Chapter 20
Leucine and Ethanol Oxidation

Hitoshi Murakami and Michio Komai

Key Points

* Leucine accelerates ethanol clearance.

* Leucine enhances alcohol-metabolizing enzyme activities, such as ADH and low Km ALDH.
¢ In contrast, valine has no effect on ethanol oxidation.

* The effect of leucine on ethanol oxidation is not exerted directly in the liver.

* Leucine treatment before alcohol intake may be important for enhancing ethanol oxidation.
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Abbreviations

MEOS Microsomal ethanol oxidation system

ADH Alcohol dehydrogenase

ALDH  Aldehyde dehydrogenase

NAD Nicotinamide adenine dinucleotide

PPARa  Peroxisome proliferator-activated receptor-o
AMPK  AMP-activated protein kinase

IGF-1 Insulin like growth factor-1

4E-BP1  Eukaryotic initiation factor-binding protein 1
S6K Ribosomal protein S6 kinase

mTOR  Mammalian target of rapamycin

BCAAs  Branched chain amino acids

KIC a-Keto-isocaproic acid
KMV B-Methyl isovalerianic acid
AST Aspartate aminotransferase
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TBARS Thiobarbituric acid reactive substances
elF Eukaryotic initiation factor

1IL-6 Interleukin-6

TNF-a Tumor necrosis factor-o

Introduction

Ethanol Metabolism

Ethanol is metabolized to acetaldehyde by catalase in the peroxisome, by the microsomal ethanol
oxidation system (MEOS) containing cytochrome P-450, which is located in the endoplasmic reticu-
lum, and by the alcohol dehydrogenase (ADH) pathway of cytosol or the soluble fraction of the cell
[1,2]. Among these metabolic processes, ADH is a key enzyme for metabolizing ethanol, and the role
of non-ADH enzymes in systemic alcohol metabolism is unclear [3]. Ethanol absorption is primarily
controlled by gastric emptying because the primary region of ethanol absorption is the small intestine,
and ethanol is absorbed via simple diffusion [4]; for example, slow gastric emptying leads to increases
in the first-pass metabolism of ingested ethanol. Ingested ethanol is primarily metabolized in the
stomach and liver. In the stomach, ADH, including the isoenzymes ADH I, III, and IV, oxidizes the
ingested ethanol, but most of the ethanol (approximately 90 %) is absorbed in the small intestine.
Absorptive ethanol is metabolized by ADH, including the isoenzymes ADH I, II, and III, and primar-
ily oxidizes in the liver. In comparison, the MEOS shares many properties with other microsomal
drug-metabolizing enzymes, such as P-450; therefore, MEOS pathway activity increases under high
ethanol concentrations and/or after chronic ethanol consumption. Ethanol and acetaldehyde are toxic
and damage cells. Catalase can oxidize ethanol in vitro with H,O,, but it may not be a major system
for ethanol oxidation [2]. ADH and/or catalase, MEOS enzyme pathways metabolize ethanol to pro-
duce acetaldehyde. Acetaldehyde is a harmful compound that causes hangovers and flush. It is detoxi-
fied by aldehyde dehydrogenase (ALDH), which is primarily composed of mitochondrial low Km
ALDH, including the isoenzymes ALDH I, II, III, and IV, in the liver. The acetaldehyde metabolized
by ALDH is converted to acetic acid and water, resulting in detoxification. The enzymatic activities of
both of ADH and ALDH are regulated by the availability of the coenzyme nicotinamide adenine
dinucleotide (NAD). NAD is reduced to NADH when ethanol and acetaldehyde are oxidized by ADH
and ALDH, and NADH oxidation is the limiting factor of ethanol metabolism [2]. In addition to
metabolizing ethanol, NAD and NADH regulate several metabolisms as coenzymes. However, etha-
nol metabolism is preferable to other metabolic pathways in terms of the resulting toxicity of ethanol
and its metabolite, acetaldehyde; therefore, ethanol and acetaldehyde intake affect some metabolic
pathways, such as lipid, hormone, protein, and amino acid metabolism, and induce disorders such as
liver failure and muscle wasting.

