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Abstract

AIM

To investigate the hypothesis that exposure to guani-
dinoacetate (GAA, a potent methyl-group consumer)
either alone or combined with ethanol intake for a
prolonged period of time would cause more advanced
liver pathology thus identifying methylation defects
as the initiator and stimulator for progressive liver
damage.

METHODS
Adult male Wistar rats were fed the control or ethanol
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Lieber DeCarli diet in the absence or presence of GAA
supplementation. At the end of 6 wk of the feeding
regimen, various biochemical and histological analyses
were conducted.

RESULTS

Contrary to our expectations, we observed that GAA
treatment alone resulted in a histologically normal liver
without evidence of hepatosteatosis despite persistence
of some abnormal biochemical parameters. This
protection could result from the generation of creatine
from the ingested GAA. Ethanol treatment for 6 wk
exhibited changes in liver methionine metabolism and
persistence of histological and biochemical defects as
reported before. Further, when the rats were fed the
GAA-supplemented ethanol diet, similar histological
and biochemical changes as observed after 2 wk of
combined treatment, including inflammation, macro-
and micro-vesicular steatosis and a marked decrease
in the methylation index were noted. In addition, rats
on the combined treatment exhibited increased liver
toxicity and even early fibrotic changes in a subset of
animals in this group. The worsening liver pathology
could be related to the profound reduction in the
hepatic methylation index, an increased accumulation
of GAA and the inability of creatine generated to exert
its hepato-protective effects in the setting of ethanol.

CONCLUSION

To conclude, prolonged exposure to a methyl consumer
superimposed on chronic ethanol consumption causes
persistent and pronounced liver damage.

Key words: Methyl balance; S-adenosylmethionine;
S-adenosylhomocysteine; Guanidinoacetate; Alcohol

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: We examined the role of a combined exposure
to ethanol and guanidinoacetate (GAA) in the patho-
genesis of liver injury. Exposure to either treatment
lowers the hepatic methylation index which is defined
as the ratio of the methyl donor, S-adenosylmethionine
to its product S-adenosylhomocysteine. We observed a
worsening of liver pathology with prolonged GAA and
ethanol treatment compared to either treatment alone.
These detrimental consequences were related to the
profound reduction in the hepatic methylation index,
an increased accumulation of GAA and the inability of
creatine generated to exert its hepato-protective effects
in the setting of ethanol.
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INTRODUCTION

Alcoholic liver disease is one of the most serious
medical consequences of chronic ethanol use!*?,
Investigations into the mechanisms of ethanol-induced
liver injury have revealed that chronic ethanol abuse
causes alterations in the methionine metabolism®~.
In particular, ethanol primarily impairs the activity of a
vital enzyme, methionine synthase®®’\. This reduction
increases homocysteine secretion™, promotes hepatic
S-adenosylhomocysteine (SAH) accumulation”*! and
causes a significant lowering in the hepatocellular
S-adenosylmethionine (SAM, a methyl donor) to
SAH ratio”®!, The resulting impairments in several
transmethylation reactions have been shown to play a
causal role in the generation of many hallmark features
of alcoholic liver injury including steatosis, apoptosis,
accumulation of damaged proteins and proteasome
inhibition®>7104],

The above mentioned changes in methionine me-
tabolism and significant hepatic steatosis are also
evident as early as 2 wk of ethanol feeding'®. Further,
feeding rats a diet containing guanidinoacetate (GAA, a
potent methyl group consumer) for only 2 wk depleted
hepatic SAM levels and lowered SAM:SAH ratio result-
ing in macrovesicular steatosis™. This methylation
stress occurs due to the increased utilization of SAM
by the enzyme, guanidinoacetate methyltransferase
(GAMT) that converts the administered GAA to form
the methylated product, creatine*>*>?%, Additionally,
GAA and ethanol appeared to exert synergistic stress
following 2 wk of feeding™, These GAA-supplemented
ethanol diet-fed rats displayed marked decrease in the
methylation index (i.e., SAM:SAH ratio), significantly
increased triglyceride accumulation, inflammatory
changes and liver toxicity compared to the GAA or
ethanol-fed rats™.

