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Abstract

Fatty acid oxidation (FAO) releases the energy stored in fat to maintain basic biological processes. Dehydrogenation is a major
way to oxidize fatty acids, which needs NAD " to accept the released H from fatty acids and form NADH, which increases the
ratio of NADH/NAD * and consequently inhibits FAO leading to the deposition of fat in the liver, which is termed fatty liver or
steatosis. Consumption of alcohol (ethanol) initiates simple steatosis that progresses to alcoholic steatohepatitis, which consti-
tutes a spectrum of liver disorders called alcohol-associated liver disease (ALD). ALD is linked to ethanol metabolism. Ethanol is
metabolized by alcohol dehydrogenase (ADH), microsomal ethanol oxidation system (MEOS), mainly cytochrome P450 2E1
(CYP2E), and catalase. ADH also requires NAD " to accept the released H" from ethanol. Thus, ethanol metabolism by ADH
leads to increased ratio of NADH/NAD *, which inhibits FAO and induces steatosis. CYP2E1 directly consumes reducing equiva-
lent NADPH to oxidize ethanol, which generates reactive oxygen species (ROS) that lead to cellular injury. Catalase is mainly
present in peroxisomes, where very long-chain fatty acids and branched-chain fatty acids are oxidized, and the resultant short-
chain fatty acids will be further oxidized in mitochondria. Peroxisomal FAO generates hydrogen peroxide (H,0,), which is locally
decomposed by catalase. When ethanol is present, catalase uses H,O, to oxidize ethanol. In this review, we introduce FAO
(including a-, B-, and w-oxidation) and ethanol metabolism (by ADH, CYP2E1, and catalase) followed by the interaction between

FAO and ethanol metabolism in the liver and its pathophysiological significance.

catalase; CYP2ET; hydrogen peroxide; NAD; peroxisomes

INTRODUCTION

Alcohol abuse is a major cause of advanced liver disease
worldwide, and 50% of liver-related deaths are attributed
to alcohol. Globally, around 35% of alcoholic patients de-
velop various forms of alcohol-associated liver disease
(ALD) (1). ALD shares multiple aspects of pathology with
metabolic dysfunction-associated steatotic liver disease
(MASLD): there is a progression from simple steatosis
(fatty liver) to steatohepatitis, fibrosis, and cirrhosis lead-
ing to hepatocellular carcinoma (2). Adipose tissues are
one of the major sources of fat in the liver (3). Ethanol
enhances the mobilization of fat from adipose tissues to
the liver. Adipose lipolysis increases serum levels of free
fatty acids (FFA), which are absorbed by the liver and pro-
mote alcoholic steatosis (4, 5). Under obese conditions,
binge alcohol consumption aggravates liver injury and
promotes the pathogenesis of steatohepatitis from simple
steatosis (6). High-fat diets (HFD) also promote the patho-
genesis of ALD through enhanced intestinal absorption of
fat and ethanol-induced steatosis (7). Impaired fatty acid
oxidation (FAO) is one of the major reasons for the deposi-
tion of fat in the liver. Peroxisome proliferator-activated
receptor o (PPARa) regulates mitochondrial, microsomal,
and peroxisomal FAO. PPARa knockout (ppara’~) mice
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developed more severe steatohepatitis in ALD model (8)
and MASLD model (9). Treatment with PPAR« agonist WY-
14,643 reversed hepatic fat accumulation and steatohepa-
titis in ALD model (10) and MASLD model (11).

The radical difference in etiology between ALD and MASLD
is the intake of alcohol in the former. The toxic effects of the
metabolic products of ethanol have been linked to the patho-
genesis of ALD (12, 13). Ethanol is a substantial source of
energy, and ethanol metabolism produces 7.1 kcal (29.7 kJ) per
gram, a value that exceeds the energy content of carbohy-
drates and proteins. On average, ethanol accounts for half of
the caloric intake of alcoholic individuals (12). Ethanol con-
sumption affects multiple aspects of hepatic lipid metabolism,
including fatty acid uptake, FAO, lipogenesis, lipid secretion,
lipid droplet formation, autophagy, circadian rhythm, etc.,
which have been reviewed recently (14, 15). Both fat and etha-
nol metabolisms are associated with the development of ALD.
This review focuses on the molecular interaction between lipid
metabolism and ethanol metabolism in the liver, with special
emphasis on FAO and ethanol breakdown.

TYPES OF FATTY ACID OXIDATION

Fatty acids can be initially oxidized or hydroxylated in
different carbon atoms. FAO can take place either on a, B,
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Figure 1. Fatty acid oxidation (FAO). A: FAO occurs at a-, 3-, or @—carbon
atoms. B: FAO product acetyl-CoA is further oxidized as ketone bodies or
carbon dioxide and water in mitochondria. Acetyl-CoA is also used for ini-
tial cholesterol synthesis in cytosol. ETC, electron transport chain;
HMGCS, hydroxymethylglutaryl (HMG)-CoA synthase; TCA, tricarboxylic
cycle.

or o carbon atoms (Fig. 14). Correspondingly, they are
called o-oxidation, B-oxidation, and w-oxidation. The most
important and well-known FAO pathway is B-oxidation.
o-Oxidation is a subsidiary pathway of B-oxidation, and
a-oxidation is only for branched-chain fatty acids like phy-
tanic acid. Fatty acid products of a-oxidation and w-oxida-
tion finally enter B-oxidation for further oxidation.

Fatty Acid p-Oxidation

The B-oxidation of fatty acids leads to the oxidative re-
moval of successive two-carbon units in the form of acetyl-
CoA, which takes place in mitochondria and peroxisomes.
Usually, very long-chain and branched-chain fatty acids are
first activated by acyl-CoA synthetase (ACS) to generate fatty
acyl-CoA for oxidation in peroxisomes, and the resultant
short-chain fatty acyl-CoA will be further oxidized in mito-
chondria (16). There are four steps for p-oxidation in both
peroxisomes and mitochondria, but there is a difference in
step 1 between the peroxisomes and mitochondria, while the
other three steps are the same. In peroxisomes, step 1 is cata-
lyzed by acyl-CoA oxidase (ACOX), and hydrogen peroxide
(H,0,) is produced as a byproduct. The produced H,0, is
locally decomposed by catalase immediately. In mitochon-
dria, step 1 is catalyzed by acyl-CoA dehydrogenase (ACDH),
and flavin adenine dinucleotide (FAD) serves as cofactor to
accept the removed hydrogen from fatty acyl-CoA to form
FADH. ACDH does not generate H,0, (16). In step 3, in both
peroxisomes and mitochondria, NADH is generated, and the
NADH/NAD " ratio is increased. In mitochondria, electrons
pass through electron respiratory chain accompanied by
ATP synthesis. But in peroxisomes, due to the lack of elec-
tron transport chain (ETC), the released energy is not con-
served as ATP but is dissipated as heat (17).

