s chemopreventive effect was examined in a different HCC model where
liver cancer cells were directly injected into the liver parenchyma without changing the hepatic AdoMet level. In this
model, AdoMet was able to inhibit the establishment of
HCC (147). In addition to AdoMet’s selective pro-apoptotic effect in liver cancer cells, AdoMet also exhibited antiangiogenic properties (147). There are more than 500 million people in the world at risk for HCC development (143).
Most of these individuals have chronic hepatitis B or C viral
infection. The incidence of HCC is expected to rise in the
west. Chemoprevention is an important area that has received very little to no attention (143). Given AdoMet’s
excellent safety profile, abundance of basic science data
showing hepatic AdoMet deficiency predisposes to HCC,
and well-established efficacy of AdoMet in preventing
HCC, it is important to examine AdoMet in both primary

and secondary chemoprevention of HCC in humans. Currently there is one phase II clinical trial that is evaluating
AdoMet as a potential chemopreventive agent in patients
with hepatitis C cirrhosis (177).

B. Treatment
In an orthotopic xenograft HCC model, AdoMet was ineffective in treating already existing HCC as the normal liver
was able to upregulate compensatory mechanisms to dispose excess AdoMet (147). Thus chronic delivery of
AdoMet at large doses induced the expression of GNMT in
the normal liver so that AdoMet could not accumulate
(147). This is important as a certain level of AdoMet may be
required to exert its pro-apoptotic and anti-angiogenic effect.
The caveat is that in human HCC, GNMT is frequently silenced, so it remains to be examined what the outcome of
AdoMet treatment is when GNMT is not expressed. While
exogenous AdoMet cannot maintain a high hepatic AdoMet
level, forced expression of MAT1A in a liver cancer cell can
(129). This strategy inhibited HCC growth in vitro and in
vivo, by inhibiting angiogenesis and promoting apoptosis
(129). Two key growth pathways that are upregulated in
HCC, ERK and AKT, were inhibited when intracellular
AdoMet level was doubled by forcing the expression of
MAT1A (129). Thus understanding why MAT1A is silenced
in HCC is important, as increasing MAT1A expression in
HCC can inhibit HCC growth.

XI. ROLE OF AdoMet OUTSIDE OF THE
LIVER
A. Lymphocyte Activation
AdoMet level increases during T-lymphocyte activation due
to increased MAT2A gene expression and rapid downregulation of the ␤ subunit (83, 240). This was thought to be
necessary to provide a source of polyamine biosynthesis,
and if AdoMet accumulation is prevented, lymphocyte activation was inhibited (57). More recently, Barve and colleagues (95) found that ethanol inhibited MAT2A transcription to result in lower MAT II activity and AdoMet
level in T lymphocytes. This sensitized the CD4⫹ T lymphocytes to caspase-3-dependent activation-induced cell death
and may be one of the explanations for alcohol-induced
immune suppression (95). The same group of investigators
also found that proliferating and transformed T leukemic
cells express higher MAT II activity, and inhibiting MAT II
expression in these cells resulted in higher caspase-8-dependent apoptosis (101). These studies support targeting
changes in MAT II/AdoMet level as a treatment strategy to
either increase, as in the case of ethanol, or inhibit, as in the
case of T-cell leukemia. These in vitro studies await confirmation using relevant in vivo models.
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between AdoMet and fat metabolism is widely extended in
nature. Recent elegant work from Walker et al. (259) has
provided further insight into the link between AdoMet,
transmethylation capacity, and lipogenesis. Their work using
C. elegans, mammalian cells, and rodent liver suggests reducing transmethylation capacity by various mechanisms (including knocking down sams-1) can result in decreased phosphatidylcholine biosynthesis, and this in turn affects Golgi membrane dynamics leading to activation of SREBP-1 and
lipogenesis (259). Consistent with these findings, Caballero
et al. (22) examined the specific contribution of methionine
and choline in the development of NASH using the MCD
diet in mice. They found that choline deficiency is responsible for steatosis (TG and free fatty acids accumulation)
while methionine deficiency is responsible for weight loss,
liver injury, oxidative stress, inflammation, and fibrosis
(22). Both methionine-deficient diet and MCD diet resulted
in significant depletion of mitochondrial AdoMet and GSH
pools, and correcting this depletion with GSH prodrugs as
well as AdoMet has been reported to be of benefit (22, 34).
Taken together, these findings strongly support the use of
AdoMet in NASH, and McClain and colleagues (34) have
initiated a National Institutes of Health-funded clinical trial
examining the efficacy of AdoMet in NASH patients, and
results are pending.
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D. Colon Cancer