Based on the above considerations, we hypothesized
that feeding a methyl group consumer in conjunction
with ethanol for a longer period than 2 wk will stimulate
the progression of disease to produce more serious liver
damage. To test this premise, we again chose GAA as
a surrogate for methyl group consumers whose inges-
tion has considerably increased in the last decade’..
We planned the study exactly as our previous 2-wk
study™® except the time of exposure to GAA, ethanol
or combined treatment was extended to 6 wk.

We report the tremendous resilience and adaptation
of the liver to continuous insult by the methylation
stressor, GAA. However, rats exposed to the ethanol
and GAA-treatment combined displayed persistence
of liver injury that appeared more pronounced at 6 wk
compared to the other groups in this study and to the
pathology seen at 2 wk of the combined regimen.
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MATERIALS AND METHODS

Feeding procedure

Lieber-DeCarli control and ethanol liquid diets“~ were
purchased from Dyets, Inc. (Bethlehem, PA). Male
Wistar rats weighing 180 to 200 g purchased from
Charles River Laboratories, Wilmington, MA) were
weight-matched and divided into four groups. Each
group consisted of 5 rats that were fed the control diet
(Group 1), control diet supplemented with 0.36% GAA
(w/v) (Group 2), ethanol diet consisting of 36% of
total energy (Group 3) or ethanol diet supplemented
with 0.36% GAA (Group 4) for a 6 wk period. Rats in
Groups 1-3 were fed the amount of diet consumed
by rats in Group 4. The care, use and procedures
performed on these rats complied with NIH guidelines
and all procedures were approved by the Institutional
Animal Care and Use Committee at the Omaha Vete-
rans Affairs Medical Center.

At sacrifice, the following tissues were collected
and processed as indicated. Serum was prepared
by centrifuging the serum separator tube containing
the collected blood at 13000 x g for 5 min. A portion
of the liver was processed for the preparation of
a deproteinized extract using perchloric acid as
previously described”. Another portion of the liver
was immediately fixed in formalin for histology. A third
portion of the liver was used to prepare the cytosol
fraction as detailed™"! on the day of sacrifice. The
remainder of the liver was freeze-clamped and stored
at -70 C for subsequent biochemical assays.

[22]

Histopathological evaluation

Hematoxylin and eosin stained liver sections slides
were independently evaluated (by Orlicky DJ and
French SW) using published criteria®*** in a blinded
fashion.

Mallory trichrome staining was performed as
detailed before. Briefly, the sections were treated
with 1% fuchsin acid solution for 2 min, washed and
stained with 1% phosphomolybdic acid solution. The
sections were washed again and then incubated in a
solution containing Methyl Blue (0.5%), Orange G (2%)
and oxalic acid (2%) for 15 min. Slides were then
washed thoroughly, dehydrated with ethanol, cleared
with xylenes and mounted.

Olympus BX51 microscope equipped with a 4
megapixel Macrofire® digital camera (Optronics,
Goleta, CA) was used to capture the images using the
PictureFrame® Application 2.3 (Optronics). All images
in each composite were processed by Photoshop”
(Adobe Systems Inc., Mountain View, CA) and handled
identically.

Hepatic SAM, SAH, GAA, creatine, triglycerides,
cholesterol and non-essential fatty acid levels
High-performance liquid chromatography (HPLC)
analysis was performed on the perchloric acid extract
of total liver for determining SAM, SAH, creatine
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and GAA levels as detailed previously”"*?, We also
calculated the hepatic methylation index which is
defined as the ratio of SAM to SAH.

The triglyceride, cholesterol and non-essential
fatty acid (NEFA) content in the liver lipid extract
was quantified using the diagnostics kits (Thermo
Electron Clinical Chemistry, Louisville, CO and Wako
Diagnostics, Richmond, VA) as detailed previously
following the manufacturer’s instructions'””.

Serum homocysteine, aspartate transaminase, alanine
transaminase, GAA, insulin, NEFA and ethanol levels
HPLC analysis was conducted to determine serum
homocysteine and GAA levels as detailed in our
previous publications®'?. Serum alanine transaminase
(ALT)/aspartate transaminase (AST) levels were
determined using the VITROS 5.1 FS Chemistry
System (Ortho Clinical Diagnostics, Raritan, NJ).
Commercially available ELISA kits from EMD Millipore
(Billerica, MA) and Wako Diagnostics (Richmond, VA)
were used to determine serum Insulin (and NEFA
levels, respectively. Ethanol levels were quantified by
gas chromatography using a Perkin-Elmer system!®*.