Metabolic Changes Resulting from Ethanol Consumption

Ethanol metabolism causes changes in redox homeostasis and induces metabolic disorders, such as
hepatitis and liver cirrhosis. Lieber reviewed the adverse effects of ethanol intake [2, 5]. The change
in redox state is associated with hyperlactacidemia, which contributes to acidosis. Hyperlactacidemia
reduces the kidney’s capacity to excrete uric acid, thus inducing hyperuricemia. Furthermore, ethanol
induces ketosis and purine breakdown, which are associated with hyperuricemia. In addition, enhanced
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purine breakdown increases the oxygen species resulting from xanthine oxidase. The CYP2E1 form
of cytochrome P450 enzymes generates several reactive oxygen species [5]. Chronic ethanol intake
induces cytokine formation in the liver and promotes oxidative stress via both the increased formation
of ROS and the depletion of oxidative defenses in the cell. Liver cells from ethanol-treated animals
are more susceptible to the cytotoxic effects of TNF-a and other cytokines than cells from control
animals [6, 7]. These ethanol-induced changes in redox state, oxidative stress, and cytokines are asso-
ciated with the metabolic disturbances described below.

Ethanol and Lipid Metabolism

The change in the redox state (i.e., the increase in the NADH/NAD ratio) generates the mobilization
of peripheral triglyceride from the adipose tissue. The NADH accumulation inhibits p-oxidation by
inhibiting the mitochondrial fatty acid-oxidizing dehydrogenase. Additionally, the ethanol intake
decreases the fatty acid oxidation by decreasing the expression of peroxisome proliferator-activated
receptor-o (PPARa)-regulated genes. PPARa knockout mice develop worse hepatomegaly and hepa-
tocyte damage with ethanol consumption as a result of increased exposure to oxidative stress via the
decrease in glutathione peroxidase, superoxide dismutase, and catalase [8]. In addition, ethanol con-
sumption decreases the activity of AMP-activated protein kinase (AMPK), which is a key regulator of
lipid metabolism, resulting in the decrease of fatty acid oxidation and increase of fatty acid synthesis
through the activation of sterol regulatory element-binding protein 1 and acetyl-CoA carboxylase.
These lipid metabolism impairments caused by ethanol consumption induce alcoholic fatty liver [8].

Ethanol and Protein Metabolism

Ingested ethanol is a potent inhibitor of hepatic regeneration [9]. Ethanol suppresses growth hormone-
induced signal transduction, resulting in a decrease in insulin like growth factor-1 (IGF-1) gene
expression [10]. In humans, acute ethanol ingestion impairs the postprandial protein synthesis of
hepatic proteins, such as albumin and fibrinogen [11]. Albumin synthesis is impaired, even when
alcohol intake is moderate [12]; this impairment is associated with limited ATP availability, which
results from the change in redox state [13]. In addition, ethanol blunts protein synthesis in skeletal
muscle by decreasing the phosphorylation of eukaryotic initiation factor-binding protein 1 (4E-BP1)
and ribosomal protein S6 kinase (S6K) [14]. Generally, leucine stimulates protein synthesis by acti-
vating 4E-BP1 and S6K via the mTOR pathway; however, ethanol impairs leucine’s anabolic effect
on protein metabolism, an impairment that is not attributable to differences in the plasma concentra-
tion of insulin, IGF-1, and leucine [15].

