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Abstract

Alcoholic liver disease is a major health care problem
worldwide. Findings from many laboratories, including ours,
have demonstrated that ethanol feeding impairs several
of the many steps involved in methionine metabolism.
Ethanol consumption predominantly results in a decrease
in the hepatocyte level of S-adenosylmethionine and
the increases in two toxic metabolites, homocysteine
and S-adenosylhomocysteine. These changes, in turn,
result in serious functional consequences which include
decreases in essential methylation reactions via inhibition
of various methyltransferases. Of particular interest
to our laboratory is the inhibition of three important
enzymes, phosphatidylethanolamine methyltransferase,
isoprenylcysteine carboxyl methyltransferase and protein
L-isoaspartate methyltransferase. Decreased activity of
these enzymes results in increased fat deposition, increased
apoptosis and increased accumulation of damaged proteins-
all of which are hallmark features of alcoholic liver injury.
Of all the therapeutic modalities available, betaine has been
shown to be the safest, least expensive and most effective
in attenuating ethanol-induced liver injury. Betaine, by
virtue of aiding in the remethylation of homocysteine,
removes both toxic metabolites (homocysteine and
S-adenosylhomocysteine), restores S-adenosylmethionine
level, and reverses steatosis, apoptosis and damaged
proteins accumulation. In conclusion, betaine appears to be
a promising therapeutic agent in relieving the methylation
and other defects associated with alcoholic abuse.
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INTRODUCTION

Biological transmethylation reactions utilize methyl groups
derived from dietary methyl donors and from cofactors
carrying 1-carbon units. A pathway that is central to many
of these reactions is the metabolic cycling of methionine
(Figure 1).

The significant role of methionine metabolism in liver is
underscored by the fact that nearly half of the daily intake
of methionine in humans and rats is metabolized there vz
methionine adenosyltransferase (MAT)-catalyzed reaction
to generate S-adenosylmethionine (SAM), the principal
methylating agent in the body. Under normal conditions,
most of the 6-8 ¢ SAM generated per day serves as a
methyl donor for many transmethylation reactions. The
normal estimated rate of these reactions, corrected to 70 kg
body weight, is 16.7-23.4 mmol/d in young normal adults
and 15.5-21.7 mmol/d in eldetly subjects!™. At least 50
of such SAM-dependent methylation reactions have
been identified in mammalsP. These reactions catalyzed
by diverse methyltransferases result in the production of
methylated biomolecules, such as phospholipids, proteins,
nucleic acids and small molecules that have vital biological
roles in biosynthesis, regulation, repair and detoxification.
The other product is S-adenosylhomocysteine (SAH),
which is hydrolyzed to adenosine and homocysteine by
S-adenosylhomocysteine hydrolase (SAHH). This series
of reactions is referred to as transmethylation. The
methionine cycle is completed when homocysteine is
remethylated back to methionine. The biochemical step
between homocysteine and methionine occurs through two
reactions, both of which are equally important in converting
homocysteine to methionine in the liverfl. In the first, a
methyl group is transferred from betaine (which in turn, is
detived from the oxidation of choline) to homocysteine to
form methionine and dimethylglycine (DMG) #ia betaine-
homocysteine methyltransferase (BHMT). The second
reaction utilizes folate and through the action of methionine
synthetase (MS), a methyl group is transferred from
5-methyltetrahydrofolate (MTHEF) to vitamin B, to form
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methylcobalamine. The methylcobalamine in turn transfers
the methyl group to homocysteine to produce methionine.
The remethylation of homocysteine by the folate pathway
is ubiquitously distributed but the BHMT-mediated
pathway is tissue-specific existing primarily in the liver and
kidney™. Another enzyme that links the one-carbon pool
and methionine metabolic pathway is 5, 10 methylene
tetrahydrofolate reductase (MTHER) that is involved in the
production of MTHE Folate also functions to transfer one
carbon units for the synthesis of thymidylate, a key step in
DNA synthesis.