GAMT and L-arginine:glycine amidinotransferase
activity measurements

Liver cytosols were used for determining hepatic GAMT
activity as detailed in our publication™?. L-arginine:
glycine amidinotransferase (AGAT) activity was
assayed in kidney homogenates as detailed™?.

Proteasome activity

Trypsin-like (Suc-LSTR-AMC hydrolysis) and Chymo-
trypsin-like (Suc-LLVY-AMC hydrolysis) activity was
determined as previously described™'*! using liver
cytosol fractions. Protein concentration were measured
by the Bradford dye-binding procedure®® and the
specific enzyme activities were expressed as nanomoles
of 4-amino, 7-methyl coumarin formed per mg protein
per hour.

Statistical analysis

Data were analyzed by ANOVA followed by Tukey test
for specific comparisons between means. A P value <
0.05 was regarded as statistically significant.

RESULTS

The body weights of the GAA-treated and their pair-fed
controls were comparable. However, an approximately
10% to 20% lower body weight was noted for the
ethanol-alone and the GAA-supplemented ethanol-fed
rats despite the fact that all rats had identical caloric
intake (Table 1). The liver weight and the percent liver-
to-body weight ratio of GAA-treated and their pair-fed
controls were similar at the end of 6-wk of the feeding
regimen. Ethanol treatment for 6 wk increased the
liver weight and percent liver-to-body ratio which was
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Table 1 Effect of dietary ethanol or/and guanidinoacetate ingestion on pathology

Control Control + GAA Ethanol Ethanol + GAA
Body weight (gm) 366.71 + 20.26" 345.93 +12.30° 301.00 +12.49° 323.90 +12.89°
Liver weight (gm) 9.82 £ 0.44° 947 +0.44° 11.70 + 0.36" 15.05 +£0.71°
Liver-to body ratio (%) 2.67 +0.07° 2.74+0.10° 3.88 +0.25" 4.64 +0.06°
Serum ALT (U/L) 54.43 +1.65" 56.57 + 3.96" 120.00 + 15.59" 222.00 + 50.52°
Serum AST (U/L) 63.00 £3.95" 68.40 £10.79" 135.23 + 13.86 252,60 +54.19°
Serum GAA (umol/L) 1.92 0.31° 60.60 £ 6.73 2.97 +1.05" 23.63 £1.32°
Serum ethanol levels (mmol/L) 0+0.00° 0+0.00° 51.10 + 4.346" 4494 +6.28°
Hepatic GAMT activity 247.58 +22.31° 41213 +24.92° 207.19 +22.32° 445198 £ 23.19°
(pmol Creatine synthesized/min/mg protein)
Kidney AGAT activity 10.03 £ 1.17° 2.30 £0.177° 10.39 £ 1.07* 2.882 + 0.4

(nmol GAA synthesized/min/mg protein)

Data represent mean + SEM. of n = 5 animals/group. Values not sharing a common subscript letter are statistically different, P < 0.05. AGAT: L-arginine:

glycine amidinotransferase; GAA: Guanidinoacetate; AST: Aspartate transaminase; ALT: Alanine transaminase.
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Figure 1 Effect of dietary ethanol or/and guanidinoacetate ingestion on
hepatic triglycerides and cholesterol levels. Male Wistar rats were fed the
control or ethanol Lieber DeCarli diet with or without 0.36% GAA. After 6 wk
of feeding, triglyceride (A) and cholesterol (B) content in the liver lipid extract
was determined using the diagnostics kit (Thermo Electron Clinical Chemistry,
Louisville, CO). The data shown are mean + SEM of 5 determinations. Values
not sharing a common subscript letter are statistically different, P < 0.05 vs
control. GAA: Guanidinoacetate.

further augmented in the group of rats fed the GAA-
supplemented ethanol diet (Table 1).

