
Critical Reviews in Biochemistry and Molecular Biology, 27(4,5):283-335 (1992: 

Aldehyde Dehydrogenases and Their Role 
in Carcinogenesis 
Ronald Lindahl 
Department of Biochemistry and Molecular Biology, University of South Dakota School of 
Medicine, Vermillion, South Dakota 57069 

Referee: Dr. Henry Weiner, Dept. of Biochemistry, Purdue University, West Lafayette, IN 47907. 

ABSTRACT: Aldehydes are highly reactive molecules that may have a variety of effects on biological systems. 
They can be generated from a virtually limitless number of endogenous and exogenous sources. Although some 
aldehyde-mediated effects such as vision are beneficial, many effects are deleterious, including cytotoxicity, 
mutagenicity, and carcinogenicity. A variety of enzymes have evolved to metabolize aldehydes to less reactive 
forms. Among the most effective pathways for aldehyde metabolism is their oxidation to carboxylic acids by 
aldehyde dehydrogenases (ALDHs). 

ALDHs are a family of NADP-dependent enzymes with common structural and functional features that 
catalyze the oxidation of a broad spectrum of aliphatic and aromatic aldehydes. Based on primary sequence 
analysis, three major classes of mammalian ALDHs - 1, 2, and 3 - have been identified. Classes 1 and 3 
contain both constitutively expressed and inducible cytosolic forms. Class 2 consists of constitutive mitochondria1 
enzymes. Each class appears to oxidize a variety of substrates that may be derived either from endogenous 
sources such as amino acid, biogenic amine, or lipid metabolism or from exogenous sources, including aldehydes 
derived from xenobiotic metabolism. 

Changes in ALDH activity have been observed during experimental liver and urinary bladder carcinogenesis 
and in a number of human tumors, including some liver, colon, and mammary cancers. Changes in ALDH 
define at least one population of preneoplastic cells having a high probability of progressing to overt neoplasms. 
The most common change is the appearance of class 3 ALDH dehydrogenase activity in tumors arising in tissues 
that normally do not express this form. The changes in enzyme activity occur early in tumorigenesis and are 
the result of permanent changes in ALDH gene expression. 

This review discusses several aspects of ALDH expression during carcinogenesis. A brief introduction 
examines the variety of sources of aldehydes. This is followed by a discussion of the mammalian ALDHs. 
Because the ALDHs are a relatively understudied family of enzymes, this section presents what is currently 
known about the general structural and functional properties of the enzymes and the interrelationships of the 
various forms. 

The remainder of the review discusses various aspects of the ALDHs in relation to tumorigenesis. The 
expression of ALDH during experimental carcinogenesis and what is known about the molecular mechanisms 
underlying those changes are discussed. This is followed by an extended discussion of the potential roles for 
ALDH in tumorigenesis. The role of ALDH in the metabolism of cyclophosphamidelike chemotherapeutic agents 
is described. This work suggests that modulation of ALDH activity may be an important determinant of the 
effectiveness of certain chemotherapeutic agents. The evidence that changes in ALDH are part of an adaptive 
response of preneoplastic and neoplastic cells to altered cell physiology or stress is then considered. Roles in 
the metabolism of aldehydes generated from lipid peroxidation and as part of the Ah gene-mediated response 
to xenobiotic exposure are both discussed. The data are consistent with a role for certain ALDHs in lipid aldehyde 
metabolism. Biochemical and genetic data also imply that changes in ALDH may be linked, in part, to cellular 
adaptation to oxidative stress. 

Finally, a model of inducible ALDH gene regulation is proposed. The model incorporates current information 
about ALDH gene expression with the regulation of other genes known to be part of the adaptive responses 
occurring in neoplastic cells. The model suggests that regulation of class 1 and 3 ALDH gene activity may be 
complex, involving the tissue-specific ability to respond to a variety of physiological cues. The model also 
suggests several avenues for future research that should provide a clearer understanding of the regulation of this 
important gene family in response to a variety of factors. 

KEY WORDS: aldehyde dehydrogenases, carcinogenesis, gene regulation. 
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I. INTRODUCTION 

Aldehydes are ubiquitous in the environ- 
ment. For example, certain aldehydes such as 
formaldehyde, acetaldehyde, and acrolein are 
products of combustion and are present in smog 
and cigarette smoke.' In addition, many foods, 
especially fruits and vegetables, are sources of 
aldehydes, including a range of aliphatic and ar- 
omatic speciesZ (Table 1 ) .  Aldehydes are re- 
sponsible for the flavors and odors of foods and 
beverages. One particular aldehyde, malondi- 
aldehyde, is present in many foodstuffs, increas- 
ing in concentration in spoiled foods and in mi- 
crowave-cooked red meats. 

Aldehydes also function as communication 
molecules* (Table 2). They may act as infor- 
mation-transmitting molecules, either between 
species or within a species. Communication within 
a species is usually mediated by pheromones, 
which act to identify individuals or attract males 
and females for mating. Interspecies communi- 
cation may be in the form of territory marking 
or defense. Plant-animal information exchange 
may also occur through aldehydes. The roles may 
be attractive, to assist in reproduction, or defen- 
sive, acting as natural pesticides. 

The majority of aldehydes, however, are en- 
countered as physiologically derived intermedi- 
ates in the metabolism of other compounds. In 
this context both endogenous and exogenous 
sources are significant (Tables 3 and 4).2 En- 
dogenous sources include aldehydes arising from 
the metabolism of amino acids, biogenic amines, 
carbohydrates, vitamins, steroids, and lipids (Ta- 
ble 3). Of considerable recent interest in the con- 
text of the present review is the generation of 

TABLE 2 
Some Aldehydes That Act as 
Communication Moleculesa 

Propanal 
Hexanal 
Hexenal 
Octenal 
Decanal 

a Compiled from Reference 2. 

aldehydes as the result of membrane lipid 
peroxidation. 

Xenobiotics are the major exogenous source 
of aldehydes. The biotransformation of a large 
number of drugs and other xenobiotics generates 
aldehyde as intermediates or as products (Table 
4). Some of the direct reactions that can produce 
aldehydes include oxidative deaminations and 
dealkylations, as well as the oxidation of primary 
alcohols. Another mechanism of particular rel- 
evance to the present discussion is ring hydrox- 
ylation adjacent to a heteroatom, followed by 
tautomerization. This process occurs during me- 
tabolism of the antitumor agent cyclophospha- 
mide (CP). l 4  Metabolic intermediates can pro- 
duce aldehydes by hydroxylation or ester linkage 
hydrolysis. 

Aldehydes are generally relatively long lived 
and highly reactive. Because aldehydes are long 
lived, they can diffuse or be transported from 
their site of generation to distant sites, for ex- 
ample, to another cell compartment, another cell, 
or even another tissue. The electrophilic nature 
of their carbonyl group is responsible for the high 
reactivity of aldehydes. 

TABLE 1 
Examples of Aldehydes Found in Foods' 

Formaldehyde 
Acetaldehyde 
Propanal 
Hexanal 
Hexenal 
Octanal 
Decanal 

Compiled from 

Salicylaldehyde 
Benzaldehyde 
Crotonaldehyde 
Acrolein 
Citral 

Benzaldeh yde Malondialdehyde 
Phenylacetaldehyde Acrolein 
4-Hydroxynonenal Glyoxal 
Crotonaldehyde Methylglyoxal 
Citral 
C,,-,, aldehydes 

Reference 2. 
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TABLE 3 
Examples of Endogenously Produced Aldehydes* 

Aldehyde 
Acetaldehyde 
y-Aminobutyraldehyde 
Betaine aldehyde 
21 -Dehydrocorticosteroids 
3,4-Dihydroxyphenylacetaldehyde 
Glutamic-y-semialdehyde 
Hexanal 
5-Hydroxyindoleacetaldehyde 
4-Hydroxynonenai 
Maiondialdehyde 
Retinal 
Succinic semialdehyde 

Source 
Threonine catabolism 
Putrescine catabolism 
Choline catabolism 
Corticosteroid catabolism 
Dopamine catabolism 
Proline biosynthesis 
Lipid peroxidation 
Serotonin catabolism 
Lipid peroxidation 
Lipid peroxidation 
Vitamin A metabolism 
GABA shunt 

a Compiled from References 2 and 3. 

TABLE 4 
Examples of Exogenous Sources of Aldehydes 

Source 

Combustion 

Ethanol 
2-Butoxyethanol 
Diethylnitrosamine 
N-ButylN-(4-hydroxy- 

buty1)nitrosamine 
Succinylcholine 
Benzene 
Toluene 
Xylene 
Laetrile 
Codeine 
Phenacetin 
Cyclophosphamide 
Nicotine 

Aldehyde Ref. 

Formaldehyde, acetalde- 
hyde, acrolein 

Acetaldehyde 
Butoxyaldehyde 
Acetaldehyde 
N-ButylN-(propyl-3- 

Betaine aldehyde 
trans, trans-Muconaldehyde 
Benzaldehyde 
Tolualdehyde 
Benzaldeh yde 
Formaldehyde 
Acetaldehyde 
Aldophosphamide 
y-3-Pyridyl-y- 

a1dehyde)nitrosamine 

rnethylarninobutyraldehyde 

1, 2, 16, 18 

4 
5 
6 
7 

8 
9 
10 
11 
12 
13 
13 
14 
15 

Most aldehydes exhibit significant biological 
effects, including cytotoxicity, mutagenicity, 
genotoxici ty, and carcinogenicity. 1-3 Aldehydes 
cause their effects by reacting with cellular nu- 
cleophiles, including proteins and nucleic acids. 
A variety of aldehyde-protein and aldehyde-nu- 
cleic acid adducts have been identified. Most 
physiologically relevant protein adducts are 
formed through protein sulfhydryl groups. The 
relevant nucleic acid adducts are those with ni- 
trogen atoms of both purines and pyrimidines. 

With respect to carcinogenesis, aldehydes can 
act either as carcinogens or as carcinostatic agents. 
Formaldehyde and acetaldehyde are respiratory 
tract carcinogens in rats and In ad- 
dition, reactive aldehydes can be generated dur- 
ing the metabolism of other nonaldehyde carcin- 
ogens. For example, the metabolism of many 
nitrosamines and nitrosoureas produces alde- 
hydes as intermediates. Diethylnitrosamine (DEN) 
bioactivation produces acetaldehyde.’ The uri- 
nary bladder carcinogen N-butyl-(N-4-hydroxy- 
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buty1)-nitrosamine produces N-butyl-N-(propyl- 
3-aldeh~de)-nitrosamine.~ Acrolein (2-propenyl) 
is an intermediate in the metabolism of a variety 
of endogenous and exogenous compounds. 2 ~ 1 7  

Acrolein is itself an active aldehyde or can be 
further metabolized to glycialdehyde, which is 
carcinogenic in both rats and mice.18 The bio- 
transformation of benzene, a known human car- 
cinogen, produces trans, trans-muconalde- 
hyde.15s16 In many cases it is not known whether 
these aldehydes can function as ultimate carcin- 
ogens. However, the fact that they can form ad- 
ducts with cellular macromolecules and are mu- 
tagenic and/or genotoxic suggests that they may 
play some role in carcinogenesis. 

Because they can be cytotoxic, aldehydes may 
also be carcin~stat ic .~.~. '~  Except for certain al- 
dehydes produced as the active metabolites of 
chemotherapeutic agents, however, interest in 
carcinostatic aldehydes per se has waned in recent 
years.I9 Early interest in aldehydes as carcino- 
static agents focused on derivatives of pyridine- 
and isoquinoline-aldehydes .20-22 These alde- 
hydes were shown to be effective against a va- 
riety of transplantable mouse tumors. Similar re- 
sults were reported for certain a-ketoaldehydes, 
especially glyoxal and m e t h y l g l y ~ x a l . ~ ~ ~ ~ ~  Most 
well studied recently have been the carcinostatic 
aldehydes produced by lipid peroxidation. * s 3  
However, the short half-lives and severe side ef- 
fects of these aldehydes have prevented their clin- 
ical usefulness. In light of the multiple effects of 
such aldehydes on processes related to cell growth 
and division,25 perhaps a reassessment of the car- 
cinostatic effects of aldehyde is needed. 

Although aldehydes are highly reactive, not 
all of their interactions with biological systems 
should be considered deleterious. For example, 
retinoic acid, the oxidation product of retinal, is 
involved in embryonic differentiation, and retinal 
itself is required for vision.26 Certain aldehydes 
generated by membrane lipid peroxidation may 
be chemotactic, recruiting cells to sites of injury 
or inflarnmati~n.~' A variety of therapeutic agents 
produce aldehyde intermediates or reactive spe- 
cies. Aldophosphamide, an aldehyde metabolite 
of the antineoplastic agent CP, gives rise to phos- 
phoramide mustard and acrolein, which in turn 
mediate the tumor cell-killing effects of this 
agent. l 3 v Z 7  Similar mechanisms are involved in 

the therapeutic effects of other drugs. The cy- 
totoxicity of aldehydes may, therefore, be used 
to advantage. 

Reactions catalyzed by a number of different 
enzyme systems may produce aldehydes, includ- 
ing enzymes of intermediary metabolism, mono- 
amine and diamine oxidases, a variety of ester- 
ases, and many of the phase I and phase I1 
enzymes involved in xenobiotic metabolism. Be- 
cause the number and substrate specificities of 
these enzymes are very large, the number of al- 
dehydes that can be generated is virtually unlim- 
ited. Many of these enzyme systems are operative 
in the metabolism of normal cells. It is also ap- 
parent that a number of pathophysiological con- 
ditions, including cancer, alter the metabolic be- 
havior of cells and tissues. Many of these 
alterations are reflected in the composition or 
activity of the enzymes cited above. The result 
may be the production of additional aldehydes 
not present in normal tissues or altered levels of 
normally produced aldehydes. How cells deal with 
the aldehydes they generate or encounter and the 
roles of the major aldehyde-oxidizing enzyme 
system, the ALDHs, in both normal and neo- 
plastic cells are discussed in detail below. 

II. ALDEHYDE-METABOLIZING 
ENZYMES 

In mammals aldehydes can be metabolized 
by three different enzyme systems: aldehyde oxi- 
dase, the aldo-keto reductases, and the ALDHs 
(Figure 1). All three systems have widespread 
tissue distributions, and forms of each enzyme 
can be found in virtually all tissues. The three 
systems have broad and sometimes overlapping 
substrate preferences. However, each appears to 
have evolved different, if often poorly defined, 
physiological functions. 