Homocysteine can also be irreversibly catabolized
through the transsulfuration pathway by the action of
cystathionine B-synthase (CBS). The transsulfuration
pathway superimposes on the methionine pathway and is
important for the synthesis of cysteine and glutathione
(GSH) as well as the removal of homocysteine. The
transsulfuration occurs in a restricted number of mammalian
tissues-liver, kidney, pancreas and the intestine, because the
rest of the organs lack expression of one or more enzymes
of this pathway.

Effects of alcohol on liver methionine metabolism

Many laboratories have shown that alcohol consumption
induces alterations in methionine metabolic pathways. A
major defect elicited by ethanol consumption appears to
be inhibition of liver MS activity, which results in impaired
remethylation of homocysteine to form methioninel**.
Concomitantly, to compensate for the decreased MS
activity, the activity of BHMT, an alternate enzyme for
homocysteine remethylation, is induced after ethanol
ingestion. A major outcome of this increase is a marked
lowering in liver betaine levels in an effort to maintain
SAM levels for transmethylation reactions?. However,
SAM levels diminish upon prolonged ethanol exposure!'’.
This does not appear to be due to a loss in liver-specific
MAT level or activity since no decrease was observed
despite 9 wk of intragastric feeding with ethanol and high
fat'"l. Similar results wete also teported for micropigs fed
chronic ethanol for up to a yeat!!. Howevert, subsequent
studies done by the same group have revealed decreased
liver SAM levels in micropigs fed ethanol for 14 wkl'.
Data from human studies also demonstrates subnormal
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Phospolipid Figure 1 Methionine metabolic pathway in the liver
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homocysteine. The hepatocellular ratio of SAM to
SAH is critical in controlling many transmethylation
reactions.
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MAT function in liver biopsies from alcoholic patients!>'*l,

Our laboratory and others have further reported that
despite the compensatory increase in BHMT, alcohol-
induced impairment of liver MS activity results in an
enhanced generation of the potentially toxic agent
homocysteine!'>!'. This in turn results in an increased
intracellular level of SAHP*>!711 a5 the equilibrium of
the SAH hydrolase reaction energetically favors SAH
generation over SAH hydrolysis. We further reported that
the intracellular ratio of SAM:SAH levels was significantly
lower (2.5) in freshly isolated hepatocytes and livers of
ethanol-fed rats as compared to the ratio of 5 observed in
hepatocytes and livers of control-fed rats """l Although
many laboratories have shown comparable ratio values and
decreases with ethanol as we report™!l] studies with mice
and micropigs reveal a similar trend of ratio decrease but
lower absolute ratio valuesP>*,

It is very crucial to maintain SAM:SAH ratios because
SAH is a competitive inhibitor for many SAM-dependent
methyltransferases. The K;value for SAH is in the submicro-
molar to low micromolar range and is often less than the
K. value for SAM for many of the methyltransferases™.
Therefore, any significant decrease in the ratio negatively
affects many transmethylation reactions.

Betaine maintains normal SAM:SAH ratios after ethanol
consumption

Outs and other laboratories have also shown that betaine
(a naturally occurring tertiary amine, trimethylglycine) can
enhance the remethylation of homocysteine iz BHMT-
catalyzed reaction>'"! to alleviates ethanol-induced changes
in intracellular SAH levels!'” as well as cause elevations in
SAM levels!"*!. Similar increases in hepatic SAM levels
have also been reported in mice fed intragastrically an
ethanol diet supplemented with betaine??. Betaine, by
modulating SAM and SAH levels, results in normalization
of the alcohol-induced alterations in the hepatocellular
SAM:SAH ratios!!"!,

We have further observed that while ethanol treatment
resulted in a 2-fold elevation of hepatic BHMT activity,
this increase was further elevated in the livers of rats fed
ethanol diet supplemented with 1% betaine. This increase
in activity correlates with the enzyme level of BHMT
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quantified by western blot analysis using an antibody to
rat BHMT as well as with quantitative RT-PCR studies!’.
These results imply that the inclusion of betaine in the diet
promotes the alternate remethylation pathway to ultimately
maintain hepatocellular SAM:SAH ratios by not only
providing the substrate, betaine, for the BHMT-catalyzed
reactions, but also further inducing BHMT at the gene and
protein level. Further studies indicate an interplay between
ethanol and not only the diet composition, but also its
presentation®’.