GAA enhances ethanol-induced steatosis
We observed that 6 wk of ethanol administration

Baishidenge ~ WJG | www.wjgnet.com

increased hepatic triglyceride and cholesterol accu-
mulation by approximately 6- and 3-fold, respectively
compared with the pair-fed controls (Figure 1A and
B). There was no change in the triglyceride or cho-
lesterol content in liver of GAA-fed rats compared to
controls. However, a approximately 11- and 7-fold
increase in triglyceride and cholesterol accumulation,
respectively, was observed in livers of rats fed the
GAA-supplemented ethanol diet compared with the
pair-fed controls (Figure 1A and B).

Histological evaluation

The livers of the rats fed the control diet showed
no macro- or microvesicular steatosis and the total
percent of hepatocytes possessing lipid vesicles was
less than 10% in all animals. There was no fibrosis
present or inflammation (small foci of inflammatory
cells, lipogranulomas, or portal triad inflammation).
Furthermore no hepatocyte cell injury, sinusoidal
dilatation or congestion was observed in any animal in
this group (Figure 2A).

The histology of the GAA treated group (n = 5)
was similar to the control group. None of the animals
presented with either macro- or microsteatosis. There
also was no evidence of fibrosis, inflammatory changes
or hepatocyte cell injury in this group of animals (Figure
2B).

In the ethanol-treated group (n = 5), all rats
exhibited a panlobular microvesicular pattern of stea-
tosis and low levels of macrosteatosis in zones 2 and
3. No fibrosis, inflammatory changes or hepatocyte cell
injury was seen in this group of animals (Figure 2C and
3A).

In the ethanol plus GAA- treated group (n = 5)
there appeared to be some synergy between the
treatments. All 5 animals had macrosteatosis in
10%-66% of their hepatocytes which was present
in a panlobular pattern, although there was more
macrosteatosis in zones 2 and 3. Microsteatosis was
also present in all 5 animals and it too was found in a
panlobular pattern (Figure 2D).
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Figure 2 Effect of dietary ethanol or/and guanidinoacetate ingestion on liver histology. Hematoxylin-eosin stained images of livers from animals fed the
following diets are shown: Pair-fed control (A); 0.36% guanidinoacetate (GAA) (B); ethanol (C); ethanol + 0.36% GAA (D). Scale bars = 50 microns. Limited
macrosteatosis was observed following the ethanol diet while much more extensive macrosteatosis with a limited number of cells exhibiting microsteatosis and a
couple of small lipogranulomas (arrows) are seen in the livers of animals on the ethanol + 0.36% GAA diet. The livers of the animals on the 0.36% GAA diet are similar
to the control livers. PT: Portal triad; CV: Central vein.

Figure 3 Hematoxylin-eosin staining of liver sections from rats fed ethanol (A) or ethanol + 0.36% guanidinoacetate (B) for 6-wk. There is a diffuse
inflammatory infiltrate in the liver from the rat fed ethanol plus guanidinoacetate. Green arrows indicate lipogranulomas, green circle indicates an inflammatory cell

foci, Scale bar = 100 microns. PT: Portal triad, CV: Central vein.

Further, all rats in the ethanol + GAA-treated group
exhibited small foci of inflammatory cells per 200 x
field and the presence of lipogranulomas (Figure 3B).
Analysis of the Mallory trichrome stained slides revealed
a very small amount of fibrosis in 2 of the 5 animals
in this treatment group and only one of these two
exhibited small amount of sinusoidal fibrosis (Figure 4).
One animal showed a few hepatocytes with cell injury
while another exhibited slightly dilated sinusoids in the
centrilobular region.
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No ballooning of hepatocytes, significant numbers
of acidophil bodies, pigmented macrophages, mega-
mitochondria, Mallory Bodies, glycogenated nuclei,
significant numbers of mitotic figures, or hyalinized
and thickened portal veins or hepatic arteries were
present in any of the groups in this experiment.