A. Aldehyde Oxidases 

Aldehyde oxidase (EC 1.2.3.2, ALOX) is a 
cytosolic, molybdenum-containing flavoprotein. 
It is a large (mol wt 300,000) molecule composed 
of two apparently identical subunits. It can use 
molecular oxygen as the electron acceptor, gen- 
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0 0 

NAD(P)+ NAD(P)H 

FIGURE 1. Reactions catalyzed by aldehyde-oxidiz- 
ing enzyme systems. 

erating the oxidized product, H202 and 0,- (Fig- 
ure 1). Although ALOX an oxidize certain al- 
dehydes in vitro, the physiological function of 
the enzyme is believed to be the oxidation of 
purines, pyrimidines, and other nitrogen-con- 
taining heterocycles. For a review of ALOX, see 
Beedham.28 

B. Aldo-Keto Reductases 

Aldo-keto reductases (ALRD) are a family 
of enzymes that reduce a variety of aldehydes 
and ketones to their corresponding alcohols. They 
are small (mol wt 30,000-40,000), monomeric, 
cytosolic enzymes that use NADPH as coenzyme 
(Figure 1). Three families of ALRDs are known, 
and within each family, multiple forms exist. 
Aldehyde reductase (EC 1.1.1.2) catalyzes the 
reduction of a variety of aldehydes, especially 
uronic acids, some semialdehydes, and some ke- 
tones. Aldose reductase (EC 1.1.1.21) has a gen- 
erally overlapping substrate specificity with al- 
dehyde reductase, but prefers aldohexoses as 
substrates, producing the corresponding polyols. 
Aldehyde and aldose reductase are closely related 
structurally, and kinetic differences largely de- 
fine their differing substrate specificities. Due to 
its preference for sugar aldehydes, aldose reduc- 
tase has been implicated in the pathogenesis of 
several diabetic complications, including cata- 
racts.29 The carbonyl reductases catalyze the re- 
duction of quinones , ketones, and aldehydes. This 

enzyme is more distantly related to the aldehyde 
and aldose reductases and appears to function 
preferentially in quinone, prostaglandin, and ke- 
tosteroid metabolism. Both aldehyde and car- 
bony1 reductases also reduce a wide variety of 
xenobiotics. For reviews on ALRDs see FlynnZ9 
and Felsted and Ba~her.~O 

C. ALDHs 

ALDHs (EC 1.2.1.3) are also a family of 
related enzymes. They catalyze the irreversible 
oxidation of a wide variety of aldehydes to their 
corresponding acids (Figure 1). In contrast to the 
aldehyde reductases and ALOX, ALDHs are 
found in virtually every cellular compartment. 
Some forms of ALDH are constitutive, others are 
inducible, and both tetrameric and dimeric forms 
are known. Some forms display broad substrate 
specificity, oxidizing a variety of aliphatic and 
aromatic aldehydes, whereas other forms possess 
narrower substrate preferences. Kinetic studies 
have indicated that acetaldehyde derived from 
ethanol oxidation, medium-chain-length ali- 
phatic aldehydes derived from membrane lipid 
peroxidation, and, perhaps, some aldehydes gen- 
erated from neurotransmitter metabolism are po- 
tential physiological substrates for one or more 
ALDH forms. Whereas all ALDHs likely use 
NAD+ as coenzyme in vivo, some forms can 
utilize NADP+ in vitro. 

In addition to the broad substrate ALDHs, a 
number of enzymes that use specific aldehydes 
as substrates are also known. Examples include 
glyceraldehyde-3-phosphate dehydr~genase,~' 
betaine aldehyde dehydr~genase,~, succinic sem- 
ialdehyde dehydr~genase,~~ glutamic semialde- 
hyde dehydrogenase ,34 and formaldehyde dehy- 
d rogena~e .~~  The exact relationship of the broad- 
substrate ALDHs to these specific substrate en- 
zymes is currently of considerable interest. 36,37 

For example, formaldehyde dehydrogenase (EC 
1.2.1.1) is a glutathione-dependent enzyme that 
is identical structurally and functionally to the 
class 111 alcohol dehydrogenase (EC 1.1.1. 1).28 
However, both the betaine aldehyde and the glu- 
tamic semialdehyde dehydrogenases are more 
closely related to the broad-substrate ALDHs .36 
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The majority of aldehydes appear to be ox- 
idized to their corresponding carboxylic 
This is primarily due to the fact that the oxidation 
reaction is irreversible, whereas the reductive re- 
actions are generally reversible. Moreover, the 
catalytic constants (Vmax/Km) for ALDH-cata- 
1 yzed aldehyde oxidations are generally much 
lower than those for reduction by aldehyde re- 
ductases or alcohol dehydrogenases. 

D. Mammalian ALDHs 

Historically, the naming of mammalian 
ALDHs has been based on one or more functional 
or physical properties of the particular enzyme 
being studied. Additionally, it has been common 
for each laboratory to develop its own terminol- 
ogy, leading to a large number of names for the 
various enzyme forms. Names include “high Km” 
and “low K,”; “mitochondrial” and “cyto- 
solic”; “NAD-” and “NADP-dependent”; “El” 
and “E2”; and “stomach-,” “tumor-,” “cor- 
nea-,” and “2,3,7,8-tetrachlorodibenzo-p-dioxin- 
(TCDD-) inducible.” The large number of dif- 
ferent names for the same enzyme form has made 
the ALDH literature quite complex and often con- 
fusing. As noted below, only in the past 3 years 
has sufficient information on the structural re- 
lationships of the various ALDHs become avail- 
able to develop a widely accepted classification 
scheme for the enzymes based on a single prop- 
erty, their primary sequences. 

1. Tissue and Subcellular Distribution 

ALDHs are ubiquitous in mammals, being 
detected at some level in all examined tissues. 
ALDHs also have a wide subcellular distribution, 
with one or more forms being identified in the 
mitochondrial, microsomal, peroxisomal, and/or 
cytosolic compartments of the cell. In humans, 
horses, sheep, and cattle, ALDHs are found pre- 
dominantly in the mitochondria and cy tos01 .~~-~~  
In the rodents, ALDHs have been identified in 
virtually every subcellular compartment. 48-62 
Within a tissue or cell, there appears to be a set 
of constitutively expressed ALDHs . Although 

there are exceptions, at least one of the mito- 
chondrial and one of the cytosolic ALDHs are 
constitutive in a particular cell or tissue. 

In addition to the constitutive ALDHs, cy- 
tosolic-inducible forms of ALDHs have been 
identified following exposure to certain xeno- 
biotics, including drugs and carcinogens. Two 
are of particular interest. First, an ALDH can be 
induced in certain tissues by phenobarbital 
(PB).63-65 Second, another form can be induced 
in certain normal tissues by some chemical car- 
cinogens and by This second ALDH 
also appears in certain chemically induced and 
spontaneous tumors. 7*-73 Interestingly, as dis- 
cussed below, the ALDHs that appear in certain 
tissues only after an inductive stimulus can be 
the major constitutive ALDHs in different normal 

Liver has been considered to possess the 
highest ALDH activity, and for certain forms of 
the enzyme this is indeed the case. Several stud- 
ies have identified multiple forms of ALDH in 
rat liver.49-55-57.61.81 These forms have been dif- 
ferentiated largely on the basis of their kinetic 
properties. For the rat, mitochondrial ALDHs ac- 
count for more than 50% of the total ALDH ac- 
tivity of the liver.50-54~6L~81~82-84 Two to three dif- 
ferent isozymes can be differentiated on the basis 
of their substrate K,s. One isozyme is located in 
the mitochondrial matrix and has a micromolar 
K, for acetaldehyde. The other form(s) is found 
in the intermembranal space or, perhaps, in the 
outer membrane and has millimolar substrate K,s 
for small aliphatic aldehydes. Microsomes can 
account for another 35% of the total rat liver 
ALDH Two microsomal ALDHs 
having near millimolar substrate K,s for a variety 
of aliphatic and aromatic aldehydes have been iden- 
tified. Although there are some strain differences, 
the cytosolic fraction of normal rat liver possesses 
< 10% of the total ALDH a ~ t i ~ i t y . ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ’ ~ ~ ~  
An ALDH activity has also been identified in rat 
liver peroxisomes .s8*62*86 

An essentially similar ALDH subcellular dis- 
tribution exists in mouse liver.60,87-91 A variety 
of isozymic forms of ALDH have been identified 
in the mitochondria, microsomes, and cytosol. 
Mitochondria and microsomes generally possess 
ALDHs similar to those of the rat. The low-K, 
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form is exclusively mitochondrial, and the high- 
K, forms are microsomal and cytosolic. How- 
ever, there appears to be a considerable amount 
of the constitutive cytosolic ALDH component 
in mouse liver. Inducible mouse cytosolic ALDHs 
are also 

Human liver also contains multiple ALDHs, 
distributed approximately equally between mi- 
tochondria and cytosol. 95-97 As for rat and mouse, 
forms with both high- and low-substrate K,s are 
known. The low-K, mitochondrial and high-K, 
cytosolic forms account for the majority of the 
acetaldehyde-oxidizing capacity of human 
l i ~ e r . ~ ~ . ~ ~  A human microsomal ALDH has also 
been identified.98 Like rat and mouse liver 
ALDHs, different human ALDH forms may have 
very different substrate preferences. 

In all examined species, tissues other than 
liver also possess significant amounts of 
ALDH.49,56,88.90-103 In most cases the exact num- 
ber and nature of ALDHs present have not been 
established. For example, brain and kidney pos- 
sess significant ALDH activity, and the subcel- 
lular distribution and characteristics of the iso- 
zymes are generally similar to those of 

However, other tissues, most notably cornea, 
lung, stomach, and urinary bladder, have a dif- 
ferent subcellular distribution and activity profile 
from those of 1iver.74,75.77-80.91'110 In these tissues 
the cytosol possesses a large amount of ALDH 
activity. In the cornea more than 90% of the total 
ALDH activity is c y t o s ~ l i c . ~ ~ * ~ ~ ~ ~ ~ ~  In stomach 
and urinary bladder, the contribution of the cy- 
tosol to total ALDH approaches 50%.78,90 This 
difference is particularly striking in a species such 
as the rat, whose normal liver has virtually no 
cytosolic ALDH activity. Of even more interest 
is the fact that the major constitutive ALDHs in 
these tissues are the PB-inducible and/or tumor/ 
dioxin-inducible ALDHs found in liver.75-78,111*'12 
For these tissues and others, the contribution of 
the liver-like constitutive mitochondrial and/or cy- 
tosolic ALDHs to total ALDH activity may be 
significantly reduced. 95.96* I 3 s 1  l4 For example, 
mouse and human hearts appear to lack the con- 
stitutive cytosolic ALDH.%v~~ However, this same 
form is the only ALDH detectable in human 
erythrocytes. l 5  

liver. 88,90.99.101.lO4-l09 

The pre- and postnatal development of ALDH 
activity has been examined in several species. lI6- 

Generally, ALDH increases during fetal and 
early postnatal development and reaches the adult 
tissue-specific activity pattern by 1 to 2 months 
of age. The increases may be especially rapid 
during the period from birth to weaning. * l 8  

In summary, the distribution of the three 
classes of ALDHs among mammalian tissues is 
complex. All tissues likely possess mitochondrial 
ALDH. However, depending on the tissue and 
species, they may also possess a constitutive cy- 
tosolic ALDH. In addition, for some tissues cy- 
tosolic ALDHs can also be induced under certain 
conditions. 

2. Purification and Classification 

ALDHs have been purified and characterized 
from a variety of mammalian tissues, including 

~ t o m a c h , ' ~ ~ - " ~  ~ o r n e a , ~ ~ . ' ~ '  lens,'38 and testis. 139 

A number of methods differing in detail have 
been employed. The usual approach is to prepare 
the appropriate subcellular fraction, solubilize 
with nonionic detergent as necessary, and frac- 
tionate the various activities by ion-exchange and/ 
or affinity chromatography. Occasionally, isoe- 
lectric focusing methods have also been em- 
ployed. Homogeneous or near homogeneous 
preparations of all the major forms of mammalian 
ALDH have been isolated by these methods. 

In general, the constitutive mammalian 
ALDHs function as tetramers of approximately 
220,000 to 250,000 mol wt. They are composed 
of identical subunits of approximately 55,000 mol 
wt, containing approximately 500 amino acids. 
The PB-inducible ALDH is a dimer of identical 
55,000 mol wt subunits, each containing 501 
amino acids. The tumor/dioxin-inducible ALDH 
also functions as a dimer. The identical mono- 
mers have a molecular weight of approximately 
50,000 and contain 453 amino acids. 

Until recently, it was not possible to establish 
the structural relationships among the various 
mammalian ALDHs, due to a lack of primary 
structural information on a sufficient number of 
enzymes from different sources. In 1988 the pri- 

1iVer,3942,44,46.47.55.65.67.84.87.122.130 brain 105.131-133 
9 
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mary sequences were known for the human and 
horse mitochondrial and cytosolic pairs and the 
rat tumor/dioxin-inducible ALDH. 140-14s Even 
with this limited data, it was apparent that dif- 
ferent classes of ALDHs could be identified, 
leading to the development of a standardized no- 
menclature for mammalian ALDHs based on the 
primary structure relationships of the various 
A L D H F  (Table 5 ) .  Class 1 is the cytosolic 
forms; class 2, the mitochondrial forms; and class 
3, the tumor form. Since 1988 the primary struc- 
tures of several additional mammalian ALDHs 
have been reported. Some of these sequences 
have been determined by protein-sequencing 
methods, some from their corresponding cDNAs, 
and others by a combination of these methods. 
Among them are a mouse cytosolic ALDH,147 rat 
and bovine mitochondrial the rat PB- 
inducible and second putative human mi- 
tochondrial enzyme.149 A partial primary struc- 
ture for the rat microsomal ALDH also 
(Lindahl and Hempel, unpublished data). 