Ethanol and Amino acid Metabolism

Ethanol affects amino acid metabolism. Amino acids are well known as protein component and regu-
lators of the signaling pathway of protein metabolism; therefore, ethanol-related changes in amino
acid metabolism are also associated with impaired liver regeneration. Plasma amino acid concentra-
tion is affected by ethanol consumption. In rats, acute ethanol intake decreases alanine, arginine,
aspartic acid, p-alanine, glycine, phenylalanine, and serine, but the plasma levels of other amino acids
are not significantly changed [16]. Ethanol ingestion alters the metabolism of sulfur amino acids, such
as cysteine and taurine, in the liver, resulting in a decrease in glutathione level via a decrease in glu-
tathione synthesis [17]. Chronic ethanol consumption increases the concentration of branched chain
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amino acids (BCAAs) in plasma, the liver, skeletal muscle, and the jejunal mucosa in rats through a
decrease in protein synthesis and increase in protein breakdown [18]. In addition, chronic ethanol
intake reduces the flux of a substrate of leucine (a-ketoisocaproate; KIC) via a decrease in the basal
and total activity of branched chain keto acid (BCKA) dehydrogenase and non-increase in the conver-
sion of the enzyme to its inactive form [19]. Furthermore, it is well known that plasma BCAA con-
centrations are reduced in cases of liver cirrhosis [20]. It has been indicated that the predominant
mechanism for the decreases in plasma leucine levels in cirrhosis is an increase in the oxidized leucine
fraction associated with decreased leucine turnover [21].

Ethanol also has a direct and/or selective inhibitory effect on amino acid transport into the cells.
Ethanol inhibits sodium-dependent alanine and cysteine uptake, but no effect has been observed on
sodium-independent alanine and cysteine transport in basolateral rat liver plasma membranes [22].
In comparison, ethanol exposure stimulates leucine uptake in rat fetal hepatocytes via sodium
independent-system L [23].

Therefore, ethanol exposure changes several metabolic pathways, resulting in liver failure via fatty
liver and liver cirrhosis. Thus, the acceleration of ethanol oxidation is very important to prevent liver
disease and the metabolic anabolism impairment induced by alcohol intake.

Amino Acid Supplementation Improves the Metabolic Changes
Caused by Ethanol Consumption

The development of ethanol-induced fatty liver, alcoholic hepatitis, and cirrhosis has been partially
attributed to nutritional deficiencies in compounds such as amino acids, lipids, and vitamins [24].
Some studies have indicated that amino acids reduce the liver damage and oxidative stress caused by
chronic ethanol consumption. Beauge et al. showed that only the amino acids that are precursors of
pyruvate, alanine, aspartate or glutamate are able to activate ethanol oxidation in rat hepatocytes [25].
These compounds supply malate-aspartate shuttle components and stimulate the oxidation of NADH
generation via ethanol consumption, resulting in enhanced ethanol clearance. Yang et al. demon-
strated that a diet supplemented with amino acids (alanine, glutamine, glutamate, protein, and ten
essential amino acids) reduced plasma aspartate aminotransferase (AST) levels in rats that chronically
consume ethanol [26]. Glutamine pretreatment suppresses plasma inflammation in chronically etha-
nol-fed rats [27]. Treatment with histidine or carnosine after liver injury from chronic ethanol expo-
sure increases the mRNA expression levels of catalase and glutathione peroxidase and downregulates
the mRNA expression levels of IL-6 and TNF-a in mice livers [28]. Aspartate attenuates ethanol-
induced oxidative stress, such as thiobarbituric acid reactive substances (TBARS), and reduces gluta-
thione transferase activity in rats [29]. Torii et al. indicated that a preference for both alanine and
glutamine was observed in preference tests when alcoholic rats developed hepatic disorder [30], and
supplementation with these amino acids prevented the ethanol-induced inhibition of liver regenera-
tion [31]. In addition, treatment with d/I-cysteine and alanine before ethanol loading accelerates
ethanol and acetaldehyde clearance [32].

It is well known that BCAA supplementation improves liver failures, such as liver cirrhosis.
A BCAA-enriched diet partly prevents the morphological ultrastructural changes in the liver caused
by chronic ethanol consumption and improves positive body weight gain in rats [33]. Leucine
administration improves myocardial protein synthesis, which is impaired by ethanol intoxication,
by enhancing anabolic signaling pathways, such as eukaryotic initiation factor 4G (elF4G) [34].
In addition, we recently reported the effect of each BCAA on ethanol clearance after acute ethanol
loading in rats [35].
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Fig. 20.1 The effects of orally administered amino acids on blood ethanol clearance in rats. Leucine significantly
decreased the blood ethanol concentration 1 h after ethanol administration, but the other amino acids did not signifi-
cantly decrease the blood ethanol values. The values are presented as the mean+SEM of four rats in each group.
Comparisons with the control group at each time point were performed with Bonferroni’s post-test following a two-way
ANOVA for multiple comparisons (*P <0.05). With permission from Amino Acids, 2012, 43, 2545-51 [35]

