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ABSTRACT

Methionine is an essential amino acid that is metabolized mainly by the liver where it is converted to S-
adenosylmethionine (SAMe) by the enzyme methionine adenosyltransferase. Although all mammalian cells
synthesize SAMe, the liver is where the bulk of SAMe is generated as it is the organ where about 50% of all
dietary methionine is metabolized. SAMe is mainly needed for methylation of a large variety of substrates
(DNA, proteins, lipids and many other small molecules) and polyamine synthesis, so if the concentration of
SAMe falls below a certain level or rises too much the normal function of the liver will be also affected.
There are physiological conditions that can affect the hepatic content of SAMe. Consequently, to control
these fluctuations, the rate at which the liver both synthesizes and catabolizes SAMe is tightly regulated.
In mice, failure to do this can lead to fatty liver disease and to the development of hepatocellular carcino-
ma (HCC). Therefore, maintaining SAMe homeostasis may be a therapeutic target in nonalcoholic steatohe-
patitis, alcoholic- and non-alcoholic liver cirrhosis, and for the chemoprevention of HCC formation.
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ENZYMES INVOLVED IN
S-ADENOSYLMETHIONINE
SYNTHESIS AND CATABOLISM

Methionine is an essential sulfur-containing glu-
coneogenic amino acid that is converted to S-ade-
nosylmethionine (SAMe, abbreviated also as AdoMet
or SAM) by the enzyme methionine adenosyltransfe-
rase (MAT) using ATP as co-substrate (Figure 1)
(reviewed in 1). SAMe’s methyl group is then trans-
ferred to a legion of different substrates, such as
DNA, RNA, proteins, phosphatidylethanolamine
(PE), glycine, and guanidinoacetate. These reactions
receive the general name of transmethylation
reactions, and are catalyzed by specific methyltrans-
ferases (MTs). Over 200 proteins in the human
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genome have been identified as known or putative
SAMe-dependent MTs.! S-adenosylhomocysteine
(SAH), an inhibitor of most MTs, is generated as a
byproduct of all transmethylation reactions and is
hydrolyzed to form homocysteine and adenosine by a
reversible enzyme known as SAH hydrolase
(AHCY). There are two fates for homocysteine: to be
remethylated to regenerate methionine, or enter the
transsulfuration pathway to be converted to cysteine
and o-ketobutyrate.

Methionine can be regenerated from homocystei-
ne via methionine synthase (MS), an enzyme that
requires vitamin B, , as a cofactor and uses 5-methyl
tetrahydrofolate (5-MTHF, vitamin By) as methyl
donor, or using betaine-homocysteine methyltransfe-
rase (BHMT), an enzyme that uses betaine (trime-
thylglycine), which is synthesized from choline by
the enzyme choline oxidase, as methyl donor (Figu-
re 1) (reviewed in 1). Tetrahydrofolate (THF) is ge-
nerated as a byproduct of MS and is converted to
methylene-THF (CH,-THF) by the enzyme CH,-THF
synthase, which uses serine as donor of the me-
thylene group, or by the enzyme sarcosine dehydro-
genase (SDH), which uses sarcosine (methylglycine)
as the donor of the methylene group, and then again
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to 5-MTHF by the enzyme MTHF-reductase
(MTHFR). Alternatively, CH,-THF may be used for
the synthesis of deoxy-thymidine monophosphate
by the enzyme thymidine synthase, a critical reaction