Complete oxidation of fatty acids takes place in three
stages (18): 1) B-oxidation to produce acetyl-CoA in peroxi-
somes and mitochondria. 2) The tricarboxylic acid (TCA)
cycle in mitochondria: the acetyl group of acetyl-CoA is oxi-
dized to CO, in mitochondrial matrix, but peroxisomes lack
the enzymes for the TCA cycle. Acetyl-CoA generated in per-
oxisomes needs to be transported to mitochondria and enter
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the TCA cycle. 3) The ETC in mitochondria: the reduced elec-
tron carriers including NADH and FADH (mostly NADH)
produced in the first two stages donate electrons to the ETC
flowing through Complex I-V, through which the electrons
pass to oxygen with concomitant oxidization of ADP to ATP
and NADH being oxidized back to NAD " via oxidative phos-
phorylation in mitochondrial matrix.

Besides entering the TCA cycle, acetyl-CoA resulting from
B-oxidation also undergoes conversion to the water-soluble
ketone bodies (Fig. 1B), including acetone, acetoacetate, and
D-B-hydroxybutyrate, which takes place in mitochondria.
Liver does not further oxidize ketone bodies. Acetone is
produced in smaller quantities and exhaled from lung, but
acetoacetate and D-B-hydroxybutyrate are transported to
extrahepatic tissues for conversion to acetyl-CoA. The
brain preferentially uses glucose as a source of energy, but
when glucose is unavailable (e.g., under starvation), the
brain adapts to use acetoacetate and D-B-hydroxybutyrate
but not fatty acids because fatty acids do not cross the
blood-brain barrier (18). Ethanol enhances HFD-induced
ketogenesis, but ethanol alone does not induce ketogene-
sis (19). Ketogenic diets could interfere with alcohol me-
tabolism, as indicated in an experimental rat model of
ethanol feeding in which a ketogenic diet reduced alcohol
intake (20). Nutritional ketosis could serve as a potential
treatment for alcohol abuse. For details, please refer to the
recent review (21).

Fatty Acid o-Oxidation

The w-oxidation of fatty acids involves oxidation of the w
carbon that is most distant from the carboxyl group. Fatty
acid w-oxidation is an accessory pathway that accounts for
less than 5% of the total FAO (22). Under conditions of
increased flux of fatty acids to the liver (such as starvation
and diabetes), w-oxidation may increase to approximately
15% (23). In addition, when B-oxidation is decreased, w-oxi-
dation will increase (24). The w-oxidation is a rescue path-
way for FAO disorders in patients with peroxisome disorders
like Refsum disease and X-linked adrenoleukodystrophy
(25). The w-oxidation takes place in the endoplasmic reticu-
lum (ER) of the cell. The o-carbon of fatty acids is oxidized
by cytochrome P450 (CYP) enzymes to form o-hydroxyl fatty
acid, which is further oxidized to aldehyde fatty acid by alco-
hol dehydrogenase (ADH), a major enzyme for ethanol me-
tabolism (ADH metabolism of ethanol will be elaborated in
Alcohol Dehydrogenase). After w-oxidation, fatty acids are
finally transformed into dicarboxylic acids, which will be
subjected to B-oxidation for complete oxidation (25).

It is generally accepted that o-oxidation is mainly cata-
lyzed by CYP4As and CYP4Fs (25). CYP2EL1 is also impor-
tant for w-oxidation (26). In CYP2E1 knockout (cyp2el ")
mice, CYP4As were upregulated to compensate for the loss
of CYP2E1 (27). Previously, we found that chronic ethanol
feeding suppressed hepatic PPARo expression, which was
observed in the WT mice but not in the cypZe]‘/ ~ mice (28).
Recently, it was reported that three polyunsaturated fatty
acids (PUFA), including docosahexaenoic acid (DHA), 9,12-
linoleic acid (LCA), and arachidonic acid (AA), were directly
metabolized by CYP2E1, and these PUFAs can serve as
PPARa agonists to activate FAO, which explains why
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CYP2EL1 deficiency causes PPAR« activation (29). CYP2E1
is an alcohol-inducible enzyme and plays an important
role in ethanol metabolism, which will be discussed in
Cytochrome P450 2E1.

Fatty Acid a-Oxidation

Unlike p-oxidation, which removes two carbons at a time,
fatty acid a-oxidation removes only one carbon atom at a
time, which is also from the carboxyl end of the fatty acid
chain. The a-oxidation takes place only in peroxisomes, it is
especially important for the metabolism of branched-chain
fatty acids such as phytanic acid. Phytanic acid is derived
from the side chain of phytol group of chlorophyll. Humans
obtain phytanic acid primarily from dairy products and from
fats of ruminant animals. Bacteria in the rumen of these ani-
mals produce phytanic acid as they digest plant chlorophyll
to release phytol (30, 31). Phytanic acid is 3,7,11,15-tetrame-
thylhexadecanoic acid with four side methyl groups in
C3,7,11, and 15. The C3 methyl group is in B-carbon, so B-oxi-
dation is blocked. If it undergoes a-oxidation to make o-car-
bon (C2) be oxidized and released as CO,, then phytanic acid
is metabolized to pristanic acid, i.e., 2,6,10,14-tetramethyl-
pentadecanoic acid; thus, the original C3 methyl group will
become C2 methyl group and there will be no methyl group in
B-carbon to block B-oxidation (31, 32). Unlike straight-chain
fatty acid B-oxidation, which only produces acetyl-CoA, pris-
tanic acid p-oxidation produces both acetyl-CoA and propio-
nyl-CoA. Phytanic acid and its metabolite pristanic acid
activate PPAR« in a concentration-dependent manner via the
ligand-binding domain of PPARa as well as via a PPAR
response element (PPRE) (33). Phytanic acid precursor phytol
conversion to phytanic acid was also in a PPAR«-dependent
manner (34).