Effects of ethanol and betaine on transmethylation
reactions

Researchers over the years have attempted to determine
which transmethylation reactions are affected by acute
or chronic ethanol consumption as well as to understand
how these altered reactions in turn, contribute to alcohol-
induced liver injury. Further attempts have been made to
determine the therapeutic effects of some participants
of the methionine cycle, such as betaine and SAM, in
minimizing the adverse effects.

Our laboratories and others have shown that there
are many SAM-dependent methylation reactions that are
adversely affected by ethanol consumption and normalized
by co-administration by betaine. Of particular interest to
us is three such reactions that clearly demonstrates a close
relationship between the activities of methyltransferases
with hallmark features of alcoholic liver injury. These three
liver methyltransferases are: (1) Phosphatidylethanolamine
methyltransferase (PEMT), the methyltransferase involved
in the generation of phosphatidylcholine (PC); (2)
isoprenylcysteine carboxyl methyltransferase (ICMT), the
methyltransferase that carboxyl methylates isoprenylated
proteins; (3) Protein L-isoaspartate methyltransferase
(PIMT), the methyltransferase that catalyzes the repair of
isoaspartyl sites of spontaneously damaged proteins.

Association between PEMT activity and steatosis

PEMT catalyzes three successive methyl group transfers
from SAM to phosphatidylethanolamine (PE) to generate
PC. This pathway has been reported to be responsible for
about 50% of total SAM utilized™. Although PC can also
be synthesized by the Kennedy Pathway in the liver®,
it has recently been shown that the PC derived vz the
PEMT pathway is preferentially used in the assembly of
very low density lipoproteins (VLDL) and is necessary for
its normal secretionP. As the liver exports triglycerides
and cholesterol only as constituents of VLDL particles,
any impairment in the processes of either the synthesis or
export of VLDL particles could lead to fat accumulation
within the hepatocyte. Indeed, experimentally inhibiting
PC synthesis »iz the PE methylation pathway or targeted
PEMT gene disruption has been shown to impair the
incorporation of triglycerides into VLDL and reduce
its secretion by hepatocytes™'. Conversely, stable
expression of PEMT has been shown to enhance this
secretionP'. The ultimate substantiation of the critical
role of methylation reactions catalyzed by PEMT in the
prevention of fat accumulation in hepatocytes is provided

by the observations that homozygous PEMT knockout
mice spontaneously develop hepatic steatosis despite
adequate choline in the diet™.

PEMT and alcoholic steatosis

While earlier studies have implicated decreased hepatic
VLDL secretion to play a role in the development of
alcoholic steatosisP’l, the association of PEMT activity
with alcoholic liver injury was suggested by reports that
identified decreased PEMT activities in livers of cirrhotics
and a modulation of PEMT activities by altered SAM:SAH
ratios!"*****l. However, the relationship between PEMT
activity, SAM:SAH ratios and alcoholic steatosis became
apparent after our observations that the SAM:SAH ratios
in livers and hepatocytes of ethanol-fed rats is much
lower than the ratios in livers and isolated hepatocytes
of control diet fed rats!""'"”l. Our further understanding
of the relationship between ratios, PEMT activities and
steatosis became evident from experiments conducted in
our laboratory using liver microsomal fractions, isolated
hepatocytes and in an 7 vivo rat model of ethanol abuse.

Using microsomal fractions isolated from liver of
Purina-fed rats, PEMT activities measured in the presence
of varying amounts of SAH (such that the ratio of SAM:
SAH in the incubation mixture varied to mimic ratios seen
in hepatocytes from ethanol, control or 7 vitro betaine-
supplemented conditions) revealed increasing inhibitions
of PEMT activity with decreases in the SAM:SAH ratio. A
30-40% inhibition of PEMT activity was observed when
the SAM:SAH ratio was 2.5 (which corresponds to the
intracellular ratio observed in isolated hepatocytes from
ethanol-fed rats) as compared to the activity observed
at the ratio of 5.0 (the ratio observed in the controls). A
ratio as seen in the betaine-supplemented hepatocytes
essentially resulted in restored enzyme activity!'”. Identical
experiments were also performed on fractions prepared
of hepatocytes obtained from both control and ethanol-
fed rats. While similar activities were noticed in isolated
microsomal fractions obtained from both cell types under
basal conditions”, the PEMT activities were also equally
impaired by the decreasing SAM:SAH ratios. These results
implied: (1) that the PEMT enzyme level appears to be
unaffected by alcohol consumption, but it is the alcohol-
induced decrease in the hepatocellular SAM to SAH
content ratio that causes impaired PEMT activity, and (2)
betaine, by virtue of its ability to increase the ratio, would
restore (increase) the activity of PEMT.