for DNA synthesis that generates dihydrofolate
(DHF) as a byproduct, which is converted to THF
and reenters the folate cycle (Figure 1). MS and
BHMT differ in their kinetic and regulatory properties.
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Figure 1. Hepatic S-adenosylmethionine (SAMe) metabolism. Methionine (Met) is an essential sulfur-containing amino acid
that is converted to SAMe by the enzyme methionine adenosyltransferase (MAT) using ATP as co-substrate. Two main MAT iso-
forms, MATI and MATIII, are expressed in the liver. MATIII is activated by methionine. SAMe’s methyl group is transferred to a
large variety of substrates, such as DNA, RNA, proteins, phosphatidylethanolamine, glycine (Gly), and guanidinoacetate. These
reactions receive the general name of transmethylation reactions, and are catalyzed by specific methyltransferases (MTs). S-
adenosylhomocysteine (SAH), the byproduct of all transmethylation reactions, is an inhibitor of MTs. SAH is hydrolyzed to form
homocysteine (Hcy) and adenosine by a reversible enzyme known as SAH hydrolase (AHCY). Hcy may be remethylated to regene-
rate Met, or enter the transsulfuration pathway to be converted first to cystathionine, by a condensation reaction with homose-
rine, and then to cysteine (Cys) and o-ketobutyrate. Whereas Cys is transformed into a variety of sulfur containing molecules,
such as glutathione (GSH), taurine, sulfate (50,) and hydrogen sulfide (H,S), a-ketobutyrate is transformed to succinyl-CoA and

metabolized in the mitochondria. Cystathionine p-synthase (CBS), the enzyme that catalyzes the synthesis of cystathionine, is
activated by SAMe. Methionine is regenerated from Hcy via two routes: the methionine synthase (MS) pathway, which uses 5-me-

thyltetrahydrofolate (MTHF) as methyl donor, and the BHMT route, that uses betaine (trimethylglycine) as methyl donor. The
synthesis of MTHF is catalyzed by the enzyme MTHF reductase (MTHFR), which is inhibited by SAMe. In its turn, MTHF inhibits
GNMT, the enzyme that converts Gly to sarcosine (methylglycine, Me-Gly). GNMT is activated by SAMe. The regeneration of Gly
from sarcosine is catalyzed by the enzyme sarcosine dehydrogenase (SDH).

Another major role of SAMe is to donate its propylamino group for polyamine synthesis. Here, SAMe is first decarboxylated
by the enzyme SAMe decarboxylase (SAMDC) to form decarboxylated SAMe (dcSAMe). Then, this compound donates its propyla-
mine group to putrescine to form spermidine (SPD), and to SPD to form spermine (SPM). This pathway is regulated by putrescine,
which activates SAMDC. Methylthioadenosine (MTA), a byproduct of SPD and SPM synthesis, is used to regenerate methionine
(not shown). Ser, serine; SPDS, SPD synthase; SPMS, SPM synthase; THF, tetrahydrofolate; CH,-THF, methylene tetrahydrofolate;
R, methyl accepting substrate; Me-R, methylated product; Me,-Gly, dimethylglycine. &, activated by methionine; &, activated by
putrescine; », activated by SAMe; «, inhibited by SAMe; ¢, inhibited by MTHF; &, inhibited by SAH. Metabolites and enzymes are
indicated by normal and bold letters, respectively.
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BHMT has the highest and MS the lowest K _ for
homocysteine.
The synthesis of cysteine includes two steps:

1) The condensation of homocysteine with homose-
rine via cystathionine -synthase (CBS), a By-de-
pendent enzyme, to form cystathionine and

2) The break down of cystathionine by cystathioni-
ne y-lyase (CSE) to form cysteine and o-ketobu-
tyrate (reviewed in 1). Finally, the enzyme
o-ketoacid dehydrogenase converts o-ketobutyra-
te to propionyl-CoA, which is further metabolized
to succinyl-CoA feeding the Krebs cycle, and cys-
teine is ultimately transformed into a variety of
sulfur containing molecules, such as glutathione
(GSH), taurine, sulfate and hydrogen sulfide
(Hy,S) (Figure 1).