Two other protein sequences, deduced from 
their cDNAs, have been published that contain 

TABLE 5 
Nomenclature of Mammallan ALDHs 

Class 1 Aldehyde dehydrogenase (ALDH1) 
Members of the class 1 ALDHs are the constitutive 

and inducible cytoplasmic ALDHs human, 
horse, beef, rat, mouse, sheep, and dog liver 
and the ALDH inducible by PB 

Class 2 Aldehyde dehydrogenase (ALDH2) 
Members of the class 2 ALDHs are the 

mitochondrial ALDHs isolated from human, 
horse, rat, beef, mouse, sheep, and dog liver 

Class 3 Aldehyde dehydrogenase (ALDH3) 
Members of the class 3 ALDHs are the rat liver 

tumor-specific/TCDD-inducible/3-MC-inducible 
cytoplasmic ALDHs. Also included in this class 
are the major constitutive or inducible ALDHs 
from rat liver microsomes and mammalian 
cornea, stomach, lung, and urinary bladder 

Note: 

290 

Sources identified in italics are considered the 
prototype enzyme for the class, based on pri- 
mary structure determination. Other represen- 
tatives are based on kinetic, physical, and im- 
munological properties or subcellular distribution. 
See Reference 36 for details of the assignments 
of a particular form to a class. 

within them either complete or almost complete 
ALDH sequences. These are rat liver 10-for- 
myltetrahydrofolate dehydrogenasetsO and a hu- 
man 56-kDa androgen-binding protein. t ~ ’  Two 
additional proteins originally isolated due to other 
functions have also been shown to be ALDHs. 
One has been identified as transparentin or major 
bovine corneal protein, BCP 54. This protein 
constitutes approximately 40% of total corneal 
soluble protein. It is a class 3 ALDH.152 In ad- 
dition, a protein first identified and purified as a 
positional marker in embryonic mouse retina has 
been shown to be a class 1 ALDH.lS3 

In total, 13 complete or partial mammalian 
ALDH sequences are known. Based on overall 
alignments and positional identities, all can be 
placed into one of the three existing classes (Ta- 
ble 6). The human and horse cytosolic ALDHs, 
the 56-kDa androgen-binding protein, the rat PB- 
inducible ALDH, and the mouse retinal ALDH 
all share greater than 85% positional identity and 
are, therefore, class 1 enzymes. The rat formyl- 
tetrahydrofolate dehydrogenase also shows con- 
siderable identity to class 1 ALDH. All the mi- 
tochondrial ALDHs share greater than 95% 
identity and are class 2 enzymes. The tumor/ 
dioxin-inducible ALDH, the rat constitutive mi- 
crosomal ALDH, and BCP 54 are at least 77% 
identical and considered to be class 3 ALDHs. 
Among the classes, classes 1 and 3 contain both 
constitutive and inducible forms, whereas for class 
2 only constitutive forms are known. 

3. Substrate Specificities 

Given that the different classes of ALDH 
differ in tissue and subcellular distribution, it 
would not be surprising to find that the various 
ALDHs have different substrate preferences. This 
is indeed the case. However, for only a few 
ALDHs in a small number of tissues have pu- 
tative physiological substrates been identified. In 
fact, it seems likely that a particular ALDH may 
be able to oxidize efficiently a number of alde- 
hyde substrates, the exact substrate varying with 
the tissue and/or physiological situation. For ex- 
ample, the local concentrations of both potential 
substrates and enzyme within a subcellular com- 
partment or region can have significant effects 
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TABLE 6 
Known Mammalian ALDH Primary Sequences" 

Enzyme Source Ref. 

Class 1 constitutive Human liver cytosol 
Horse liver cytosol 
Mouse liver cytosol 

Rat liver cytosol 
Mouse retina 

Human liver mitochondria 
Horse liver mitochondria 
Rat liver mitochondria 
Beef liver mitochondria 

Rat liver microsomes 

Beef cornea 

Class 1 inducible 

Class 2 constitutive 

Class 3 constitutive 

Class 3 inducible Rat liver 

a See Reference 36 for details. 

on oxidation rates. As for most enzymes, iden- 
tification of potential physiological ALDH sub- 
strates has relied primarily on determination of 
K, values. Generally for the ALDHs, substrate 
K, values reflect substrate preferences identified 
by more precise catalytic efficiency measures such 
as V,,/K, determinations. V,,,/K, values allow 
for local differences in enzyme concentration and/ 
or activity and are especially useful when little 
is known about substrate or enzyme concentra- 
tions. However, when the subcellular levels of 
putative substrates or enzymes are known, K, 
values, interpreted in the context of such infor- 
mation, can be useful in identifying potential 
physiological substrates. In this review, when K, 
values are cited, they accurately reflect catalytic 
efficiency. 

With respect to coenzyme specificity, all 
ALDHs have K,s for NAD + in the micromolar 

ability exists, generally class 1 ALDHs have K,s 
of 1 to 10 pM, whereas the class 2 forms have 
K,s in the'20- to 50-pkf range. Class 3 ALDHs 
are the most variable, having K,s for NAD+ 
ranging from approximately 5 pM for the enzyme 
from cornea to near 100 p h i  for the microsomal 
form. 

Although NADP + is a relatively good coen- 
zyme for the class 3 ALDHs (K, of 60 to 200 
pA4) and has been valuable as a marker for class 
3 ALDH activity in vitro (see below), catalytic 

range. 41.42,46.55,57,123J24.133s 134 Although some vari- 

140, 151, 154 
141 
147 

76 
153 

142, 149, 154 
143 
148 
148 

Unpublished data 

75, 144 
152 

constants (i.e., V,,/K,) indicate that even for 
the class 3 ALDHs, NAD+ is likely the pre- 
ferred coenzyme in vivo. However, the use of 
NADP + as coenzyme by the class 3 forms under 
certain physiological conditions should not be 
ruled out. The K,s aqd catalytic constants for 
NADP+ for class 1 and 2 ALDHs are at least 
10 to 100 times higher than those for NAD + , 
indicating that NAD + functions as coenzyme in 
vivo for these forms. 

As already noted, the spectrum of endoge- 
nous and exogenous aldehydes that are potential 
substrates for the ALDHs is vast (Tables 1 to 4). 
For most examined aldehydes, at least one ALDH 
can catalyze its oxidation with a K, in the micro- 
molar range. Small aliphatic aldehyde substrates, 
e. g . , acetaldehyde, propionaldehyde, and malon- 
dialdehyde, are excellent substrates for both class 
1 and class 2 constitutive  enzyme^.^^-^*^^*^^,^^^ 
The role of various ALDHs in the metabolism of 
acetaldehyde derived from ethanol is of consid- 
erable current interest. At the other extreme, large 
aldehyde-containing molecules, e.g., some cor- 
ticosteroid  aldehyde^'^^*"^ and aldophosphamide 
derived from CP,91 may also be substrates for 
certain class 1 or 2 forms. Biogenic aldehydes 
such as those derived from neurotransmitter 
m e t a b o l i ~ m ' ~ ~ ~ ' ~ ~  and 4-hydroxyalkenals from, 
lipid per~xidat ion '~~ are further examples of ex- 
cellent substrates for various class 1 and/or 2 
ALDHs. 

291 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The class 3 ALDHs also appear to have broad 
substrate specificities. For the prototypic class 3 
ALDH (the liver-inducible and cornea and uri- 
nary bladder constitutive forms), there is good 
evidence that one physiological role for this par- 
ticular enzyme is the oxidation of medium-chain 
(C6 to C9) aliphatic aldehydes derived from lipid 
peroxidation. 74,77*150 For normal tissues such as 
the cornea, the class 3 ALDH probably plays a 
key role in protecting the cornea from toxic ef- 
fects of aldehydes generated by UV-induced lipid 
per~xidation.’~ Interestingly, malondialdehyde 
and 4-hydroxyalkenals generated by lipid per- 
oxidation are not substrates for the class 3 ALDH. 
The microsomal class 3 ALDH appears to play 
a similar role in tissues where it is a major con- 
stitutive ALDH, such as the rat liver, which lacks 
constitutive class 3 ALDH activity. The class 3 
forms also oxidize benzaldehydelike, but not 
phenylacetaldehydelie, aromatic aldehydes ef- 
fectively. 

4. Molecular Siology and Evolution 

Complete or partial complementary DNAs 
have been generated for members of each ALDH 
class (Table 6). The genomic regions encoding 
the human class 1 and 2 ALDHs have been iso- 
lated and characterized. 162~163 This information 
has been instrumental in establishing the rela- 
tionships between the various forms and the de- 
velopment of the classification system. The data 
indicate that at least five different genes encode 
the major mammalian ALDHs (Table 6). The 
constitutive class 1 and 2 forms, the class 1 (PB- 
inducible), the class 3 microsomal, and the class 
3 tumorkornea enzyme all appear to be encoded 
by separate genes. 

Amino acid sequences of the mammalian 
ALDHs can be aligned, based on cDNA and/or 
primary sequence data (Figure 2A). The lengths 
of the ALDH polypeptides range from 453 to 520 
amino acids. All enzymes possess a common core 
of 430 amino acids, extending from residues 57 
to 500 (using the class 1/2 numbering system 
[Figure 2A1). The class 3 forms have amino acid 
sequences extending several residues beyond the 
carboxyl terminus of the core sequence. The class 
1 and 2 forms have 56 amino acid residue ex- 

tensions to the N terminus of the core. The class 
2 forms also possess N-terminal signal sequences. 

The human class 1 and class 2 ALDH genes 
cover approximately 50 kb, and each consists of 
13 coding exons separated by 12 introns (Figure 
2B). The human class 1 ALDH gene is located 
on chromosome 9, and the class 2 gene is found 
on chromosome 12.97,1s4*164 The major constitu- 
tive mouse class 1 ALDH gene (Ahd-2) maps to 
chromosome 19.165 The location of the major 
mouse class 2 locus (Ahd-5) has not yet been 
determined. 

Recently, a new ALDH gene has been iden- 
tified from a human genomic library.149 This gene, 
called ALDH x ,  appears to encode a mitochon- 
drial ALDH distinct from any known ALDH. The 
gene is located on human chromosome 9 and may 
be transcriptionally active in liver and testis. The 
size of the putative transcript is much larger (3 
kb) than any other ALDH mRNA. Nucleotide 
sequencing indicates the gene has a unique struc- 
ture. It lacks introns in its coding region and has 
an intron (2.6 kb) in its 5’-untranslated region. 
The relationship of this enzyme to the other 
ALDHs remains to be established. 

Even though the genomic organization of a 
class 3 ALDH is not yet available, some inter- 
esting observations regarding its putative organ- 
ization and relationship to the class 1 and 2 genes 
have been The N terminus of the class 
3 enzyme corresponds exactly to the beginning 
of exon 3 of the class 1 and 2 genes. Two of the 
gaps that are required for proper protein sequence 
alignment occur at exon boundaries. Addition- 
ally, the C-terminus extension of the class 3 pro- 
tein appears to be the result of altering a stop 
codon to a coding codon. These observations sug- 
gest that exon addition, splice junction altera- 
tions, and stop codon migration have occurred 
during the evolution of the class 1 and 2 structures 
from an ancestor common to class 3.  

The mouse homolog to the inducible class 3 
ALDH (Ahd-4) maps to chromosome 1 1. This 
study also provides genetic evidence for the iden- 
tity of the stomach and cornea forms of class 3 
ALDH. The human class 3 ALDH gene has been 
mapped to chromosome 17.98 The major mouse 
constitutive class 3 ALDH (Ahd-3) has been iden- 
tified but not mapped. 167 
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Class 1 
TAA 3 ATG 

H 1 1  I I  I 1 1 . .  1 AAA 
1 b  

I I  
P P  A 501 Poly A 

Signal 

Class 3 
ATG TAA 

I I  I I! -1 AAA 
I I  I I # .  

1 P P  s P .*' .. '. /' A '8%. 452 Poly A 
8.. -'*, ,- . 

t' 

,' -. ', ,* 

VTLELGGKSP C EEIFGPV 

SCALE: H 
100 bp 

A 

Class 1 ALDH Gene 

Class 2 ALDH Gene 
Scale Exon m j  

lntron I 10KbD I 
B 

FIGURE 2. (A) Mammalian ALDH cDNAs. The alignment is based on the human, rat, and mouse class 1 
~ e q u e n c e s ; ~ ~ J ~ ~ . ' ~ ~  the human, rat, and bovine class 2  sequence^;^^*.'^ and the rat tumor-specific and TCDD- 
inducible ~ e q u e n c e s . ~ ~ . ' ~  Arabic numbers represent positions of key amino acid residues. The bold areas and 
corresponding one-letter sequences are regions of complete primary sequence identity between all known 
ALDHs. Lowercase letters represent restriction enzyme sites in rat cDNAs: b - Bgl II; e - Eco R1; p - Pst I; 
s - Sac I. Hatched area at the 5' end of the class 2 cDNA encodes the mitochondria1 signal peptide. (B) 
Genomic organization of human class 1 and class 2 ALDHs. Exons are boxed and dotted lines indicate alignment 
of amino acid sequences encoded by exons. 5'- and 3'-untranslated regions are indicated by shaded boxes. 
(Simplified from Reference 97 with permission.) 

Although the human class 1 and 2 genes have 
been isolated, no data are yet available on the 
regulatory regions involved in ALDH gene 
expression. As discussed below, this is an area 
that should provide a wealth of information in 
the future regarding the differential expression of 
this gene family. 

111. ALDHs AND TUMORIGENESIS 

Carcinogenesis is generally considered to be 
a multistage process. The first step, termed ini- 
tiation, is the result of changes occurring in cells 
following their interaction with a carcinogen. For 
most chemicals, carcinogenic forms result from 
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the metabolic transformation of the parent com- 
pound by phase I and I1 drug-metabolizing en- 
zymes. Initiation involves the interaction of ac- 
tivated forms of the carcinogen with critical 
cellular macromolecules. For genotoxic chemical 
carcinogens, the critical molecule is DNA. Ini- 
tiation events are considered to be irreversible 
and heritable. Initiated cells, therefore, represent 
a persistent cell population from which overt neo- 
plasms can arise. They are generally termed pu- 
tative preneoplastic or premalignant cells. 

Promotion is the second stage of carcino- 
genesis. During promotion, initiated cells are fur- 
ther altered in such a manner that expression of 
the cancer phenotype results. Promotion is gen- 
erally considered to be a continuous, epigenetic, 
and reversible process. Most promoting agents 
are tissue specific and selectively expand clonal 
populations of initiated cells. They may work by 
being cytotoxic to uninitiated cells or by being 
preferentially growth stimulatory to initiated cells. 
The final stage of carcinogenesis, in which fur- 
ther phenotypic changes in clonally expanding 
tumor cell populations occur, is called progres- 
sion. Progression may include the conversion from 
a benign to a malignant tumor as well as changes 
that produce tumor phenotype heterogeneity. 