Leucine Accelerates Ethanol Oxidation

The effect of pretreatment with each BCAA via oral administration or tail-vein infusion on ethanol
clearance was investigated after acute ethanol loading in rats. First-pass ethanol metabolism in the
stomach and liver is important for alcohol metabolism [4]; therefore, to understand the effects of
amino acids in the digestive tract on ethanol absorption and metabolism, each amino acid was admin-
istered either orally or via the tail vein. Leucine significantly decreased the blood ethanol levels after
oral ethanol administration, and the individuals in the isoleucine group tended to have reduced ethanol
levels (Fig. 20.1). In contrast, alanine treatment, which is known as amino acid-enhancing ethanol
oxidation [31], slightly decreased the ethanol concentrations, but the reduction was not significant.
Valine did not affect blood ethanol oxidation. The amount of orally administered alanine in this study
was low compared with the levels reported in a previous study (0.084 g/kg body weigh in the present
study [35] and 1 g/kg BW in the previous study [31]). Therefore, the effect of orally administered
alanine on ethanol clearance in rats may be weak in this study [35]. Furthermore, leucine also signifi-
cantly decreased the blood ethanol concentration after acute ethanol intake in rats who received infu-
sions of each amino acid into the tail vein (Fig. 20.2). The infused alanine significantly decreased the
blood ethanol levels after ethanol intake. However, isoleucine and valine did not decrease the blood
ethanol concentrations. Leucine is the only amino acid that has been found to enhance ethanol clear-
ance via both administration routes.

Leucine induces an increase in ethanol clearance by enhancing ethanol enzyme activity. ADH
activity tended to be increased by pretreatment with leucine and alanine before ethanol intake, and
these amino acids also significantly increased ADH activity after ethanol intake. In contrast, ADH
activity was lower in the valine group before and after ethanol administration (Table 20.1). The low
Km ALDH activity was significantly increased in the leucine group (Table 20.2). Liver ADH is the
primary enzyme responsible for ethanol oxidation, and low Km ALDH encodes the mitochondrial
enzyme that is primarily responsible for oxidizing the ethanol-derived acetaldehyde [36-38]. Low
Km ALDH impairment negatively affects the capacity for acetaldehyde metabolism, which is one of
the primary causes of the alcohol-flush reactions that have been observed in Asian individuals [38].
Therefore, these results indicate that pretreatment with leucine accelerates ethanol clearance and
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Fig. 20.2 The effects of amino acids infused into the tail vein on ethanol oxidation in rats. Leucine significantly
decreased the blood ethanol concentration 1 h after ethanol administration, and the ethanol concentration in the leucine
group was lower for 5 h after the ethanol administration. In addition, alanine significantly decreased the blood ethanol
level 0.5 h after acute ethanol administration. However, isoleucine and valine did not decrease the blood ethanol con-
centrations. The values are presented as the mean+SEM of six rats in each group. Comparisons with the control group
at each time point were performed using Bonferroni’s post-test following a two-way ANOVA for multiple comparisons
(*P<0.05). With permission from Amino Acids, 2012, 43, 2545-51 [35]

Table 20.1 Changes in alcohol dehydrogenase activity after each amino acid and ethanol administration

(U/mg protein)  Control Leucine Isoleucine Valine Alanine

0 min 0.058+0.015 0.088+0.018 0.030+0.012 0.034+0.018 0.108+0.026
ADH 15 min 0.041+0.015 0.095+0.006 0.086+0.013 0.038+0.026 0.120+0.027*