A

Ethanol to acetaldehyde:
ADH
1. CHyCH;OH + 2NAD* s> CH, B + 2NADH

ETHANOL METABOLISM

Ethanol is metabolized to acetaldehyde by three enzyme
systems in the liver: 1) alcohol dehydrogenase (ADH); 2)
microsomal ethanol-oxidizing system (MEOS), which con-
tains CYP2EL; and 3) catalase (12, 13, 35). The resultant acetal-
dehyde is further metabolized to acetate by acetaldehyde
dehydrogenase (ALDH) (12, 13). Figure 2 demonstrates the
biochemical reactions and the intracellular locations of etha-
nol metabolism. In addition, ethanol in a small fraction is
esterized with fatty acids to form fatty acid ethyl ester
(FAEE) by carboxylesterase or carboxylester lipase in the
liver or pancreas (36, 37). FAEE accumulation causes inflam-
mation and injury in the pancreas (38). Recently, it was
reported that FAEEs also mediated binge alcohol-induced
liver injury (39).

Alcohol Dehydrogenase

ADH is localized in the cytosolic fraction of cells. The
highest amount of ADH is present in the liver, followed by
gastrointestinal tract. The primary function of ADH is to oxi-
dize the endogenous alcohol produced by microorganisms
in the gut and the exogenous ethanol and other alcohols con-
sumed with the diet. In humans, multiple forms of ADH
exist in the liver and are encoded by at least seven genes
(40). They catalyze the removal of hydrogen atom from etha-
nol to NAD " and form acetaldehyde and NADH (Fig. 2),
which results in a strikingly increased ratio of NADH/NAD *
and the associated redox changes. The increased ratio of
NADH/NAD " inhibits FAO, which contributes to the devel-
opment of alcoholic steatosis (12, 13).

ADH has a broad spectrum of substrate specificity. As
we discussed in Fatty Acid o-Oxidation, ADH also has

Subcellular reaction site:

Cytosol

MEOS . .
2. CHyCH;OH + NADPH + H*+ O, ====———=3> CH,[Biil] + NADP- + 2H,0 Endoplasmic Reticulum
Catalase ]
3. CHCH,OH + H,0, =————> CH.Bll +2H.0 Peroxisomes
Acetaldehyde to acetic acid:
CHEHE + NaD+ —22 3 CHCOOH + NADH +H: Mitochondria
Figure 2. Alcohol metabolism in the liver.
A: biochemical reaction. B: interaction of
B the three ethanol metabolism pathways and
N mitochondrial acetaldehyde metabolism.
Peroxisome FAO CH3CHO, acetaldehyde; CH;COOH, acetic
N Mitochondrion acid; CHsCH,OH, ethanol; ETC Complex |,
0: H;0, H:0 ALDH2 electron transport chain Complex|.
CH,CH,0H — — CH3- > CH3- 7\ » CH;COOH
NAD+ NADH
Cytosol NAD+ NADH > NADH > NAD+
CH:CH,OH \A [; > CH3- ETC Complex |
ER FAO
n
NADPH NADP+
\Z
» CH
CHsCH,OH —— ]
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w-hydroxy fatty acid dehydrogenase activity in the process
of fatty acid w-oxidation (25). The K, values for the oxida-
tion of w-hydroxy fatty acids by ADH (10-40 uM) are lower
than the K, values for the oxidation of ethanol by ADH
(0.2-2 mM). Therefore, higher concentration of ethanol
(5.6 mM) inhibits the oxidation of w-hydroxy fatty acids by
rat liver ADH. In contrast, a lower concentration of
w-hydroxy fatty acids (17 uM of 18-hydroxystearic acid) is
enough to inhibit the oxidation of ethanol by rat liver ADH
(41). These results indicate that the oxidation of w-hydroxy
fatty acids is a more important physiological function of
ADH than ethanol metabolism.

In addition, ADH also metabolizes retinol (Vitamin A)
to retinal, and the latter is further oxidized to retinoic acid
(42). Retinol, retinal, and retinoic acid are collectively
called retinoids. Ethanol may compete with retinol for
ADH to affect retinoid homeostasis. Acute ethanol admin-
istration reduces retinoic acid levels, which is primarily
due to a decrease in ADH-initiated retinoic acid synthesis
(43). The effects of ethanol on retinoid metabolism have
been extensively reviewed by Clugston and Blaner (44) as
well as Napoli (45).

Cytochrome P450 2E1

In 1966, it was reported that ethanol feeding through
newly designed Lieber-DeCarli liquid diets induced prolif-
eration of smooth endoplasmic reticulum (SER) in rats
(46). In 1968, Lieber and Decarli reported that microsomal
fractions derived from the ethanol-induced SER contain
MEOS, and activity of the MEOS requires O, and NADPH
but partially inhibited by carbon monoxide, a characteris-
tic feature of CYP (47). Now it is well established that
CYP2E1 is a major component of MEOS and involved in
the metabolic degradation of ethanol. CYP2E1 has a rela-
tively higher K, for ethanol than ADH (8-10 mM vs. 0.2-2
mM) and only approximately 10% ethanol in the body is
metabolized by CYP2E1 (12, 13, 35). CYP2EL is an active
generator of reactive oxygen species (ROS) and has a loose
association with cytochrome P450 reductase. So, it gener-
ates ROS even in the absence of substrates (48). Therefore,
CYP2E1-mediated cytotoxicity or liver injury is associated
with oxidative stress (12, 13, 35). For more details, please
see historical review early by Lieber (49) and recently by
Teschke (50).