To examine the physiological relevance of the direct
inhibition of PEMT activity in isolated microsomal
factions by increasing SAH amounts, the influence of
ethanol on PC generation »iz the PEMT pathway was also
analyzed. It was observed that ethanol feeding resulted in
decreased PC production by a PEMT catalyzed reaction.
Betaine either as 7z vitro supplementation to isolated
hepatocytes obtained from ethanol-fed rats or fed to rats
on cthanol diet corrected the ethanol-induced decrease in
SAM:SAH ratios” and by normalizing the PC production
via the PEMT-catalyzed reaction, significantly reduced fatty
infiltration associated with ethanol consumption**. It has
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also been shown that the PC to PE ratio is a key regulator
of cell membrane integrity and plays a role in progression

of steatosis to steatohepatitis®’.

ICMT-catalyzed transmethylation reactions and apoptosis
The substrates of ICMT are proteins that terminate with
the CAAX motif (where C = cysteine, A = aliphatic
amino acid, and X = undefined). Such proteins first
undergo prenylation of the cysteine residues, followed
by proteolytic cleavage of the AAX sequence. ICMT
subsequently catalyzes the reversible carboxyl methylation
of the newly exposed isoprenylcysteine using SAM as
the methyl donor. This post-translational modification
is required for the normal activity of proteins such as
GTPases that play a crucial role in the signaling of many
complex biological processes, including the prevention of
apoptosis™**l.

The functional importance of normal ICMT in
preventing apoptosis is demonstrated in many studies.
Apoptosis in cultured cells can be induced by inhibiting
the carboxyl methylation of endogenous physiological
substrates of ICMTM % or by elevated intracellular
SAH levelst*. That SAH-induced apoptosis could be
prevented by over-expression of ICMT emphasizes an
involvement of impaited ICMT in the apoptotic cascade*'l.
The physiological importance of ICMT is further
reiterated by studies on homozygous ICMT knockout
mice. These mice present with developmental defects of
the liver that are so severe that virtually all of the knockout
embryos die by mid-gestation™/, possibly due to liver
agenesis/apoptosis. Subsequent studies revealed that
ICMT-catalyzed carboxyl methylation of its substrates,
Ras and Rho GTPases, are very critical for prevention of
caspase activation and programmed cell death!*!l.

ICMT, alcoholic apoptosis and betaine

It has been demonstrated that ethanol administration
is linked to increased hepatocyte apoptosis in both
clinical and experimental alcohol-induced liver injury in
a variety of species of animals including rats, mice and
minipigs'**"2%. Compelling evidence from our laboratory
implicates altered hepatocellular SAM:SAH ratios and
subsequent decreased ICMT activity to be responsible
for alcoholic apoptosis. The first supporting data for
this conjecture is that betaine supplementation (which
normalizes homocysteine and hepatocellular SAM:SAH
ratios) is effective in preventing hepatocyte apoptosis®.
While Ji ez /'] using the mouse model of intragastric
ethanol feeding, have also shown the protective effect
of betaine on alcoholic apoptosis, their focus has been
in pursuing a link of homocysteine-induced ER stress to
apoptosis. But further studies in our laboratories using
biochemical approaches have confirmed that indeed it is
the increased intracellular SAH levels (that were achieved
by using adenosine or tubercidin to specifically increase
SAH levels without a change in homocysteine levels)
that cause increases in apoptosis of hepatocytes. Further,
these induced increases in apoptosis and increased SAH
levels could both be significantly attenuated (40%-50%0)
by simultaneous betaine exposure®. Verification that
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the protective effect of betaine was primarily via the
BHMT-catalyzed methyl group transfer, and not due to
osmoregulation®!] was illustrated by using DMGP?, a
product feedback inhibitor of BHMTF.