Another major role of SAMe is to donate its pro-
pylamino group for polyamine synthesis (Figure 1)
(reviewed in 1). Here, SAMe is first decarboxylated
by the enzyme SAMe decarboxylase to form S-ade-
nosylmethioninamine also known as decarboxylated
SAMe (dcSAMe). Then, this compound donates its
propylamine group to putrescine to form spermidine
(SPD), and to SPD to form spermine (SPM). This
pathway is regulated by putrescine, which lowers
the K for SAMe of SAMe decarboxylase activating
polyamine synthesis. Methylthioadenosine (MTA) is
generated as a byproduct of SPD and SPM synthe-
sis, a molecule that is used to regenerate methionine
through an intricate set of biochemical reactions
known as the methionine salvation pathway.

Although all mammalian cells and tissues convert
methionine to homocysteine via SAMe, the liver is
where the bulk of SAMe is generated as it is the or-
gan where about 50% of all dietary methionine is
metabolized and where up to 85% of all transme-
thylation reactions take place.?3 Mammals express
two genes, MATIA and MAT2A, which encode
for two homologous MAT catalytic subunits, o1 and o2.
MATIA is mainly expressed in the liver, where the
ol subunit is found forming two MAT isoenzymes, a
homodimer (MATIII) and a homotetramer (MATI).
MAT?2A is widely expressed, and its a2 subunit is
found forming a complex with a B-regulatory subu-
nit that is the product of MAT2B. The o2/ complex
is known as MATII. MAT isoenzymes differ in their
kinetic and regulatory properties. MATIII has high-
est, MATI intermediate, and MATII the lowest K
for methionine. SAMe strongly inhibits MATII, mi-
nimally inhibits MATI, and stimulates MATIII. The
B-regulatory subunit renders MATII more suscepti-

ble to feedback inhibition by SAMe (reviewed in 1).
Consistent with this tissue distribution and ki-
netics, individuals deficient in hepatic MATI/III due
to mutations of the MAT1A gene have persistent hy-
permethioninemia. A similar situation is observed
in MAT1A-knockout mice.? In these mice, the hepa-
tic expression of MAT2A is markedly increased to
compensate for the loss of MATI/III; however, since
MATII does not have the same high catalytic capaci-
ty to metabolize methionine as that of MATI/III,
MAT1A-knockout mice have elevated blood levels of
methionine and reduced hepatic SAMe and GSH
content.? The increase of MAT2A expression observ-
ed in MAT1A-deficient mice agrees with the obser-
vation that hepatic MAT2A expression is inhibited
by SAMe.5

The three reactions that contribute most to the
hepatic transmethylation flux are glycine methyla-
tion by glycine N-methyltransferase (GNMT) to
form sarcosine, methylation of PE by PE N-methyl-
transferase (PEMT) to form phosphatidylcholine
(PC), and methylation of guanidinoacetate by guani-
dinoacetate N-methyltransferase (GAMT) to form
creatine.® The expression of these three MTs,
GNMT, PEMT, and GAMT, is particularly abun-
dant in the liver (reviewed in 1). GAMT-deficient
humans have elevated levels of plasma guanidi-
noacetate but normal content of methionine and
SAMe, whereas plasma sarcosine is elevated.® Simi-
larly, PEMT-knockout mice have normal plasma
levels of methionine and SAMe and normal hepatic
SAMe content, as well as elevated sarcosine.b Al-
though sarcosine is a poor biomarker because its ra-
pid turnover, these results suggest that the
reduction in total transmethylation flux caused by
the absence of GAMT or PEMT is compensated
by GNMT. Consistent with this, GNMT-deficient
individuals have elevated serum methionine and
SAMe,® and GNMT-knockout mice have elevated
levels of methionine and SAMe both in serum and in
the liver.”

Of the three genes that metabolize homocysteine,
CBS, BHMT and MS, the first two are expressed
mainly in the liver, whereas MS expression is ubi-
quitous (reviewed in 1). Related to this, deletion of
MS in mice causes embryonic lethality, whereas
CBS- and BHMT- knockout mice are viable. CBS-de-
ficient individuals have elevated serum methionine
and homocysteine, and CBS deletion in mice asso-
ciates with elevated homocysteine, SAH, and SAMe,
indicating that BHMT and MS cannot compensate
the reduction in the catabolism of homocysteine
via the transsulfuration pathway caused by CBS
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deletion (reviewed in 1). BHMT-knockout mice have
also increased levels of homocysteine and SAH, as
well as reduced SAM; and deletion of MTHFR in
mice, which synthesizes the 5-MTHF that is neces-
sary for the regeneration of methionine via MS,
causes also the elevation of homocysteine and SAH,
as well as the reduction of SAMe (reviewed in 1).

