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Abstract

The mechanisms responsible for ethanol-associated inhibition of liver regeneration
following partial hepatectomy remain unclear. Previous data indicate that ethanol-induced
decreases in hepatic putrescine levels and enhancement of hepatic gamma-aminobutiric
acid (GABA)ergic activity play important pathophysiologic roles. Of interest is the fact
that GABA is a product of putrescine metabolism via either diamine oxidase (DAO) or
monoamine oxidase (MAQO) enzyme activity. Whether ethanol alters the process of
polyamine to GABA metabolism remains to be determined. Thus the purpose of this study
was to determine the effects of ethanol on hepatic polyamine metabolism following partial

hepatectomy.

Hepatic DAO, MAO and GABA transaminase (GABA-T), the enzyme responsible for
GABA metabolism, and levels of putrescine, GABA and other polyamines (spermidine and
spermine) were determined in the livers of adult male Sprague-Dawley rats (200-250 g)
which had been pretreated with a dose of either ethanol (5g / kg) to inhibit hepatic
regeneration or equal volumes of saline by gastric gavage 1 h prior to a 70% partial
hepatectomy or sham surgery. Rats were then sacrificed in groups (N= 4-9/ group) at
various times (0-48 hrs) post partial hepatectomy. Enzymatic activities were determined
by radiochemical techniques and the levels of polyamines and GABA by high pressure
liquid chromatograghy (HPLC).

Hepatic DAO activities in acute ethanol exposed rats were consistently increased post
partial hepatectomy when compared to saline exposed controls. Statistical significance
was achieved at 48 h [ethanol vs. saline at 48 h; 260+128 vs 13535 pmoles / mg protein
/ h (p<0.05)]. Hepatic MAO activities were essentially identical in the two groups. Hepatic

putrescine levels exhibited a biphasic pattern in the ethanol exposed group, i.e. slightly



decreased hepatic putrescine levels during the earlier period, (6-12 h), while increased
during the later period (24- 48 h) post-partial hepatectomy, [ethanol vs. saline at 48 h;
15.2+23 vs 88+1.5 nmoles /g liver (p<0.05) ]. Hepatic GABA levels were also
significantly increased in the ethanol exposed group at 48 h post partial hepatectomy
[ethanol vs. saline at 48 h; 859+168 vs 383197 nmoles /g liver (p<0.01)]. GABA-T
activities were increased and decreased significantly at 6 h and 48 h respectively, {ethanol
vs. saline at 6 h; 40+1.7 vs 30+1.4 and 48 h; 21+2.9 vs 324+5.5 pmoles / mg protein / h
(P<0.05 and 0.01 respectively)]. Ethanol exposure had no consistent effects on hepatic

spermidine or spermine levels.

The results of this study provide further support for the hypothesis that the
antiregenerative effects of ethanol on the liver may be mediated by increased hepatic
conversion of putrescine to GABA and inhibition of GABA metabolism in a post-partial

hepatectomy model of hepatic regeneration in rats.
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Chapter |

Introduction

A series of studies have documented that excess ethanol exposure impairs hepatic
regeneration following partial hepatectomy and toxin-induced liver injury (Leevy and Chen
1979, Orrego et al., 1981, and Diehl et al., 1988). Although the precise mechanism(s) is
still under investigation, recent data have implicated disturbances in polyamine and GABA
homeostasis. Putrescine, a simple polyamine, is believed to be essential for hepatic
regeneration (Luk 1986). Several studies by Diehl et al., (1990), Tanaka et al., (1991) and
Minuk et al., (1993) revealed that acute and chronic ethanol exposure suppresses the
hepatic accumulation of putrescine and further retards hepatic regenerative activity. Of
interest in these studies is the fact that ornithine decarboxylase (ODC), the enzyme
responsible for converting ornithine to putrescine, remained unchanged by ethanol
exposure. Moreover, decreased hepatic putrescine levels by ethanol are unlikely to be
explained by either decreasing putrescine uptake and synthesis or increasing putrescine
conversion to other polyamines such as spermidine and spermine, or increasing putrescine
excretion into bile (Diehl et al., 1992). Thus, the most likely explanation for ethanol-
induced decreases in hepatic putrescine levels is enhancement of enzymatic pathways from

putrescine to GABA in the liver.

GABA, a potent inhibitory amino acid neurotransmitter in the brain, has growth regulatory
properties. GABA-mediated impairment of liver regeneration includes inhibition of
restitution of liver mass, DNA and protein synthesis, ODC activity and insulin-like growth
hormone (IGF)-1 and IGF binding protein-l mRNA expression (Minuk et al., 1992,

1993). In addition, GABA markedly attenuates the increase in hepatic putrescine levels in



response to partial hepatectomy (Minuk et al 1991). A possible explanation for GABA's
inhibitory effect on hepatic putrescine is suggested by the hyperpolarization of hepatocyte
membranes which is mediated via GABA receptor sites (Minuk et al_, 1987). As a result of
the cell membranes being hyperpolarized, putrescine, a strongly cationic protein, is

retained within the cytoplasm where oxidation of GABA occurs.

Oxidation of hepatic putrescine is catalyzed by diamine oxidase (DAQ). DAO is thought
to be involved in the modulation of putrescine levels in growing and regenerating tissues.
Alternative pathways of GABA synthesis from putrescine involve acetylation of putrescine
and further oxidation by monoamine oxidase (MAQ). Although acute ethanol exposure
has been reported to induce DAO (Sessa et al., 1984) and but not MAO (Kennedy et al_,
1992 ) activity during regeneration, these experiments were performed in isolation and did
not take into consideration substrate concentrations, alternative pathways or regulative
feedback loops. With respect to GABA catabolism, GABA transaminase (GABA-T) is
the only known catabolic enzyme for GABA and facilitates its conversion to the end

products of carbon dioxide and water.

The primary objectives of this study were to document the effects of acute ethanol
exposure on putrescine/GABA metabolic pathways and possibly identify safe and effective

therapeutic options that could eventually be applied to patients with alcohol-induced liver

injury.



Chapter 11

Literature Review

2.1. Alcoholic Liver Disease

2.1.1. Epidemiologic and Clinical Features

Approximately 5% of the population in Canada are alcoholics (Depew WT. 1984). Of
these, 10 to 20% go on to develop liver disease. Alcohol-induced liver disease ranks
fourth as the cause of death in individuals between the ages of 35 and 55. The majority of

these deaths relate to acute alcoholic hepatitis, cirrhosis and liver cancer.

2.1.2. Pathogenesis of Alcoholic Liver Disease
It is generally agreed that the pathogenesis of alcoholic liver disease involves multiple
processes (Lieber 1988). Based on recent literature, a few of the most relevant pathogenic

factors are discussed below.

2.1.2.1. Nutritional Factors

Originally, it was widely accepted that nutritional disturbances and deficiencies played an
important role in the pathogenesis of alcoholic liver disease. Primary malnutrition was
considered a result of long-term, excessive consumption of alcohol (Lieber 1990). While
secondary malnutrition was thought to result from alcohol-induced changes in gastro-
intestinal digestion or absorption. The fact that alcoholic liver disease can also occur in
well nourished individuals argues against nutritional deficiencies being a principal cause in

the development of alcoholic liver disease.



2.1.2.2. Toxicity of Alcohol and Its Metabolite, Acetaldehyde

The liver is the site of ethanol metabolism. However, it is not ethanol itself, but rather,
acetaldehyde, a product of ethanol metabolism that is thought to induce hepatotoxicity.
Although the cellular mechanisms of intrinsic cytotoxicity of acetaldehyde remain unclear,
acetaldehyde-mediated oxidative stress leading to lipid peroxidation, immunostimulation

and acetaldehyde-adduct formation have been documented (Nordmann et al., 1992).

Thus, the major mechanisms for the toxic effects of acetaldehyde on the liver include the
followings. Acetaldehyde promotes the formation of toxic oxygen species, alters the
structure and function of mitochondria due to interactions with phospholipid, depletes
antioxidants through interactions with glutathione (GSH) (Videla et al., 1982, Speisk et
al., 1985) and vitamin E, stimulates immune-mediated cell injury, and forms adducts with

proteins (Jennett et al., 1990), lipids and DNA (Rajasinghe et al., 1990).

2.1.2.3. Ethanol-Related Oxidative Stress

There is an increasing body of evidence which suggests that generation of excess amounts
of free radicals constitutes an important factor accounting for the hepatotoxicity of
ethanol. The levels of hepatic glutathione, a potent antioxidant, were dramatically reduced
following acute and extended exposure to ethanol (Videla et al., 1982). A similar
experiment was carty out by Koch et al., (1991), who found that the depletion of the lipid-
soluble antioxidant vitamins in ethanol-treated rats lead to the presence of induced
oxidative stress. Furthermore, elevations in lipid peroxidation following ethanol treatment
have been observed in the liver (Uysal et al., 1989). These findings provide additional

support to the hypothesis that ethanol can induce hepatic injury through a mechanism



involving free radical induced lipid peroxidation. However, the benefits of antioxidants in

alcoholics have yet to be determined.

2.1.2.4. Associated Immune Alterations

That immune mechanisms are involved in the liver cell injury and the fibrosis stage of
alcoholic liver disease is suggested by the fact that alcohol-induced hepatitis and cirrhosis
are characterized by infiltration of the liver with a variety of inflammatory cells and the
fact that in some cases, the inflammatory process persists despite withdrawal of the
alcohol. Moreover, a number of researchers have observed specific immunological
changes in chronic alcoholic liver disease. For example, studies by Spinozzi et al., (1991)
reported depressed T-cell function in alcoholic patients with cirrhosis, whereas, Khoruts et
al ., (1991) found that serum levels of tumor necrosis factor (TNF- alpha) and
interleukin-1 are increased in patients with alcoholic hepatitis. These results seem to
indicate a potential role played by the immune system in the pathogenesis of alcoholic
liver disease. However, it remains unclear as to whether such findings represent a cause or

effect of the liver injury.

2.1.2.5. Acetaldehyde-Protein Adducts

Acetaldehyde, a highly reactive metabolite of alcohol, interacts with proteins and other cell
structures to form stable covalent adducts. Such acetaldehyde adducts may serve as
neoantigens, eliciting an immunologic response (Israel et al., 1986) which could, in part,
be responsible for causing the cell injury associated with excessive alcohol consumption.
The acetaldehyde adducts could also interfere with hepatocyte function either by

preventing tubulin polymerization (Smith et al., 1989) or by affecting key enzyme activity



(Solomon 1987). However, the functional consequences of these adducts in vivo are not

well understood.

2.1.2.6. Other Factors

The duration of alcohol use and amount of intake are important factors in determining the
point at which liver disease develops in individual alcoholics (Lelbach 1972). In addition,
other factors such as gender, age and genetics also affect the outcome. Specifically,
women seem to be more susceptible to liver damage from alcohol than men (Morgan and
Sherlock 1977, Tuyns, 1984) This is thought to be due to gender differences in ethanol
metabolism and perhaps, sex hormone levels. Also, an age-related decrease in the rate of
ethanol metabolism has been observed, increasing the potential toxicity in older individuals
(Hahn and Burch 1983). Finally, under certain circumstances, the role of genetics appears
to determine an individual's susceptibility to the development of alcoholic liver disease (

Ingelman-Sundberg et al., 1993).

2.1.2.7. Types of liver injury

Excess alcohol consumption typically leads to three types of liver injury which include;
fatty liver, alcoholic hepatitis and cirrhosis. Often, these types of liver damage overlap.
Fatty liver is the most common and mildest form of the three. It is considered to resuit
from decreased fatty acid oxidation and the promotion of fatty acid synthesis. In most

instances fatty liver is asymptomatic, nonprogressive, and fully reversible with abstinence.

Alcoholic hepatitis is a more advanced, potentially dangerous form of liver disease with
extensive hepatic inflammation that may be similar in severity to viral or toxin-induced

hepatitis. If the initial injury is not severe and further exposure to alcohol does not occur,



the hepatitis is reversible. Whereas, if the injury is severe (but not fatal) and alcohol

exposure continues, the hepatitis is likely to progress to cirrhosis.

Alcoholic cirrhosis results from repeated attacks of alcoholic hepatitis with subsequent
fibrosis. The condition is irreversible. Although alcoholic cirrhosis is the end stage of
alcoholic liver disease, five-year survival rates can be 80-90% if subjects stop drinking
before serious complications of cirrhosis (decompensated disease) develop (Cartithhers

1992).

2.1.2.8. The Liver's Response to Alcohol Induced Injury

By the time most patients with alcoholic liver disease present to their physicians, alcohol
consumption has ceased and hepatic inflammation is already established. Thus, the liver's
only remaining is response to undergo a regenerative process. [t has been demonstrated
by Frank et al., 1979 and Wands et al., 1979 that alcohol interferes with the regenerative
process which further contributes to the pathogenesis of alcoholic hepatitis and cirrhosis.
Indeed, the balance between hepatocyte injury and liver regeneration determines the
outcome of alcoholic liver disease. Thus, the understanding of alcohol's effect on hepatic
regeneration is at least of equal importance and in terms of therapy, perhaps more

important than our understanding of alcohol-induced hepatic injury.

2.1.3. Treatment of Alcoholic Liver Disease

In the past, treatment for alcoholic liver disease was focused on nutritional
supplementation and control of alcohol consumption. However, this "traditional” approach
has met with only limited success. More recent approaches have shifted the emphasis of

treatment to hepatoprotection. The beneficial effect of hepatoprotective agents such as



prostaglandins on alcoholic liver disease in animals is encouraging but preliminary.
Moreover, whether the results can be transferred to humans who tend not to take these

medications until under hospital supervision needs to be assessed.

2.1.3.1. Glucocorticoids

Glucocorticoids are immunosuppressive agents that are mainly used in the treatment of
severe acute alcoholic hepatitis. Results from controlled trials (Helman et al., 1971, Porter
et al, 1971) and Carithers et al,, 1989) suggest that glucocorticoids are of value in
reducing the short-term mortality of these patients, especially in individuals with alcoholic
hepattis and encephalopathy. Whether long-term survival is also improved has yet to be

determined.