The Laboratories of Arthur Cederbaum carried out a series
of studies on CYP2E1 in different systems, including isolated
microsomes, human hepatoma HepG2 cells overexpressing
CYP2EL, the cyp2el '~ mice, and cyp2el’~ mice with human
CYP2E1 knock-in (cypZel’/ ~ KI mice). The microsomes iso-
lated from ethanol-fed rats containing higher levels of CYP2E1
metabolize more ethanol, which was inhibited by hydroxyl
radical (-OH) scavengers (51, 52), CYP2E1 inhibitors, or neu-
tralizing antibodies against CYP2E1 (53), suggesting the essen-
tial role of CYP2E1 and CYP2El-mediated ROS in microsomal
oxidation of ethanol. Interestingly, when the HepG2 cells con-
stitutively express CYP2E1, antioxidant genes and their
encoded antioxidant enzymes were upregulated, which
reflects an adaptive mechanism to remove CYP2El-derived
oxidants, but these CYP2E1 overexpressing HepG2 cells were
still more sensitive to ethanol-induced cytotoxicity than the
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HepG2 cells expressing only empty plasmid (54). These studies
suggest that upregulation of CYP2E1 could produce ROS, lead-
ing to cellular injury. There was no difference in alcoholic liver
injury between cyp2el~/~ mice and WT mice in a surgical
intragastric infusion model (55). However, in a voluntary oral
feeding model, Cederbaum group observed less alcoholic stea-
tosis and inflammation in the cyp2el/~ mice than in the WT
mice (28). Furthermore, in the cypZel‘/ ~ KI mice that human
CYP2E1 was reconstituted into the cyp2el/~ mice, more
severe alcoholic liver injury was observed (56). These results
suggest that CYP2EI1 contributes to the development of ALD in
vivo.

CYP2E1 may also affect retinoid homeostasis by degrading
retinoic acid and retinol into polar metabolites. Metabolism
of retinoic acid results in the loss of retinoic acid, promoting
carcinogenesis (57). In addition, CYP2E1 metabolically
activates a large number of carcinogens that could lead to
the development of cancer (58). Therefore, alcohol-
induced CYP2EI1 plays an important role in alcohol-medi-
ated carcinogenesis.

Catalase

In 1936, Keilin and Hartree first reported that catalase pro-
motes the oxidation of ethanol to acetaldehyde in the pres-
ence of a H,0,-generating system (59). Catalase is the
enzyme that decomposes high concentrations of H,0,, so it
was surprising that catalase catalyzes the H,0, oxidation of
ethanol instead of preventing it. The reaction mainly
involves two steps: H,O, production, a primary oxidation
system, and ethanol oxidation by H,0, (catalyzed by cata-
lase), a coupled secondary oxidation (60). As shown in Fig. 3,
a free catalase binds with one molecule of H,0, to form a cat-
alase-H,0, complex. Second, the catalase-H,O, complex
reacts with a second molecule of H,O, to decompose both
the two molecules of H,0, to two molecules of H,O and
one molecule of O,, which was called “catalatic” reaction
(60). Third, if ethanol is present, then the H,0, in the cata-
lase-H,0, complex will be used for the oxidation of etha-
nol, which was called “peroxidatic” reaction. Although the
ethanol is oxidized to acetaldehyde, H,0, in the catalase-
H,0, complex is decomposed to H,O, but no O, is released
(60, 61).

Catalase is mainly located in the peroxisomes. Peroxisomes
contain multiple oxidases that make electrons pass directly to
0O, generating H,0, (62). Therefore, peroxisomes are good
sites for catalase to oxidize ethanol. The peroxisomal H,0,
production by oxidases and catalase-catalyzed ethanol oxida-
tion by H,0, forms a “coupling ethanol oxidation” system
(59). The rate of “coupling ethanol oxidation” is mainly lim-
ited by the ratio of the H,0, generation rate to the catalase
concentration (60). However, when H,0, concentration is too
high, catalase will have a priority to decompose H,0,, and

1. Catalase + H202 —> Catalase-H20:
2. Catalase-H202 + HoO2 ~ ——> Catalase + 2H20 + 02

—> Catalase + 2H20 + CH:[Bil§

Figure 3. Reactions of catalase oxidizing H,O, and ethanol. CH3;CHO, ac-
etaldehyde; CH3;CH,OH, ethanol.

3. Catalase-H202 + CH3CH20H
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only those H,0, gradually and continuously released from a
H,0, generation system (H,O, will not be accumulated to
reach higher concentrations) is effective for the oxidation of
ethanol (59-61, 63). The catalase K, value for ethanol could
not be measured because it depends on the continuous gener-
ation of H,0, (60).

Acetaldehyde Dehydrogenase

Acetaldehyde dehydrogenase (ALDH) oxidizes acetalde-
hyde (64). Acetaldehyde is mainly oxidized by mitochondrial
ALDH2 rather than by cytosolic ALDHI1 because ALDH2 has
a much lower Ky, (0.2 uM) than ALDH1 (180 uM) (65). ALDH
also needs NAD ", so ALDH competes with ADH for the
availability of NAD *. In the cytosol, xanthine oxidase (XOD)
and aldehyde oxidase (AOD) can also oxidize acetaldehyde.
Like other oxidases, XOD and AOD also produce H,0, (66),
which will be used for the oxidation of ethanol by catalase
(Fig. 4). In an in vitro biochemical reaction system, the addi-
tion of Schardinger enzyme (the old name for XOD) made
the catalase metabolism of ethanol continuously go on until
all the ethanol was metabolized, which was called “cyclic
ethanol oxidation” (59). However, the K, values of AOD and
XOD for acetaldehyde are 1 mM and 30 mM, respectively
(66), which are much higher than the K,, values of ALDH1
and ALDH2. It is unclear whether in vivo XOD and AOD play
a significant role in the oxidation of acetaldehyde. If yes,
under HFD plus ethanol, fatty acid p-oxidation and ADH oxi-
dation of ethanol consume more NAD ", and consequently,
NAD* availability for ALDH will be limited, and thus ALDH
oxidation of acetaldehyde will slow down, and XOD/AOD ox-
idation of acetaldehyde and “cyclic ethanol oxidation” will
be increased.

NAD+  NADH
Acyl-CoA ACOX _»&4 o hoyCohs Aty o
® A%
02 H202
H20
Catalase
Peroxisome H:0z + CHsCHOH CHsI-
H202 1
AOD, XOD
Cytosol CH:COOH &-— Il
ALDH1
NADH NAD+
] A
Mitochondrion
ETC Complex |
NADH NAD+
ALDH2
CHsCOOH CHs-

Figure 4. H,O, generation and ethanol-acetaldehyde oxidation. AOD,
aldehyde oxidase; CH3CHO, acetaldehyde; CH3;COOH, acetic acid;
CH3CH,0H, ethanol; ETC Complex I, electron transport chain Complex [;
XOD, xanthine oxidase. n, carbon number in acyl-CoA; n-2, 2 carbons are
removed after a cycle of oxidation.
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INTERACTION OF FAO AND ETHANOL-
ACETALDEHYDE METABOLISM

There are no efficient feedback mechanisms to regu-
late ethanol metabolism (13, 40). However, ethanol-acet-
aldehyde metabolism in the cytosol, ER, peroxisomes,
and mitochondria can change the redox state of the liver.
Ethanol metabolism could lead to alterations in hepatic
lipid, carbohydrate, protein, lactate, and uric acid me-
tabolism, which may affect ethanol metabolism. Here,
we focus on the molecular interactions between FAO and
ethanol metabolism.