Deletion of MATI1A, GNMT, CBS, BHMT or
MTHFR in mice causes fatty liver disease (reviewed
in 1). Additionally, MATI1A- and GNMT-deficient
mice spontaneously develop HCC (reviewed in 1).
PEMT-knockout mice fed a normal diet have been
reported to have normal or moderate fatty liver, but
when fed a choline-deficient diet, develop fatty liver
within days due to loss of membrane integrity
caused by a reduced PC/PE ratio (reviewed in 1).
These mice models reveal a critical requirement for
methionine metabolism in maintaining normal liver
lipid homeostasis and for hepatic function.

Recently, the role of SAMe in very low density
lipoprotein (VLDL) assembly and lipogenesis has
been investigated. Deletion of MAT1A was found to
disrupt VLDL assembly, leading to the synthesis of
small, lipid-poor VLDL particles, and to a decrease
in the secretion of triglycerides (TG).8 Importantly,
these abnormalities were corrected after SAMe
treatment. Additionally, acute knockdown of
MATIA resulted in activation of SREBP-1a, which
enhanced lipogenesis.? Several abnormal pathways
have also been identified in MATI1A-knockout
mice that can contribute to HCC formation
(reviewed in 1):

1) A fall in apurinic/apyrimidinic endonuclease acti-
vity, 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, an increase in cytoplasmic
HuR and enhanced hepatocyte proliferation.

3) A reduction of prohibitin 1 content, which leads
to impaired mitochondrial function, liver injury,
and multifocal HCC.

4) A decrease in dual-specificity phosphatases 1,
which leads to uncontrolled ERK activation, a
feature of HCC.

5) Expansion of tumorigenic oval stem cells.

6) Increased ubiquitin-conjugating enzyme 9 protein
expression leading to increased protein sumoyla-
tion, which also occur in HCC.10

Conversely, deletion of GNMT was found to acce-
lerate the flux from PE to PC as well as from PC to

diglycerides and TG, probably as a way to compen-
sate for the increase in the PC/PE ratio, leading to
the accumulation of hepatic fat and steatosis (8,
JMM, MLMC and SCL, unpublished). In parallel, in-
creased hepatic SAMe in this mouse model was
found to induce hypermethylation and silencing of
several tumor suppressor genes, such as RASSF1
and SOCS2, and the activation of oncogenic path-
ways, such as Ras and JAK/STAT.? These results
demonstrate, that in mice a normal hepatic SAMe
content is necessary to maintain liver health and
prevent injury and HCC.

The relevance of these findings to human health
is obvious, since patients with liver cirrhosis have
decreased hepatic MAT and PEMT activity.!! A mark-
ed reduction of hepatic MAT1A expression as well
as of other main genes involved in methionine and
SAMe metabolism, such as GNMT, PEMT, and MS,
is often observed both in human liver cirrhosis and
HCC.12

REGULATION OF
HEPATIC SAME CONTENT

Due to the importance of SAMe as a regulator of
multiple hepatic functions, the hepatic content
of SAMe must be maintained constant independently
of the daily intake of methionine, or of the ingest of
betaine and choline, the only two dietary compounds
that can supply the methyl group for methionine
synthesis, or of the endogenous synthesis of
5-MTHF. Thus, when the hepatic content of methio-
nine is high, this amino acid is rapidly converted to
SAH due to the concerted action of MATIII and
GNMT, which are activated by methionine
and SAMe respectively, and then to homocysteine
by AHCY (Figure 1). Moreover, SAMe activates CBS
and inhibits MTHFR, and consequently the synthe-
sis of 5-MTHF, the substrate of MS and an inhibitor
of GNMT. This way, SAMe controls the flow of ho-
mocysteine into the transsulfuration and remethyla-
tion pathways, so that when it is high homocysteine
is channeled through the transsulfuration pathway,
to form cysteine and a-ketobutyrate, and when it is
low is used to form methionine and regenerate
SAMe.