2.1.3.2. Propylthiouracil

Propylthiouracil has also been suggested for the treatment of alcoholic liver disease. The
rationale for using this agent is based on the fact that the hypermetabolic state of the liver
induced by ethanol is similar to that seen systemically in hyperthyroidism (Orrego et al.,
1979). Early uncontrolled clinical trials (Orrego et al, 1979) suggested that
propylthiouracil was benificial in treating moderate alcoholic hepatitis. A more recent
long- term, controlled study of survival in outpatients with alcoholic liver disease reported
that propylthiouracil reduced mortality in the treated group (Orrego et al., 1987).
However, drop-out rates in the study were high and the beneficial effect of
propylthiouracil in hospitalized patients with acute alcoholic hepatitis has not been

demonstrated.

2.1.3.3. Proly-4-hydroxylase (P4H) Inhibitors and S-adenosylmethionine (SAM)



Proly-4-hydroxylase (P4H) inhibitors and S-adenosylmethionine (SAM) are still in the
early stages of investigation, however, preliminary results are encouraging. Proly-4-
hydroxylase (P4H) inhibitors inhibit the progression of alcoholic hepatitis to fibrosis and
prevent further deterioration of established fibrosis. The mechanism appears to involve the
blockage of the hydroxylation of proline, a step which is essential for triple helix and
collagen formation. SAM is required for the synthesis of glutathione, an antioxidant that
protects cells from oxidative stress and injury. The administration of exogenous SAM may

thereby decrease oxidative stress and injury in the liver.

2.1.3.4. Colchicine

Colchicine, has been proposed more for the treatment of alcoholic cirrhosis than alcoholic
hepatitis. Its antiinflammatory and antifibrogenic effects are intended to decrease the
inflammatory infiltrate and inhibit the release of collagen and proinflammatory substances.
Colchicine also prevents collagen synthesis (Harris and Krane 1971) and the secretion of
procollagen (Ehrlich et al., 1974). Although theoretically these properties of colchicine
appear to be promising, the results of clinical trials have been disappointing (Trinchet et
al., 1989). Thus, at present, colchicine has not been recommend for the routine

management of alcoholic liver disease.

2.1.3.5. Enhanced Regeneration

To date, attempts to stimulate hepatic regenerative activity in alcoholic liver disease have
been limited. Insulin and glucagon therapy was not effective (Bird et al., 1991, Trinchet et
al., 1992) and the beneficial effects of putrescine (Nishiguchi et al., 1990) and GABA
receptor antagonists (Minuk et al., 1996) remain confined to animal studies. The recovery

process from alcohol-induced injury depends on not only the degree of liver damage
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produced but the ability of hepatic regenerative activity as well. Efforts for future
treatment of this disease should be aimed at an approach to reverse alcohol-induced
inhibition of hepatic regeneration, because the majority of hepatocyte injury may have

occurred before patients are hospitalized.

2.2. Hepatic Regeneration

Awareness of liver regeneration can be traced back to more than two thousand years. The
Greek god, Zeus, who punished Promotheus for his disobedience in revealing the secret of
fire to mankind, chained him to a rock and all day long let an eagle peck pieces of his liver.
But the most cruel aspect of the punishment was that the liver grew back by night, so that
his torture could go on without end. Decades of work have enriched our knowledge, but
many features of the regenerative process remain unclear. For example, the stimuli sensed
by the liver in response to a reduced liver mass are unknown. Moreover, the precise
growth promoters responsible for maintenance of the regenerative process have yet to be
determined. Finally, even less is known about the growth inhibitors that prevent the

growth of extensively injured and cirrhotic livers.

2.2.1. Basic Characteristics of Liver Regeneration

The resting hepatocyte is a highly differentiated cell. Its proliferative activity is very low in
normal adult livers of animals and humans (Bucher 1963). However, healthy liver is
capable of very rapid regeneration in response to partial hepatectomy (Higgin and
Anderson 1931) or chemical toxins (Recknagel 1967). The process is much slower in

diseased livers (Gerber et al., 1983).
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2.2.1.1. Response to Partial Hepatectomy

Liver regeneration after resection of part of the liver (standard: 68-70 %) is largely
characterized by functional cell hyperplasia (increase in the number of cells) rather than
hypertrophy (enlargement of the cells) which plays a minor role and occurs earlier in the
process. The hyperplasia is driven by an increase in DNA synthesis which can be measured
by tritiated thymidine incorporation into DNA. During the prereplicative phase (0-12
hours post partial hepatectomy), the basal rate of DNA synthesis does not change. At this
point, hepatocytes move from G, to G, in the cell cycle. During the replicative phase (12-
36 hours post paftial hepatectomy), DNA synthesis is markedly increased (S phase of the
cell cycle) and reaches a maximum at 24 hours. The process of regeneration is generally
completed in seven to fourteen days in rats, less in mice and more in humans (Higgins and
Anderson 1931). The synchronous features of the process suggest that liver growth after
partial hepatectomy follows a well controlled and regulated pattern and is not
autonomous. No evidence exists for the differentiation of epithelial cells into hepatocytes

(Tatematsu et al., 1984).

2.2.1.2. Response to Chemical Toxins

The regenerative process in response to hepatocyte damage caused by hepatoxins such as
CCl, is more complicated as cell injury and regeneration occur side by side. In this
setting, the pre-proliferative period of the regenerative response is longer (in rats 24
hours) and time to peak proliferative is later (in rats 48 hours) than in the response to
partial hepatectomy. In addition, proliferating characteristics are more prominent in
hepatic nonparenchymal cells than with partial hepatectomy. The latter finding raises the

possibility that a specific "wound hormone" is released from the damaged cells.
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2.2.2. Growth Control Factors Related to Liver Regeneration

2.2.2.1. Growth Factors

Hepatocytes are constantly influenced, in a balanced way, by growth stimulators and
inhibitors which regulate liver regeneration. Many such factors have been and continue to
be identified. Among these are hepatocyte growth factor (HGF), epidermal growth factor
(EGF) and transforming growth factor-aa (TGF-o) which stimulate hepatocyte
proliferation. In addition, factors such as transforming growth factor-f (TGF-B), and
GABA have inhibitory effects on the regenerative process.

2.2.2.1. 1. Growth Stimulators

HGF was first identified and purified as a potent liver mitogen by Nakamura et al., (1987).
Subsequent studies reveal that it is produced mainly by mesenchymal cells, such as fat
storing or Ito cells, Kupffer cells, and endothelial cells in response to liver injury and
exerts its biological effects on hepatocytes by endocrine or paracrine mechanisms (Noji et
al., 1990, Maher, 1993). Elevated circulating levels of HGF after partial hepatectomy
(Lindroos et al., 1991) or CCl, injection (Webber et al., 1993) indicate that the factor may
act as an inducer of compensatory DNA synthesis in the regenerative process. This is
further supported by the observation that increased blood levels of HGF correlate
inversely with subject survival in patients with fulminate liver failure (Shiota et al., 1995).
More recently, it was reported that exogenous human HGF stimulates hepatic
regeneration by increasing hepatic putrescine levels and DNA synthesis (Fujiwara et al.,

1994).



I3

EGF, is another important stimulator of hepatocyte proliferation. Bucher et al., (1978)
reported that whole EGF can serve as a complete mitogen by itself to stimuiate DNA
synthesis in vivo, its effect is greatly enhanced in combination with insulin or glucagon.
These findings are supported by the results of in vitro studies by Francavilla et al., (1986).
More recently, Mullhaupt et al,, (1994) observed that synthesis of EGF mRNA and
peptide increases in regenerating liver shortly after partial hepatectomy. Thus, it is
conceivable that EGF functions as a hepatocyte mitogen but the significance of its role

related to other mitogens in liver regeneration needs to be further evaluated.

Transforming growth factor (TGF-a) is also mitogenic for hepatocytes, perhaps because
TGF-a and EGF share the same receptor. The role of TGF-a in liver regeneration
attracted attention when it was reported that regenerating livers actively produce TGF-a
in an autocrine and paracrine fashion. Moreover increased levels of TGF-a were observed
following partial hepatectomy and these changes of TGF-a expression coincided with
DNA replication. Therefore, TGF-a. is most likely to be a physiologic mediator of liver
regeneration through stimulation of DNA synthesis in response to cell injury (Mead and

Fausto 1989).

That partial hepatectomy results in an increase in other circulating growth promoters such
as norepinephrine (Cruise et al., 1985), insulin and glucagon (Bucher and Swaffield 1975)

suggest that these hormones may also act to promote the growth of hepatocytes.

2.2.2.1.2. Growth [nhibitors
[n contrast to TGF-a, TGF-f is a potent inhibitor of hepatocyte proliferation. There is
strong evidence that TGF-f inhibits hepatocyte DNA synthesis in vitro (Carr et al., 1986
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[.) and in vivo (Russell et al., 1988). That TGF-B mRNA increases significantly in the liver
after partial hepatectomy and the peaks lasting beyond the maximum DNA synthesis
period (Jakowlew et al,, 1991) would be consistent with the hypothesis that TGF-§
functions as a repressor to prevent uncontrolled proliferation during liver regeneration.
TGF-B is produced by nonparenchymal cells of the liver, particularly endothelial cells
(Braun et al., 1988). TGF-$ appears to function via a paracrine mechanism, that is, the

factor released by liver endothelial cells, acts on hepatocytes.

Overall, TGF- a and TGF-3 appear to act in opposite ways, as stimulator and inhibitor of
DNA synthesis during liver regeneration. The balance between the effects of these two
factors and presumably others may provide a mechanism to control the induction and
cessation of regenerating hepatocytes. At present, it is still difficult to assess the
importance of changes in hepatic growth factors to liver regeneration, because there is no
direct evidence that these substances alter DNA synthesis when infused into the circulation

of normal or regenerating livers.

GABA, a potent inhibitory amino acid neurotransmitter in brain, has growth regulatory
properties. On the basis of carefully controlled metabolic pathways, it is assumed that
GABA might play a role in regulating hepatic regenerative activity. The role of GABA
during liver regeneration will be discussed in the section entitled GABA and liver

regeneration.

2.2.2.2. Proto-oncogene Expression
Proto-oncogene induction has been proposed as the fundamental process for the initiation

and progression of cellular proliferation. Their perceived importance is largely based on



15

the fact that these growth regulatory genes have been conserved through evolution. It is
now evident that the reguiation of liver regeneration is associated with the orderly
expression of certain protooncogenes after partial hepatectomy in rats (Thompson et al.,
1986). The activation of c-fos and c-myc is one of the first responses detected after partial
hepatectomy which reflects the entry of hepatocytes into the cell cycle (G, to G,). The
products of these proto-oncogenes bind to DNA and regulate the expression of other
genes required for liver regeneration. Enhanced expression of both c-Ha-ras and c-raf alter
the transduction cf growth factor signaling (Weinberg, 1985). Trauma associated with
partial hepatectomy induces the release of tumor necrosis factor (TNF-a) which is capable
of activating early proto-oncogenes, and thereby initiating hepatic regeneration. However,
the release of TNF-a is local and regeneration is observed in all parts of the liver. Thus,
the association between TNF-a, proto-oncogene expression and liver regeneration

remains unclear.

2.2.2.3. Other Events

It has been noted that there is an association between the heat shock response and reaction
to cellular stress. Carr et al., (1986) observed increased expression of the heat shock gene
in regenerating livers subjected to a variety of stimuli ie. trauma and hepatotoxins.
However, the precise effect of the heat shock gene on liver regeneration needs to be

elucidated.

Electrical depolarization of the liver occurs in the immediate period following partial
hepatectomy (Zhang et al., 1995). This event may be responsible for the transition of the
cell from G, to G, Since DNA is negatively charged and putrescine, a potent growth

promoter, is positively charged during the depolarization associated with regeneration,
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putrescine and other polyamines may move into the negatively charged nucleus. In the

nucleus, they initiate DNA replication and stabilize DNA and mRNA which permits cells

to proliferate.

2.2.3. Gene Expression and Biochemical Changes during Liver Regeneration
During liver regeneration, the increase in DNA synthesis results in an increase in the
expression of certain genes and proteins which are responsible for the biochemical changes

that are required for the liver to adapt to regenerating demands.

2.2.3.1. Gene Expression during Liver Regeneration

Church and McCarthy (1967) found that some genes were only expressed in regenerating
liver and not in resting livers. However, detailed studies by Grady et al., (1981), Scholla et
al, (1980) and Fausto (1984) have shown that there are no "new" mRNAs detected
during liver regeneration, but rather ncreased concentrations of total RNA and mRNA
(Atryzek and Fausto 1979). These findings indicate that most of the changes in gene
expression in the regenerating liver involve quantitative modulations rather than the

expression of "new" genes that are silent in the resting liver.

2.2.3.2. Biochemical Changes during Liver Regeneration

During the pre-replicative phase of liver regeneration, many metabolic changes occur
(Fausto 1984), which are thought to be associated with the synthesis of DNA. Specifically,
metabolites of the urea cycle increase after partial hepatectomy because the liver remnant
has less functional capacity for their removal. Amino acids such as omithine and lysine
also accumulate and may contribute to the induction of DNA replication (Ferris and Clark

1972, Ord and Stocken 1972). Other metabolic changes during liver regeneration include
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an increase in ornithine decarboxylase (McGowan and Fausto 1978), Na/K-ATP activity,
and elevations in cAMP levels (Boynton and Whitfield 1983).

2.3. The Effects of Alcohol, Polyamines and GABA on Liver Regeneration

2.3.1. Alcohol and Liver Regeneration

Alcohol causes both cytotoxic and fibrogenic effects on the liver. Often, these effects are
already present prior to patients seeking medical care. Alcohol also causes inhibition of
hepatic regeneration in response to injury. This effect is still operative at the time of
patient presentation. Thus, considerable interest should be focused on the effects of

aicohol on hepatic regeneration.