We have also shown increasing inhibitions of ICMT
activity with decreases in the SAM:SAH ratio similar to
our observations with PEMT. Almost 30% less ICMT
activity was observed when the SAM:SAH ratio was 2.5
(intracellular ratio in hepatocytes from ethanol-fed rats) as
compared to the activity observed at the ratio of 5.0 (the
ratio observed in the controls or betaine-fed ethanol rats).
We have also shown that hepatocellular ICMT enzyme
levels are not affected by ethanol consumption (Kharbanda
and Tuma, unpublished observations). There is evidence
that the ICMT activity may be enhanced in non-
parenchymal hepatic cells after ethanol consumption**",
which suggests that the alterations in methylation reactions
may be limited to alcohol-metabolizing cells.

Final support for a role of normal ICMT in preventing
apoptosis has been derived from experiments using
inhibitors of ICMT such as cysmethynil®®, N-acetyl-
L-farnesyl cysteine (AFC) and N-acetyl-geranylgeranyl
cysteine (AGGC). Data shows that exposure to
cysmethynil, AFC or AGGC induce hepatocytes to
undergo apoptosis (Kharbanda and Tuma, unpublished
observations). These observations clearly implicate a
role of normal carboxyl methylation of endogenous
ICMT substrate(s) in hepatocytes to play crucial roles
in the prevention of apoptosis as has been shown
for other cell typest***3. Efforts are in progress to
determine the downstream effector(s) of ICMT-catalyzed
transmethylation reactions associated with inhibition of
apoptosis of hepatocytes.

There are also reports that caspase-8 gene expression
is sensitive to intracellular methylation status®. Alcohol-
induced increased SAH levels could directly increase
caspase-8 expression/activity to result in enhanced
apoptosis!'¥.

PIMT and damaged proteins
Proteins undergo spontancous thermodynamically driven
changes over time that can result in decreased functionality.
A common form of such damage is the spontancous and
non-enzymatic modification of aspartate and asparagine
(which are among the most unstable residues in proteins
and peptides) to form atypical isoaspartyl residues. The
enzyme PIMT catalyzes the transfer of the methyl group
of SAM to these isoaspartyl sites, allowing reisomerization
and restoration of the original alpha peptide linkage after
tepeated rounds of methylation®. This physiological
repair reaction helps prevent the accumulation of the
protein molecules containing these abnormal aspartyl
residues. In mammals, PIMT is expressed in all tissues
with the highest level in the brain and blood tissues!'l.
Homozygous PIMT knockout mice accumulate damaged
proteins in their tissues and organs, including the liver®'l.
Isoaspartate residues have been identified in a variety
of cellular structural and functional proteins such as
tubulin, calmodulin, histone 2B and collagen type- 1.
Evidence has been accumulating that the modified
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proteins have impaired biological activity that can be
substantially restored via methylation by PIMT!®?. The
physiological relevance of this repair by PIMT has also
been demonstrated 7z vivo by studies using PIMT-deficient
mice. These animals show aberrant vesicular transport
which is caused by microtubule disorganization resulting
from increased amounts of isoaspartyl residues in
B-tubulin, a major substrate of PIMT and a component of
microtubules®,

Environmental factors such as heat shock, photochemical
stress and oxidative stress have been reported to result
in an enhanced accumulation of damaged proteins with
isoaspartate residues**.

Alcohol, PIMT, accumulation of damaged proteins and
betaine

Our recent data shows that in addition to the above
mentioned factors, chronic alcohol ingestion results in the
accumulation of isoaspartyl-bearing damaged proteins
in rat liver homogenates, particularly in the cytosol and
microsomal fractions. This accumulation correlates to the
lower SAM:SAH ratios and consequent impaired PIMT
activity in livers of these rats as no change in the PIMT
enzyme level by alcohol was observed. Furthermore, rats
fed the betaine-supplemented ethanol diet showed similar
isoaspartyl residue quantities per unit protein as controls.
This restoration of the protein repair process was related
to the effect of betaine to normalize the SAM:SAH ratios,
which in turn, normalizes the PIMT-catalyzed protein
repair methylation reaction!®.