Hepatocellular levels of SAM, SAH, SAM:SAH Ratio,

GAA and creatine
Hepatic SAM levels were similar between the control
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Figure 4 Higher magnified image from a Mallory trichrome stained
liver section from a rat fed the ethanol + 0.36% guanidinoacetate for 6
wk. Green arrows point to delicate trichrome collagen fiber and green circle
surrounds small inflammatory cell foci. Note the presence of many macro- and
micro-steatotic hepatocytes Scale bar = 50 microns.

and ethanol-fed rats. This was in accordance with
our previously published results'”*%. However, SAM
level was decreased in the GAA-treated rats, which
was more pronounced in the rats fed the GAA-
supplemented ethanol diet (Figure 5A).

In regards to hepatic SAH levels, comparable
increases in the level of this metabolite compared to
controls were observed in GAA or ethanol treated rats.
However, markedly increased hepatic SAH levels was
noted in the group of rats fed the GAA-supplemented
ethanol diet compared to other treatment groups
(Figure 5B).

Since the SAM:SAH ratio is an important factor
regulating cellular methylation reactions, calculation
of this ratio revealed a lower SAM:SAH ratio in the
ethanol-fed and the GAA-alone treated groups
compared with the controls. A dramatic decrease in
hepatocellular SAM:SAH ratio was seen in rats fed the
GAA-supplemented ethanol diet in comparison with
the other treatment groups (Figure 5C).

Regarding hepatic creatine and GAA levels after
6 wk of the dietary regimens, we observed a 60%
decrease in hepatic creatine and a approximately
2-fold increase in GAA accumulation in rats exposed
to ethanol as compared with the pair-fed controls
(Figure 6A and B). This was in accordance with our
published data obtained on feeding rats a control or
ethanol diet for 4-5 wk™?. However, GAA ingestion
either alone or in combination with ethanol treatment
elevated hepatic creatine and GAA levels, as expected.
While the combined GAA + ethanol treatment had a
significantly higher hepatic creatine content than the
GAA-alone treatment, a statistically similar increase
in hepatic GAA level was noted in these two groups of
animals, showing almost 20-fold increased levels as
compared with the control diet-fed rats (Figure 6B).

Serum levels of homocysteine, GAA, insulin, NEFA, AST
and ALT
Similar serum homocysteine levels were observed in the
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Figure 5 Effect of dietary ethanol and/or guanidinoacetate ingestion
on hepatic S-adenosylmethionine, S-adenosylhomocysteine and
S-adenosylmethionine: S-adenosylhomocysteine ratio. Rats were
fed the Lieber DeCarli control or ethanol diet with or without 0.36% GAA
supplementation. After 6 wk of feeding, Hepatocellular SAM (A) and SAH (B)
levels were determined by HPLC analysis as detailed in the “MATERIALS AND
METHODS” section and (C) SAM:SAH ratio calculated. The data shown are
mean + SEM of 5 determinations. Values not sharing a common subscript letter
are statistically different, P < 0.05 vs control. GAA: Guanidinoacetate; SAM:
S-adenosylmethionine; SAH: S-adenosylhomocysteine.

rats fed the control or ethanol diets for 6 wk. However
feeding rats a GAA-supplemented diet increased
circulating homocysteine level which was further
dramatically increased in in the GAA-supplemented
ethanol treated group (Figure 7A).

GAA alone had no effect on circulating insulin or
NEFA level (Figure 7B and C). On the other hand,
ethanol administration decreased serum insulin levels
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Figure 6 Effect of dietary ethanol and/or guanidinoacetate ingestion on
hepatic creatine and guanidinoacetate levels. Rats were fed the Lieber
DeCarli control or ethanol diet with or without 0.36% GAA supplementation.
After 6 wk of feeding, liver Creatine (A) and GAA (B) levels were determined
by HPLC analysis as detailed in the “MATERIALS AND METHODS" section.
The data shown are mean + SEM of 5 determinations. Values not sharing a
common subscript letter are statistically different, P < 0.05 vs control. GAA:
Guanidinoacetate.

and increased circulating NEFA levels, while GAA co-
treatment had no further effect on these parameters
(Figure 7B and C). All treatments produced a much
higher hepatic NEFA compared with controls, although
maximum elevation was seen in the combined treat-
ment group (Figure 7D).

As expected, both the GAA-alone and combined
ethanol and GAA treatment groups exhibited elevated
serum GAA levels in comparison with the controls.
However, the circulating GAA level in the combined
treatment group was significantly lower than the level
observed in the GAA-alone treatment group (Table 1).