The possibility that ethanol has an inhibitory effect on hepatic regeneration was
suggested by the following observations; 1) With excess alcohol exposure, decreased
restoration of liver mass is consistently observed in the early post-partial hepatectomy
period (Diehl et al., 1988, Orrego et al., 1981). 2) Liver blood flow which may act as a
regulating factor contributing to restoration of liver mass, is significantly altered by long-
term ethanol exposure (Lieber, 1988). 3) Both Frank et al,, (1979) and Wands et al.,
(1979) showed that acute and chronic administration of ethanol reduces radioactive
thymidine incorporation into DNA following partial hepatectomy, which is a sensitive
indicator of DNA synthesis and liver regeneration. 4) Determination of mitosis by
autoradiography is also used to assess liver regeneration. When cell cycle changes were
evaluated after partial hepatectomy, there was a reduction both in the prevalence of
mitotic figures (Diehl et al.,, 1988) and in the magnitude and duration of peak DNA
synthesis (Mendenhall et al., 1987) which indicate a decrease or delay in the proportion of
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cells undergoing mitosis. 5) The effects of ethanol on RNA and protein synthesis have
also been documented. Pos6 and Pose (1981) reported that RNA synthesis in the liver
remnant and in nuclei is reduced following ethanol intoxication. Using an ethanol-sensitive
hepatoma cell line, Higgins (1987) found that there is a reduction in cellular RNA
associated with decreased proliferation after short-term in vitro exposure to ethanol.
Finally, a report by Renis et al, (1975) showed that ethanol inhibits overall protein
synthesis in hepatic organelles after acute and chronic ethanol administration, which
indicates that the decreased production of enzymes and structural proteins contribute to
the functional and structural heterogenicity of cell changes in response to ethanol-related

hepatic injury.

Taken together, excess ethanol exposure appear to significantly inhibit the restitution of
liver mass, liver blood flow, DNA synthesis, prevalence of mitotic figures, and RNA and

protein synthesis, all of which are important components of hepatic regeneration.

The mechanism whereby ethanol achieves these effects is unclear. Emerging evidence
suggests that ethanol impairs the signal transduction mediated by hormones and growth
factors in response to cell injury. This effect may also contribute to disordered hepatic
regeneration in experimental animals and alcoholic patients during ethanol consumption.
An example of this effect is that when adrenergic stimuli were administed, ethanol
pretreatment prevented DNA synthesis in cultured hepatocytes (Carter and Wands 1985).
It is conceivable that ethanol desensitized the hepatocytes to the trophic effects of the
adrenergic stimuli through a signal transduction process. Diehl et al., (1992) demonstrated
that chronic ethanol administration interrupted postreceptor activation of adenylate

cyclase due to disturbed G protein expression and function which significantly inhibit
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hepatic accumulation of cyclic AMP after partial hepatectomy. Cyclic AMP-dependent
signals are not only important regulators of cellular proliferation and differentiation
(Boynton and Whitfield 1988), by promoting the transition of hepatocytes from G, to G,
(Thoresen et al., 1990), but also modulate liver cell growth and function during hepatic
regeneration (Diehl et al, 1992). Therefore, ethanol-induced desensitization of signal
transduction, particularly by the cyclic AMP-dependent pathway, may partly explain the
inhibitory effects of ethanol on liver regeneration.

Cytokine-mediated signaling is also necessary for orderly hepatic regeneration.
[nflammatory cytokines such as tumor necrosis factor (TNF)- «, interleukin-1 (IL-1) and
[L-6 are involved in cell to cell communication during liver regeneration triggered by
partial hepatectomy or toxic liver injury (Cornell 1989, Akerman et al., 1992). Substantial
evidence supporting a role for TNF-a in these communications has been provided by
Akerman et al., (1993) who reported that chronic ethanol exposure inhibits DNA
synthesis and hepatocyte proliferation after partial hepatectomy after pretreatment with
antibody to tumor necrosis factor. These data suggest that TNF-a. may act as a regulator
of hepatic regenerative growth through cytokine-mediated signaling mechanisms.
Therefore, it is likely that any alteration in cytokine release or cellular responsiveness to
cytokines will disturb liver cell proliferation and influence the rate and /or extent of hepatic

regeneration.

As mentioned above, despite much effort to describe the process, the precise mechanisms
responsible for ethanol-associated inhibition of liver regeneration are poorly understood.
Moreover, any theory must take into account the lack of correlation between blood

ethanol levels and liver regenerative activity, induction of hepatic microsomal enzymes and
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decreased production of insulin and glucagon which are also important for cell replication
(Wands et al., 1979). Furthermore, ethanol-related impairment of liver regeneration does
not appear to be explained by altered transcription of protooncogenes such as C-fos, C-

myc, and C-Ha-Ras (Diehl et al., 1990).

Although a number of factors are considered to be important for the regulation of liver cell
proliferation, few are essential. One group of agents that is considered essential are the
polyamines. Thus, the role and significance of polyamines in the setting of alcohol-

impaired hepatic regeneration warrant further consideration.

2.3.2. Polyamines and Liver Regeneration

The polyamines including spermidine, spermine and their precursor, putrescine are widely
distributed in almost all tissues, and have been thought to play an essential role in cell
growth and differentiation (Tabor and Tabor 1984). The content of intracellular
polyamines closely correlates with normal and pathological cell proliferation, both DNA

and protein synthesis and may also affect the expression of genes which regulate cell

division (Luscher and Eisenman 1988).

2.3.2.1. Polyamine Biosynthesis in the Liver

The metabolism of putrescine in mammals (Fogel 1986) is summarized in Figure 1. The
key step in the synthesis of the principal polyamine, putrescine is the decarboxylation of
omithine. This step is controlled by ornithine decarboxylase (ODC), the first and rate
limiting enzyme of the pathway (Tabor and Tabor 1984). A minor pathway for the
production of putrescine is via the acetylation of spermidine and oxidation of Nl-

acetylspermidine (Matsui et al_, 1981).
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The conversion from putrescine to spermidine and spermine occurs in the liver by the
actions of aminopropyltransferases, the processes are catalyzed by spermidine synthase
and spermine synthase respectively. The source of these propylamine groups is produced
by the decarboxylation of S-adenosylmethionine which is catalyzed by S-
adenosylmethionine decarboxylase. The latter enzyme is activated by putrescine and

inhibited by spermidine and spermine.



Fig. 1. A short survey of the metabolism of putrescine in mammals. AIdDH = Aldehyde
dehydrogenase; MAO = monoamine oxidase; PAO = polyamine oxidase; SAMDC = §-
adenosylmethionine decarboxylase

Omithine N-acatyl spermidine
oo
obC I N-scetyttransisrass
N-acatyl putrescine =——roe——e— Putrescine Sed syrthase Spermidine o Spermine
MAOC DAO > lﬂ-lcltyﬂnns!euse
. | 40
N-acetyl y-aminobutyraidshyde PAminobutyraidehyde N-acetyl eperming
AldDH AldOH
y
N-scetyl GABA —Doacehiase .0,




23

2.3.2.2. The Role of Polyamines during Liver Regeneration

Many studies have demonstrated the importance of polyamines in hepatic regeneration
(Poso and Pegg 1982, Sato and Fujiwara. 1988). There is general agreement that
polyamines are essential for the regenerative process. Luk (1986) reported that blockage
of omithine decarboxylase (ODC), the rate limiting enzyme for polyamine synthesis, by
difluromethylornithine (DFMO), an irreversible inhibitor of ODC, completely retards rat
hepatic regeneration following partial hepatectomy. DFMO prevents the increase in
putrescine levels and further inhibits DNA and protein synthesis during regeneration. The
impairment in cell proliferation can be largely overcome by putrescine supplementation.
Subsequent work by Nishigushi et al., (1990) provided additional support, in that they
showed that exogenous putrescine reverses D-galactosamine-induced suppression of liver
regeneration. Further evidence are the observations by Minuk et al, (1991) and
Marchesini et al., (1992) that hepatic and plasma levels of putrescine and spermidine
significantly increase following stimulation of liver regeneration by partial hepatectomy in

rats and humans respectively.

2.3.2.3. The Regulation of Polyamine Production

As would be expected of such a key enzyme, induction and inhibition of ODC are under
extensive but rapid control mechanisms. Activity is regulated by many hormones, growth
factors, tumor promoters, some drugs and after partial hepatectomy. For example, EGF
which is known to stimulate DNA synthesis in vitro and in vivo, increases hepatic
putrescine production after partial hepatectomy by inducing the content and expression of
ODC mRNA (Nagoshi et al., 1991). Yet despite these controlling factors, the Ty, of

ODC is the shortest of all enzymes.
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2.3.3. GABA and Liver Regeneration

It is universally accepted that GABA is a potent inhibitory amino acid neurotransmitter in
the central nervous system. However, since GABA was detected in several tissues of many
species, including human, by various techniques (Erd6 1986), its role is now thought not
to be restricted to the CNS. Over the past two decades, much effort has been expended
on elucidating the functions of peripheral GABA. The results of these efforts suggest that
GABA possesses growth inhibitory properties (Boggust and Nakib 1986; Gilon et al.,
1987). In the liver, GABAergic innervation and the ability to synthesize and metabolize
GABA is not only present, but altered during hepatic development and function (Minuk et
al,, 1984, 1987, and 1993). It is also likely that GABA plays a inhibitory role in alcohol-
induced inhibition of hepatic regeneration (Minuk et al., 1996).

2.3.3.1. GABA Biosynthesis and degradation in the Liver

The contribution of glutamate-derived GABA to the total GABA pool in the liver is
considered to be insignificant, due to the relatively low hepatic concentrations of
glutamate decarboxylase (GAD). Thus, the predominant pathway of GABA formation in
the liver is via diamine oxidase (DAQ) (Fogel 1986).

DAO catalyzes the direct oxidative deamination in the conversion of putrescine to gamma-
aminobutyraldehyde which is then further oxidized to GABA, by aldehyde dehydrogenase.
GABA itself is ultimately oxidized to carbon dioxide and water via the Krebs' cycle.
Alternative pathways of GABA formation from putrescine involve acetylation of
putrescine by N-acetyltransferase. Subsequent steps comprise the oxidative deamination of
monoacetylputrescine by monoamine oxidase (MAOQ), the oxidation of the aldehyde

product to N-acety-GABA, and then deacetylation to GABA.
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The degradative pathway of GABA is thought to be under the control of GABA
transaminase (GABA-T) which is the predominant route for GABA catabolism in the
liver. In fact, GABA-T seems to be the most important catabolic enzyme responsible for
GABA metabolism. It deaminates GABA to succinyl semialdehyde from which the end
products, carbon dioxide and water are formed. The liver contains relatively high
concentrations and activity of GABA-T (White and Sato 1978). There may be an

alternative pathway for GABA metabolism in which GABA is converted directly to

spermidine.

2.3.3.2. GABA Transport and Receptor in the Liver

It is likely that both intrinsic biosynthesis and an active uptake system may contribute to
the presence of GABA in the liver. Bondy and Harrington (1978) were the first to describe
specific binding of radiolabelled GABA to liver microsomal fractions. Sixteen years later,
Minuk et al., (1984) identified and characterized a specific GABA transport system in the
liver. The system, which was present on the surface of isolated hepatocytes, was time- and
sodium-dependent as well as saturable and demonstrated competitive inhibition. The
system is thought to be involved in hepatic GABA clearance from the circulation as
significant elevations in serum GABA concentrations occur in the setting of hepatitis,
cirrhosis and partial hepatectomy which may contribute to the neurological disorder of

hepatic encephalopathy.

On the basis of similar ligand-receptor binding assays and electrophysiologic responses, a
specific, sodium-independent, bicuculline-sensitive GABA receptor site was also identified

on the surface of isolated rat hepatocytes by Minuk et al, (1987). The receptor system
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was found to possess biochemical and pharmacological properties similar to those of
GABA receptors in the brain. Moreover, the physiologic effect of activating the receptor
system by GABA and muscimol, a specific GABA receptor agonist, produced marked
hyperpolarization of the resting membrane potential of hepatocytes and this effect was
prevented and completely reversed by bicuculline, a specific GABA receptor antagonist.

It should be noted, however, that the evidence suggesting the presence of GABA
transport and receptor systems in the liver are mainly indirect, their respective genes have
yet to be cloned in hepatocytes. Moreover, the possible functional reievance of the two
systems and physiological and pathophysiological role of GABA in the liver are much
debated.

2.3.3.3. The Role of GABA during Liver Regeneration

The possibility that GABA might play a role in influencing hepatic regenerative activity
was based on several observations. Firstly, elevated serum GABA levels are observed in
patients with acute and chronic liver failure, settings where severe inhibition of hepatic
regeneration often occurs (Ferenci et al., 1983, Minuk et al., 1985) and the sera from
patients with fulminant hepatic failure inhibit DNA synthesis of regenerating hepatocytes
(Gove et al., 1982). Secondly, exogenous GABA inhibits the growth of rapidly developing
tissues and tumours (Sobue and Nakajima 1977, Boggust et al., 1986, Gilon et al., 1987).
Thirdly, GABA is a putrescine derivative, thus, the inhibitory effect of GABA may be via a

negative feedback mechanism to decrease further putrescine production.

Subsequent studies have provided strong support for an inhibitory role of GABA in

hepatic regeneration. Exogenous GABA significantly inhibits restitution of liver mass and
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protein synthesis by the liver following partial hepatectomy (Minuk and Gauthier 1993),
hepatic DNA synthesis (Minuk et al., 1992), inhibits peak insulin-like growth hormone
(IGF)-1 and IGF binding protein-1 mRNA expression (Minuk et al., 1990), prevents the
depolarization that occurs in the early regenerative period (Minuk et al., 1987, 1997),
attenuates the increase in hepatic putrescine levels that normally occurs after partial
hepatectomy and interferes with hepatic ODC activity (Lapinjoki 1983, Minuk et al.,
1991). Of interest, supplemental administration of putrescine reverses the regenerative
activity to normal in GABA-treated rats (Minuk et al., 1993). These findings provide some

insight into how GABA exerts its inhibitory effects on liver regeneration.