Multistage models have been described for 
carcinogenesis in all major tissues, including skin, 
liver, breast, colon, pancreas, and urinary blad- 
der. Using these models the events involved in 
initiation and promotion have been studied in 
considerable detail. From these studies one con- 
clusion is that a number of preneoplastic or pre- 
malignant cell populations can be identified at 
the very early stages of carcinogenesis by a va- 
riety of biochemical and/or morphological 
changes undergone by these cell populations. 
Many of the changes involve physiological, cel- 
lular, and biochemical alterations that can confer 
on the cells a selective proliferative advantage 
over normal cells. 

For liver carcinogenesis, among the earliest 
identifiable changes is the appearance of focal 
populations of hepatocytes that differ histochem- 
ically from normal hepatocytes. 169 These altered 
hepatic foci (AHF) are believed to represent one 
population of initiated, putative premalignant 
cells. A substantial portion of these AHF sub- 
sequently disappear during the early stages of 

promotion. However, some foci continue to 
progress along the path toward the cancer phen- 
otype. Whether these persistent focal populations 
themselves progress or a new cell population with 
a progressively neoplastic phenotype arises within 
these persistent foci is currently unknown. 169 The 
result, however, is a small population of larger 
premalignant lesions often referred to as preneo- 
plastic nodules, premalignant hepatic nodules, 
or, simply, hepatocyte nodules. A small fraction 
of these hepatic nodules are believed to progress 
to malignant cancers. For the purposes of this 
review, the simple model of initiated hepatocyte 
+ AHF + hepatocyte nodule + hepatocellular 
carcinoma is assumed. It should be noted, how- 
ever, that other pathways to liver cell cancer, 
involving other liver cell types, may exist.'70 

In 1972 Feinstein and Cameron'' reported 
that ALDH activity was elevated in rat hepatomas 
induced in Sprague-Dawley rats by the aromatic 
amine 2-acetylaminofluorene (ZAAF). Since that 
initial report, changes in ALDH occumng during 
carcinogenesis in a number of tissues have been 
reported. Although most work has involved ro- 
dent liver carcinogenesi~,~~*'~~-~~~ alterations in 
ALDH activity have been demonstrated during 
rodent urinary bladder carcinogenesis,' l 2  in ro- 
dent, and human leukemic cells,18G188 in human 

and liver'9o primary neoplasms, and in 
a human mammary adenocarcinoma cell line.19' 

Reports of additional examples of changes in 
ALDH activity during tumorigenesis continue to 
appear. However, work in the past several years 
has increasingly focused on the molecular mech- 
anisms underlying changes in ALDH activity and 
on the physiological roles for ALDH in tumor 
cells. With respect to mechanisms, considerable 
evidence now exists that in those preneoplastic 
and neoplastic cells that exhibit changes in ALDH 
activity, altered transcriptional activity of an 
ALDH gene is responsible. To date, changes in 
class 1 and class 3 ALDH gene expression have 
been described. 

As for possible functions of ALDHs during 
tumorigenesis, three areas are of current interest. 
Among the preferred substrates for class 3 ALDH 
are medium-chain-length aldehydes derived from 
lipid peroxidation. Therefore, several groups are 
currently focusing on the role of ALDH in the 
metabolism of these potentially cytotoxic mole- 
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cules in normal and tumor cells. There is also 
considerable evidence that differences in the 
ALDH activity of certain tumor cells may affect 
their sensitivity to antitumor drugs such as CP. 
In addition, class 3 ALDH gene appears to be a 
member of the aromatic hydrocarbon- [Ah-] re- 
sponsive gene battery. In this context, there is 
much current interest in the expression of the 
class 3 ALDH gene in normal and abnormal cells 
in relation to xenobiotic-induced cellular dam- 
age, including oxidative stress. The interrela- 
tionships between these potential ALDH func- 
tions in tumorigenesis are also of interest. 

In the remainder of this review, the “tumor 
ALDH phenotype” will be described, and the 
evidence for alterations in gene expression as the 
mechanism of its expression will be presented. 
Finally, the various hypotheses for the functional 
roles of tumor ALDH in both normal and neo- 
plastic cells will be evaluated. 

A. The Tumor ALDH Phenotype 

Early characterization of the tumor ALDH 
phenotype that used whole tissue preparations 
indicated that tumor ALDH preferentially oxi- 
dized aromatic aldehydes, using NADP as coen- 
zyme.I7’ In contrast, normal liver ALDH was 
primarily NAD-dependent and oxidized small al- 
iphatic aldehydes. The tumor ALDH also dif- 
fered from normal liver ALDH in a number of 
physical properties. The electrophoretic mobility 
and isoelectric point of tumor ALDH were dif- 
ferent from those of normal liver ALDH.171 The 
tumor form also appeared to be more stable to 
heat, pH extremes, and guanidine-HC1 and urea 
than was normal liver ALDH.I7’ 

Early studies of the generality of the tumor 
ALDH phenotype indicated that primary hepatic 
tumors induced in Sprague-Dawley , Buffalo, or 
Fischer rats by dietary 2-AAF or 4-dimethylam- 
inoazobenzene, with or without PB promotion, 
invariably showed the tumor ALDH pheno- 
type. However, only l of 29 ethionine-induced 
liver tumors possessed this phenotype by the cri- 
teria then available. A series of Morris hepatomas 
of different growth rates, carried in Buffalo rats, 
uniformly lacked the tumor ALDH. In fact, these 
tumors had barely detectable ALDH activity. 

Spontaneous mouse liver tumors also lacked tu- 
mor ALDH, as did tumors appearing in other 
organs of rats bearing high-ALDH-activity, AAF- 
induced hepatic tumors. No correlation was ob- 
served between tumor histology and ALDH ac- 
tivity. The tumor ALDH phenotype was not due 
to reexpression of an embryonic or fetal liver 
ALDH.’16 

The tumor ALDH was purified from AAF- 
induced liver tumors .72 On SDS-polyacrylamide 
gels, a single polypeptide of 53,000 kDa was 
seen. On nondenaturing polyacrylamide gel elec- 
trophoresis, a series of three to five isoforms with 
ALDH activity were resolved. Polyclonal anti- 
bodies against the purified tumor ALDH were 
generated. Subcellular distribution studies indi- 
cated that tumor ALDH was localized to the cy- 
tosol.81 This study also confirmed that in normal 
rat liver, ALDH activity consists of at least three 
forms, localized largely to the mitochondria1 and 
microsomal fractions .52*54 

During this period two other ALDHs indu- 
cible in normal rat liver cytosol were described. 
One was the class 1 ALDH, inducible by PB in 
certain genetically defined strains .63.64 The sec- 
ond form was the class 3 ALDH inducible by 
TCDD.67*68 From the outset it was clear that the 
tumor ALDH was functionally and structurally 
distinct from the PB-inducible In con- 
trast, the tumor and TCDD-inducible ALDH, al- 
though clearly differing in the kinetics of induc- 
tion, appeared to be identical. This conclusion 
was based on the then available criteria of sub- 
strate and coenzyme preference, electrophoretic 
properties, and immunochemistry. As already 
discussed and to be described in detail below, 
the TCDD-inducible and tumor ALDHs are iden- 
tical proteins. They represent two different means 
of expression of the same class 3 ALDH gene. 

As a result of these early studies, two hy- 
potheses emerged regarding the origin of the tu- 
mor ALDH. Was the tumor ALDH phenotype 
the result of altered liver metabolism due directly 
to carcinogen and/or promoter exposure? Or was 
it the result of transformation-associated, stable 
genetic changes induced in cells affected by car- 
cinogen? To address these questions, a series of 
studies were undertaken that examined the 
expression of the class 3 ALDH during the time 
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course of rat hepatocarcinogenesis, using a vari- 
ety of tumor induction  protocol^'^*^'^"'^* (Table 
7). 

The employed protocols were selected be- 
cause they represented a variety of initiation and 
promotion schemes known to produce liver can- 
cer in  rodent^.^^^-'^^ The protocols employ a 
number of different initiators of differing geno- 
toxicity coupled with a number of different mech- 
anisms for selecting initiated cells and allowing 
their progression to overt neoplasms. For ex- 
ample, the resistant hepatocyte model uses cy- 
totoxic levels of a genotoxic initiator, DEN, to 
initiate large numbers of hepatocytes, followed 
by a hepatotoxin such as 2-AAF or CCl, and 
partial hepatectomy to kill noninitiated hepato- 
cytes and produce highly synchronous popula- 
tions of initiated cells that progress through the 
early stages of tumorigenesis together. 196~197 The 
resistant hepatocyte model represents a protocol 
of high selective pressure. Initiated cells are al- 
lowed to proliferate under conditions in which 
normal hepatocyte growth is inhibited. The 
ethionine-choline deficiency protocol of Shino- 

zuka et a1.'98 combines dietary exposure to the 
nongenotoxic initiator ethionine with the highly 
efficient but very low selective pressure of a di- 
etary choline deficiency. The dietary 2-AAF and 
AAF-PB'99 and the DEN injection into 1-d-old 
rats, followed by dietary PB promotion at wean- 
ing, protocols of Peraino and colleagues,2m rep- 
resent tumor induction regimens of intermediate 
selective pressure. The same is true for the partial 
hepatectomy- (PH-) DEN-PB protocol of Pitot et 

These three protocols use genotoxic initi- 
ators in relatively low doses combined with the 
efficient, noncytotoxic , promoting activity of PB . 
For detailed reviews of the use of the protocols 
in elucidating mechanisms of chemical carcino- 
genesis, the reader is referred to the reviews of 
Emmelot and S ~ h e r e r , ' ~ ~  Pitot and S i r i ~ a , ' ~ ~  Pi- 

Farber and Rubin,'" and Farber. 194~195 

Examining the time course and localization 
of class 3 ALDH during hepatocarcinogenesis 
induced by these protocols indicated that the tu- 
mor ALDH phenotype is the result of transfor- 
mation-associated, stable genetic changes in- 
duced in initiated cells. Every protocol produced 

TABLE 7 
Protocols Used to Study Expression of ALDH During Carcinogenesis 

Protocol 

Peraino et al.lae 

Peraino et aLm 

Soh and 
Farber1w.ie7 

Shinozuka et aLroe 

Pitot et aLmr 

Epstein et aLZw 

Irving et aLm5 

flssue Initiator 

Liver 2-Acetylaminofluorene 

Liver Diethylnitrosamine 
2-Acetylaminof luorene 

Liver Diethylnitrosamine 

Liver Ethionine 

Liver Diethylnitrosamipe 

Liver 2-Acetylaminofluorene 

Urinary bladder N-ButylN-(4-hydroxy- 
buty1)nitrosamine 

Promoter 

PB 

PB 
PB 

PH with 2-AAF or CCI, 

Choline deficiency 

PH and PB 

None 

None 

Comments 

One month dietary AAF 
followed by continuous 
dietary PB 

to 1 -d-old rats followed 
by dietary PB at 
weaning 

genic dose of DEN fol- 
lowed by exposure to 
hepatotoxin (2-AAF or 
CCI,) and PH 

Dietary ethionine expo- 
sure coupled with diet 
deficient in choline 

Exposure to DEN follow- 
ing PH followed by di- 
etary PB; many 
variations 

Repeated cycles of di- 
etary 2-AAF; acts as 
complete carcinogen 

Long-term exposure to 
BBN in drinking water; 
acts as complete 
carcinogen 

1.p. injection of initiator 

1.p. injection of necro- 

Ref. 

172 

175 

176, 179, 
183,184 

177 

178,181, 
182,185 

179 

112 
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malignant neoplasms expressing class 3 ALDH 
(Table 8). However, each protocol provided 
unique insights regarding the mechanism of 
expression. The proportion of neoplasms ex- 
pressing the phenotype was directly related to the 
selective pressure of the protocol. Ninety-six per- 
cent of the neoplasms generated by the resistant 
hepatocyte model expressed class 3 ALDH.'76 
Only 25% of the carcinomas induced by the 
ethionine-choline deficient diet protocol were 
ALDH-positive. 177 The intermediate selective 
pressure protocols produced 50 to 60% ALDH- 
positive neoplasms. 172*174~175~178 Interestingly, the 
specific activity of the ALDH-positive tumors 
was not closely correlated with selective pres- 
sure, although the ethionine-choline-induced tu- 
mors were least active. Exposure to an initiating 
agent is absolutely required for expression of the 
tumor ALDH phenotype. 

The usefulness of employing several differ- 
ent probes to examine the tumor ALDH pheno- 
type was also clearly demonstrated during these 
studies. The use of total activity assays with dif- 
ferent substrate and coenzyme combinations 
measured the relative contributions of class 1, 2, 
and 3 ALDH activity in late-stage neoplastic nod- 
ules and carcinomas, but it did not detect activity 

changes early in tumorigenesis. However, his- 
tochemical analysis identified significant and 
characteristic changes in ALDH as early as 1 
month after initiation (the resistant hepatocyte 
model) in the form of class 3 ALDH-positive 
enzyme-altered f ~ c i ' ~ " ' ~ ~  (Figure 3c). ALDH- 
positive neoplastic nodules were also first iden- 
tified h i s t ~ c h e m i c a l l y . ~ ~ ~ ' ~ ~  Other early histo- 
chemical changes were also noted. They included 
changes in ALDH distribution within a liver aci- 
nus from centrilobular to p e r i p ~ r t a l ' ~ ~ ~ ~ ~ ~  (Figure 
3g) and the appearance of occasional foci that 
were devoid of any ALDH Histo- 
chemistry also identified carcinomas not found 
by gross examination. 

Histochemistry also confirmed that the 
changes in ALDH activity occurring during he- 
patocarcinogenesis were limited to hepatocytes. 
Changes in other liver cell populations that oc- 
curred in some protocols were uniformly ALDH- 
negative. This included areas of fibrosis, cystic 
degeneration, and cholangiofibrosis, as well as 
neoplasms of other cell populations, such as cho- 
langiocarcinomas. 177 The ALDH activity of in- 
dividual hepatocellular carcinomas generated by 
a particular protocol was also quite vari- 
able. 172~174-178 Histochemical analysis also indi- 

TABLE 8 
Distribution of Tumor-Associated Class 3 ALDH Activity During Hepatocarcinogenesis 

Protocol' 

Dietary Ethionine 
Resistant Dietary AAF DEN/PB + choline 

hepatocyte AAF/PB only (1 d old) PH/DEN/PB deficiency 

Percentage of class 3 ALDH- 96 80 
positive tumorsb (26127)" (1 9/24 

Class 3 ALDH activity of 1 O8* 327 
positive tumors 

Class 3 ALDH activity of all 108 260 
tumors examined 

mal liver 
Class 3 ALDH activity of nor- 5 9 

See Table 7 for descrbtions. 