Regarding liver toxicity, the serum levels of AST and
ALT in the GAA-treated rats were similar to controls.
Ethanol treatment significantly elevated serum
AST and ALT levels, which were further enhanced
approximately 2-fold in the combined GAA and ethanol
treatment group (Table 1).

The blood ethanol levels were comparable in
the ethanol-alone and combined ethanol and GAA
treatment group despite dramatic differences in many
metabolite levels and indices of liver toxicity between
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the two treatment groups (Table 1).

Hepatic GAMT and kidney AGAT activity

Ethanol administration for 6 wk resulted in a small
(20%), but significant, decrease in hepatic GAMT
activity compared to controls (Table 1). A approximately
1.7-fold increase in hepatic GAMT activity was observed
in both GAA treatment groups (either alone or supple-
mented in the ethanol diet) (Table 1).

Kidney AGAT activity was unaffected after 6 wk of
ethanol treatment (Table 1). A substantially suppressed
kidney AGAT activity was observed after GAA admi-
nistration for 6 wk which was comparable in the
combined GAA-ethanol treatment group (Table 1).

Liver proteasome activity

A significant decline in trypsin- and chymotrypsin-like
specific activities of the proteasome was noted in the
rats fed ethanol for 6 wk which further decreased in
the combined GAA and ethanol treatment group (Figure
8). Liver proteasome activity was unaffected by GAA-
alone treatment (Figure 8).

DISCUSSION

Our findings indicate that the longer period of 6 wk of
feeding GAA (a methyl group consumer) along with
ethanol (a metabolic stressor) imposes a substantial
burden on the cellular methylation index, which results
in increased liver toxicity in comparison to our recently
published 2-wk study™®, However, some unexpected
results were obtained on analyzing liver damage upon
feeding GAA alone. While 2 wk of GAA treatment
generated hepatic steatosis'**, this pathology was
surprisingly absent at 6 wk of administration of this
agent.

Our laboratory has been examining the con-
sequences of the alcohol-induced changes in the
methionine metabolism and have made a seminal
contribution in identifying the causal role of the
reduction in the hepatocellular SAM:SAH ratio in the
pathogenesis of alcoholic liver injury!®*7 121527341,
In a recent study, we reported that 2 wk of ethanol
feeding promoted hepatic SAH accumulation and
caused a significant reduction in hepatocellular SAM:
SAH ratio™'. The consequent reduction in the hepatic
methylation capacity resulted in hepatic steatosis and
proteasome inhibition, the two examined functional
consequences of low SAM:SAH ratio!’®!. We also
showed that feeding a methylation stressor, GAA, for 2
wk also perturbed the methionine metabolic pathway
that caused a reduction in the hepatic SAM:SAH ratio.
This ultimately resulted in similar histopathology as
seen after ethanol exposure!*®. More importantly,
we showed that the combined treatment with GAA
and ethanol treatment further lowered the SAM:SAH
causing even more profound pathological changes
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Figure 7 Effect of dietary ethanol and/or guanidinoacetate ingestion on serum homocysteine, insulin, non-essential fatty acid and hepatic non-essential
fatty acid levels. Rats were fed the Lieber DeCarli control or ethanol diet with or without 0.36% GAA supplementation. After 6 wk of feeding, serum homocysteine (A)
insulin (B) NEFA (C) and hepatic NEFA (Dlevels were determined by HPLC or biochemical analysis as detailed in the Materials and Methods section. The data shown
are means + SEM of 5 determinations. Values not sharing a common subscript letter are statistically different, P < 0.05 vs control. GAA: Guanidinoacetate; NEFA:

Non-essential fatty acid.

than either treatment alone'**’.