30 min 0.042+0.014 0.090+0.016* 0.042+0.008 0.022+0.010 0.070+0.016

60 min 0.090+0.016 0.125+0.014 0.045+0.017 0.035+0.010 0.075+0.030

Alanine significantly increased alcohol dehydrogenase (ADH) activity 15 min after ethanol administration, and leucine
increased ADH activity 30 min after ethanol intake. The values are presented as the mean+SEM of five rats in each
group. The results were compared with those of the control group, which was given distilled water, using Dunnet’s test
following an ANOVA for multiple comparisons (*P<0.05)

With permission from Amino Acids, 2012, 43, 2545-51 [35]

Table 20.2 Changes in acetaldehyde dehydrogenase activity after each amino acid and ethanol administration

(U/mg protein) Control Leucine Isoleucine Valine Alanine

0 min 0.446+0.499 1.884+1.227 2.649+1.091 0.112+0.125 4.067+2.312
low Km 15 min 0.511+0.626 3.719+0.657* 1.255+0.887 N.D. 1.859+1.573*
ALDH 30 min 0.945+0.672 5.249+3.903 0.223+0.249 2.154+1.544 2.283+2.184

60 min 0.772+0.485 4.057+2.584 1.435+1.284 N.D. 0.801+0.576
low Km 0 min 0.544+0.216 0.634+0.251 0.606+0.227 0.589+0.184  0.690+0.263
ALDH 15 min 1.899+0.414 2.820+0.651 2.215+0.410 2.186+0.472 2.215+0.338

30 min 0.732+0.372 0.766+0.360 0.828+0.413 0.603+0.204  0.831+0.391

60 min 1.000+0.380 0.926+0.264 0.978+0.357 0.923+0.404  0.942+0.351

Low Km aldehyde dehydrogenase (ALDH) activity was significantly increased in the leucine group 15 min after ethanol
administration and continued to increase during 60 min. High Km ALDH activity did not differ between the groups. The
values are presented as the mean+ SEM of five rats in each group. Comparisons with the control group, which was given
distilled water, were determined using Dunnet’s test following an ANOVA for multiple comparisons (*P <0.05)

With permission from Amino Acids, 2012, 43, 2545-51 [35]
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Fig. 20.3 The effects of amino acids on ethanol oxidation in isolated rat hepatocytes. Alanine significantly decreased
the ethanol concentration in the medium 90 min after ethanol injection. However, the BCAAs and their metabolites did
not decrease the ethanol concentrations in the isolated rat hepatocytes. The values are presented as the mean+SEM of
six set in each group. Comparisons of each group were performed with a Bonferroni’s post-test following a two-way
ANOVA for multiple comparisons (*P <0.05). With permission from Amino Acids, 2012, 43, 2545-51 [35]

enhances acetaldehyde oxidation by activating the alcoholic enzymes in the liver. In contrast, low Km
ALDH was lower in individuals pretreated with valine (Table 20.2).

BCAAs are primarily metabolized in skeletal muscles and the brain by branched chain amino acid
aminotransferase. This process produces branched chain a-keto acids, such as a-keto isocaproic acid
from leucine and p-methyl isovalerianic acid (KMV) from isoleucine. Branched chain a-keto acids
are metabolized in the liver. Some studies have demonstrated that leucine directly affects hepato-
cytes. Leucine has been shown to inhibit proteolysis in isolated-rat hepatocytes [39] and stimulate
hepatic growth factor production in hepatic stellate cells [40]. Therefore, leucine or its metabolite,
a-keto isocaproic acid, may directly affect ethanol clearance in the liver. To understand the effect of
leucine or its metabolite on ethanol oxidation in the hepatocytes, this study investigated changes in
the media ethanol levels of isolated rat hepatocytes incubated with ethanol after preincubation with
each amino acid or BCAA metabolites. Interestingly, leucine, other branched amino acids and a-keto
acids did not accelerate ethanol oxidation (Fig. 20.3). In contrast, alanine significantly increased
ethanol oxidation in the hepatocytes (Fig. 20.3). Each BCAA also accelerated ethanol clearance in
the liver perfusion performed using a modification of the method described by Mortimore [41] (data
not shown). NADH reoxidation is believed to be the primary rate-determining step in hepatic ethanol
oxidation, and the malate-aspartate shuttle is an important rate determinant in hepatic ethanol oxida-
tion [42]. Precursors of malate-aspartate shuttle components, such as alanine, increased ethanol
metabolism in hepatocytes [25]. In addition, it has been suggested that alanine stimulates the glu-
cose-alanine cycle, which improves the NADH redox state and results in increased ethanol elimina-
tion [43]. Therefore, the effect of leucine on ethanol clearance may not be attributable to changes in
the redox state via leucine metabolism in the liver, and leucine and its metabolite will not directly
affect ethanol oxidation in the liver.