2.4. Alcohol/putrescine/GABA-interactions

As mentioned above, putrescine is thought to be essential to the hepatic regenerative
process. Substantial evidence has demonstrated that ethanol inhibits the accumulation of
putrescine, which further impairs the hepatic regenerative response (Diehl et al., 1990,
Tanaka et al., 1991,1993). Exogenous putrescine restores ethanol-associated inhibition of
liver regeneration (Diehl et al., 1990). GABA seems to exert its inhibitory effect in a

similar way (Minuk et al., 1993).

Of note, ethanol significantly increases serum GABA levels (Bannister et al,, 1988) and
decreases GABA transport mRNA (Gong et al, unpublished data). Ethanol also
potentiates GABA receptor activity (Varga and Kunos 1992). More recently, our
laboratory demonstrated that ciprofloxacin, an antimicrobial with GABA receptor
antagonist properties, completely prevented the inhibitory effects of acute ethanol

administration on the regenerative process in rats. Thus, these findings suggest that there
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may be an association between GABA's hyperpolarization, decrease in hepatic putrescine
levels and the impairment of hepatic regeneration (Minuk et al, 1995). Because both
ethanol and GABA decrease hepatic putrescine levels, and both exert similar inhibitory
effects on hepatic regeneration, we assumed that the inhibitory effect of ethanol in the liver

may be via GABA-mediated mechanisms.
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Chapter 111

Hypothesis

The antiregenerative effect of ethanol on the liver is mediated by increased hepatic
conversion of putrescine (a hepatic growth promoter) to GABA (a hepatic growth
inhibitor)
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Chapter IV
Objectives of the Study

4.1. Objectives

The overall objective of this study was to investigate the effects of acute ethanol exposure
on the putrescine metabolic pathway and in the process to identify possible therapeutic

options that could eventually be applied to patients with alcohol-induced liver disease.

4.2. Specific Objectives

To document:

1. The effects of ethanol on putrescine catabolism and GABA synthesis by measuring
DAO and MAO activity.

2. The effect of ethanol on GABA catabolism by measuring GABA-T activity

3. The effect of ethanol on hepatic GABA and polyamine levels in regenerating livers.
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Chapter V
Experimental Design and Methods

S.1. Animals

Adult male Sprague-Dawley rats (200-250 g) were obtained from Charles River
Canada. The animals were housed in a temperature-and light-controlled room. A minimum

of five animals were used in each study group.

5.2. Surgery

After fasting overnight , rats received either a single dose of alcohol (5 g / kg) or
an equal volume of saline by gastric gavage. One hour later, a partial (70 %) hepatectomy
which was performed under light ether anesthesia between 9 and 12 AM as described by
Higgins and Anderson (1931). In sham operations, the rats were laparotomized, and the
livers were gently manipulated. The rats were killed at 6, 12, 24 and 48 hours post partial
hepatectomy. The remnant liver was immediately isolated and frozen with liquid nitrogen.
The liver tissue was stored at -70°C for determining diamine oxidase, monoamine oxidase

activity and GABA transaminase activity and intracellular GABA and polyamine levels.

S.3. Experimental protocol

-1 0 12 24 48 hr

T T T 1 T T
Sal/EtOH PHx/Sham Sacrifice times

o))
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5.4. GABA Synthesis Enzyme Activity
5.4.1. Diamine Oxidase (DAQ) Activity Determination

5.4.1.1. Enzyme Preparations

After thawing, the tissues were homogenized 1:10 (w/v ) in 0.01 M Na*/K* phosphate
buffer at pH 7.4 containing 0.25 M sucrose in a glass-teflon homogenizer, and the
homogenate was centrifuged at 100,000 x g for 60 min. The pellets (microsomes) were
resuspended in 0.01 M Na* / K* phosphate buffer at pH 8.5, divided into several parts

and stored at -70°C for use as enzyme sources.

5.4.1.2. Reagents

- Phosphate buffer (0.01 M , pH 8.5 ) Na,HPO, and KH,PO, ( sigma ).

— Putrescine dihydrochloride solution ( 1.5mM ) : 12.7 mg were dissolved in 50
ml distilled water as a stock solution. The solution was diluted 10-fold
with 0.01 M Na / K phosphate buffer ( pH 8.5 ) to give a final
concentration 10 pmol/L.

— Putrescine-1,4- 14C dihydrochloride (Radiochemical Center, Amersham) :
Specific activity 109 mCi / mmol, 50 uCi/ ml corresponding to 0.46 pmol
of putrescine. The content of 0.2 mi ( 10 uCi ) was dissolved in 10 mi
of the solution of unlabelled putrescine as described above. A specific
activity of 1 uCi / ml = 2.2 x 106 dpm / ml was obtained.

- HCIO4 70 % : 7 ml were dissolved in water to a total volume of 50 ml.

-~ Strong alkaline buffer: 1000 ml stock solution saturated with solid NaHCO; at
room temperature was prepared. A 2 N NaOH solution was added in

200 ml of the clear supernatant to reach pH 12.2.
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5.4.1.3. [sotope Assay
DAO activity was assayed by the radiochemical method of Okuyama and Kobayashi

(1961) as described by (Kusche et al., 1973). The steps of the incubation and extraction

procedure for DAQO are described in Table 1.

Two different blanks were used in order to ensure that the radioactive products extracted
into toluene were formed by the enzymatic reaction: (1) Enzyme blank: The enzyme was
inactivated by boiling for 3 min before the addition of the substrate. (2) Reagent blanks:
Phosphate buffer was added to the incubation mixture instead of enzyme. The DAO

activity was described as pmol / mg in 60 min.
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Table 1.

Incubation and extraction procedure for determining DAQO activity

volume final composition

(ml) of the mixture
(1) incubation procedure:
Na /K POy buffer (pH 8.5 ) 0.60 0.0IM
Enzyme: liver microsomes 0.10*
Mix & bring the solution to 37°C, start with
Substrate: 14C-putrescine & cold Putr 0.05 10 M =105 dpm
Mix & allow to react, stop after 60 min
Perchiorc acid 0.20 0.2M
(2) Extraction procedure:
Strong alkaline buffer (pH 12.2) 1.0 pH 10.0
Toluene 6.0
Shake 4 min, centrifuge 2 min
(3) Scintillation counting:
An aliquot of organic phase 5.0

scintillation fluid 5.0
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5.4.2. Monoamine Oxidase (MAQ) Determination

5.4.2.1. Enzyme preparations
After thawing, the tissues were homogenized 1:10 (w /v ) in 0.1 M Na / K phosphate

buffer at pH 7.2 in a glass-teflon homogenizer, and centrifuged at 10,000 x g for 20 min.
The pellets ( mitochondria ) were resuspended in the same phosphate buffer, divided into

several parts and stored at -70°C for use as enzyme sources.

5.4.2.2. Reagents

— Phosphate buffer (0.1 M, pH 7.2 ) Na,HPO,4 and KH,PO4 ( Sigma, St. Louis ).

- tryptamine dihydrochloride solution (2.5 mM ) : 48.4 mg were dissolved in 50
ml 0.1 M phosphate buffer to give a final concentration of 0.5 mM.

— 14C labelled tryptamine dihydrochloride (The Radiochemical Center, Amersham)
Specific radio-activity 55 mCi / mmol, 50 uCi / ml corresponding to 0.9
umol of tryptamine. The content of 0.1 mi ( 5 uCi ) was dissolved in 10 ml
of the solution of unlabelled tryptamine as described above. A specific
radio-activity of 0.5 uCi/ ml = 1.1 x 106 dpm / ml was obtained.

- 2M citric acid .

- Toluene: ethylacetate (1:1).

5.4.2.3. Isotope Assay
MAQO activity was assayed by the radiochemical method of Tipton (1985). The steps of

the incubation and extraction procedure for MAQ are described in Table 2.

Enzyme and reagent blanks were used as for the DAO assay. MAQO activity was described

as nmol / mg in 30 min.



Table 2.

Incubation and extraction procedure for determining MAOQ activity

volume final composition

(ml) of the mixture
(1) incubation procedure:
Na / K PO, buffer (pH 7.2) 0.30 0.1M
Enzyme: liver mitochondrias 0.10*
Mix & bring the solution to 37°C, start with
Substrate: 14C-tryptamine & cold Try 0.10 0.5 mM =103 dpm
Mix & allow to react, stop after 30 min
citric acid 0.20 2.0M
(2) Extraction procedure:
Toluene-ethylacetate 6.0
Shake 4 min, centrifuge 2 min
(3) Scintillation counting:
An aliquot of organic phase 5.0
scintillation fluid 5.0
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5.5. GABA Transaminase (GABA-T) Activity

5.5.1. Enzyme Preparations

After thawing, the liver tissues were homogenized in 4 vol of 0.1 M sodium phosphate
buffer at pH 7.35 in a glass-teflon homogenizer, and centrifuged for 30 min at 130,000 x
g ( Beckman 70.1 Ti ) at 0 °C. Pellets of the homogenates were resuspended in S0 mM
Tris-HCI buffer ( pH 8.4) with 0.5 % (w / v) Triton X-100, 20 mM mercaptoethanol and
0.3 mM pyridoxal phosphate, divided into several parts and stored at -70°C for use as an

enzyme source.

5.5.2. Reagents
~ Tris-HCl buffer ( 50 mM , pH 8.4 ) with 0.5 % (w / v) Triton X-100, 20 mM

mercaptoethanol and 0.3 mM pyridoxal phosphate

~ GABA solution (8 mM ) : 41 mg was dissolved in SO ml distilled water to give
a final concentration of 2 mM.

- 3H labelled GABA (Amersham) : Specific radio-activity 88.4 Ci/ mmol, 1 mCi/
ml corresponding to 0.01 umol of GABA . 25 pl ( 25 pCi ) was dissolved
in 10 ml of the unlabelled GABA solution. Thus, a specific radio-activity of
2.5uCi/ml=5.5 x 106 dpm / ml was obtained.

- 40 mM NADP

~ 10 mM Succinate

~ 20 mM a- ketoglutarate

~ 8% trichloroacetic acid.
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5.5.3. Column Chromatography

A Dowex-50 w column, of particle size 100-200 u, was used to separate the principle
product, succinate, from 3H-GABA. The ionic exchange resin was swelled with distilled
water. A glass column (0.5x3 cm) was packed by the open flow procedure, and was
allowed to equilibrate overnight with 0.1 N HCl solution. The column was loaded with 0.2
ml of sample and eluted with distilled water. Fractions ( 5 ml ) were collected, and aliquots

( 1 ml) of each fraction were added to scintillator fluid to determine radioactivity.

GABA-T activity was determined by the method of Hall and Kravitz (1967). The steps of
the incubation and separation procedure are described in Table 3. Enzyme and reagent
blanks were used as for the DAQ assay. GABA-T activity was described as nmol / mg in

30 min.
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Table 3.

Incubation and extraction procedure for determining GABA-T activity

volume final composition

(ml) of the mixture
(1) incubation procedure:
Tris-HCI buffer ( pH 8.4) 0.075 50 mM
10 mM Succinate 0.010 0.5mM
40 mM NADP 0.010 2 mM
20 mM a- ketoglutarate. 0.010 1 mM
Enzyme: liver homogenate 0.045* 0.1 mg protein
Mix & bring the solution to 37°C, start with
Substrate: 3SH-GABA & cold GABA 0.050 2 mM =1.6x105 dpm
Mix & allow to react, stop after 30 min
Trichloroacetic acid 0.05 0.4M
(2) Extraction procedure:
Dowex-50 w column
to separate GABA & product
by washing the column with water 50
(3) Scintillation counting:
An aliquot of eluate solution 1.0

scintiliation fluid 10.0
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5.6. Tissue GABA and Polyamine Determinations

35.6.1. GABA Determinations

5.6.1.1. Chemicals
GABA and 1,7-diaminoheptane were obtained from Sigma. HPLC-grade acetonitrile from
Fisher. All other chemicals were analytical-reagent grade.

5.6.1.2. Chromatographic Equipment

GABA levels were measured by high-performance liquid chromatography (HPLC) using
the method described by Ming (1988) . Analyses were performed on a LiChrosorb RP-18
column (25cm x 0.4 cm [.D.) filled with a 5- um C18 reverse-phase packing ( Merck ).
Detection was accomplished using a fluorescence detector (Waters) set at excitation

wavelength 340 nm, emission 540 nm. The signal was recorded by a computing integrator

(Nelson).

5.6.1.3. Sample Preparation

After thawing, the liver tissues were homogenized in 4 vol of 0.1 M sodium phosphate
buffer at pH 7.35 in a glass-teflon homogenizer, and centrifuged for 30 min at 130,000 x
g ( Beckman 70.1 Ti ) at 0 °C. The supernatants, deproteinized with 1.5 volumes of 0.2 M
perchloric acid and mixed with 100 nmol of 1,7-diaminoheptane as an internal standard,
were centrifuged at 8000 x g for 15 min. Dried aliquots of the supernatants were adjusted
to pH 9.5-10.5 with 1.5 M sodium carbonate buffer and dansylated with 1.5 volumes of
dansyl chloride ( 15 mg /ml acetone ). Derivatization was carried out at 70 °C for 15 min
in a water bath. The mixture was then passed through a Sep Pak (5 C,g) column.
Dansylated GABA was eluted with 60 % acetonitrile and evaporated to dryness. The
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residue was dissolved in a mobile phase and filtered through 0.22- um filters for HPLC
analyses. The same procedure was followed for an external standard which was prepared
from a stock solution consisting of GABA (5 x 10 M ) in 0.2 M perchloric acid. Known

amounts of standard were spiked into liver homogenates for validation.

5.6.1.4. Chromatography

A gradient system with buffer A (0.1% trifluoroacetic acid, TFA) and buffer B (100 %
acetonitrile) was used. The samples were eluted with a linear gradient of 20 -75% solvent
A in B. Pumps was set to deliver the mobile phase through the analytical column at a flow-

rate of 1.0 ml / min. The gradient program is reported in Table 4.