58 62 
(7/12) (13/21 
201 274 

120 176 

8 13 

46 25 
(6/13) (7/28) 
73 32 

43 10 

5 6 

Tumors expressing tumor-associated ALDH phenotype by total activity assays, gel electrophoresis, or 
histochemistry. 
Number of ALDH-positive tumors in total number of examined tumors, 
Specific activity (milliinternational units per milligrams protein) (adapted from Reference 177). 
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only 9% of the total foci identified as being pos- 
itive for y-glutamyl transpeptidase (GGT), the 
most widely used marker of preneoplastic cell 
populations in rodent hepatocarcinogenesis stud- 
ies.'69 However, 96% of the hepatocellular car- 
cinomas were positive for class 3 ALDH. Li- 
kewise, in the PH-DEN-PB protocol, fewer than 
4% of the total enzyme-altered foci were ALDH- 
positive, but 60% of the hepatocellular carcino- 
mas were ALDH-positive. 178 Even in the ethion- 
ine-choline deficiency protocol, fewer than 10% 
of the foci were ALDH-positive, whereas 25% 
of the carcinomas were class 3 ALDH-positive.'77 

Additional studies have confirmed and ex- 
tended the results described above. Ritter and 
Er i cks~on '~~  studied expression of the tumor 
ALDH phenotype during rat hepatocarcinoge- 
nesis by using both the resistant hepatocyte model 
and repeated cycles of dietary 2-AAF exposure. 
They found that hepatocyte nodules and hepa- 
tocellular carcinomas induced by both protocols 
possessed significantly elevated class 3 ALDH, 
characteristic of the tumor ALDH phenotype. 
They also suggested the presence of different sub- 
populations of putative preneoplastic cells, some 
of which possessed elevated class 3 ALDH ac- 
tivity. They interpreted the heterogeneity of 
ALDH activity in hepatocellular carcinomas as 
indicating that high ALDH activity in preneo- 
plastic cell populations represents cells that are 
only one of many sources of hepatocellular 
carcinomas. 

Canuto and  colleague^'^^^^^^ also reported 
significantly elevated class 3 ALDH activity in 
hepatocyte nodules and carcinomas induced by 
the resistant hepatocyte model. They reported a 
transient increase in class 3 ALDH activity in 
perinodular liver early in hepatocarcinogenesis. 
Interestingly, Canuto and colleagues observed that 
nodules and carcinomas obtained later in the pro- 
cess had higher class 3 ALDH activity than nod- 
ules or carcinomas appearing early in hepatocar- 
cinogenesis. 

Using a number of carcinogens, Richmond 
and colleagues~81~'85~zw have employed histo- 
chemical and immunohistochemical methods to 
examine ALDH activity during both rat and mouse 
hepatocarcinogenesis. The majority (> 80%) of 
rat and mouse carcinomas induced by DEN with 
or without promotion by PB expressed the tumor 
ALDH phenotype, as assessed by either histo- 

chemical methods or immunohistochemical tech- 
niques employing anti-class 3 ALDH antibodies. 
Considerable heterogeneity in ALDH activity both 
within and between neoplasms was observed. 
Virtually identical results were obtained for mouse 
liver neoplasms induced by ethylnitrosourea and 
dichloroacetic acid. For dichloroacetic acid-ini- 
tiated tumors, Richmond et al. found that the 
proportion of ALDH-positive preneoplastic le- 
sions increased as foci progressed to nodules, 
nodules to adenomas, and adenomas to carci- 
nomas. This is consistent with the hypothesis that 
ALDH-positive preneoplastic cells represent one 
cell population having a high probability of pro- 
gressing to carcinomas. 

A quantitative histochemical method for as- 
sessing changes in ALDH during hepatocarcin- 
ogenesis has been developed. 180 Hepatocellular 
neoplasms induced by vinyl chloride or the re- 
sistant hepatocyte model possessed class 3 ALDH 
activity. Directly adjacent normal hepatocytes 
lacked class 3 activity. Interestingly, areas of 
cholangiofibrosis within one vinyl chloride-in- 
duced neoplasm also possessed elevated class 3 
ALDH activity. This is in contrast to the areas 
of cholangiofibrosis found in ethionine-treated 
livers, which were completely devoid of ALDH 
activity. 177 

Pretlow et a1.Is2 examined AHF for changes 
in ALDH activity in rats given 5 weeks exposure 
to DEN in their drinking water. They found that 
ALDH was second only to GGT in identifying 
AHF. ALDH-altered foci represented about I2 
to 18% of the foci detected as GGT-positive, 
depending on the method of tissue fixation. 

Tumor ALDH activity has been reported in 
a human hepatocellular carcinoma. '90 This ALDH 
has been shown by a variety of methods, includ- 
ing amino acid sequencing, to be human class 3 
ALDH. Thus, identical changes in ALDH occur 
in both rodent and human hepatocarcinogenesis. 

Overall, the analysis of changes in ALDH 
during hepatocarcinogenesis, using a variety of 
tumor-induction protocols, indicates that 

1. Expression of the tumor ALDH phenotype 
is due to initiator-induced, stable genetic 
changes occurring in a subpopulation of in- 
itiated cells. 
The role of promotion in expression of the 
phenotype is to allow the preferential growth 

2. 
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3. 

4. 

5. 

of this subpopulation of cells, resulting in 
the ultimate neoplasm. 
Early in the promotion process the normally 
repressed class 3 ALDH gene is activated. 
Class 3 ALDH gene activation in a partic- 
ular initiated cell population is dependent 
on whether or not the initiator has affected 
the class 3 ALDH gene. 
The degree of selection pressure exerted by 
a particular promotion regimen, coupled 
with the extent of initiator-induced genetic 
damage (considerable with DEN and 2- 
AAF; little or none with ethionine) deter- 
mines both the first appearance of class 3 
ALDH activity and the number of ALDH- 
positive hepatocellular neoplasms ulti- 
mately produced. 

Inasmuch as several of the hepatocarcino- 
genesis protocols employ PB as a promoter, and 
PB is known to induce a class 1 ALDH, changes 
in this particular ALDH during hepatocarcino- 
genesis have also been examined. Elevated he- 
patic class 1 ALDH activity has been detected in 
morphologically normal liver of some animals 
during the promotion phase of several protocols 
(Table 9). 174.L75~177 This activity has been termed 
promotion-associated ALDH. It is identical to 
that induced by PB in genetically responsive 
strains of rats. 124 Several observations are of in- 
terest. First, the increase in class 1 ALDH activ- 

ity is not localized to putative preneoplastic cell 
populations, but involves the entire liver. Sec- 
ond, PB exposure is not required for induction 
of class 1 ALDH during hepatocarcinogenesis. 
Seven of nine animals receiving ethionine fol- 
lowed by the choline-deficient diet possessed el- 
evated class l activity during the first nine weeks 
of combined exposure. No animals receiving only 
ethionine or the choline-deficient diet expressed 
this change. After 9 weeks ALDH activities were 
normal in all groups. Third, in protocols that used 
PB as a promotor, elevated class 1 ALDH activity 
required exposure to both an initiator and PB for 
expression. For example, from two protocols a 
total of 34% (25/74) of animals receiving 2-AAF 
+ PB and 21% of animals receiving DEN + 
PB (7/34) had promotion-associated ALDH ac- 
tivity. L74.175 In contrast, no animals receiving only 
AAF (0/40) and only 3% (1/33) receiving PB 
alone expressed this phenotype. Three percent 
(1/29) of the control animals also had elevated 
class 1 ALDH activity. Only 5% (2/36) of ani- 
mals receiving PH, DEN, and PB had increased 
class 1 ALDH activity.178 Interestingly, the pro- 
tocol having the greatest selective pressure, the 
resistant hepatocyte model, did not induce the 
promotion-associated ALDH phenotype. 176 The 
appearance of class 1 ALDH suggests that ad- 
ditional changes in ALDH activity, independent 
of expression of class 3 ALDH, may also occur 
during hepatocarcinogenesis . While the promo- 

TABLE 9 
Distribution of Promotion-Associated Class 1 ALDH During Hepatocarcinogenesis 

Protocol' 
Dietary Ethionine 

Resistant Dietary AAF DENlPB + choline 
Enzyme activity hepatocyte AAFIPB only (1 d old) PHIDENIPB deficiency 

Constitutive class 1 30 25 25 31 31 26 
plus class 2 ALDH: 
specific activityb 

class 1 ALDH: spe- 
cific activity 

mals expressing 

Promotion-associated NA 70 WA 74 57 38 

Percentage of ani- 0 34 0 21 14 20 

a See Table 7 for descriptions. 
Milli international units per milligrams protein. 
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tion-associated phenotype must be due to some 
event or events occumng during promotion, it is 
not associated with a particular promoting agent, 
although the genetic background of the animal 
may be important. 

With respect to changes in ALDH activity 
during tumorigenesis in other tissues, only three 
tissues have been examined - rat urinary blad- 
der, human colon neoplasms, and a human mam- 
mary adenocarcinoma cell line. By total activity 
assays, human colon primary adenocarcinomas 
possess significantly more class 3 ALDH activity 
than does normal colonic m u c o ~ a . ' ~ ~  Class 3 
ALDH is also detectable histochemically in hu- 
man primary colon neoplasms. Liver metastases 
of colon adenocarcinomas also possess very high 
levels of class 3 ALDH, compared with normal 
colon or with normal liver. 

A subline (MCF-7/0AP) of the human breast 
adenocarcinoma cell line MCF-7/0 possesses 
ALDH activity approximately 50-fold greater than 
that of the parental line.Ig1 The functional and 
physical properties of this ALDH indicate that it 
is also a class 3 ALDH. 

Changes in ALDH occur during rat urinary 
bladder carcinogenesis induced by N-butyl-N-(4- 
hydroxybuty1)nitrosamine (BBN). 'I2 In contrast 
to liver, normal urinary bladder epithelium pos- 
sesses significant class 3 ALDH activity. How- 
ever, histochemical analysis clearly demonstrates 
changes in class 3 ALDH activity during bladder 
carcinogenesis before any changes are detectable 
by other methods. Bladder epithelial ALDH ac- 
tivity decreases dramatically after initiation, ex- 
cept in areas containing putative preneoplastic 
bladder cells, which then appear as ALDH-pos- 
itive areas of hyperplasia. Thus focal populations 
of putative initiated cells, hyperplastic regions, 
and ALDH-positive neoplasms appear against an 
ALDH-negative background. The dramatic de- 
crease in bladder ALDH in normal urothelium is 
consistent with the fact that the class 3 enzyme 
is the major ALDH in normal bladder.78 Seventy 
percent of examined bladder papillomas and car- 
cinomas possessed class 3 ALDH activity sig- 
nificantly greater than that found in normal blad- 
der. Thus carcinogenesis in both urinary bladder 
and liver involve qualitatively and quantitatively 
similar changes in ALDH activity. 

The work of Campbell et a1.lI2 also provides 
additional insights into both the mechanism of 

expression and the possible roles of ALDH dur- 
ing tumorigenesis. No change occurs in the liver 
ALDH phenotype during bladder carcinogenesis . 
This suggests that expression of the class 3 ALDH 
during bladder carcinogenesis is the result of 
bladder-specific changes in class 3 ALDH gene 
expression. As for liver, changes in bladder class 
3 ALDH appear to be transformation associated, 
stable, and limited to putative premalignant and 
malignant cells of the target tissue. 

Irving and  colleague^^.^^^ have demonstrated 
that BBN is metabolized by the liver to the prox- 
imate urinary bladder carcinogen, N-butyl-N-(3- 
carboxypropy1)nitrosamine (BCPN) , via an al- 
dehyde-containing intermediate, N-butyl-N-(3- 
formylpropy1)nitrosamine (BFPN). Further, 
BFPN, the aldehyde-containing intermediate, is 
a substrate for both class 1 and class 2, but not 
class 3, liver ALDHs. 112*205 Because BCPN is the 
BBN metabolite active in urinary bladder and 
because BCPN does not directly inhibit class 3 
ALDH,'12 the decreases in normal urothelium 
ALDH activity occumng during bladder carcino- 
genesis must be due to BCPN-induced alterations 
in class 3 gene expression in the target cells. 

6. Mechanisms of Tumor ALDH 
Expression 

In vivo studies have provided a wealth of 
descriptive information and evidence that changes 
in ALDH gene expression occur during tumori- 
genesis. However, such studies are complex, are 
often difficult to interpret, and do not lend them- 
selves to detailed analysis of the underlying 
mechanisms. For these reasons, Lindahl and col- 
leagues established an in vitro system to study 
the genesis and regulation of changes in ALDH 
occurring during tumorigenesis. The system uses 
stable, hepatoma-derived cell lines and cultured 
normal hepatccytes to study the regulation of class 
3 ALDH under a variety of experimental 
conditions. 

initial efforts demonstrated that both estab- 
lished and newly derived rat hepatoma cell lines 
possessed the same wide spectrum of class 3 
ALDH activities that characterized the tumor 
ALDH phenotype in vivo (Table 10). 183206-210 Es- 
tablished lines such as HTC, recently established 
lines such as JM1 and JM2, and newly developed 
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TABLE 10 
Distribution of Class 3 ALDH Activity in Rat 
Hepatoma Cell Lines 

dicating new transcription and translation are re- 
quired for both.206 The increase in ALDH activity 
is transient, peaking at about 5 d and gradually 

Cell line 

JM2 
HTC 
RLT 2M 
RLT 9F 
JM1 
RLT-3C 
RLT-5G 

returning to basal levels over several days. Sec- 
ond exposures to inducer result in additional in- 
creases in enzyme activity. These studies con- 

Speclflc activity 
(rnlUlrng protein) Ref. 

681 206 f m e d  and extended earlier studies in intact 
467 206 animals, indicating that acute exposures to a va- 
433 207 riety of PAHs or dioxins reversibly induced class 
31 7 

A single 1.7-kb messenger RNA encodes the 21 2 206 
113 207 
100 207 class 3 ALDH in both constitutively high and 

207 3 ALDH activity in normal rat liver.67-70 

H4-I I-EC3 97 206 PAH-induced cell 1ines.208~209 Both the class 3 
M W ,  
McA RH7777 
Yoshida AH1 30 

21 183 ALDH mRNA and the polypeptide are long lived 
5 206 (approximately 24 and 90 h, respectively). No 

evidence for amplification or rearrangement of 0.4 210 

Primary hepatocytes 3 209 
Normal liver 5 209 

lines including RLT-2M and -9F, possess high 
constitutive class 3 ALDH activity. Lines H4-11- 
EC3 and McA-RH7777 do not constitutively ex- 
press class 3 ALDH and have very low class 1 
and 2 ALDH activities. RTL-3C and -5G possess 
intermediate class 3 ALDH activity. Primary cul- 
tures of normal rat hepatocytes maintain the nor- 
mal liver ALDH distribution for several days in 
vitro. 