Alcohol-metabolizing enzymes are activated by hormonal and nutritional factors. ADH has been
shown to be increased by insulin in vivo and by IGF-1 and growth hormone via an increase in cyclic
AMP in hepatocytes [44—46]. Insulin also enhanced the effect of IGF-1 on ADH activation [45]. In addi-
tion, insulin secretion has been shown to be stimulated by amino acids, such as leucine [47], but ethanol
has been shown to inhibit insulin secretion [48]. As shown in Fig. 20.4, pretreatment with leucine signifi-
cantly increased insulin secretion just prior to ethanol administration, but alanine did not confer this
effect. This suggests that the stimulation of hormone secretion, such as insulin secretion, by leucine may
contribute to enhanced alcohol-metabolizing enzyme activities. The mechanism of leucine’s effect on
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Fig. 20.4 The effects of leucine or alanine on insulin secretion after the administration of each amino acid and ethanol.
Leucine significantly increased the insulin concentrations 30 min after administration, but alanine did not confer this
effect. The values are presented as the mean+SEM of five rats in each group. Comparisons with the control group at
each time point were performed with Bonferroni’s post-test following a two-way ANOVA for multiple comparisons
(*P<0.05). With permission from Amino Acids, 2012, 43, 2545-51 [35]

ethanol clearance may be associated with the change in liquid factors (e.g., insulin). However, leucine’s
mechanism of action on the acceleration of ethanol clearance is unclear. Further studies are required to
investigate this mechanism.

Estimation of Effective Amount of Leucine for Humans

The amount of leucine used in the study performed by Murakami et al. was 0.125 g/kg body weight
in rats [35]. In addition, two-thirds of this amount (0.083 g/kg body weight) of leucine had the same
effect on ethanol clearance in rats (data not shown). The increase of BCAAs in plasma depends on the
BCAA intake [49]. In an animal study, the plasma leucine concentration after BCAA administration
(the amounts of leucine, isoleucine, and valine were 0.5, 0.25, and 0.25 g/kg body weight, respec-
tively) was 12.6-fold higher than that of the control group, which was administered water [50]. Thus,
plasma leucine levels will increase approximately 2.1-fold when leucine is administered at 0.083 g/kg
body weight in rats. Plasma leucine concentration increases 3.80-fold over the basal level with an
intake of 5 g of BCAAs (the leucine content was 2.56 g) in young Japanese men (22-25 years old)
[49]. Therefore, we estimate that 1.41 g of leucine is needed to accelerate ethanol oxidation in humans.

Conclusions

Leucine accelerates ethanol clearance after acute ethanol administration by enhancing alcohol-
metabolizing enzyme activities, such as alcohol and aldehyde dehydrogenase. In contrast, valine has
no effect on ethanol oxidation. Effect of leucine on ethanol oxidation is not exerted directly in the
liver. The increase in alcohol dehydrogenase activity resulting from leucine treatment may be associ-
ated with the induction of insulin secretion. In addition, leucine treatment before alcohol intake may
be important to enhance alcoholic enzyme activities and accelerate ethanol oxidation.

Chronic alcohol intake leads to liver failures, such as hepatic inflammation and fatty liver, and induces
liver cirrhosis. Therefore, it is important to accelerate ethanol oxidation after alcohol intake to prevent
these liver failures. Leucine may be a powerful solution for preventing liver failure resulting from
acute and chronic alcohol intake.
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