Peroxisomal Fatty Acid p-Oxidation and Ethanol
Metabolism

As discussed in Fatty Acid B-Oxidation, four steps of fatty
acid p-oxidation take place in the peroxisomes and mito-
chondria, but step 1 is different in the peroxisomes and mito-
chondria (Fig. 5). In peroxisomes, ACOX catalyzes the step
1 reaction and produces H,0,, which is detoxified by cata-
lase or is used for ethanol oxidation by catalase if ethanol
is present.

Generally, catalase is considered to play a minor or insig-
nificant role in ethanol metabolism in vivo. Under normal
physiological conditions, peroxisomes are responsible for
approximately 20% of oxygen consumption in the liver (17).
Recently, Zhong and colleagues reported that after 8 wk of
ethanol feeding, Cat~/~ mice exhibited higher levels of etha-
nol in the liver and blood than the WT mice (67), suggesting
that catalase may also play a significant role in ethanol me-
tabolism in vivo. Furthermore, Zhong and colleagues fed
male mice with the Lieber-DeCarli ethanol diet for 7 wk, fol-
lowed by 1 wk of the ethanol diet supplied with 25 mg/L WY-
14,643. They noticed that serum levels of ethanol were
decreased dramatically by WY-14,643, which was paralleled
with the induced catalase and suppressed CYP2E1, while
ADH1 and ALDH2 were not altered, indicating that the
induced catalase is responsible for the decrease in serum lev-
els of ethanol (67).

Alternatively, we fed female mice with the Lieber-
DecCarli ethanol diet containing 0-10 mg/L WY-14,643 for
3 wk. Serum levels of ethanol were strikingly decreased
with WY-14,643, which was not observed in the ppara—'~
mice but noticed in the mice lacking liver fatty acid bind-
ing protein (L-FABP). This suggests that PPARa regulates
this process, but L-FABP has no effect. Similarly, catalase
was induced but ADH and CYP2E1 were not induced by
WY-14,643, which was not observed in the ppara™'~ mice,
either (68, 69). The catalase inhibitor 3-AT reversed the
WY-14,643-decreased levels of ethanol in the serum (68).
In a binge alcohol model, we treated WY-14,643-fed mice
with 2.5 g/kg ethanol by gavage and collected the blood at
different time points for ethanol assay. The results
depicted that blood ethanol clearance was escalated with
WY-14,643 treatment, which was not observed in Cat™/~
mice (70), suggesting that catalase is essential for the WY-
14,643 to enhance ethanol metabolism.

As discussed before, the catalase oxidation of ethanol
needs H,0,. Peroxisomal ACOX1 generates H,0O, when it
oxidizes fatty acids. Ethanol oxidation by catalase can be
stimulated by fatty acids because the peroxisomal FAO
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produces H,0,. It had been shown that in perfused livers,
supplying fatty acids increased H,O, production by eight-
fold, which was in parallel with the increased ethanol me-
tabolism (71). Consistently, under fasting conditions,
serum fatty acids are elevated, and hepatic ethanol metab-
olism is mediated predominantly by catalase-H,0, (72). It
has been demonstrated that HFD can induce peroxisomal
FAO (73-75). Interestingly, the Lieber-DeCarli diets used
for the experimental ALD model in rodents are designed to
be HFD (40% calories from fat vs. 12% calories from fat in
the normal chow). ACOX1-mediated H,0, production is
such an important event that WY-14,643 could enhance
ethanol metabolism by inducing ACOX1 alone even
though catalase was not induced (70). Most of the very
long-chain fatty acids are directly oxidized by ACOX1 in
peroxisomes. However, arachidonic acid (AA) is usually
esterified to phospholipids and does not undergo FAO (76).
Released from phospholipids by phospholipase A2 (PLA2),
AA is converted by cyclooxygenase 2 (COX-2) to prosta-
glandins, which are ACOX1 substrates (77, 78). Thus, PLA2,
COX-2, and ACOX1 were induced by WY-14,643 to attenu-
ate fat accumulation in the liver in the Lieber-DeCarli
model of ALD, which was not observed in the ppara '~
mice (69).

It is well known that WY-14,643 induces peroxisome pro-
liferation (62), which is also a PPARa-dependent process
(79). Peroxisomal biogenesis factor peroxin 16 (PEX16) is a
key regulator for the biogenesis of peroxisomes (80, 81).
Humans with mutation of PEX16 lack structurally intact per-
oxisomes (82). PEX16 was also involved in the WY-14,643
induction of peroxisome proliferation. Liver-specific PEX16
knockout mice (Pex162°¢") displayed increased hepatic
ACOX1 and catalase, which were in the cytoplasm due to
lack of peroxisomes. However, the increased ACOX1 and cat-
alase did not increase ethanol metabolism, suggesting that
intact peroxisomes provide a favorable intracellular environ-
ment for the catalase metabolism of ethanol (70). It is well
known that PPAR« regulates peroxisomal FAO (62, 83), and
PPARa activation by WY-14,643 prevents hepatic TG accu-
mulation in the experimental ALD model (10). Thus, in the
peroxisomes, both lipid metabolism and ethanol metabolism
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are enhanced by PPARa activation, and an interaction
between lipid metabolism and ethanol metabolism is pres-
ent in peroxisomes.