The AHRQ also analyzed the efficacy of AdoMet in the
treatment of depression (85). They included 28 of 39 studies
involving AdoMet treatment in depression in a meta-analysis. When compared with placebo, AdoMet treatment was
associated with an improvement of ⬃6 points in the score of
the Hamilton Rating Scale for Depression measured at 3 wk
(95% CI 2.2 to 9.0), which was significant statistically and
clinically (85). However, AdoMet treatment was not significantly different when compared with conventional antidepressants. The AHRQ concluded, “good dose-escalation
studies have not been performed using the oral formulation
of AdoMet for depression” and that “additional smaller
clinical trials of an exploratory nature should be conducted
to investigate uses of AdoMet to decrease the latency of
effectiveness of conventional antidepressants and to treat
postpartum depression” (85). In light of these studies, the
efficacy of AdoMet as an adjunctive treatment for patients
who are antidepressant nonresponders has been recently
evaluated. In a preliminary open clinical study, AdoMet
treatment (400 – 800 mg/twice daily) was associated with
an improvement among 30 outpatients with serotonin reuptake inhibitor (SRI)-resistant major depressive disorder
(MDR) (2). More recently, this group carried out a singlecenter, double-blind, placebo-controlled trial where 73 SRI
nonresponders with MDR were treated for 6 wk with
AdoMet (800 mg/twice daily) (195). The results of this
study suggest that AdoMet can be an effective adjunctive
treatment strategy for SRI nonresponders with MDR (180,
195).

Other than HCC, MAT2A expression is also induced in
human colon cancers and polyps from Min mice (41).
MAT2A induction was required for mitogens like leptin,
EGF, and IGF-I to exert their proliferative effect (41).
AdoMet and MTA treatment lowered MAT2A expression
and inhibited the proliferative effect of these mitogens (41).
In addition, AdoMet and MTA exerted a selective proapoptotic effect in colon cancer cells in part through downregulation of cFLIP (both isoforms) and sensitized colon
cancer cells to TNF-␣-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis (131). Recently, TNF-␣ was
shown to play a key role in the development of inflammation-induced colon cancer model in mice as the TNF-␣
blocker entanercept reduced the number of colon tumors in
this model (205). Since both AdoMet and MTA can inhibit
LPS-induced TNF-␣ expression in macrophages and whole
liver (5, 39, 88), we examined whether these agents might
be effective in the same model using axozymethane and
dextran sulfate sodium to induce colon cancer (130). We
found that AdoMet and MTA treatment reduced tumor
load by ⬃40%, which is comparable to several known chemopreventive agents (130). Both treatments inhibited IL-6
expression and IL-6 downstream signaling (STAT3 activation and IL-10) and NFB and AKT activation, all key
pathways that participate in colon carcinogenesis. MTA
treatment also reduced the expression of several pro-survival genes such as cFLIP, MAT2A, MAT2B, cyclooxygenase-2, and IL-1␤. Interestingly, neither agent exerted any
influence on TNF-␣ or iNOS mRNA levels, even though
both were shown to inhibit their expression induced by LPS
in macrophages or liver (5, 39). In addition, AdoMet pretreatment raised hepatic IL-10 level following LPS (114),
but in the colon cancer model, it lowered IL-10 level. Thus
the effect of these agents on various cytokines and proinflammatory mediators is very much tissue specific. In
vivo, both treatments induced apoptosis but inhibited proliferation and ␤-catenin activation on immunohistochemistry (130). Taken together, AdoMet and MTA appear to
target multiple signaling pathways known to be important
in colon carcinogenesis. They may have a potential role as
chemopreventive agents in patients at risk for colon cancer
(such as those with inflammatory bowel disease). AdoMet
has a high safety profile, making it particularly attractive.
MTA is not yet available for human use but is being developed into a drug by a pharmaceutical company in Spain.