Table 4. Composition of the gradient

Elution time Percentage of solvent
(min)
A B
0.0 80 20
13.0 25 75
End time 15.0

Equilibration time 5.0
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5.6.2. Determination of Polyamines

5.6.2.1. Chemicals
Putrescine, spermidine, spermine and 1,7-diaminoheptane were obtained from (Sigma) and

HPLC-grade acetonitrile from (Fisher). All other chemicals were analytical-reagent grade.

5.6.2.2. Chromatographic Equipment
Polyamine levels were measured by HPLC using the method described by Desidrio (1987)
. The HPLC system was as described above.

5.6.2.3. Sample Preparation

After thawing, liver tissues were homogenized in 4 vol of 0.1 M sodium phosphate buffer
at pH 7.35 in a glass-teflon homogenizer, and centrifuged for 30 min at 130,000 x g
(Beckman 70.1 Ti) at O °C. The supernatants (0.2 ml) were deproteinized with 1.0 volume
of 0.2 M perchloric acid mixed with 25 nmol of 1,7-diaminoheptane as the internal
standard and centrifuged at 8000 x g for 15 min. The supernatants (0.2 ml) were adjusted
to pH 9.5-10.5 with 1.5 M sodium carbonate buffer and dansylated with 1.5 volumes of
dansyl chioride (15 mg /ml acetone). Derivatization was carried out at 70 °C for 15 min in
a water bath. The dansyl amines were extracted with benzene and the mixture was
centrifuged to form two phase systems, the organic phase was then transferred and
evaporated to dryness. The residue was dissolved in methanol and filtered through 0.22- p
m filters for HPLC analysis. The same procedure was followed for the external standard,
which was prepared from a stock solution for each amine (putrescine, spermidine and
spermine) at 5 x 10*Min02M perchloric acid. Known amounts of the standards were

spiked into liver homogenates for validation.
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5.6.2.4. Chromatography

A gradient system with buffer A (1.2 M disodium hydrogenphosphate) and buffer B (80 %
acetonitrile and 20 % 1.2 M disodium hydrogen phosphate) was used. Samples were
eluted with a gradient of 40 -99% solvent A in B which was interrupted and followed by
two isocratic periods of 6 and 8 min, respectively. The pumps were set to deliver the

mobile phase through the analytical column at a flow-rate of 1.5 ml / min. The gradient

program is as reported in Table S.

Table 4. Composition of the gradient

Elution time Percentage of solvent
(min)
A B

0.0 60 40
55 27 73

11.5 27 73
16.0 1 99

End time 24.0

Equilibration time 8.0




5.7. Statistical analysis
The data are expressed as meant SD of five to nine animals. Significance of differences
between groups was determined by one-way analysis of variance (ANOVA) and where

appropriate, Student's 7 test with Bonferoni's adjustment for multiple comparisons.
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Chapter VI

Results

6.1. Effect of ethanol on hepatic DAO activity in rats

As shown in Figure 1, in general, DAO activity was relatively unaitered post partial
hepatectomy in saline- treated controls. In ethanol-treated rats, DAO activity was
consistently higher than in the saline-treated group. The maximum difference occurred at
48 h when DAOQ activity in ethanol-treated rats was approximately twice that of the saline

treated controls. Statistical significance was achieved at 6 h (P<0.05) and at 48 h
(P<0.01).
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Figure 6.1. Hepatic diamine oxidase (DAQ) activity (pmol / mg protein / h) in ethanol-
treated vs. control rats after partial hepatectomy. Tissue was obtained from rats that were
treated with a single dose of alcohol (5 g / kg) or an equal volume of saline by gastric
gavage. Partial hepatectomy was conducted 1 hour later. Tissue from ethanol treated and
control rats were assayed concurrently as described under Methods. Each point represents
the mean+SD of data in nine rats from two separate but similar experiments. *P < 0.05 at

6 h and **P<0.01 at 48 h vs. controls.
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Fig. 6.1. DAO Activity in Regenerating Liver
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6.2. Effect of ethanol on hepatic MAO-A activity in rats

The results of hepatic MAO-A activity in control and ethanol-treated rats post partial
hepatectomy are provided in Figure 2. MAO-A activity was essentially identical in saline-
and ethanol-treated groups at each time interval studied.
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Fig. 6.2. MAO Activity in Regenerating Liver
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Figure 6.2. Hepatic monoamine oxidase (MAQ) activity (nmol / mg protein / h) in

ethanol-treated vs. control rats after partial hepatectomy. Tissue was obtained as described

in Methods Each point represents the meantSD of data in five rats.
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6.3. Polyamine (putrescine, spermidine and spermine) determinations

HPLC profiles of a standard of dansylated polyamines (250 pmol of each compound) and
rat liver tissue extract are shown in Fig. 6.3. Satisfactory separation and symmetrical peak
shapes of dansyl derivatives of putrescine, spermidine, spermine and internal standard
(1,7-diaminoheptane) were achieved with the retention times of 13.5 min, 17.6 min, 21.6
min and 15.7 min respectively. The HPLC elution profiles obtained from rat liver tissue
samples were very similar to that of the standards. The standard curves were prepared by
adding known amounts of each compound to 0.2 M perchloric acid over the range 10 to
S0 ng / ml. The quantification was based on the ratio between peak areas of the

compounds to be determined to that of the internal standard.

Putrescine levels were measured in order to determine if the ethanol-induced increases in
DAO activity were associated with reduced hepatic putrescine and other polyamine levels.
As shown in fig. 6. 4. putrescine levels peaked biphasically after partial hepatectomy with
the early peak occurring at 6 h followed by a gradual decrease until the second peak
occurred at 48 h. In the early post partial hepatectomy period (0-12 h), putrescine levels
were lower in ethanol-treated vs. saline-treated but the differences were not significant. By
24 h, putrescine levels in ethanol-treated rats were no longer lower than saline-treated
controls and indeed, were significantly higher when they reached their maximum at 48 h

(P<0.01).

Because putrescine is the substrate for spermidine and spermine formation, levels of these
polyamines were also measured. The results are provided in Figures 6. 5. and 6. 6.
respectively. Hepatic spermidine levels gradually increased after partial hepatectomy in

both saline and ethanol-treated groups. There were no differences in spermidine levels



between the two groups. As shown in Fig. 6. 6., neither partial hepatectomy nor ethanol

exposure significantly affected the hepatic concentrations of spermine.



Figure 6.3. HPLC profiles of a standard of dansylated polyamines (A) and rat liver tissue
extract sample (B). Chromatography conditions: Separation was performed on Beckman
HPLC system with a RP-C 18 column (SPE, 5 um, 25cm x 0.4 cm [.D.). The mobile
phase was a mixture of 1.2 mM Na,HPQ, and acetonitrile with a solvent gradient at flow
rate 1.5 ml/min. A fluorescence detector was used with the wavelength set at Ex 340nm

and Em 540 nm.
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Fig. 6.3 HPLC Profiles of a Standard of Dansylated Polyamines

and Rat Liver Tissue Extract
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Figure 6.4. Hepatic putrescine concentrations (nmol/g liver) in saline- and ethanol-treated
rats after partial hepatectomy. Tissue was obtained as described in Methods. Dansylated
putrescine was measured in acid-precipitated liver extracts using the HPLC method as
described in Methods. 1,7-diaminoheptane was used as an internal standard and all
samples were analyzed in duplicate. Each point represents the meantSD of data in five to

six rats. * P<0.05 at 48 hours vs. ethanol-treated rats.
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Fig. 6.4. Hepatic Putrescine Concentrations in Regenerating Liver
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Fig. 6.5 Hepatic Spermidine Concentrations in Regenerating Liver
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Figure 6.5. Hepatic spermidine concentrations (nmol/g liver) in saline- and ethanol-
treated rats after partial hepatectomy. Dansylated spermidin was used as described

Method. Each point represents the mean+SD of data in five to six rats.
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Fig. 6.5 Hepatic Spermine Concentrations in Regenerating Liver
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Figure 6.6. Hepatic spermine concentrations (nmol/g liver) in saline- and ethanol-treated
rats after partial hepatectomy. Dansylated spermines were used as described in Methods.

Each point represents the meantSD of data in five to six rats.
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6.4. GABA determinations

Figure 6. 7. (A) represents chromatograms of a standard of dansylated GABA (10 umol /
ml) and 6.7. (B) that of rat liver tissue extracts. GABA was well separated from other
peaks with a retention time of 6.62 min. Peak height plotted against concentration was
linear over a range from 3.13 to 50 ug / mi. Sample concentrations were determined from
the chromatograghic GABA to the internal standard peak area ratio from a standard curve

prepared concurrently with the samples.

As shown in figure 6. 8., GABA levels were significantly increased following partial
hepatectomy in saline treated controls when compared to the values in resting livers at
time 0. Ethanol exposure was associated with lower GABA levels at 12 h (P<0.01) and

higher levels at 48 h (P<0.01) post partial hepatectomy.



59

Figure 6. 7. HPLC chromatogram of a standard of dansylated GABA (A) and rat liver
tissue extract sample (B) on a Beckman HPLC system with a RP-C 18 column (SPE, 5 p
m, 25cm x 0.4 cm [D.). The mobile phase was a mixture of 0.1% trifluoroacetic acid
(TFA) and acetonitrile with a solvent gradient at flow rate 1.0 mi/min. A fluorescence

detector was used with the wavelength set at Ex 340 nm and Em 540 nm.
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Fig. 6.7 HPLC Chromatogram of a Standard of Dansylated GABA

and Rat Liver Tissue Extract
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Figure 6. 8. Hepatic GABA concentrations (nmol/g liver) in saline- and ethanol-treated
rats after partial hepatectomy. Tissue was obtained as described in Method. Dansylated
GABA were measured in acid-precipitated liver extracts using a HPL.C method described
in Methods. 1,7-diaminoheptane was used as an internal standard and all samples were
analyzed in duplicate. Each point represents the meantSD of data in five to six rats.

P<0.01 at 12 and 48 h vs. ethanol-treated rats.
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Fig. 6.8. Hepatic GABA Concentrations in Regenerating Liver
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6.5. Effect of ethanol on hepatic GABA-T activity in rats

In the liver, GABA-T is the most important and perhaps only catabolic enzyme responsible
for GABA metabolism. Thus, GABA-T activity is also relevant to hepatic GABA levels.
GABA-T activity profiles following sham surgery and partial hepatectomy are provided in
Figure 6. 9. GABA-T activities were similar in sham operated nonregenerating livers
whether treated with saline or ethanol. While in regenerating livers, an increase in GABA-
T activity occurred over the first 12 h in both saline and ethanol treated-groups. Maximum
GABA-T activity occurred at 12 h. Ethanol significantly increased GABA-T activity at 6 h
(P<0.01) and decrease at 48 h (P<0.01).
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Fig. 6.9. GABA-T Activity in Regenerating Liver
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Figure 6. 9. Hepatic GABA transaminase (GABA-T) activity (nmol / mg protein / h) in
saline- and ethanol-treated rats after partial hepatectomy. Tissue was obtained as

described in Method. Each point represents the meantSD of data in four to six rats.

P<0.01 at 6 hand 48 h.
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Figure 6.10. summarizes the effects of ethanol on DAO, putrescine, GABA and GABA-T
activity at 48 h post partial hepatectomy. Panel (A) shows that partial hepatectomy was
associated with a significant induction of DAO activity (P<0.01) and the induction was
intensified in ethanol-treated rats vs contol rats (P<0.01). Panel (B) shows that hepatic
putrescine levels were increased at this time interval (P<0.01) and ethanol did not suppress
the increase as expected. Indeed, hepatic putrescine levels in ethanol-treated rats were
significantly higher than in saline-treated controls. Panel (C) provides the results of hepatic
GABA levels at 48 h post partial hepatectomy. As with putrescine levels, GABA levels
were significantly increased in saline-treated controls compared to baseline and further
increased by ethanol administration. The results of hepatic GABA-T in saline- and ethanol
treated rats post partial hepatectomy are provided in panel (D). Compared to saline-
treated controls, ethanol administration significantly decreased GABA-T activity. Taken
together, The above findings suggest that ethanol increases DAQO- mediated conversion of
putrescine to GABA but decreases GABA metabolism by GABA-T activity. The source of

additional putrescine in the liver at 48 h post-partial hepatectomy is unclear.



Fig. 6.10. Summarized effects of ethanol on DAQ activity (A), putrescine (B) and GABA
(C) concentrations and GABA-T activity (D), 48 h after partial hepatectomy. Sham

surgery was performed as a control. * P<0.05, ** P<0.01
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Chapter VII

Discussion

The present study was undertaken to determine whether ethanol enhances the metabolism
of growth promoting polyamines such as putrescine to the growth inhibitor, GABA,
during the post-partial hepatectomy period. Such an effect might contribute to the
inhibitory effects of ethanol on hepatic regeneration. Despite several reports of ethanol-
associated effects on hepatic putrescine levels (Diehl et al., 1990, Tanaka et al., 1991) or
DAO (Sessa et al., 1984) and MAO activity, few studies have been devised to monitor
the complete metabolic pathway in tl;e regenerating period. The results of the present
study strongly suggest that ethanol's inhibitory effects on hepatic regeneration are more
likely to be related to enhanced suppression (increased GABA) than attenuated stimulation

(decreased putrescine).
7.1. DAO in Relation to Putrescine Metabolism

7.1.1. Response of DAO to Ethanol Exposure

The results of the present study indicate that a single ethanol administration (5 g /kg)
causes a slight increase in hepatic DAQ activity over the initial 24 h post partial
hepatectomy followed by a significant increase at 48 h. Other than the present report, only
one other study (Sessa et al., 1984) has documented the effects of acute ethanol exposure
on hepatic DAO activity. In that study, a 3 fold increase in DAO activity was obtained at 6
h after ethanol intubation. Although our increase in DAO activity was much less

pronounced (approximately 30%), the different dosages of ethanol used in the two studies
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(5g / kg vs 2g /kg) may in part explain these differences. Unfortunately, the investigators

in the Sessa study did not document further changes in DAQ activity beyond 6 h.