To further investigate whether prolonged treatment
with the combined exposure could worsen liver
pathology, we observed that indeed 6 wk of treatment
led to persistent and more pronounced liver toxicity.
Several biochemical changes identified at 2 wk of
combined exposure were also noted at 6 wk of
treatment!”>. At both 2 and 6 wk of the combined
treatment, we observed hyperhomocysteinemia,
significantly lower hepatocellular SAM:SAH ratio,
panlobular macro- and microvesicular hepatic
steatosis, accumulation of cholesterol, triglyceride and
NEFA in the liver and decreased hepatic proteasome
activity as compared to the rest of the groups. The
combined treatment group exhibited the lowest
SAM:SAH ratio and the highest homocysteine serum
levels that have been causally linked with hepatic
lipid accumulation, reduced proteasome function
and increased adipose tissue lipolysist® 7121432361,
The only significant differences between the 2 and
6 wk of combined exposure was an approximately
8-fold increased GAA accumulation, much higher
homocysteinemia and approximately 2-fold increased
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serum AST and ALT levels at the latter time-point™*..
Overall, all these biochemical and pathological changes
seen after 6 wk of combined exposure were as we had
predicted.

However, some novel observations were made
when the various parameters were analyzed in rats fed
only GAA for 6 wk. Increases in serum homocysteine
level and lowering of the hepatocellular SAM:SAH
ratio noted at 6 wk were similar to our previous
observations at the end of 2 wk of GAA treatment!*..
The only biochemical difference identified was a
approximately 8-fold higher GAA accumulation
at week 6 compared to the earlier time period™.
However, despite the increased GAA and persistence
of biochemical abnormalities that are known to
reduce methylation capacity, there was no evidence
of hepatic steatosis after 6 wk of GAA treatment. This
was in contrast to our previous 2-wk study where we
noted the development of hepatic steatosis with GAA
treatment™®. We believe that the significant elevation
in the liver creatine level seen after prolonged GAA
administration may be hepato-protective since such
effects of creatine have been reported in both in
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Figure 8 Effect of dietary ethanol and/or guanidinoacetate on peptidase
specific activities of the proteasome. Rats were fed the Lieber DeCarli
control or ethanol diet with or without 0.36% GAA supplementation. After 6 wk
of feeding, liver cytosols were prepared and assayed for the chymotrypsin-
(A) and trypsin-like (B) specific activities of the proteasome as detailed in the
“MATERIALS AND METHODS" section. The results are mean + SEM of 8-10
determinations from each group and activities are expressed as nmol AFC
generated/mg protein/h. Values not sharing a common subscript letter are
statistically different, P < 0.05 vs control. GAA: Guanidinoacetate.

vivo and in vitro injury models unrelated to ethanol
exposure!'*¥*1 Mechanistic studies have indeed
revealed that creatine supplementation prevents
hepatic triglyceride accumulation by promoting
hepatocellular p-oxidation via upregulating PPARa and
its targets®®**>*3 inhibiting triglyceride synthesis and
increasing its efflux'*’!. These effects of creatine on
lipid metabolism are considered to be independent
of methylation and phosphatidylcholine synthesis via
phosphatidylethanolamine methyltransferase-catalyzed
pathway™,

We were also surprised to find that hepatic creatine
level was higher in rats administered the combined
treatment compared with the GAA treatment group.
Yet, this accumulated creatine was unable to exert
its known protective effect when alcohol was present
suggesting that creatine cannot prevent the well-
documented ethanol-induced aberrations in several
metabolic pathways of fat metabolism involving
triglyceride efflux and fatty acid synthesis and
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oxidation. These findings are intriguing and mechanistic
studies are underway to explain our findings. However,
similar results that support our data were also obtained
by us in a recent study that revealed an inability of
oral creatine supplementation to prevent alcoholic
steatosis'**.

We also examined two enzymes that are involved
in GAA synthesis (AGAT) and utilization (GAMT). We
observed that 6 wk of exposure to ethanol lowered
the GAMT enzyme activity by approximately 20%,
while GAA-alone treatment increased GAMT activity
possibly to accelerate the utilization and removal of
its substrate, GAA. Similar increases in GAMT activity
were also noted in the combined GAA + ethanol
treatment group. With regards to AGAT, in accordance
with reports showing that GAA feeding represses the
enzyme activity®!, we observed that 6 wk of GAA
treatment either alone or combined with ethanol
decreased AGAT activity by approximately 75%. It
appears that a longer period of GAA administration
represses GAA activity even more since approximately
50% repression was noted in the GAA-treated
groups in our previous 2-wk study™’. Overall,
these two enzymes showed comparable changes as
those reported after 2 wk of the different treatment
regimens™ and therefore, could not account for the
differences in the hepatic steatosis seen in the GAA-fed
rats at 6 wk vs 2 wk of treatment.