The identification of cell lines with varying 
ALDH activities prompted a series of studies to 
examine the mechanism of expression of the tumor 
ALDH phenotype. Exposure of low-activity cell 
lines or normal hepatocytes to polycyclic aro- 
matic hydrocarbons (PAHs) such as 3-methyl- 
cholanthrene (3-MC) or benzo[a]pyrene (BAP) 
induces class 3 ALDH significantly .206*207*209 The 
levels of induction are cell-line dependent, with 
EC3 cells and normal hepatocytes responding 
better to 3-MC and McA-RH7777 cells better to 
BAP. Cell lines having high constitutive class 3 
ALDH activity, such as HTC, JM2, or RLT-2M, 
respond only slightly to PAHs. Class 3 ALDH 
activity in RLT-9F is not inducible by 3-MC or 
BAP. Methylcholanthrene also induces class 3 
ALDH in both HepG2 human hepatoma cells and 
normal human hepatocytes in c u l t ~ r e . ~ ~ ~ . ~ ~ ~  

The high constitutive levels of class 3 ALDH 
are reduced, and the induction by PAHs is in- 
hibited by actinomycin D and cycloheximide, in- 

the class 3 ALDH gene, correlating with enzyme 
activity, has been identified in any cell line.2o8 
However, preliminary evidence suggests a cor- 
relation between hypomethylation of the class 3 
ALDH gene and high constitutive class 3 enzyme 
activity.208 

Similar to primary tumors identified in vivo, 
some heterogeneity in ALDH activity occurs in 
cell lines. Histochemically, not all cells in a pop- 
ulation stain identically for enzyme activity. Gen- 
erally, cells growing in clumps tend to have higher 
levels of activity than cells growing in monolayer 
regions. This is especially true for cell lines of 
low and intermediate ALDH a ~ t i v i t y . ~ ~ . ~ ~ ’  The 
increased enzyme activity that occurs following 
induction is due to an increase in the proportion 
of cells expressing class 3 enzyme activity rather 
than to an increase in activity in cells already 
expressing class 3 ALDH.206 Cells grown in 
serum-free medium have higher class 3 activity 
than comparable cells grown in serum-containing 
medium.2M Interestingly, the in vivo passage of 
RLT-series cells through newborn rats resulted 
in significant decreases in class 3 ALDH activity. 
By 6 d in vivo, RLT-9F cells possessed 42% of 
their original activity, whereas RLT-3C cells re- 
tained only 1 1 %.207 These results suggest that 
ALDH activity in vivo may be modulated by as 
yet unidentified circulating factors. 

Initiators of hepatocarcinogenesis that pro- 
duce preneoplastic and neoplastic cells express- 
ing class 3 ALDH in vivo have also been tested 
for their ability to induce ALDH in hepatoma cell 
lines or in normal hepatocytes in 
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Ethionine, 2-AAF, or DEN do not alter class 3 
ALDH activity in hepatoma cell lines, cultured 
normal hepatocytes, or a normal liver epithelial 
cell line (clone 9 cells) following short-term ex- 
posure. Even an in vivo protocol designed to 
mimic an in vivo tumor induction protocol (5 d 
of 2-AAF or DEN followed by chronic exposure 
to PB for up to 4 weeks) does not induce class 
3 ALDH activity in low-activity hepatoma cell 
lines or clone 9 cells. The inability of chemicals 
other than PAHs and related compounds to in- 
duce class 3 ALDH in normal hepatocytes has 
been confirmed. Ethionine 2-AAF, DEN, or 
methylnitrosourea, all of which produce ALDH- 
positive neoplasms, do not induce class 3 enzyme 
activity in normal liver following acute or short- 
term chronic exposures.213,214 

These results imply the existence of two dis- 
tinct groups of class 3 ALDH inducers. The first 
group includes initiators of hepatocarcinogene- 
sis, such as 2-AAF, DEN, and ethionine, which 
significantly induce ALDH activity in preneo- 
plastic and neoplastic cells in vivo. However, 
they cannot induce ALDH activity in hepatoma 
cell lines or in cultured normal hepatocytes in 
vitro. This induction is due to initiator-induced, 
permanent genetic changes occurring in the af- 
fected cells that are expressed as the tumor ALDH 
phenotype in their descendants. The second group 
includes various PAHs and dioxins, which sig- 
nificantly induce class 3 ALDH activity both in 
vivo and in vitro. Although also having a genetic 
component, the induction by PAHs occurs im- 
mediately following exposure and is transient. 
These observations further suggest that expres- 
sion of the tumor ALDH gene during tumori- 
genesis requires events occurring during both ini- 
tiation and promotion. As will be discussed below, 
the presence of two classes of class 3 ALDH 
inducers also implies the existence of at least two 
different regulatory mechanisms involved in class 
3 ALDH gene expression. 

Little work has been done in vitro with re- 
spect to studies of the promotion-associated 
ALDH. Marselos and c011eagues~~~~~'~ have shown 
that PB will induce class 1 ALDH activity in 
primary cultures of both human and rat hepato- 
cytes. They have also reported that simultaneous 
exposure of human HepG2 hepatoma cells to PB 
and 3-MC results in a synergistic increase in class 

3, but not class 1, ALDH activity.212 Although 
direct evidence is lacking, this increase in class 
3 enzyme activity has been ascribed to increased 
levels of a 3-MC metabolite that is the actual 
class 3 ALDH inducer caused by PB induction 
of 3-MC-metabolizing enzymes. Similar results 
have been reported in normal rat liver following 
simultaneous in vivo PB-3-MC As 
noted above, sequential exposure of low-activity 
rat hepatoma cell lines or clone 9 cells to 2-AAF 
or DEN and then PB does not affect either class 
1 or class 3 ALDH activity.209 

Additional insights into the mechanism un- 
derlying changes in class 3 ALDH gene expres- 
sion during tumorigenesis come from the studies 
of Pitot and colleagues. 75.76.217 These studies have 
examined the induction of class 3 ALDH in vivo 
and in vitro by TCDD. As will be described be- 
low, the effects of TCDD are mediated through 
the Ah receptor. Translocation of the receptor- 
ligand complex to the nucleus affects transcrip- 
tion of a certain subset of structural genes. This 
subset includes the class 3 ALDH gene and the 
cytochrome P450IA1 (CYPIAZ) gene. Dunn et 
al.75 demonstrated that the dose response and ki- 
netics of induction of class 3 ALDH and P450IA1 
in liver by TCDD were distinctly different. The 
maximal activity of ALDH occurred 8 d after 
TCDD exposure, compared with 12 h for 
P450IA 1. Striking differences were also found 
in the ability of various organs to express class 
3 ALDH and P450IA1 in response to TCDD. 
Tissues that were able to produce one protein 
were not necessarily able to produce the other 
coordinately. The ability to respond did not cor- 
relate with the reported tissue distribution and 
abundance of the Ah receptor. For example, while 
liver and lung expressed both the class 3 ALDH 
and the P4501A1 genes in response to TCDD, 
kidney and small intestine, which possess high 
levels of the Ah receptor, expressed only 
P450IA1. Differences were also noted in the dose 
response of various tissues. The dose response 
in colon favors P450IA1, whereas in stomach 
class 3 ALDH is expressed at lower TCDD lev- 
els. These data suggest that expression of specific 
genes in response to TCDD can be modulated in 
different ways. Moreover, regulatory pathways, 
in addition to the classically defined Ah receptor- 
mediated pathway, may be involved. 
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Similar differential responses of the class I 
ALDH and two cytochrome P450 genes, CYPZZBl 
and ZZB2, to PB exposure have also been de- 
s~ribed.’~ The PB induction of hepatic class 1 
ALDH is known to be under genetic con t r01 .~~’~  
Responsive ( R )  and nonresponsive ( r )  rat strains 
have been identified. The class 1 ALDH and 
CYPZZBZ and IZB2 mRNAs are not coordinately 
induced by PB in the RR and rr animals. Class 
1 ALDH mRNA is detectable at low levels in 
untreated animals of both genotypes and is in- 
duced only in the RR genotype. Both RR and rr 
animals have variable low levels of both cyto- 
chromes. CYPZZBZ is induced by PB in both RR 
and rr animals. However, CYPZZB2 is strongly 
induced in rr animals, but its expression in RR 
animals treated with PB is completely repressed. 
Kidney and lung both possess significant basal 
levels of class 1 ALDH mRNA that are not in- 
creased by PB treatment. These results suggest 
that the gene defined by the R and r alleles is not 
the structural gene for the PB-inducible class 1 
ALDH, but it may be a structural gene encoding 
a protein involved in the regulation of genes by 
PB and, perhaps, other xenobiotics. Thus the 
genes encoding both inducible ALDHs can be 
regulated by multiple mechanisms. 

Studies of the molecular mechanisms under- 
lying changes in class 1 and/or class 3 ALDHs 
during tumorigenesis indicate that new transcrip- 
tion and translation are required. Preliminary evi- 
dence also suggests that changes in DNA meth- 
ylation accompany increased transcriptional 
activity. The identification of two classes of in- 
ducers of class 3 ALDH implies that multiple 
mechanisms exist for regulating class 3 ALDH 
gene expression. This hypothesis is also sup- 
ported by (1) the differential response of the class 
1 and class 3 ALDH genes and various phase I 
drug-metabolizing enzyme genes to TCDD or PB, 
and (2) data indicating that the PB-responsive- 
ness locus (R)  may not be the class 1 ALDH 
structural gene but a gene producing a class 1 
ALDH gene regulatory protein. The integration 
of this information with that obtained from the 
tumor-induction protocols is discussed in the last 
section of this review. 

IV. ROLES FOR ALDHs IN 
TUMORIGENESIS 

That multiple forms of mammalian ALDH 

exist and that these forms have differing tissue 
and subcellular distributions, may be constitutive 
or inducible by a variety of agents, and possess 
differing substrate preferences imply that these 
enzymes may have multiple physiological func- 
tions. The role of certain of the constitutive 
ALDHs in the oxidation of acetaldehyde resulting 
from ethanol metabolism has received by far the 
most attention. Important roles for ALDHs in the 
oxidation of metabolites from neurotransmitter 
and biogenic amine metabolism have also been 
of interest, largely due to the alterations in neu- 
rotransmitters and amines that may accompany 
excess alcohol consumption. 

Until recently, other potential physiological 
roles for the various ALDHs have been much 
more speculative. However, several factors have 
stimulated interest in identifying other roles for 
ALDHs in cellular processes. The recent reports 
that several previously purified but unidentified 
proteins are ALDHs’~O-’~~ are certain to increase 
interest in the role of this enzyme family in hor- 
mone metabolism, vision, and developmental 
processes. The availability of the large number 
of protein and DNA sequences has stimulated 
interest in the evolution of this gene family and 
will also stimulate the search for physiological 
functions. Finally, the observation that the class 
1 and class 3 liver-inducible ALDHs have con- 
stitutive counterparts in other normal tissues has 
sparked interest in identifying roles for these en- 
zymes that are consistent with multiple modes of 
expression. With respect to carcinogenesis, these 
roles may include the metabolism of carcinogens 
or their metabolites; other xenobiotics and their 
metabolites, including antitumor agents; and/or 
aldehydes produced from alterations in metabolic 
pathways in preneoplastic or neoplastic cells. The 
remainder of this review will consider three po- 
tential physiological roles for ALDHs in relation 
to tumorigenesis. 

A. Role of ALDH in Oxazaphosphorine 
Metabolism 

Among the more interesting functions for 
ALDHs in relation to tumorigenesis is their role 
in the metabolism of certain chemotherapeutic 
agents, including oxazaphosphorine drugs such 
as CP. CP is currently the most widely used anti- 
neoplastic drug. It is also used extensively as an 
immunosuppressant both in diseases with an 
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autoimmune component and during bone marrow 
tran~p1antation.I~ As an antineoplastic drug, CP 
is effective in treating a spectrum of malignan- 
cies, including leukemias and lymphomas; neu- 
roblastoma; retinoblastoma; and carcinomas of 
the lung, ovary, breast, and cervix. It is also used 
in the treatment of certain forms of rheumatoid 
arthritis, multiple sclerosis, and lupus erythro- 
matosus. 

CP is a prodrug that requires biotransfor- 
mation through a series of intermediates to pro- 
duce the active forms (Figure 4). The ultimate 
physiologically cytotoxic metabolite is phos- 
phoramide mustard, which acts as an alkylating 
agent, cross-linking DNA and rendering the tar- 
get cells nonviable. The production of the inter- 
mediate metabolite 4-hydroxycyclophosphamide 

H 

Cyclophosphamide 

is catalyzed by hepatic mixed-function oxidases . 
4-Hydroxycyclophosphamide exists in equilib- 
rium with its open-ring tautomer, aldophospham- 
ide. 4-Hydroxycyclophosphamide/aldophos- 
phamide is the transport form of CP that reaches 
the target cells. 14~186 Within the target cells aldo- 
phosphamide undergoes beta elimination, either 
spontaneous or enzyme catalyzed, to produce 
phosphoramide mustard and acrolein (Figure 4). 

Aldophosphamide has an alternative fate in 
target cells, the oxidation of the aldehyde group 
to produce carboxyphosphamide, which is not 
cytotoxic (Figure 4). Hill and re- 
ported that a commercial preparation of yeast 
ALDH could catalyze the irreversible oxidation 
of aldophosphamide to carboxyphosphamide. At 
that time, however, they felt that ALOX was the 

4 - OH - Cyclophosphamlde I 
I H 

0 

N - P  
u 

6 ,= 0 aldehyde \o/\/COOH 

I CI 

-1 
0 

N - P  
1 p - H  H I 

- - - - - - - - r - - - - - J  

CI - dehydrogenase CI 
I 

Aldophospham Ide Carboxyp hosphamlde 
CI 

enzyme? I 
I 

0 I 
I pmiq 

ACROLEIN 
u 1 p - H  

CI W] 
N - P .  + 

CI ‘OH 

Phosphoramlde 
Mustard 

FIGURE 4. Metabolism of CP. (Adapted from Reference 14 with permission.) 
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major catalyst of this reaction. Subsequently, it 
was demonstrated convincingly that one or more 
ALDHs are primarily responsible for this oxi- 
dation,91,'04.186.219-222 although a minor role for 
ALOX in this reaction cannot be completely ruled 
out. 