Mitochondrial Fatty Acid -Oxidation and Acetaldehyde
Metabolism

Mitochondria are the most important cellular compart-
ment for acetaldehyde oxidation because mitochondrial
ALDH2 has the lowest K, value for acetaldehyde, i.e.,
ALDH?2 has the highest affinity for acetaldehyde among the
acetaldehyde metabolism enzymes, including ALDHI,
XOD, and AOD as we discussed in Catalase. ALDH2 needs
NAD * to accept the hydrogen removed from acetaldehyde
and form NADH. Mitochondria are active in complete FAO,
including mitochondrial fatty acid p-oxidation, TCA cycle,
and oxidative phosphorylation in the ETC. Mitochondrial
fatty acid p-oxidation and TCA cycle also consume NAD ™
to form NADH. Thus, within mitochondria, ALDH2 com-
petes with fatty acid B-oxidation and TCA cycle for the
availability of NAD " Oxidation of NADH back to NAD*,
an essential factor in FAO and ethanol metabolism, is pre-
dominant in the liver (40). Through the ETC, NADH is con-
verted back to NAD * for reuse as the acceptor for hydrogen
(Figs. 4 and 5). Acetaldehyde dehydrogenation to acetic
acid in mitochondria will also contribute to the production
of ATP as a form of energy. Ethanol oxidation may release 7
kcal/g of energy, which is higher than glucose and protein
(both 4 kcal/g) but lower than fat (9 kcal/g).

Mitochondrial fatty acid p-oxidation does not generate
H,0,, but the mitochondrial ETC will generate superoxide
anion, which will be converted to H,0, by superoxide dis-
mutase (SOD). Catalase was also reported to be detected in
mitochondria (84), but it is unclear whether mitochondrial
catalase directly metabolizes ethanol at a significant rate.
Mitochondria also express CYP2E1, and ethanol treatment
induces mitochondrial CYP2E1-mediated ROS production
and oxidative stress (85). It is speculated that mitochon-
dria are potential sites for ethanol metabolism, which
needs to be directly measured to prove it. If mitochondria
metabolize ethanol, then the produced acetaldehyde will
be further locally oxidized by ALDH2 to acetic acid,
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which will be further locally oxidized to produce ATP in
mitochondria.

Interaction of Microsomal Fatty Acid w-Oxidation and
Ethanol Metabolism

It is well established that CYP2E1 metabolically oxidizes
ethanol into acetaldehyde (35). CYP2EL1 also catalyzes w-oxi-
dation of fatty acids to produce dicarboxylic acids (26).
Interestingly, under pathological conditions such as type II
diabetes and obesity with elevated serum ketone bodies and/
or fatty acids, liver CYP2EL1 is also upregulated (86). Thus,
ethanol-induced CYP2E1 will promote both ethanol metabo-
lism and w-oxidization of HFD-derived fatty acids. If the
fatty acid w-oxidation substrate is medium chain like lauric
acid (12-C), the resultant dicarboxylic acid will be B-oxidized
in mitochondria. If the w-oxidation substrates are PUFAS like
DHA (22-C; rich in fish oil) and AA or its derived eicosanoids
(20-C), the final dicarboxylic acids will be initially B-oxidized
in peroxisomes, which will generate H,0, to promote the de-
velopment of ALD. Indeed, when the rats were fed with the
Lieber-DeCarli liquid ethanol diets supplemented with fish
oil containing very long-chain PUFAs, severe alcoholic liver
injury was developed, but if the ethanol diets were supple-
mented with medium-chain triglycerides, the rats displayed
normal liver (87).

The w-oxidization of fatty acids produces w-hydroxy fatty
acids, which will be further oxidized by ADH (Fig. 6). The
ADH K, values for oxidation of the w-hydroxy fatty acids
are lower than the K, for ADH oxidation of ethanol.
Therefore, in in vitro studies, higher concentration of etha-
nol is needed to inhibit ADH oxidation of w-hydroxy fatty
acids, but lower concentration of w-hydroxy fatty acids is
enough to inhibit ADH oxidation of ethanol (41). However,
in rats, ethanol feeding significantly increased but did not
inhibit microsomal fatty acid o-oxidation (88), which might
be a secondary reaction to the total inhibited FAO by etha-
nol because w-oxidation is increased in response to a
decreased B-oxidation (24).

Interaction of Peroxisomal Fatty Acid a-Oxidation and
Ethanol Metabolism

As a branched-chain fatty acid, phytanic acid undergoes
a-oxidization followed by B-oxidation, both of which take
place in peroxisomes. Published reports are not available
about the interaction of peroxisomal fatty acid «-oxidation
and catalase metabolism of ethanol. We are investigating the
role of phytanic acid precursor phytol on ethanol metabo-
lism. Phytol has been mixed with the Lieber-DeCarli ethanol
diet at a concentration of 1 mL/L (0.1%, vol/vol). After 2 wk of
feeding, serum ethanol was lower in the mice fed with the
ethanol diet containing phytol than in the mice fed with the
ethanol diet without phytol, implicating that phytol enhan-
ces ethanol metabolism (Fig. 7A). Phytol induced catalase
but did not induce CYP2E1, ADHI1, and ALDH (Fig. 7D),
suggesting that phytol lowering serum ethanol is due to
the induction of catalase. The catalase was found to coor-
dinate with ACOX1 for ethanol metabolism (70). Indeed,
ACOX1 was also induced by phytol (Fig. 7D). Mild hepato-
megaly as indicated by increased liver index (liver wt/
body wt x 100) was also observed after the phytol treat-
ment (Fig. 7B). In addition, phytol also induced the
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Figure 6. Interaction of fatty acid m—oxidation and ethanol oxidation.

proliferation of peroxisomes, as indicated by the upregu-
lation of PMP70, a peroxisome marker (Fig. 7D). Phytol
also suppressed serum levels of TG (Fig. 7C). Initially, we
hypothesized that the phytol metabolite phytanic acid
undergoes a-oxidization to generate pristanic acid, which
undergoes B-oxidation in peroxisomes, producing H,0, to
promote the catalase metabolism of ethanol. The effects
of phytol we observed are similar to the effects of WY-
14,643, implicating that phytol exerts effects via PPARa.
Indeed, in the liver, phytol is metabolized to phytanic
acid in a PPARa-dependent manner (34). Phytanic acid
and pristanic acid were also demonstrated to be naturally
occurring ligands of PPAR« (33). Thus, phytol activation
of PPARa pathway may play an important role in the phy-
tol enhancing effect on ethanol metabolism.

ETHANOL METABOLISM: DETOXIFICATION
OR BIOACTIVATION?