The mechanism whereby ethanol stimulates DAO activity is unclear. Previously reported
increases in DAO mRNA abundance following ethanol exposure support that increased
possibility (Sessa et al., 1984). That such increases are prevented by pyrazole, an inhibitor
of alcohol dehydrogenase is not only in keeping with this possibility but also serves to
implicate products of ethanol metabolism rather than ethanol per se. However, an indirect
effect via other hormones or neurotransmitters such as those from the adrenal giand can

not be excluded.

7.1.2. Possible Links between GABA and DAQ Activity in the Liver

The pathway of putrescine metabolism to GABA catalyzed by DAO appears to prevail in
the liver (Tabor and Tabor 1984). The results of this study showed that hepatic GABA
levels were highest in ethanol-exposed rats at 48 h post partial hepatectomy which
corresponds to the onset of the inhibitory process that follows rapid liver growth. It is
unlikely that the increase in GABA levels at 48 h reflect alternative pathways of GABA
synthesis. To date, only three alternative pathways have been described; 1) oxidation of
monoamines, 2) decarboxylation of glutamate and 3) a recently described spermine to
GABA shunt. The first of these possibilities (MAQ metabolism) is unlikely for reasons that
will be discussed below. The second, glutamate decarboxylase is also unlikely. While
active in the brain, glutamate decarboxylase activity is limited in the liver and is not known
to be induced by ethanol. The third, the spermine/GABA shunt has only been identified in
the brain and the absence of changes in hepatic spermine levels argues against the presence

of the shunt in the liver Moreover, our findings are in keeping with data from other
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peripheral organs such as the gastrointestinal system and adrenal gland where GABA
synthesis is almost exclusively derived from putrescine via DAQ-mediated oxidative
deamination. The effects of DAO inhibitors on putrescine metabolism to GABA in the
mouse liver has been studied previously (Seiler and Eichentopf 1975) and the results were
analogous to experiments carried out with the rat adrenal gland which revealed that
aminoguanidine, a potent inhibitor of DAQ not only eliminated the synthesis of radioactive
GABA from labeled putrescine, but also depleted endogenous GABA from the adrenals
(Caron et al., 1988).

7.2. MAO-A in Relation to Putrescine Metabolism

As mentioned above, another catabolic pathway for putrescine involves MAO. In the
brain, MAO ultimately degrades the monoacetyl derivative of putrescine to GABA. In our
study, acute ethanol exposure did not modify MAO activity. These resuits are in keeping
with those of Kennedy et al,, 1992, who reported that ethanol intake had no effect on
hepatic MAO activity. Although a role for MAO in hepatic GABA synthesis is supported
by a report that pargyline, a MAOQ inhibitor, decreases hepatic metabolism of putrescine to
GABA (Seiler and Eichentopf 1975), it should be noted that pargyline also affects DAO
activety (Crabbe and Bardsley 1974) and therefore, the results can not be considered

specific for MAQO.

7.3. Response of Hepatic Putrescine to Ethanol Exposure

Hepatic polyamines levels, especially putrescine, correlate with DNA synthesis and
proliferation (P6s6 and Pegg 1982). Our results revealed that, following partial
hepatectomy, hepatic putrescine levels significantly increased (5-10 fold) beyond baseline

but that the maximum increase occurred earlier (6 h) than had been reported by others
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(Luk 1986. Tanaka et al., 1991). The reason for the different patterns of putrescine
elevation is unclear. All studies employed the same model of partial hepatectomy. Diets,
which may also influence hepatic polyamine levels (Minuk et al., 1990) were consistent as
were the ages and weights of the experimental animals. The recent recognition that
polyamines migrate to the nucleus following partial hepatectomy raises the possibility that
differences in nuclear versus cytoplasmic versus total polyamine determinations may be
relevant. Of note is the fact that ethanol only decreased putrescine levels during the initial
period following partial hepatectomy and then, only to a limited extent. That observation
is in agreement with previous reports by Tanaka et al., (1991, 1993). Unfortunately, in the
Tanaka study the effect of ethanol on putrescine was not documented beyond 4 hours post

partial hepatectomy.

The lower putrescine levels at 6 h in ethanol exposed rats relative to saline exposed
controls can, in part be explained by ethanol-induced enhancement of DAQ activity at this
time period. The ethanol-induced effect on putrescine metabolism might not only be
caused by ethanol-induced enhancement of DAO activity but also inhibition of ODC
activity. On the other hand, the transient delay in putrescine synthesis associated with
ethanol exposure appears to, in part, explain the lower putrescine levels at the earlier stage
of post partial hepatectomy. The reason why our results do not agree with the significant
decreases in hepatic putrescine levels reported by Nakajima et al., (1990) may relate to the
fact that the latter group employed female rats only and ODC activity is influenced by sex

hormones levels.

That putrescine levels were higher in ethanol-treated rats at 24 and 48 h post partial

hepatectomy further attests to the fact that ethanol's inhibitory effect on hepatic
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regeneration is not via decreases in hepatic putrescine levels. Why putrescine levels were
higher in the ethanol-exposed group at 48 h is unclear. A number of possibilities need to
be considered. For example, ethanol depolarizes hepatocyte membranes which would
result in increased putrescine migration from the cytoplasm to the negatively charged
nucleus. Because we measured total rather than cytoplasmic polyamine levels as was the
case in other studies, the apparent increase in ethanol-exposed rats we report may reflect a
large contribution of nuclear putrescine to the total putrescine levels. Secondly, ethanol
may have augmented the late peak in ODC activity. Partial hepatectomy induces two
peaks in ODC activity, one at 4 and another at 12 h post surgery (Tanaka et al 1988).
Ethanol-induced inhibition of ODC activity has been observed as early as 4 h (Tanaka et
al., 1991), and as late as 12 h post surgery (Minuk et al, 1991). Because hepatic
regenerative activity has been reported to be delayed rather than inhibited by ethanol, it is
conceivable that suppressed ODC activity rebounded later in the post partial hepatectomy
period (48 h). Thirdly, it is possible that some of the increase in hepatic GABA levels at 48
h due to increased DAQ and decreased GABA-T might have resulted in bi-directional
enzyme activity and hence, putrescine synthesis. Fourthly, spermidine acetyitransferase
(SAT) might have also played a role. This is another important enzyme in the pathway of
hepatic polyamine metabolism. Spermidine is first acetylated by SAT and further oxidized
to putrescine by polyamine oxidase. Thus, SAT promotes the production of putrescine by
a reverse route from spermidine to putrescine. The lower levels of spermidine at this time
interval in ethanol-exposed rats tend to support this possibility. Obviously additional
studies in this area including polyamine compartmentalization and actual ODC and SAT

determinations are warranted.

7.4. Response of Hepatic Spermidine and Spermine to Ethanol Exposure
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Our current results have shown that the spermidine and spermine in the liver after acute
treatment with ethanol are unchanged with the exception of a transient decrease in hepatic
spermidine levels at 24 h post partial hepatectomy. A previous study reported by Tanaka
et al, (1993) indicating that no significant changes occurs in hepatic spermidine or

spermine levels after acute exposure to ethanol is keeping with our findings.

That few changes occurred in hepatic spermidine and spermine levels in ethanol-treated
rats was not unexpected. Spermidine and spermine both serve as storage forms of the
polyamines, while putrescine appears to be the more active growth-regulator because of
its relatively short biological half-life and the rapid tumover of ODC (Synder et al., 1970).
Previous studies support that putrescine, rather than spermidine or spermine, is more
important for liver regeneration. Specifically, Nishiguchi et al,, (1986) showed that
administration of interferon suppressed the stimulation of DNA synthesis in the liver
induced by partial hepatectomy by inhibiting the accumulation of putrescine without
affecting spermidine and spermine levels. The impairment in DNA synthesis was reversed
by exogenous putrescine. In contrast, Higaki et al., (1994) reported that methylglyoxal bis
(guanylhydrazone) (MGBG), a reversible inhibitor of S-adenosylmethioornithine
decarboxylase (SAMD), that causes an accumulation of putrescine and a decrease in
spermidine and spermine levels, completely inhibited HGF-induced DNA synthesis. The
inhibitory effect of MGBG was overcome by the addition of exogenous spermidine and
spermine, further indicating that an increase in spermidine and spermine rather than
putrescine, is essential for DNA synthesis. The role of spermidine and spermine in DNA

synthesis and cell proliferation need to be further studied.

7.5. Response of Hepatic GABA to Ethanol Exposure
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The liver contains endogenous GABA and its synthesizing and degradating enzyme i.e.
DAO and GABA-T respectively, however, hepatic GABA synthesis is not continuous. It
is activated only at certain times in response to hepatic development or function. Qur
findings confirm that GABA levels are significantly increased following partial
hepatectomy when compared to the resting liver which is in agreement with previous

observations (Minuk 1991).

Ethanol exposure significantly increased hepatic GABA levels at 48 h which corresponds
to the time of termination of the rapid growth phase following partial hepatectomy. It
remains unclear which of the numerous means of maintaining GABA homeostasis that
include GABA uptake systems, biliary excretion pathways, GABA synthesizing enzymes
and GABA metabolizing enzymes, was responsible for the changes in hepatic GABA
levels observed. That DAO activity was highest and GABA-T activity lowest at 48 h
suggests that a combination of increased synthesis and decreased metabolism may have

contributed to the findings.

Previous studies documenting that GABA uptake is enhanced at 48 h post partial
hepatectomy suggest that increased uptake might also contribute to the findings. Excretion
of GABA into bile has not been determined in the post partial hepatectomy period. Finally,
it must be kept in mind that GABA tissue determinations can be influenced by the
technique of sample preparation which makes it difficult to accurately document tissue

GABA levels.

One of the mechanisms by which ethanol exerts its inhibitory effects on the CNS is via the

GABA receptor complex. The relationship was first suggested by Simson et al., (1991)
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who demonstrated that ethanol potentiates GABA-mediated inhibitory effects in the CNS.
It has also been shown that acute ethanol exposure increases brain GABA concentrations
(Sytinsky et al., 1975). Moreover, activation of the GABAergic system may be involved in
the pathogenesis of hepatic encephalopathy because elevated serum GABA levels and
altered GABA receptor levels were observed in patients with largely alcohol-induced
hepatic encephalopathy (Baraldi and Zenoroli 1982, Ferenci et al., 1983 and Bannister et
al., 1988). In addition, Varga and Kunos (1992) reported that ethanol inhibits baroreflex
activity through potentiation of the actions of endogenous GABA on the cardiovascular
control center of the CNS. These results raise the possibility that ethanol's inhibitory

effects on hepatic regeneration may be mediated by GABA receptor activation.

The major finding of the present study is that ethanol increases DAO activity with
concomitant increases in hepatic GABA levels at the specific time interval when inhibition
of hepatic regeneration is under way. Although relatively little is known about the role
GABA plays in hepatic function and disease, it appears reasonable to assume that
increased GABA levels and/or GABAergic activity has some role to play in ethanol-
induced inhibition of hepatic regeneration. Our findings, combined with previous work by
Diehl et al., (1990), who found that ethanol-induced decreases in hepatic putrescine levels
were responsible for the inhibition of liver regeneration and data by Minuk and Gauthier
(1993), who found that elevated serum GABA concentrations interfere with hepatic
regeneration following partial hepatectomy, further support the hypothesis that the
antiregenerative effects of ethanol on the liver may be mediated by increased hepatic

conversion of putrescine to GABA rather than a depletion of putrescine per se.

7.6. GABA-T in Relation to Hepatic GABA Levels
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The liver is probably the major site for GABA catabolism outside the CNS, containing the
highest GABA-T activity of all non-CNS tissues studied to date. (Ferenci et al., 1981). As
discussed above, ethanol has been shown to alter GABAergic activity in both the CNS
and peripheral non-neuronal tissues. The levels and metabolism of GABA are affected by
ethanol in a variety of ways. GABA-T is thought to be the only enzyme responsible for
GABA metabolic elimination in the liver and thereby might play a role in regulating
hepatic GABA levels. Over the past few years, there have been studies on brain GABA-T
activity after acute exposure to ethanol, indicating both unchanged (Sutton and
Simmonds, 1973; Sytinsky et al., 1975; Sherif et al., 1994) and decreased (Hakkinen and

Kulonen, 1979) activity.

In the present study, the effects of ethanol on hepatic GABA-T activity in regenerating
livers were studied for the first time. These results revealed that ethanol induces the
activity of GABA-T at 6 h post partial hepatectomy followed by a significant decrease at
48 h. The later may  contribute to the elevation in hepatic GABA levels at this time
period. The ethanol-induced accumulation of hepatic GABA within the hepatocytes can in

part be explained by the impairment of hepatic GABA catabolism.

In summary, these data suggest that the inhibitory effect of ethanol on liver regeneration
appears to result more from an increase in hepatic GABA rather than a decrease in hepatic

putrescine levels.
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Chapter VIII

Conclusions

The effects of ethanol on hepatic polyamine metabolism following partial hepatectomy

were studied in male rats and the results can be summarized as follows:

1). Acute ethanol exposure increased hepatic DAQ activity at 48 h following partial

hepatectomy.
2). Acute ethanol exposure had no effect on hepatic MAO-A activity.

3). Hepatic putrescine levels exhibited a biphasic pattern following ethanol administration,
i.e. a slight decrease in hepatic putrescine levels during the early period post partial
hepatectomy, while increased during the later period. The decreased levels at the earlier

stage may be more relevant to inhibition of liver regeneration following ethanol exposure.

4). Ethanol altered GABA-T activity after partial hepatectomy (slight increase early,

decrease late).

5). Hepatic GABA levels were significantly increased by ethanol during the later period of
partial hepatectomy. This increase can be attributed in part to an increase in DAO activity

but also a decrease in GABA-T activity at the same time period.

6). Ethanol had no consistent effect on hepatic spermidine and spermine levels.