Because the oxidation of aldophosphamide 
to carboxyphosphamide is a detoxification re- 
action, the cytotoxicity of CP should be inversely 
correlated with target cell ALDH activity. Cells 
having higher activity of the relevant ALDHs 
should be more resistant to CP than cells lacking 
ALDH activity. The following observations sup- 
port this hypothesis. First, the level of ALDH is 
the major determinant of the relative resistance 
to CP of bone marrow stem ce11s'87~188,223 and 
intestinal crypt cells.224 Second, although ALDH 
is ubiquitously distributed among normal hema- 
topoietic stem cells, many leukemia and lym- 
phoma cell lines are virtually devoid of ALDH. 188 

Third, increased ALDH activity is one means by 
which tumor celIs acquire resistance to 
CP. 186225*226 Fourth, inhibition of ALDH activity 
restores the sensitivity of resistant murine leu- 
kemia cell lines to CP and makes resistant he- 
matopoietic stem cells sensitive to CP. 188.225 

Which ALDH(s) confers resistance to CP? 
Domeyer and Sladekz2' first reported that rat and 
mouse liver cytosolic ALDHs could convert aldo- 
phosphamide to carboxyphosphamide in vitro. 
Hilton and R u s s ~ ~ ~ ~ * ~ ~ ~  demonstrated that a cy- 
tosolic ALDH was responsible for conferring CP 
resistance to L1210 mouse leukemia cells in vivo. 
Most recently, Sladek and  colleague^^^^^^^ ex- 
amined the ability of several mouse and human 
ALDHs to oxidize aldophosphamide. From liver 
from both species, a constitutive class 1 ALDH 
is responsible for the vast majority of the aldo- 
phosphamide oxidation, although other ALDHs 
may make a minor contribution. For mouse stom- 
ach, another constitutive class 1 enzyme appears 
to be responsible for aldophosphamide oxidation. 
Hipkins et al."' reported no correlation between 
the PB-inducible ALDH activity and either CP 
metabolism in vivo or the chemotherapeutic ef- 
fect of CP in tumor-bearing mice with or without 
PB pretreatment. A similar lack of correlation 
between inducible class 1 ALDH activity and the 
cytotoxic effects of CP in rat embryos has been 
reported recently.2z9 Tbus, it appears that a con- 

stitutive, but not the PB-inducible, class 1 ALDH 
plays a role in modulating CP cytotoxicity. 

With respect to other ALDHs, it appears that 
class 3 ALDH does not play a role in CP cyto- 
toxicity. No correlation was found between the 
class 3 ALDH activity and the CP sensitivity of 
eight rat hepatoma cell Sreerama and 
S1adekl9l have shown that a CP-resistant subline 
of MCF-7/0 human breast adenocarcinoma cells 
(MCF-7/0AP) possesses very high class 3 ALDH 
activity. However, aldophosphamide is not a sub- 
strate for this enzyme in either hepatoma cell 
lines or in MCF-7/0AP cells. No evidence exists 
that class 2 ALDH plays a significant role in 
aldophosphamide oxidation. 91 ,222 

Modulation of target cell ALDH activity has 
been suggested as a means of changing the cy- 
totoxicity of CP.14 If the activity of the major 
aldophosphamide-oxidizing ALDH( s) could be 
increased in normal cells and/or decreased in tu- 
mor cells, the relative cytotoxicity and, therefore, 
therapeutic effectiveness of CP would be im- 
proved. Both strategies appear to have merit. 
However, the limited tissue specificity of indu- 
cible ALDHs and the lack of correlation between 
induction of class 1 or 3 ALDHs and changes in 
CP cytotoxicity in studies to date suggest that 
this approach will require additional work. 

More promising is the use of inhibitors of 
ALDH to reduce the relevant ALDH activities of 
tumor cell populations. Many alcohol aversion 
therapies are based on the inhibition of liver 
ALDHs, which results in increased steady-state 
levels of acetaldehyde, which in turn causes the 
severe nausea and headaches that serve as deter- 
rents to further alcohol consumption. Among these 
agents are disulfiram, cyanamide, and chloral hy- 
drate. Disulfiram and cyanamide both inhibit the 
conversion of aldophosphamide to carboxyphos- 
phamide in vitro. 221.231 Treatment of L1210/0AP 
and P388/CLA CP-resistant murine leukemia cells 
with cyanamide or disulfiram makes them sen- 
sitive to CP. 14.225*232 Similar effects have been 
reported in vivo when tumor-bearing animals have 
been treated with both CP and an ALDH inhib- 
itor.233,234 However, similar studies by other 
groups have reported no improvement in CP ther- 
apeutic potential in vivo following treatment with 
either d i ~ u l f i r a m ~ ~ ~ * ~ ~ ~  or cyanamide. 23 Chloral 
hydrate has also recently been shown to poten- 
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tiate the cytotoxicity of CP in ~ i t r - 0 ~ ~ '  and in 
v ~ v o . ~ ~ ~  One limitation of the ALDH induction/ 
inhibition approach is the selectivity of both po- 
tential inducing agents or inhibitors for only cer- 
tain members of the enzyme family. Finding in- 
ducers and/or inhibitors of the relevant ALDHs 
will require additional work. 

Largely overlooked in studies of the role of 
ALDHs in CP metabolism and cytotoxicity is the 
acrolein generated whenever aldophosphamide is 
converted to phosphoramide mustard. Although 
it is generally accepted that phosphoramide mus- 
tard is the major physiologically relevant alkyl- 
ating agent,238 acrolein does contain an aldehyde 
group. Petersen and colleagues have shown that 
conjugation of acrolein to glutathione generates 
a form of acrolein that is a substrate for class 1 
and 2 ,  but not class 3, ALDHs. They have also 
demonstrated that acrolein proper is an excellent 
irreversible inhibitor (apparent Ki < 1 rJ.M) of 
class 1 and 2 ALDHS.~~'**~' These results indicate 
that although acrolein may not be a directly cy- 
totoxic CP metabolite, its effects on target cell 
relevant ALDHs may play a role in determining 
the extent of aldophosphamide oxidation to car- 
boxyphosphamide. Acrolein-mediated inhibition 
of ALDH would increase the cytotoxicity of CP 
in cells that would appear to have sufficient rel- 
evant ALDH activity to be resistant to CP. 

Several questions remain with respect to 
ALDH and antitumor drug metabolism. Which 
ALDH(s) plays a major role in the inactivation 
of oxazaphosphorines? Are different ALDH forms 
involved in different tissues? Identification of the 
relevant enzyme activities may allow ALDH ac- 
tivity to be used as a marker for tumors against 
which CP and related molecules would be effec- 
tive. The development of inhibitors specific for 
ALDH forms involved in inactivation of CP-like 
compounds would also be possible. Cells resist- 
ant to CP can also acquire resistance to other 
chemotherapeutic agents. In some cases, changes 
in ALDH may be re~ponsible.'~ What is the 
mechanism of this resistance? As noted above, 
the normal cell counterparts of some tumors pos- 
sess the relevant ALDH, implying that in certain 
tumor cells the relevant ALDH activity may be 
repressed. What is the mechanism of this repres- 
sion? Are occasional tumor cells emerging as CP- 
resistant because down-regulation of the relevant 

ALDH gene did not occur? If the mechanism of 
such down-regulation can be identified, can it be 
activated specifically in tumor cells to lower 
ALDH activity, making CP more effective? As 
the regulatory elements controlling expression of 
the relevant ALDH genes are identified, perhaps 
the ALDH activity of normal cells can be in- 
creased to protect them, leaving tumor cells rel- 
atively more susceptible to the cytotoxic effects 
of CP. Although of some interest in the past, the 
development of cytotoxic aldehydes with greater 
therapeutic indices may be possible in the near 
future, as more becomes known about the major 
enzyme systems involved in their metabolism. 

B. ALDH and Lipid Peroxidation 

One approach to identifying potential phys- 
iological roles for ALDHs is to determine whether 
aldehydes from various sources are substrates for 
one or more forms of the enzyme. In this way 
both xenobiotic metabolizing and endogenous 
pathways have been shown to provide substrates 
for oxidation by ALDHs (Tables 2 and 3). One 
major endogenous source of aldehydes is the oxi- 
dation of membrane lipids. It appears that ALDHs 
may play major roles in the oxidation of many 
of the highly reactive aldehydes produced by this 
process. 

Membrane lipid peroxidation is a continuous 
process reflecting the constant state of cellular 
membrane synthesis and degradation. The pro- 
cess is initiated by reactive reduced oxygen spe- 
cies (ROS) (superoxide and OH radicals, H202, 
singlet oxygen). Such molecules are normally 
produced in small amounts from metabolic path- 
ways. Membrane lipid peroxidation can also be 
significantly stimulated by a number of factors 
that induce cellular oxidative stress, including a 
variety of oxygen radicals generated from the 
metabolism of xenobiotics and exposure of cells 
to UV radiation or prooxidant substances such as 
ADP plus iron or ascorbate plus Thus 
lipid peroxidation can be nonenzymatically or 
enzymatically driven. 

Biological membranes are particularly sensi- 
tive to peroxidative events because the polyunsat- 
urated fatty acids contained in their phospholipids 
are readily attacked by ROS (Figure 5). The at- 

307 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



8 I , 

POLYUNSATURATED FATTY ACID 
(eg: ARACHIDONIC ACID) 

FR" (initiator) 

-CH=CH-CH-CH-CH- FREE RADICAL 
INTERMEDIATE -4 

P O 2  ' + O0* 

-CH=CH-CH=CH-CH- CONJUGATED DIENE 

-CH=CH-CH-CH-CH- PEROXY RADICAL 

1 -CH=CH-CH-CH=CH- HYDRO PEROXIDE 

p * CLEAVAGE 
AND SUBSEQUENT 

REACTIONS 
PRODUCE 

n - alkanals 
2 - alkenals 

4 - hydroxyalkenals 
malondialdehyde 
cyclic peroxides 

+ 
+ 

OH 
a W 

O W  
H 

FIGURE 5. Peroxidation of arachidonic acid as an example of a free radical-induced lipid perox- 
idation pathway. Shown are some of the key intermediates and major types of products. Depending 
on the number of conjugated C-C double bonds in the fatty acid, a number of conjugated positional 
hydroperoxide isomers can be produced. For example, homolytic (p) cleavage of the 15-hydroperoxy 
isomer of arachidonic acid can produce a free aliphatic aldehyde (hexanal) and an aldehyde bound 
to the parent lipid. Peroxidation at other positions will produce a different spectrum of free aldehydes, 
some of which will still contain conjugated double bonds that become targets for subsequent per- 
oxidation events. Additional reactions of secondary peroxidation products are the major sources of 
malondialdehyde and 4-hydroxyalkenals. See Reference 3 for a detailed review of the spectrum of 
possible reactions producing aldehydes. (Adapted in part from Reference 266 with permission.) 

tack of ROS on polyunsaturated fatty acids results 
in initiation of a chain reaction-like series of events 
that progress more or less unchecked. Under nor- 
mal physiological conditions, membrane lipid per- 
oxidation does not usually result in untoward ef- 

fects. However, in certain disease states, such as 
cancer or rheumatoid arthritis, or during exposure 
to radiation or xenobiotics, ROS-mediated lipid 
peroxidation may be a significant mediator of 
various pathophysiological  change^.^^^.^^ 
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Linoleic, arachidonic, and docosahexaenoic 
acids are the major polyunsaturated fatty acids in 
mammalian biomembrane~.~ As such, they are 
the major targets for lipid peroxidation. The re- 
actions involved in peroxidation can be very com- 
plex, and, depending on the fatty acid, a very 
large number of products can be generated (Fig- 
ure 5). They include short-lived intermediates 
containing reactive radicals that catalyze further 
autooxidations, other unstable intermediates that 
spontaneously rearrange to form stable products, 
and relatively stable carbonyl-containing com- 
pounds. On a molar basis carbonyls may account 
for more than 50% of the stable products of lipid 
pe r~x ida t ion .~~~  Among the carbonyls, aldehydes 
account for >70% of the carbonyls generated 
from either linoleic or arachidonic acids. Thus 
aldehydes are major products of membrane 
peroxidation. 

Although a number of assays for lipid per- 
oxidation are available, the most widely used 
generally employ methods that are based on de- 
tection of the products of lipid peroxida- 
tion.3'246,247 The most sensitive is the direct de- 
termination of lipid aldehydes by HPLC or GC- 
MS. The second method is the spectrophoto- 
metric measurement of lipid hydroperoxides based 
on their conjugated diene double-bond structures. 
The third and most widely used is the measure- 
ment of total malondialdehyde by a chromogenic 
assay with thiobarbituric acid. Although the thio- 
barbituric acid assay has many limitations and 
the results must be interpreted with extreme cau- 
tion, its simplicity has made it the assay of choice 
for most routine determinations. 

More than 200 different aldehydes have been 
identified as products of lipid peroxidation. How- 
ever, only a small number are generated in rela- 
tively large amounts (Table 1 1),245 including al- 
kanals, 2-alkenals, 2,4-alkadienals, dialdehydes, 
and hydroxyalkenals. Although the quantity of 
the various produced aldehydes varies with the 
starting lipid hydroperoxide, three are generally 
considered to be major products of lipid peroxi- 
dation - malondialdehyde, hexanal, and 4-hy- 
droxynonenal. Based on catalytic constants, K,, 
and/or V,,,/K, determinations, considered in the 
context of substrate and enzyme concentrations 
as discussed above, at least one ALDH is in- 
volved in the oxidation of these lipid aldehydes. 

Malondialdehyde is the major aldehyde pro- 
duced from membrane lipid peroxidation, ac- 
counting for up to 70% of the totaL3 Early studies 
suggested that both liver mitochondria1 and cy- 
tosolic fractions possessed ALDH capable of oxi- 
dizing mal~ndialdehyde.~~~*~*-~~~ Subsequently, 
Hjelle and Peter~en*~' identified two ALDHs in 
rat liver cytosol that effectively oxidize this al- 
dehyde. One enzyme, which appears to be the 
constitutive class 1 ALDH, has a K, for malon- 
dialdehyde of 16 pM. The other cytosolic ALDH, 
resembling the inducible class 1 form, has a K, 
for malondialdehyde near 130 pM. Class 2 ALDH 
does not appear to use malondialdehyde as sub- 
strate (K, of 7 mM). Malondialdehyde is also a 
very poor substrate for the class 3 enzyme (K, 
of 5 mM). These results suggest that at physio- 
logical malondialdehyde concentrations (1.5-3 
pN), the constitutive class 1 ALDH would op- 
erate at about 25% of maximal velocity. 