ALDH2 Detoxification of Acetaldehyde

Many drugs induce proliferation of SER, which contains
drug-metabolizing enzymes including CYPs to biotransform
the drugs to be more water-soluble for excretion and/or less
toxic than the parent form, which is called detoxification.
However, some chemical biotransformation may also lead to
the formation of reactive metabolites that are more toxic,
which is called bioactivation. Ethanol metabolism is a typi-
cal bioactivation process because ethanol metabolism forms
acetaldehyde, a toxic metabolite. Fortunately, ALDH2 affin-
ity for acetaldehyde is much higher (K, = 0.2 uM) than ADH
affinity for ethanol (K, = 0.2-2 mM), so normally acetalde-
hyde is present in the body at a much lower concentration
than ethanol. However, ethanol-induced cellular damage
during chronic alcohol consumption is considered to be
associated with biomacromolecular adducts formed with ac-
etaldehyde (89, 90). The Laboratories of Bin Gao at NIAAA
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carried out experiments using Aldh2~/~ mice to examine the
role of ALDH2 in the development of ALD. In the NIAAA
model initially developed by the Bin Gao group (a binge-on-
chronic model), the Aldh2~'~ mice displayed higher serum
levels of acetaldehyde and developed more severe liver
inflammation than the WT mice, although the Aldh2~/~
mice were resistant to alcoholic steatosis (91). When the
ethanol-fed mice were injected with a low dose of carbon tet-
rachloride (CCly), the Aldh2~/~ mice developed more severe
fibrosis than the WT mice (91). However, in a binge model,
after a binge ethanol administration (5 g/kg for 9 h) by ga-
vage, a similar degree of liver injury in the Aldh2~/~ mice
and WT mice was observed, even when the binge ethanol
was administrated after 3 mo of HFD feeding (39). In con-
trast, the Laboratory of B-J Song, another NIAAA group,
observed a clear liver injury in the Aldh2~/~ mice but not in
the WT mice after a low dose of ethanol gavage (3.5 g/kg for
6 h) (92).

ADH and Alcoholic Steatosis

ADH oxidation of ethanol produces NADH and increases
the ratio of NADH/NAD™", which inhibits FAO and pro-
motes steatosis (12, 13). Experiments in both chronic and
acute models showed that the absence of ADH leads to ele-
vated serum ethanol levels. In ADH-deficient deer mice, af-
ter chronic ethanol feeding, blood alcohol concentrations
were 1.5 times higher than in normal deer mice; pancreatic
FAEE, a nonoxidative ethanol metabolite, was remarkably
increased, and significant pancreatic injury was detected
only in the ADH-deficient deer mice but not in the normal
deer mice (93). Similarly, after binge ethanol gavage, ADH1
knockout (Adhl /) mice displayed higher levels of serum
ethanol than the WT mice, and the Adh1~/~ mice developed
more severe liver injury than the WT mice, which was also
mediated by FAEE (39).
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CYP2E1-Induced Oxidative Liver Injury

Alcohol consumption also induces SER to metabolize
ethanol via the upregulated CYP2E1, which contributes to
the development of ALD in the Lieber-DeCarli model (28). In
the cyp2el /- KI mice fed with the Lieber-DeCarli ethanol
diet, when severe alcoholic liver injury was observed (56), an
enhanced ethanol metabolism, as indicated by reduced se-
rum ethanol levels, was also observed, which was in parallel
with hypoxia induced by ethanol feeding (94). In binge mod-
els, CYP2EI1 is not significantly induced, so ethanol gavage-
induced alcoholic liver injury in WT mice was similar to the
cyp2el”’~ mice (39). In contrast, in the cyp2el/~ KI mice
where CYP2EL1 is highly expressed, binge ethanol (6 g/kg
for 4 h) induced significant liver injury as indicated by the
increased serum levels of ALT and AST, which was not
observed in the cypZel’/ ~ mice (94). Therefore, the elevated
CYP2E1 (including ethanol-induced and constitutively
highly expressed) but not the basal CYP2EL1 plays a signifi-
cant role in the development of ALD. Adaptive mechanisms
have been developed to counteract the CYP2El-mediated
oxidative liver injury. As discussed in Cytochrome P450
2E1, antioxidant levels are increased to remove CYP2E1l-
derived ROS (54). In addition, CYP2E1-generated ROS acti-
vates Nrf2 to upregulate CYP2AS5 (95, 96), and the induced
CYP2AS is protective against the development of ALD
because ALD is more severe in the cyp2a5~/~ mice than WT
mice (97, 98). These protective mechanisms are developed
to counteract the CYP2El-mediated liver injury, implicating
that CYP2E1-mediated ethanol metabolism is a process of
bioactivation rather than detoxification.

Catalase Oxidation of Ethanol and Liver Injury

Unlike ADH and CYP2EL, catalase oxidizes ethanol with-
out formation of large amounts of NADH (inhibiting fatty
acid oxidation) or depletion of NADPH (inducing oxidative
stress), catalase seems to provide an innocuous metabolic
pathway for alcohol oxidation. When H,0, concentrations
are higher, catalase has a priority for the “catalatic” reaction
to decompose H,0,. Only at lower H,0O, concentrations,
“peroxidatic” reaction of catalase to oxidize ethanol is initi-
ated, and only those H,0, gradually and continually released
from a H,0, generation system is effective for the ethanol
oxidation (59-61, 63). When the ratio of a H,0, generation
(uM/min) to catalase concentration (uM) was 10 and above,
H,0, was decomposed to H,O and O,. However, as the ratio
decreased, although the H,0, was still decomposed, produc-
tion of O, was increasingly diminished, and at a ratio of 1, O,
formation was no longer observed (99), and an alternate
pathway was proposed that catalase degrades H,0, and gen-
erates -OH instead of O, and H,0O (100). Similarly, in the pres-
ence of ethanol, O, is not produced when catalase oxidizes
ethanol and H,0, to acetaldehyde and H,O, respectively
(Figs. 2 and 3). It is unclear whether catalase metabolism of
ethanol also produces -OH, which is more active and toxic.
Catalase is an antioxidant enzyme, so it is not surprising that
the Cat~/~ mice developed more severe alcoholic liver injury
than the WT mice (67). However, when catalase metabolism
was enhanced by WY-14,643, liver injury was observed even
though steatosis was ameliorated (68, 70). Under peroxisome
proliferation, ACOX1 was induced to a greater extent than
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catalase, which is considered a reason why PPARa agonists
induce oxidative stress (62). Therefore, the markedly
increased catalase metabolism of ethanol might be associ-
ated with the enhanced alcoholic liver injury. On the other
hand, under peroxisome proliferation, the ratio of ACOX1-
generated H,0, to catalase might also be increased, which
makes catalase prefer oxidizing H,0,, but not ethanol.