78

References

Akerman PA, Cote PM, Yang SQ, McClain C, Nelson S, Bagby G, and Diehl AM. 1992.
Antibodies to tumor necrosis factor alpha inhibit induction of hepatocyte and
nonparenchymal cell proliferation after partial hepatectomy. Am J Physiol 263: G579-85

Akerman PA, Cote PM, Yang SQ, McClain C, Nelson S, Bagby G, and Diehl AM. 1993.
Long-term ethanol consumption alters the hepatic response to the regenerative effects of
tumor necrosis factor-a. Hepatology 17: 1066-73

Atryzek V and Fausto N. 1979. Accumulation of polyadenylated mRNA during liver
regeneration. Biochemistry 18: 1281,

Bannister P Levy L, Boiton R and Losowsky MS 1988. Acute ethanol ingestion raises
plasma gamma aminobutyric acid levels in the healthy men. Alcohol & Alcoholism 23: 45-
8

Baraldi M and Zeneroli M. 1982. Experimental hepatic encephalopathy; changes in the
binding of GABA. Science 216: 427-9

Beyer HS, Ellefson M, Stanley M and Zieve L. 1992. Inhibition of increase in ornithine
decarboxylase and putrescine has no effect on rat liver regeneration. Am. J. Physiol. 262:
G677-84.

Boggust WA and Nakib T Al 1986. Promotion and suppression of tumouur growth and
cell proliferation by acetylputrescine and putrescine and their oxidation products acetyl-
GABA and GABA. IRCS Med. Sci. 14: 174-5.

Bondy SC and Harrington ME 1978. Widespread occrrence of specific, high affinity
binding sites for amino acids. Biochem Biophys Res Commun 80: 161-168

Boynton AL and Whitfiled JF. 1983. The role of cyclic AMP in cell proliferation: a critical
assessment of the evidence. Adv Cyclic Nuc Res 15: 195-294

Braun L, Mead JE, Panzica M, et al_, 1988. Transforming growth factor § mRNA increase
during liver regeneration: a possible paracrine mechanism of growth regulation. Proc Natl
Acad Sci USA 8§: 1539

Bucher NLR. 1963. Regeneration of mammalian liver. Int Rev Cytol 15: 245



79

Bucher NLR and Swaffield MN. 1975. Regulation of hepatic regeneration in rats by
synergistic action of insulin and glucagon. Proc Natl Acad Sci 72: 1157

Bucher NLR, Patel U and Cohen S. 1978. Hormornal factors concerned with liver
regeneration. In: Porter R, Whelan J, eds. Hepatotrophic Factors. New York, Elsevier, 95

Carithers RL Jr, Herlong FH, Diehl AM, et al. 1989. Methyprednisone therapy in patients
with severe alcoholic hepatitis. A randomized multicenter trial. Ann Intern Med 110: 685-

90

Carihters RL. 1992. Jr: Alcoholic hepatitis and cirrhosis, in Kaplowitz N (ed): Liver and
Biliary Diseases, Baltimore, Williams and Wilkins, pp 334-346

Caron PCV, CoteLJ and Kremzner LT 1988. Putrescine, a source of gamma-aminobutyric
acid in the adrenal gland of the rat. Biochem J 251: 5§59-562

Carr BI, Hayashi I, Branum EL and Moses HL. 1986 (I). Inhibition of DNA synthesis in
rat hepatocytes by platelet-derived type transforming growth factor. Cancer Res 46: 2330-
4

Carr BI, Huang TH and Buzin CH et al., 1986 (II). Induction of heat shock gene
expression without heat shock by hepatocarcinohena and during hepatic regeneration in
rat liver. Cancer Res 46: 5106-11

Carter EA and Wands JR 1985. Ethanol inhibits hormone stimulated hepatocyte DNA
synthesis. Biochem Biophys Res Commun 128: 767-74

Cormell RP. 1989. Gut-derived endotoxin elicits hepatotrophic factor secretion for liver
regeneration. Am J Physiol 249: R551-62

Crabbe MJC and Bardsley WG 1974. Biochem. Pharmacol 23: 2983-90

Cruise JL, Houck KA and Michalopoulos GK. 1985. Induction of DNA synthesis in
cultured rat hepatocytes through stimulation of «;-adrenoreceptor by norepinephrine.
Science 227: 749

Depew WT. 1984. ---- Medicine 16: 1986-98 ).

Desiderio AM. 1987. Simultaneous determination of -aminobutyric acid and polyamines
by high-performamce liquid chromatography. J. Chromatography, 419: 285-90



80

Desiderio AM, Zini I, Davalli P, Zoli A, Corti A, Fuxe K and Agnati LF. 1988.
Polyamines, ornithine decarboxylase, and diamine oxidase in the substantia nigra and
striatum of the male rat after hemitransection. J. Neurochem. 51: 25-31

Diehl AM, Chacon M, and Wagner P. 1988. The effect of chronic ethanol feeding on
ornithine decarboxylase activity and liver regeneration. Hepatology 8: 237-242

Diehl AM, Thorgeirsson SS and Steer CJ. 1990. Ethanol inhibites liver regeneration in rats
without reducing transcripts of key protooncogenes. Gastroenterol 99: 1105-1112

Dichi AM, Wells M, Brown ND, Thorgeirsson SS and Steer CJ. 1990. Effect of ethanol
on polyamine synthesis during liver regeneration in rats. J. Clin. Invest. 85: 385-90

Diehl AM, Abdo S and Brown N. 1990. Supplemental putrescine reverses ethanol-
associated inhibition of liver regeneration. Hepatology 12: 633-7

Diehl AM, Yang SQ, Cote P, and Wand GS. 1992. Chronic ethanol concumption disturbs
G-protein expression and inhibits cyclic AMP-dependent signaling in regenerating rat liver.
Hepatology 16: 1212-9

Diehl AM, Yang SQ, Wolfgang D, and Wand G. 1992. Differrential expression of guanine
nucleotide binding proteins enhances cAMP synthesis in regenerating rat liver. J clin Invest
89: 1706-12.

Diehl AM, Yang SQ, Brown N, Smith J, Raiford D, Gordon R and Casero R. 1992.
Ethanol-associated alterations in the kinetics of putrescine uptake and metabolism by the

regeneration liver. Alcohol Clin Exp Res. 16: 5-10

Ehrlich HP, Ross R, and Bornstein P. 1974. Effect of antimicrotubular agents on the
secretion of collagen. A biochemical and morphological study. J Cell Biol 62: 390-450

Erdo SL and Bowery NG (eds) 1986. GABAergic mechanisms in the mammalian
periphery. Raven, New York

Fausto N. 1984. Messenger RNA in regenerative liver: implications for the understanding
of regulated growth. Mol Cell Biochem 59: 131

Ferenci P, Schafer DF, Shrager R and Jones EA. 1981. Metabolism of the inhibition
neurotransmitter y-aminobutyric acid in a rabbit model of acute liver failure (abstr)
Hepatology 1: 504



81

Ferenci P, Schafer DF, Kleinberger G, Hoofnagle JH and Jones EA. 1983. Serum levels of
gamma-aminobutyric acid-like activity in patients with acute and chronic hepatocellular
diseases. Lancet ii: 811-5

Ferenci P, Jacobs S, Pappas SC, Schafer DF and Jones EA. 1984. Enzymes of cerebral
GABA metabolism and synaptosomal GABA uptake in acute liver failure in the rabbit:
evidence for decreased cerebral GABA-transaminase activity. J. Neurochem. 42: 1487-90

Ferris GM and Clark JB. 1972. Early changes in plasma and hepatic free amino acids in
partial hepatectomized rats Biochim Biophys Acta 273: 73

Fogel WA. 1986. GABA and polyamine metabolism in periferal tissues; in Erdo SL,
Bowry NG (eds): GABAergic Metabolisms in the Mammalian Periphery. New York,
Raven.

Frank Wo, Rayyes AN, Washington A and Holt PR. 1979. Effect of ethanol
administration upon hepatic regeneration. J Lab Clin Med 93: 402-13

Fujiwara K, Nagoshi S, Ohno A, Hirata K, Ohta Y, Mochida S, Tomiya T, Higashio K
and Kurokawa K. 1994. Stimulation of liver growth by exogenous human hepatocyte
growth factor in normal and partial hepatectomized rats. Hepatology 20: 5521

Gerber MA, Thung SN and Shen S, et al., 1983. Phenotypic characterization of hepatic
proliferation: antigenic expression by proliferating epithelial cells in fetal liver, massive
hepatic necrosis, and nodular transformation of the liver. Am J Pathol 110: 70

Gilon P, Reusen-Billen B, Remacle C, Janssens de Varebeke Ph, Pauwels G and Hoet JJ.
1987. Localisation of high-affinity GABA uptake and GABA content in the duodenum
during development. Cell Tissue Res 249: 593-600

Gove CD, Hughes RD and Williams R. 1982. Rapid inhibition of DNA synthesis in
hepatocytes from regenerating rat liver by serum from patients with fulminant hepatic
failure. Br J Exp Pathol 63: 547-551

Grady LJ, Campbell WP and North AB. 1981. Sequence diversity of nuclear and
polysomal polyadenylated and non-polyadenylated RNA in normal and regenerating rat
liver. Eur. J Biochem 115: 241

Hahn HKJ and Burch RE. 1983. Impaired ethanol metabolismwith advancing age. Alcohol
Clin ExpRes. 7: 299-301



82

Hakkinen HM and Kulonen E 1979. Ethanol intoxication and the activities of glutamate
decarboxylase and gamma-aminobutyrate aminotransferase in rat brain. J] Neurochem 33:
943-6

Hall ZW and Kravitz EA. 1967. The metabolism of y-aminobutyric acid (GABA) in the
lobster nervous system-I. GABA-glutamate transaminase. J. Neurochem. 14: 45-54

Harri ED and Krane SM 1971. Effects of colchocine on collagenase in cultures of
rheumatoid synovium. Arthritis Rheum 14: 669-84

Helman RA, Temko MH and Nye SW, et al., 1971. Alcoholic hepatitis. Natural history
and evaluation of prednisolone therapy. Ann Interm Med 74: 311-21.

Higaki I, Matsui-Yuasa I, Terakura M, Kinoshita H and Otani S. 1994. Increase
spermidine or spermine level is essential for hepatocyte growth factor-induced DNA
synthesis in cultured rats hepatocytes. Gastroenterology 106: 1024-31

Higgins GM and Anderson RM. 1931. Experimental pathology of the liver. I. Restoration
of the liver of the white rat following patial surgical removal. Arch Path 12: 186

Higgins PJ. 1987. Cell cycle phase specific perturbation of hepatic tumor cell growth
kinetics during short-term in vitro exposure to ethanol. Alcoholism 11: 550-5

[ngelman-Sundberg M, Johansson I, Yin H, Terelius Y, Eliasson E, Clot P and Albano E.
1993. Ethanol-inducible cytochrome P4502El: genetic polymorphism, regulation, and
possible role in the etiology of alcohol-induced liver disease. Alcohol 10: 477-52

Israel Y, Hurwitz E, Niemela O and Armon R. 1986. Monocional and polyclonal
antibodies against acetaldehyde-containing epitopes in acetaldehyde-protein adducts. Pro
Natl Acad Sci USA 83: 7923-27

Jakowlew SB, Mead JE, Danielpour D, Wu J, Robert AB and Fausto N. 1991.
Transforming growth factor-f§ (TGF-pB) isofoms in rat liver regeneration: messenger RNA
expression and activation of latent TGF-$. Cell Regul. 2: 532-48

Jennett R B, Tuma DJ and Sorrell MF. 1990. Effects of acetaldehyde on hepatic proteins.
Prog Liver Dis 9: 325-33

Kennedy NP, Henehan GTM and Tipton KF. 1992. Intestinal mucosal monoamine
oxidase-B is induced by chronic ethanol feeding in the rat. Gastroenterol 102: A 831



83

Khoruts A, Stahnke L, McClain CJ, Logan G and Allen JI. 1991. Circulating tumor
necrosis factor, interleukin-1 and interleukin-6 concentratioons in chronic alcoholic

patients. Hepatology 13: 267-76

Koch OR, Galeotti T, Bartoli GM and Boveris A. 1991. Alcohol-induced oxidative stress
in rat liver. Xenobiotica 21: 1077-84

Kusche J, Richter H, Hesterberg R, Schmidt J, and Lorenz W. 1973. Comparison of the
14C putrescine assay with the NADH test for the determination of diamine oxidase:

Description of a standard procedure with a high precision and an improved accuracy. 3:
148-56

Lapinjoki SP, Hornsperger JM, Seiler N and Pajunen AEI. 1983. Possible involvement of
humoral regulation in the effects of elevated cerebral 4-aminobutyric acid levels on the
polyamine metabolism in brain. J Neurochem 41: 677-83

Leevy CM and Chen T. 1979. Ethanol inhibition of liver regeneration. Gastroenterology
77: 1151-3

Lelbach WR, 1972. Dose-effect relationship in alcohol-induced liver damage. Ger Med
Monthly 2: 116,

Lieber C S. 1988. Biochemical and Molecular basis of alcohol-induced injury to the liver
and other tissue. N Engl J Med 319:1639-50

Lieber CS. 1990. Mechanism of ethanol induced hepatic injury. Pharmacol Ther 46: 1-41,

Lindroos PM, Zamegar R and Michalopoulos CK. 1991. Hepatocyte growth factor
(hepatopoietin A) rapidly increase in plasma before DNA synthesis and liver regeneration
stimulated by partial hepatectomy and carbon tetrachloride administration. Hepatology 13:
743-49

Luk GD. 1986. Essential role of polyamine metabolism in hepatic regeneration. Inhibition
of deoxyribonucleic acid and protein synthesis and tissue regeneration by o-
difluoromethylornithine in the rat. Gastroenterology 90: 1261-7

Luscher B and Eisenman RN. 1988. ¢c-myc and c-myb protein degradation: effect of
metabolic inhibitors and heat shock. Mol. Cell. Biol. 8: 2504-2512

Maher JJ, 1993. Cell-specific expression of hepatocyte growth factor in liver. J. Clin.
[nvest. 91: 2244-52



Marchesini G, Checchia GA, Stefanelli C, Bianchi G, Fabbri A, Zoli M, Caldarera CM and
Pisi E. 1992. Polyamine plasma levels and liver regeneration following partial hepatic
resection in man. J. Hepatology 16: 159-64

Matsui I, Wiegand L and Pegg AE. 1981. Peoperties of spermidine acetyltransferase
fromlivers of rats treated with carbon tetrachloride and its role in the conversion of
spermidine into putrescine. J. Biol Chem 256: 2454-9

McGowan JA and Fausto N. 1978. Ornithine decarboxylase activity and the onset of
deoxyribonucleic acid synthesis in regenerating liver. Biochem J 170: 123

Mead JE and Fausto N. 1989. Transforming growth factor & (TGF-at) may be a
physiological regulator of liver regeneration via an autocrine mechanism. Pro Natl Acad
Sci USA 86: 1558-62

Mendenhall C, Chedid A, Rouster S, Kromme C, Grossman C and Morgan D. 1987. Cell
cycle and organelle ezzyme changes in the regenerating liver of the alcoholic rat. Alcohol-

Alcohol. 22: 375-88

Ming G, Ueda H, and Satoh M. (1988). Endogenous GABA released into the forth
ventricle of the rat brain in vivo is enhanced by noxious stimuli. Neuroscience Letters 92:
76-81

Minuk GY, Vergalla J, Ferenci P and Jones EA. 1984. [dentification of an acceptor system
for y-aminobutyric acid on isolated rat hepatocytes. Hepatology 4: 180-5

Minuk GY, Winder A, Burges D and Sarjeant EJ. 1985. Serum gammabutyric acid levels
in patients with hepatic encephalopathy. Hepatogastroenterology 37: 171-4

Minuk GY, Bear CE and Sarjeant EJ. 1987. Sodium-independent, bicuculline-sensitive
[3H] GABA binding to isolated rat hepatocytes.