C. Arthritis
AHRQ included 10 of 13 studies in osteoarthritis in a
meta-analysis of the efficacy of AdoMet to decrease pain
of osteoarthritis (85). One large randomized trial showed
a decrease in the pain of osteoarthritis with AdoMet
treatment compared with placebo and fewer adverse effects compared with treatment with nonsteroidal antiinflammatory medications without a significant difference in pain reduction. In 2009, the Cochrane Osteoarthritis Group analyzed four clinical trials including 656
patients that compared AdoMet with placebo (224). The
Cochrane Group concluded, “the effects of AdoMet on
both pain and function may be potentially clinically relevant and, although effects are expected to be small,
deserve further clinical evaluation in adequately sized
randomized, parallel-group trials in patients with knee or
hip osteoarthritis. Meanwhile, routine use of AdoMet
should not be advised” (224). Thus, although improving
mental and joint health is widely publicized in support of
AdoMet use, the overall consensus remains that additional studies are needed.
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XII. SUMMARY AND FUTURE DIRECTIONS
AdoMet, derived from methionine catabolism in all mammalian cells, is not only the principal methyl donor, but also
a precursor of 1) GSH, the major endogenous antioxidant;
2) polyamines, a critical group of molecules involved in the
regulation of transcription, translation, cell growth, and
apoptosis; 3) MTA, a byproduct of spontaneous AdoMet
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12. Barić I, Fumic K, Glenn B, Cuk M, Schulze A, Finkelstein JD, James SJ, Mejaski-Bosnjak
V, Pazanin L, Pogribny IP, Rados M, Sarnavka V, Scukanec-Spoljar M, Allen RH, Stabler
S, Uzelac L, Vugrek O, Wagner C, Zeisel S, Mudd SH. S-adenosylhomocysteine
hydrolase deficiency in a human: a genetic disorder of methionine metabolism. Proc
Natl Acad Sci USA 101: 4234 – 4239, 2004.
13. Barr J, Vázquez-Chantada M, Alonso C, Pérez-Cormenzana M, Mayo R, Galán A, Caballería J, Martín-Duce A, Tran A, Wagner C, Luka Z, Lu SC, Castro A, Le MarchandBrustel Y, Martínez-Chantar ML, Veyrie N, Clément K, Tordjman J, Gual P, Mato JM.
Liquid chromatography-mass spectrometry-based parallel metabolic profiling of human and mouse model serum reveals putative biomarkers associated with the progression of nonalcoholic fatty liver disease. J Proteome Res 9: 4501– 4512, 2010.
14. Basu I, Cordovano G, Das I, Belbin TJ, Guha C, Schramm VL. A transition state
analogue of 5=-methylthioadenosine phosphorylase induces apoptosis in head and
neck cancers. J Biol Chem 282: 21477–21486, 2007.

DISCLOSURES

15. Basu I, Locker J, Cassera MB, Belbin TJ, Merino EF, Dong X, Hemeon I, Evans GB,
Guha C, Schramm VL. Growth and metastases of human lung cancer are inhibited in
mouse xenografts by a transition state analogue of 5=-methylthioadenosine phosphorylase. J Biol Chem 286: 4902– 4911, 2011.

No conflicts of interest, financial or otherwise, are declared
by the authors.

16. Beaudouin C, Haurat G, Laffitte JA, Renaud B. The presence of (⫹)-S-adenosyl-Lmethionine in the rat brain and its lack of effect on phenylethanolamine N-methyltransferase activity. J Neurochem 61: 928 –935, 1993.

Physiol Rev • VOL 92 • OCTOBER 2012 • www.prv.org

1535

Downloaded from http://physrev.physiology.org/ by 10.220.32.246 on May 9, 2017

degradation and polyamine synthesis that mimics many of
AdoMet’s actions when given in pharmaceutical doses; and
4) 5=-deoxyadenosyl 5=-radical, which can initiate a radical
reaction by removing a hydrogen atom from a variety of
substrates including proteins and nucleic acids. From
NASH to cirrhosis and HCC, methionine metabolism is
increasingly impaired. Accordingly, the expression of
MAT1A and GNMT, the main two genes involved in hepatic AdoMet synthesis and catabolism, respectively, are
markedly diminished in patients with liver cirrhosis and
minimal to absent in HCC. Mat1a- and Gnmt-KO mice
spontaneously develop NASH and HCC, indicating that the
loss in the expression of these two genes in liver cancer is the
cause of the carcinogenic process and not its consequence.
Downregulation of MAT1A and GNMT in HCC is accompanied by an increased expression of MAT2A and MAT2B.
The accumulating evidence indicates that this switch in
the expression of MAT and GNMT genes affects multiple pathways, some of which may be independent of
AdoMet. Future research should focus on identifying molecular mechanisms responsible for how dysregulation of
MAT/GNMT gene expression leads to oxidative stress,
impaired lipid metabolism, and malignant transformation. Finally, AdoMet treatment has been shown to ameliorate liver injury in multiple animal models. Although
there is evidence for its efficacy in humans, new clinical
trials are necessary to unambiguously establish its benefit
in several nonmalignant liver diseases such as NASH,
chronic cholestatic disorders, alcoholic liver cirrhosis,
and hepatitis C, as well as in the chemoprevention of
HCC. The therapeutic potential of MTA in both HCC
and colon cancer should be also investigated.
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