In addition to regulating the activity of the main
hepatic enzymes involved in methionine catabolism
and regeneration, SAMe stimulates the expression
of MATI1A and inhibits the expression of MAT2A
and BHMT.'31* Finally, sarcosine, the byproduct of
GNMT, is rapidly reconverted to glycine by SDH, a
flavoprotein that catalyzes the oxidative demethylation
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of sarcosine to glycine. In this reaction THF is
converted to CH,-THF as a byproduct. This way,
when the hepatic content of methionine is high, the
methyl group of SAMe is not wasted by what is a
futile cycle carrying out opposing reactions at high
rates with no net substrate flow in any direction,
but saved as CH,-THF to be used to regenerate me-
thionine when the content of SAMe is reduced and
the inhibition by this molecule of MTHFR is released.

In summary, the available evidence indicates that
the liver tightly regulates SAMe levels as part of me-
tabolic homeostasis. SAMe is mainly needed for
methylation reactions and polyamine synthesis, so if
the concentration falls below this level, the normal
methylation of DNA, proteins, PE, guanidinoacetate
and many other molecules, as well as multiple de-
toxification reactions, and the synthesis of polyami-
nes may not be able to continue. Conversely, if the
level of SAMe rises too much, hypermethylation of
these same molecules and excess biosynthesis of pol-
yamines may occur and the normal function of the
liver will be also affected. There are natural condi-
tions that can affect the hepatic content of SAMe.
For example, eating a protein rich meal will increase
and liver regeneration will decrease hepatic SAMe
content. To control these fluctuations, the rate at
which hepatocytes both synthesize and catabolize
SAMe is mainly regulated by the enzymes MATI,
MATIII, and GNMT. MATIII reduces the level of
blood methionine when it is too high by increasing
the rate of SAMe synthesis, and GNMT turns this
excess of SAMe into SAH, which is converted to ho-
mocysteine by the enzyme AHCY. Then, SAMe redu-
ces the hepatic level of homocysteine by activating
the rate at which this sulfur amino acid is converted
to cystathionine by the enzyme CBS. Subsequently,
cystathionine is converted to cysteine and other sul-
fur containing molecules, such as GSH, taurine or
sulfate, and o-ketobutyrate is oxidized in the mito-
chondria.

MTHFR increases the level of hepatic methionine
by doing roughly the opposite to CBS. When the
concentration of blood methionine and hepatic
SAMe falls too much, the inhibition that SAMe exerts
on the enzyme MTHFR is released increasing the
synthesis of 5-MTHF, which is utilized by the en-
zyme MS for the synthesis of methionine followed by
its conversion to SAMe catalyzed mainly by the en-
zyme MATI, because MATIII has higher K  that
MATI. In addition to this, 5-MTHF inhibits GNMT
activity and therefore controls SAMe availability for
other methylation reactions, such as for the synthe-
sis of PC or creatine.

SAME IN LIVER DISEASE TREATMENT

Results obtained with a variety of genetically mo-
dified mouse models indicate that SAMe plays an
important function in the hepatic accumulation of
fat and hepatocyte proliferation, and that a chronic
hepatic imbalance in SAMe synthesis or catabolism
leads to fatty liver disease and the development of
HCC (reviewed in 1). Therefore, maintaining SAMe
homeostasis may be a therapeutic target in nonalco-
holic steatohepatitis (NASH), alcoholic- and non-
alcoholic liver cirrhosis. In this respect, it is
important to note that SAMe treatment has been
shown to increase survival in patients with alco-
holic liver cirrhosis!'® and studies are underway to
examine its efficacy in the treatment of NASH
(personal communication).