Minuk GY 1991. GABA and the liver: The first 40 years; in Erdo SL, (ed.): GABA
outside the CNS pp143-54

Minuk GY, Gauthier T, Gaharie A and Murphy L. 1991. The effect of GABA on serum
and hepatic polyamine concentrations after partial hepatectomy in rats. Hepatology 14:
685-9

Minuk GY and Gauthier T. 1993. The effect of y-aminobutyric acid on hepatic
regenerative activity following partial hepatectomy in rats. Gastroenterology 104: 217-21



85

Minuk GY, Gauthier T, Zhang XK, Wang GQ, Pettigrew NM and Burczynski FJ. 1995.
Ciprofloxacin prevents the inhibitory effects of acute ethanol exposure on hepatic

regeneration in the rat. Hepatology 22: 1797-800

Morgan M and Sherlock S. 1977. Sex-related differences among 100 patients with
alcoholic liver disease. British Medical Journal 1: 939-41

Mullhaupt B, Feren A, Fodor E and Jones A. 1994. Liver expression of epidermal growth
factor RNA. Rapid increases in immediate-early phase of liver regeneration. J. Biol. Chem.
269: 19667-670

Nagoshi S, Tomiya T, Sato Y, Oka Y, Ogata I and Fujiwara K. 1991. Stimulation of
putrescine production by epidermal growth factor in rat liver after partial hepatectomy.
Hepatology 14: 901-5

Nakajima Y, Yamauchi M, Hirakawa J, Oohata M, Nakayama H, Nakahara M, Kitahara
T, Fujisawa K and Kameda H. 1990. Sex difference in liver regeneration and ornithine
devarboxylase protein after acute ethanol administration to hepatectomized rats. Acta
Hepatologica Japonica 31: 610-6

Nakamura T, Nawa K, Ichihara H, Kaise N, and Nishino T. 1987. Purification and subunit
structure of hepatocyte growth factor from rat platelets. FEBS lett. 224: 311-16

Nishiguchi S, Otani S, Matsui Yuasa [, Morisawa S, Monna T, Kuroki T, Kobayashi K
and Yamamoto S. 1986. Inhibition by interferon (o + ) of mouse liver regenerration and
its reversal by putrescine. FEBS lett 205: 61-5

Nishiguchi S, Kuroki T, Takeda T, Nakajima S, Shiomi S, Seki S, Matsui Yuasa I, Otani S
and Kobayashi K. 1990. Effects of putrescine on D-galactosamine-induced acute liver
failure in rats.

Noji S, Tashiro K, Koyama E, Nohno T, Ohyama K, Taniguchi S and Nakamura T. 1990.
Expression of hepatocyte growth factor gene in endothelial and Kupffer cells of damaged
rat livers, as revealed by in situ hybridization. Biochem Biophys Res Commun 173: 42-7

Nordmann R, Ribiere C and Rouach H. 1992. Implication of free radical mechanisms in
ethanol-induced cellular injury. Free Radic Biol Med. 12: 219-240

Okuyama T and Kobayashi Y. 1963. Determination of diamine oxidase activity by liquid
scintilation counting. Arch. Biochem. Biophys. 95: 242-50



86

Ord M and Stochen LA. 1972. Uptake of amino acids and nucleic acid precursors by
regenerating rat liver. Biochem J. 129:175

Orrego H, Kalant H, Isreal Y, Blake J, Medline A, Rankin JG, Armstrong A and Kapur B.
1979. Effect of short-term therapy with propylthiouracil in patients with alcoholic liver
disease. Gastroenterology 76:105-115

Orrego H, Crossley IR and Saldivia V, et al., 1981. Long-term ethanol administration and
short- and long-term liver regeneration after partial hepatectomy. J Lab Clin Med 97: 221-
230

Orrego H, Blake J, Blendis IM, Compton KV and Isreal Y. 1987. Long-term treatment of
alcoholic liver disease with propylthiouracil. N engl J Med 317: 1421-27

Porter HP, Simon FR and Pope CE, et al, 1971. Corticosteroid therapy in severe
alcoholic hepatitis. N Engl J Med 284: 1350-55

Poso H and Poso AR. 1981. Inhibition of RNA and protein synthesis by ethanol in the
regenerating rat liver: evidence for transcriptional inhibition of protein synthesis. Acta
Pharm Toxicol 49: 125-29

P6s6 H and Pegg AE. 1982. Effect of a-difluoromethylomithine on polyamine and DNA
synthesis in regenerating rat liver: reversal of inhibition of DNA synthesis by putrescine.
Biochem. Biophys. Acta. 696:179-86

Rajasinghe H, Jayatilleke E,and Shaw S. 1990. DNA cleavage during ethanol metabolism;
role of superoxide radicals and catalytic iron. Life Sci. 47: 807-14

Recknagel RO. 1967. Carbon tetrachloride hepatoxicity. Pharmacol Rev 19: 145

Renis M, Giovine A and Bertolino A. 1975. Protein synthesis in mitochondrial and
microsomal fractions from rat brain and liver after acute or chronic ethanol administration.
Life Sci 16: 1447-58

Russell WE, Coffey RJ Jr and Ouellette AJ, et al,, 1988. Type B transforming growth
factor reversibly inhibites the early proliferative response to partial hepatectomy in the rat.
Proc Natl Acad Sci USA 85: 5126-30

Sato Y and Fujiwara K. 1988. Compensatory route of spermidine acetylation and
oxidation can supply sufficient putrescine for hepatic DNA synthesis at an early stage after
partial hepatectomy in diaminopropane-treated rats. J. Biochem 104: 98-101



Scholla CA, Tedeschi MV, and Fausto N. 1980. Gene expression and the diversity of
polysomal messenger RNA sequences in regenerating liver. J Biol Chem 255: 2855

Sessa A, Desiderio A and Perin A.1982. Diamine oxidase activity induction in
regenerating rat liver. Biochim. Biophys Acta 698: 11-4

Sessa A, Desiderio A and Perin A. 1984. Stimulation of hepatic and renal diamine oxidase
activity after acute ethanol administration. Biochim. Biophys. Acta 801: 285-9

Seiler N.and Eichentopf B. 1975. 4-Aminobutyrate in mammalian putrescine catabolism.
Biochem J 152: 201-10

Sherif F, Wahistrom G and Oreland L. 1994. Increase in brain GABA-transaminase
activity after chronic ethanol treatment in rats. J Neural Transm [GenSect] 98: 69-79

Shiota C, Okano JI, Kawasaki H, Kawamoto T and Nakamura T. 1995. Serum hepatocyte
growth factor levels in liver diseases: clinical implications. Hepatology 21: 106-112

Simson PE, Criswell HE and Breese GR. 1991. Ethanol potentiates y-aminobutyric acid-
mediated inhibition in the inferior colliculus: Evidence for local ethanol / y-aminobutyric
acid interactions. J Pharmacol Exp Ther 259: 1288-93

Smith, SL, Jennett, RB, and Sorrell, M.F., et al., 1989. Acetalddehyde stochiometrically
inhibits neurotubulin polymerization. J Clin Invest 84: 337-41

Sobue K and Nakajima T. 1977. Metabolism of putrescine in neuroblastoma and glioma
cells during culture. J Biochem 82:1121-26

Solomon L.R., 1987. Evidence for the generation of transaminase inhibitor(s) during
ethanol metabolism by rat liver homogenates a potential mechanism for alcohol toxicity.
Biochem Med Metabol Biol 38: 9-18

Speisky H, MacDonald A and Glies G, et al., 1985. Increased lose and decreased synthesis
of hepatic glutathione after acute ethanol administration. Turnover studies. Biochem J.

225: 565-72

Spinozzi F, Bertotto A, Rondoni F, Gerli R, Scalise F and Grignani F. 1990. T-
lymphocyte activation pathways in alcoholic liver disease. Immunology 73: 140-6

Sutton [ and Simmonds MA, 1973. Effect of acute and chronic ethanol on the
gammaaminobutyric acid system in rat brain. Biochem Pharmacol 22: 1685-92



88

Synder SH, Kreuz DS, Medina VJ and Russell DH. 1970. Polyamine synthesis & turnover
in rapidly growing tissues. Ann. Ny. Acad. Sci. 171: 749-71

Sytinsky AL, Guzikov BM, Gomanko MV, Eremin VP and Konovalova NN. 1975. The
GABA system in brain during acute and chronic ethanol intoxication. J Neurochemistry

25:41-48
Tabor CW and Tabor H. 1984. Polyamines. Annu Rev Biochem $3: 749-90

Tanaka T, Sukegawa Y, Nishiguchi S, Otani S, Toda T, Yamashita T and Monna T. 1988.
Effect of ethanol on liver regeneration and polyamine metabolism after partial
hepatectomy. In Biomedical and Social Aspects of Alcohol and Alcoholism, Kuriyama K,
Takada A and Ishii H eds, pp 193-6 Elsevier, Amsterdam

Tanaka T, Nishiguchi S, Kuroki T, Kobayashi K, Matsui-Yuasa I, Otani S, Toda T,
Monna T and Sukegawa Y. 1991. Effects of single ethanol administration on hepatic
ornithine decarboxylase induction and polyamine metabolism. Hepatology 14: 697-700

Tanaka T, Kural K,Kunitoh S, Kondo K, Koto Y, Kawal S, Warashina M, Yamashita T,
Toda T, Monna T, Nishiguchi S, Matsui T, Kuroki T, Otani S. 1993. Gender-related
differences in the inhibitory effect on liver regeneration in alcohol-treated rats: study of
polyamine metabolism. Alcohol & alcoholism 28: 15-20

Thompson NL, Mead JE, Braun L, Goyette M, Shank PR and Fausto N. 1986. Sequential
protooncogene expression during rat liver regeneration. Cancer Res 46: 3111

Thoresen GH, Sand TE, Refsnes M, Dajani OF, Guren TK, Galdhaug IP and Killi A, et
al., 1990. Daul effects of glucagon and cyclic AMP on DAN synthesis in cultured rat
hepatocytes: stimulatory regulation in early G1 and inhibition shortly before the S phase
entry. J Cell Physiol 144: 523-30

Tipton KF. 1985. Determination of monoamine oxidase. Meth and Find Expt Clin
Pharmacol 7: 361-7

Trinchet JC, Beaugrand M and Callard P, et al 1989. Treatment of alcoholic hepatitis with
colchicine. Results of a randomized double blind trial. Gastroenterol Clin Biol 13: 551-5

Tuyns AJ and Pequignot G. 1984. Gender risk of ascitic cirrhosis in females in relation to
alcohol consumption. Int J Epidem 13: 53-7

Uysal M, Odzemirler G, Kutalp G and Oz H. 1989. Mitochondrial and microsomal lipid
peroxidation in rat liver after acute acetaldehyde and ethanol inttoxication. J. Appl.

Toxicol. 9: 155-8



89

Varga K and Kunos G. 1992. [nhibition of baroreflex bradycardia by ethanol involves both
GABA , and GABAg receptors in the brain of the rat. Eur J Pharmacol 214: 223-32

Videla LA, Fernandez V, and De Marinis A. 1982. Liver lipoperoxidative pressure and
glutathione status following acetyldehyde and aliphatic alcohols pretreatments in the rats.
Biochem. Biophys. Res. Commun. 104: 965-70

Wands JR, Carter EA, Bucher NLR and Isselbacher KJ. 1979. Inhibition of hepatic
regeneration in rats by acute and chronic ethanolintoxication. Gastroenterology 77: 528-
31

Webber EM, FitzGerald MJ, Brown PI, Bartlett MH and Fausto N. 1993. TGFa
expression during liver regeneration after partial hepatectomy and toxic injury, and
potential interactions between TGFa and HGF. Hepatology 18: 1422-31

Weinberg RA. 1985. The action of oncogenes in the cytoplasm and nucleus. Science 230:
770-6

White HL and Sato TL 1978. GABA-transaminases of human brain and peripheral tissue -
kinetic and molecular properties. J Neurochem 31: 41-7