To summarize, different ethanol metabolism pathways
could produce different effects. While ADH-mediated etha-
nol metabolism may alter the redox status of NAD " /NADH,
CYP2E1 mediates oxidative stress. CYP2E1 has a higher K,
value than ADH, but when ADH is absent and intracellular
ethanol is increased, CYP2El-mediated ethanol metabolism
will be increased, and oxidative liver injury will be induced.
Catalase oxidation of ethanol is dependent on peroxisomal
fatty acid p-oxidation-generated H,0,. Both ethanol oxida-
tion by ADH and peroxisomal fatty acid B-oxidation are
NAD *-dependent reactions (Fig. 5). NADH generated in per-
oxisomes (fatty acid p-oxidation) and cytosols (ethanol me-
tabolism by ADH) would be reoxidized to NAD' in
mitochondria to be reused as a coenzyme in the oxidation of
fatty acids and ethanol (74). Therefore, increases in the
NADH/NAD ratio caused by ADH ethanol metabolism may
inhibit catalase oxidation of ethanol.

DIFFERENCE BETWEEN MASLD AND ALD:
DUE TO ETHANOL METABOLISM?

Obesity and consumption of HFD are associated with
MASLD. MASLD was previously referred to nonalcoholic
fatty liver diseases (NAFLD), which shares with ALD many
aspects of pathology and pathogenic mechanisms, and
both MASLD and ALD are linked to the same risk factor:
obesity (2). The comparison between ALD and MASLD,
including their epidemiology, diagnosis, management,
pathophysiology mechanisms, possible future treatments,
and prevention, has been extensively reviewed recently
(2). Generally, during the development of MASLD and
ALD, there is a “fat flow” from adipose tissues to the liver.
In either case, fat flows in free fatty acids. The radical dif-
ference in etiology between MASLD and ALD is ethanol
consumption. In the presence of ethanol, liver injury is
enhanced, which is associated with the interaction of FAO
and ethanol metabolism in the liver.

Synergistic Effect between Obesity and Ethanol

Otsuka Long-Evans Tokushima fatty (OLETF) rats sponta-
neously develop obesity with simple steatosis in the liver.
When the animals were administered 10 mL of 10% ethanol
orally for 3 consecutive weeks, massive steatohepatitis
and hepatocyte ballooning were observed, whereas the
same courses of ethanol administration did not induce
steatohepatitis in their wild-type control Otsuka Long-
Evans Tokushima (OLET) rats (101). In another model of
obesity, obese fa/fa rats and lean Fa/? rats were treated
with six doses of ethanol (4 g/kg every 12 h for 3 days),
liver injury was observed in the obese fa/fa rats but not in
the lean Fa/? rats (102). In chronic rodent models, HFD
induces MASLD with the co-occurrence of obesity. After 3
mo of HFD feeding, the mice became obese, and serum
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ALT increased, indicating that steatohepatitis (NASH)
had developed. When a binge of 5 g/kg of ethanol was
administered, the increased serum ALT was further ele-
vated (103). Similarly, in another model, combination of
ethanol with high-fructose, high-fat, high-cholesterol diet
[FFC; 40% calories from fat, 20% calories from fructose, and
2% (wt/wt) of cholesterol] feeding caused an increase in se-
rum ALT: after 4 wk of feeding, the mice were fed 5% ethanol
in water plus weekly ethanol gavage at 2.5 g/kg for another 12
wk, while the FFC diet continued (104). These results suggest
that ethanol promotes steatohepatitis in obese rodents.

Synergistic Effect between HFD and Ethanol

MASLD is correlated with increased energy intakes, espe-
cially in the form of added sugars, and HFD is another major
risk factor for MASLD (105). When mice were fed HFD only
for 3 days, no significant body weight gain was observed.
However, a binge of 5 g/kg of ethanol induced liver injury in
the mice fed with HFD for 3 days but not in mice fed with
normal chow diet, suggesting that even in the absence of
HFD-induced obesity, ethanol in combination with HFD
feeding could still induce liver injury (103). Under normal
chow with low-fat content (~10% calories from fat), ethanol
mixed in drinking water at 10% (vol/vol) did not even induce
simple steatosis, but the Lieber-DeCarli diets are designed to
be HFD to facilitate the induction of experimental ALD, so
the detected ALD in this model reflects a synergistic effect of
HFD and ethanol (12). In binge models, when animals are fed
normal chow with low fat, high doses of ethanol (5-7 g/kg)
are required to induce liver injury. Binge ethanol induces li-
polysis in adipose tissues to increase circulating FFA, which
contributes to the development of acute liver injury (4).
When the animals were fed a period of HFD feeding (3 days
—3 mo), binge ethanol gavage induced much more severe
liver injury, suggesting the important role of dietary fat in
the binge-induced liver injury (103). In the chronic Lieber-
DeCarli model with a high fat content, alcoholic liver injury
was still developed even though serum fatty acids were
increased to a lesser extent than in the acute models (5).

Synergistic Effect between Methionine-Choline-
Deficient Diet and Ethanol

Unlike HFD, methionine-choline-deficient diet (MCD)
induced MASLD with a body weight loss instead of obesity,
but the combination of MCD and ethanol feeding still devel-
oped more severe liver injury than ethanol or MCD alone,
and hepatic FFA contents in the combined feeding group
were detected to be increased (106). Interestingly, PPAR«
activation by WY-14,643 has different effects on ALD and
MCD-induced MASLD in mouse model. In the MCD-induced
MASLD model, steatosis, steatohepatitis, and fibrosis were
observed in mice. When WY-14,643 was added in the MCD
diet (0.1% wt/wt), MCD-induced steatosis, steatohepatitis,
and fibrosis were prevented (11). However, in the Lieber-
DeCarli model of ALD, when WY-14,643 was added in etha-
nol liquid diet (10 mg/L, 0.001% wt/vol), catalase-mediated
ethanol metabolism was enhanced and serum ALT was
increased, suggesting that ethanol is synergistic with WY-
14,643 to induce liver injury (68, 70). The different effect of
WY-14,643 on liver pathology between ALD and MCD-
induced MASLD could be attributed to ethanol.
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