Another parameter to discuss is the loss of body
weight in the rats fed ethanol either alone or in
combination with GAA. Such decreases in body weight
may be attributed to the ethanol-induced lipolysis of
the adipose tissue triglyceride store with a concomitant
increase in circulating and hepatic NEFA"**"), Clinical
studies have also demonstrated that alcoholics have
significantly lower body weight and lower fat mass
than controls™***°,

Further, a decrease in serum insulin level observed
in ethanol-fed rats was also not surprising given that
such a decrease has been reported before!®>%>1,
Furthermore, a recent preliminary study revealed
that indeed it is the alcohol-induced increase in the
serum ghrelin level and decrease in the pancreatic
Rab3D content that both contribute to impaired insulin
secretion from pancreatic p-cells, thereby causing a
low serum insulin level in alcoholic rats™?,

To summarize, increased methylation demand
by GAA treatment superimposed on the ethanol-
induced stress on the methionine metabolic pathway
results in steatohepatitis, proteasome inhibition
and more pronounced indices of liver injury. These
biochemical and pathological changes could be
attributed to profoundly reduced hepatic SAM:SAH
ratio, hyperhomocysteinemia, increased accumulation
of GAA in the liver and the inability of creatine to
protect the liver in the setting of ethanol abuse.
Another important point that should be stressed is
that while the prolonged administration of GAA alone
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did not produce any evidence of liver injury in the
present study, sustained use of a different methyl
group consumer that does not generate a protective
agent such as creatine could have an entirely different
(adverse) outcome. Thus, ingesting large amounts of
methyl group consuming compounds either alone or in
combination with ethanol is not recommended.

COMMENTS

Background

The authors have recently reported that rats exposed to guanidinoacetate
(GAA, a potent methyl-group consumer) for 2 wk results in hepatic steatosis.
They further showed that a combined exposure to GAA and ethanol (a cellular
methylation stressor) for 2 wk caused more hepatosteatosis and inflammatory
changes as compared to either treatment alone. Therefore, they investigated
the hypothesis that exposure to GAA either alone or combined with ethanol
intake for a prolonged period of time would cause more advanced liver
pathology thus identifying methylation defects as the initiator and stimulator for
progressive liver damage.

Research frontier

There are many endogenous and exogenous compounds that consume labile
methyl groups during metabolism. The consumption of such compounds has
increased in the last decade which puts a substantial burden on the cellular
methylation index. The prevalence of binge and heavy alcohol drinking is
growing. Thus, this area of research is extremely important to understand the
effects of prolonged exposure to two different methylation stressors.

Innovations and breakthroughs

Prolonged treatment with both ethanol and a methyl consumer such as GAA
causes worsening of liver pathology compared to either treatment alone.
These detrimental consequences were related to the profound reduction in the
hepatic methylation index, an increased accumulation of GAA and the inability
of creatine generated to exert its hepato-protective effects in the setting of
ethanol. Thus, ingesting large amounts of methyl group consuming compounds
either alone or in combination with ethanol is not recommended.

Applications

This model of the combined treatment with a methyl consumer and ethanol
for a prolonged duration could be used for better understanding of the role of
severe impairments in critical methylation reaction to promote progressive liver
injury including fibrosis, cirrhosis and hepatocellular carcinoma.

Terminology

Hepatic methylation index is defined as the ratio of the methyl donor,
S-adenosylmethionine to its product S-adenosylhomocysteine. This ratio
controls the biochemical transmethylation reactions.

Peer-review

An important point is to know whether prolonged administration of both
GAA and ethanol would lead to hepatocellular carcinoma development and
whether the observations are species-specific (rats, mice). Thus, this novel
synergy could replace the current experimental models of ASH lacking the
NASH component as observed after Lieber DeCarli feeding and represent
an alternative to this diet alone. Moreover, if HCC development exists in the
chronic situation this would a very valuable experimental tool for the study of
ASH.
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