Patients with chronic liver disease often have re-
duced SAMe biosynthesis because of decreased
MATIA expression and inactivation of MAT'1A-enco-
ded isoenzymes.'® MATIA knockout mice have
chronic hepatic SAMe deficiency, increased suscepti-
bility to liver injury and develop HCC on a normal
diet.>!” Abnormalities in multiple signaling pa-
thways discussed above contribute to the increased
malignant degeneration in the setting of chronic
SAMe deficiency. These collectively support the idea
of using SAMe in the chemoprevention of HCC. In-
deed, studies from Feo and coworkers from the mid
1980s already demonstrated in several rodent mo-
dels of hepatocarcinogenesis that SAMe is effective
in preventing HCC.'®-21 In these models, the major
mechanism of chemoprevention by SAMe was thoug-
ht to be preventing the hypomethylation of several
proto-oncogenes. More recently we examined
SAMe’s chemopreventive effect in an orthotopic
HCC model where liver cancer cells were directly in-
jected into the liver parenchyma without changing
hepatic SAMe level.2 SAMe was able to inhibit esta-
blishment of HC, which may be related to SAMe’s
ability to selectively Kkill liver cancer cells as well as
SAMe’s anti-angiogenic properties.?? However,
SAMe was ineffective in treating already existing
HCC as the normal liver was able to up-regulate
compensatory mechanisms (such as GNMT expres-
sion) to dispose excess SAMe and prevent its accu-
mulation.?2 Thus, hepatic SAMe level increased by
10-fold 24 hours after intravenous administration of
SAMe but when the treatment was maintained for
24 days, it increased only 30%.22 This level of
increase in SAMe may be insufficient to exert pro-
apoptotic and anti-angiogenic effect. However, in
human HCC, GNMT is frequently silenced so it
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remains to be examined what the outcome of SAMe
treatment is when GNMT is not expressed.

More than 500 million people in the world are at
risk for HCC development.?3 Most of them have
chronic hepatitis B or C viral infection but the inci-
dence of HCC is expected to rise in the west. Chemo-
prevention of HCC is an important area that has
received very little to no attention (23). Given
SAMe’s excellent safety profile, abundance of basic
science data and efficacy of SAMe in preventing
HCC in experimental models, it is imperative to be-
gin studies examining SAMe’s role in both primary
and secondary chemoprevention of human HCC.
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ABBREVIATIONS

e AHCY: S-adenosylhomocysteine hydrolase.

e BHMT: betaine-homocysteine methyltrasnferase.

¢ CBS: cystathionine -synthase.

* CH,-THF: methylene tetrahydrofolate.

¢ CSE: cystathionine y-lyase.

* DHF: dihydrofolate.

* GAMT: guanidinoacetate N-methyltransferase.

* GNMT: glycine N-methyltransferase.

¢ GSH: glutathione.

¢ HCC: hepatocellular carcinoma.

¢ H,S: hydrogen sulfide.

* MAT: methionine adenosyltransferase.

¢ MS: methionine synthase.

¢ MT: methyltransferase.

¢ MTA: methylthioadenosine.

e 5-MTHEF: 5-methyl tetrahydrofolate.

* MTHFR: methyl tetrahydrofolate reductase.

¢ NASH: nonalcoholic steatohepatitis.

* PC: phosphatidylcholine.

* PE: phosphatidylethanolamine.

e PEMT: phosphatidylethanolamine N-methyl-
transferase.

¢ SAH: S-adenosylhomocysteine.

¢ SAMe: S-adenosylmethionine.

10.

11.

12

13.

SDH: sarcosine dehydrogenase.
SPM: spermine.

SPMS: spermine synthase.

SPD: spermidine.

SPDS: spermidine synthase.

TG: triglycerides.

THEF': tetrahydrofolate.

VLDL: very low density lipoproteins.
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