We also determined the effect of varying SAM:SAH
ratios on the activity of purified PIMT. We observed 30%
less PIMT activity at a ratio of 2.5 (which corresponds to
the ratio in livers of ethanol-fed rats) as compared to a ratio
of 5 as seen in livers of control or betaine-supplemented fed
ethanol rats!l. These results were similar to those obtained
with PEMT and ICMT activity measurements.

We are currently focusing on identifying some of the
unique cellular structural and functional proteins susceptible
to isoaspartyl damage following ethanol consumption by
a proteomic approach and in understanding their role in
altering the hepatocellular dynamics that could contribute to
the progression of alcoholic liver injury.

Effects on other methyltransferases
DNA Methyltransferases and Alcohol: Modulation of

Accumulation of damaged
proteins with isoaspartate
residues

gene expression by alterations in DNA methylation can
result in epigenetic changes and functional consequences.
Current investigations are focused in understanding the
molecular steps involved in the effects of ethanol on
epigenetic modifications in relation to pathological changes
in the liver. The inhibition of SAM-dependent DNA
methyltransferase activities by ethanol-induced decreased
SAM:SAH ratio could be responsible for the impaired
DNA methylation reported in rats fed intragastrically
with ethanol and a high fat diet"'l. The reduced hepatic
DNA methylation patterns by ethanol consumption has
been reported to be associated with increased expression
of c-myc and increased genome-wide DNA strand break
accumulation"!l. Other studies have shown no effects
of alcohol consumption on O°-methylguanine DNA
methyltransferase levels in the liver of cirrhotic®’, however
its activity may be affected by altered SAM:SAH ratios.
More information can be obtained from an excellent
editorial of the epigenetic effects of ethanol on liver injury
[68]

that was recently published!.

Glycine-N-Methyltransferase and Alcohol: This is an
abundant cytosolic SAM-dependent methyltransferase
involved in the synthesis of sarcosine. But GNMT, unlike
PEMT, ICMT, PEMT and the DNA methyltransferases,
is less sensitive to inhibition by SAHPY. However, it is
allosterically inhibited by MTHF!®! and plays a role in
regulating SAM:SAH ratios!". Ethanol has been shown
to decrease GNMT transcript levels, however an increase
in its activity was observed after alcohol consumption,
possibly related to decreased MTHF levels™.

CONCLUSION

Alcohol-induced clevation of intracellular SAH levels
can impair the methylation reactions catalyzed by three
enzymes, PIMT, PEMT and ICMT, which consequently
contribute to the accumulation of damaged proteins
with isoaspartyl residues and the induction of hepatic
steatosis and apoptosis, respectively. We further provide
data to support that these pathologies can be significantly
attenuated by betaine administration. We believe that this
protection is zia remethylation of homocysteine that leads
to normalized intracellular SAH levels and maintenance
of normal methylation reactions of these three and other
methyltransferases. A schematic of this working scheme is
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depicted as Figure 2. Overall, we have identified that the
increased hepatocellular SAH levels generated by chronic
ethanol exposute can negatively affect the activities of the
three methyltransferases, PEMT, ICMT and PIMT These
methylation defects, in turn, cause decreased synthesis
and secretion of VLDL, impaired activation of GTPases
and diminished protein repair process on molecules such
as tubulin. These deficiencies ultimately contribute to the
induction of steatosis, apoptosis and the accumulation of
damaged proteins which could exaggerate hepatocellular
injury by disrupting normal cellular function including
trafficking events. Betaine administration can prevent
the increase in SAH and thereby prevent these ethanol-
induced pathologies.

In addition to its effects in ameliorating alcoholic
liver injury, betaine has also been shown to prevent
carbon tetrachloride-induced liver injury! as well as to
considerably decrease indices of steatosis in nonalcoholic
steatohepatitis (NASH) patients!?7). These properties
along with the low cost and easy use and availability
of betaine underscore the advantages of choosing this
metabolite for the treatment of liver injury.
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