TABLE 11 
Some Aldehydes Produced During Lipid Peroxidation" 

Alkanals Alkenals 4-Hydroxyalkenals Others 

Propanal Acrolein 4-Hydroxynonenal Malondialdehyde 
Butanal Pentenal 4-Hydroxyhexenal 2,4-Heptadienal 
Pentanal Hexenal 4-Hydroxy-2,5- 2,4-Decadienal 

Hexanal Heptenal 4,5-Dihydroxydecenal 5-Hydroxyoctanal 
Nonanal Octenal Butanone 

nonedienal 

Nonenal 2-Pentanone 
3-Pentanone 
2-Octanone 

* Compiled from References 2 and 3. 
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n-Hexanal is the major alkanal produced by 
the peroxidation of both linoleic (84%) and ar- 
achadonic (70%) acids. 3,252 Hexanal can account 
for approximately 15% of the total aldehyde pro- 
duction from lipid peroxidation. Hexanal and 
other medium-chain-length (C6-C 1 1) alkanals 
are excellent substrates for the class 3 ALDHs, 
either the constitutive microsomal or the indu- 
cible form. 160239.253 Among the examined sub- 
strates, the C8 to C11 alkanals (K,s near 1 pA4) 
were much better substrates than hexanal (K, of 
40 @I). These studies also indicated that the 
unsaturated (alkenal) forms of these aldehydes 
were good ALDH substrates. No systematic anal- 
ysis of the ability of class 1 and 2 ALDHs to 
oxidize these aldehydes has been carried out. 
However, hexenal is an excellent substrate for a 
class 2 enzyme (K, of 2 pM), and a class 1 
ALDH also appears to be able to oxidize this 
aldehyde (K, of 30 @2).!59 

4-Hydroxynonenal is the major hydroxy- 
alkenal produced from lipid peroxidation. It may 
account for up to 5% of total aldehyde produc- 
tion. It is very strongly lipophilic and so cannot 
diffuse far from its site of production. In fact, it 
is estimated that the concentration of 4-hydrox- 
ynonenal may reach millimolar levels within mi- 
crosomal membranes .2459252-254 Class 2 ALDH is 
the major 4-hydroxynonenal-oxidizing enzyme in 
v i m  (K, of 17 p A 4 ) . I S 9  Based on either K,s or 
catalytic constraints, neither pure class 1 nor pure 
class 3 ALDH can oxidize 4-hydroxynonenal to 
an appreciable extent. 159~160.254 However, it has 
been demonstrated that ALDHs from microsomal 
and cytosolic fractions of normal rat liver, rat 
neoplastic nodules, and hepatomas can oxidize 
4-hydroxynonenal. 183*184*255 4-Hydroxyhexenal 
has been reported to be a substrate for both class 
1 and class 2 A L D H S . ~ ~ ~  As noted, substrate pref- 
erences for various ALDHs may be influenced 
by local (subcellular) substrate concentrations. 
Therefore, an assessment of the actual ability of 
any particular form to oxidize any particular al- 
dehyde must consider the kinetic parameters in 
light of the local substrate and enzyme concen- 
trations, and it may be that class 1 and/or 3 ALDHs 
may oxidize 4-hydroxyal bends in vivo. 

Consistent with the reactivity of aldehydes, 
the products of lipid peroxidation have been 
shown to have a variety of effects in biological 

systems. In general, the net result of the inter- 
action of aldehydes with biologically relevant 
molecules results in cytotoxicity . Although short 
chain alkanals such as formaldehyde and acet- 
aldehyde can be very active, longer chain alkan- 
als such as octanal and decanal are not highly 
reactive in biological systems under physiologi- 
cal conditions. For alkanals the major interaction 
appears to be with sulfhydryl and amino groups, 
either in low-molecular-weight molecules such 
as glutathione or in proteins and nucleic acids. 
Generally, the result is cross-linking and inhi- 
bition of functions2 

In contrast, alkenals and hydroxyalkenals are 
highly reactive and interact with biologically rel- 
evant molecules under physiological conditions 
and  concentration^.^^^^^ As for alkanals, the pri- 
mary targets are sulfhydryl and amino groups. 
However, because the alkenals and hydroxy- 
alkenals are much more reactive than alkanals, 
their effects on biological systems are more pro- 
nounced. Hydroxyalkenals are the most reactive, 
and their adducts are much more stable than those 
formed by alkenakZ4’ Therefore, most interest 
has centered on the effects of hydroxyalkenals 
such as 4-hydroxynonenal on biological pro- 
cesses. A wide variety of effects have been ob- 
served at physiological (nanomolar-micromolar) 
aldehyde concentrations. 

The alkylating properties of hydroxyalkenals 
are the basis of most of their effects. Although 
conjugation to glutathione may be a detoxifying 
mechanism for 4-hydro~ynonenal,~~~ eventual de- 
pletion of glutathione stores under conditions of 
high lipid peroxidation leads to its cytotoxicity . 
Inhibition of a wide variety of enzymes has been 
reported, including those of glycolysis and glu- 
coneogenesis , the mixed-function oxidases, and 
the DNA polymerases. 242 Both inhibitory and 
stimulatory effects of 4-hydroxynonenal on ad- 
enyl cyclase have been r e p ~ r t e d . ~ ~ ~ . ~ ~ ’  Stimula- 
tion of guanylate cyclase and phospholipases A2 

droxynonenal is genotoxic, being mutagenic in 
bacterial and mammalian systems260.261 and in- 
creasing the frequency of sister-chromatid ex- 
changes and other chromosome aberrations in rat 
hepatocytes . 262 Hydroxyalkenals also inhibit cell 
proliferation, which may be due to direct effects 
on the enzymes of DNA replication and/or 

and C have also been r e p ~ r t e d . ~ ~ * ~ ~ * - ~ ~  4-H Y- 
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or to other effects on progression through 
the cell cycle.25 Hydroxyalkenals are also chemo- 
tactic for neutrophils at very low concentrations 
and may play a role in the inflammatory re- 
sponse. 2649265 The interaction of 4-hydroxyno- 
nenal with biologically relevant molecules is so 
widespread that virtually all cellular systems and 
pathways are affected. 

The relationship of lipid peroxidation to car- 
cinogenesis and any role played by ALDHs in 
the process is currently unclear. Whether lipid 
peroxidation plays a causal role in the initiation 
or promotion process or is a result of other events 
occurring during initiation or promotion has not 
been examined in a systematic ~ a y . ~ ’ . ~ ~ ’  Good 
circumstantial evidence exists that oxygen radi- 
cals may be the causative agents in initiation and/ 
or promotion events in several multistage models 
of carcinogenesis.266 It seems most likely that the 
direct effects of these radicals on DNA and pro- 
teins are most important in this context, rather 
than their ability to initiate membrane lipid per- 
oxidation. However, a direct role for free radical- 
induced nuclear lipid peroxidation in initiation of 
hepatocarcinogenesis has been proposed in one 

Given the spectrum of effects on cellular pro- 
cesses that have been reported for peroxidation- 
derived aldehydes, it may be that one or more of 
these play some role at some stage of tumori- 
genesis. 25,243 Of particular interest in this respect 
are the direct cytotoxicity of many of these al- 
dehydes, their effects on various second messen- 
ger systems and cell proliferation, and their 
chemotactic activities. Therefore, the ability of 
normal, preneoplastic and/or neoplastic cells to 
metabolize these aldehydes could be one deter- 
minant in modulating their effects. 

Several studies have shown that lipid per- 
oxidation is decreased in hepatomas when com- 
pared with normal liver. Early studies focused 
on rat hepatoma cell lines (Yoshida AH 130; 
Ehrlich ELD) carried in ascites form or in Moms 
he pa to ma^.^^^-^^^ It was suggested that the extent 
of the decrease in lipid peroxidation of these tu- 
mor cells was correlated with their degree of de- 
differentiation. Primary hepatocellular tumors, 
induced by ethionine, dimethylaminoazoben- 
zene, or DEN, as well as preneoplastic nodules 
induced by ethionine or DEN, also have lowered 

levels of lipid p e r ~ x i d a t i o n . ~ ~ ~ . ~ ~ ~  Tumor cells have 
either lowered levels of basal lipid peroxidation 
or normal levels of basal lipid peroxidation, but 
oxidative stress on these cells cannot induce lipid 
peroxidation further. Increased lipid peroxidation 
in human colorectal tumors, based on the thio- 
barbiturate assay, has been 

Appearing at the same time were reports that 
hepatoma cell lines exhibiting reduced lipid per- 
oxidation had levels of total ALDH activity con- 
siderably below that of normal liver.210*275-277 
Sessa and c011eagues~~~-*~~ were interested in es- 
tablishing if the antitumor activity of various al- 
dehydes was related to low ALDH activity of 
tumor cells in a manner somewhat analogous to 
that discussed earlier for CP. However, these 
studies are often cited in support of the concept 
that reduced production of lipid aldehydes, rather 
than an increase in their removal, is the basis of 
the reduced lipid peroxidation measured in tumor 
cells. 

Based on observations with the liver tumor 
systems, it has become generally accepted that 
tumor cells from any source possess decreased 
lipid peroxidative capacity. Decreased lipid per- 
oxidation results in reduced generation of poten- 
tially cytotoxic aldehydes. In turn, this means 
that tumor cells are less susceptible to the cell 
proliferation-inhibiting effects of these alde- 
hydes. The net result is that a potential control 
of cell division is lost, tumor cells gain a prolif- 
erative advantage, and a neoplasm 

Four reasons are usually cited as responsible 
for low tumor lipid peroxidation capacity. 25.243 

First, enzymatically induced lipid peroxidation is 
reduced as a result of the low levels of monoox- 
ygenase enzyme systems in tumor cells. Neo- 
plastic and preneoplastic cells from many sources, 
including liver, have significantly reduced levels 
of phase I drug metabolizing enzymes, including 
cytochromes P-450 and mixed-function oxygen- 
ases. 19’ Initiation of lipid peroxidation would be 
reduced in tumor cells because they cannot gen- 
erate oxygen radicals, especially following oxi- 
dative stress. 

Second, the lipid composition of tumor cell 
membranes may be significantly different from 
that of normal cells. In preneoplastic and neo- 
plastic liver cells, the amounts of polyunsaturated 
fatty acids, most notably, arachidonic and do- 
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cosahexaenoic acids, decrease, and they are re- 
placed by less unsaturated fatty acids (oleic acid) 
and saturated fatty  acid^.^'^.^'^ Bkause the levels 
of substrates for lipid peroxidation are decreased, 
the levels of lipid peroxidation would corre- 
spondingly decline. Along with the relative in- 
crease in saturated fatty acids in tumor cell mem- 
branes is an increase in their cholesterol content. 
Thus, a third reason for reduced lipid peroxida- 
tion is an increase in tumor cell membrane rig- 
idity. This may reduce the accessibility of oxygen 
to potential substrates. 

A fourth reason often cited for decreased tu- 
mor lipid peroxidation is an increase in cellular 
antioxidant levels. Levels of lipophilic antioxi- 
dants such as vitamins A, C, and E are increased 
in tumor ce11s.278J79 Such increases may serve to 
protect membrane lipids from peroxidative dam- 
age. Interestingly, the protective effects of an- 
tioxidants do not appear to include reactive ox- 
ygen species-scavenging enzymes such as 
superoxide dismutase or catalase, as their levels 
in tumor cells are generally lower than those of 
corresponding normal tissues. 266 

Until recently, it has been assumed that the 
levels of lipid aldehydes measured in cells ac- 
curately reflect their level of production, rather 
than representing steady-state levels resulting from 
the balance of their production and metabolism. 
Only when it was demonstrated by workers in- 
terested in lipid peroxidation that class 3 ALDH 
can oxidize 4-hydroxynonenal was it recognized 
that removal of lipid aldehydes by various path- 
ways may significantly affect their steady-state 

The relative roles played by the various path- 
ways of lipid aldehyde metabolism are subjects 
of considerable uncertainty, partly due to the fact 
that different analytical techniques and different 
experimental systems have been used. It is gen- 
erally agreed that malondialdehyde is oxidized 
by class 1 and 2 ALDHs (see above). The con- 
tribution of the two enzymes to malondialdehyde 
metabolism appears to be dependent on the sub- 
cellular site of generation and the local aldehyde 
concentration. Although the kinetic properties fa- 
vor oxidation by class 1 ALDH under most con- 
ditions, higher local subcellular aldehyde con- 
centrations could make the class 2 enzyme a 

levels. 183,184,280 

significant contributor to malondialdehyde 
oxidation. 

The metabolism of longer chain alkanals, al- 
kenals, and hydroxyalkenals appears to be more 
complex. Conjugation of a variety of lipid al- 
dehydes to glutathione by glutathione-S-transfer- 
ases was first shown by Boyland and Chas- 
seaud.28' Subsequently, both spontaneous and 
enzyme-catalyzed conjugation of 4-hydroxy- 
alkenals to glutathione was shown to be a poten- 
tially major pathway for the removal of these 
molecules from c e 1 l ~ . ~ ~ ~ . ~ ~ ~  

Esterbauer and colleagues reported that 4- 
hydroxynonenal can be reduced to its correspond- 
ing alcohol in vitro by rat hepatocyte cytosolic 
fractions. 284 The reaction was NADH-dependent 
and was inhibited by pyrazole. This led Ester- 
bauer et al. to conclude that the reduction is cat- 
alyzed by an alcohol dehydrogenase. They fur- 
ther suggested that the alcohol dehydrogenase- 
mediated reduction of hydroxyalkenals was the 
major fate of these compounds in liver. However, 
in liver the NAD/NADH ratio strongly favors the 
oxidized coenzyme and there is significant al- 
dehyde reductase activity. It has been demon- 
strated that under these conditions the role of 
alcohol dehydrogenase as an aldehyde-reducing 
enzyme is of little relevance in vivo.285*286 

The most thorough study of the relative roles 
of oxidative, reductive, and conjugative path- 
ways in hydroxyalkenal metabolism is the recent 
work of Canuto and colleagues. 183,184*28fl Their 
studies have examined the metabolism of 4-hy- 
droxynonerial in normal liver and cultured he- 
patocytes, in preneoplastic and neoplastic liver, 
and in rat hepatoma cell lines. Three major con- 
clusions emerge from these studies. 

First, the relative roles of the various hy- 
droxyalkenal removal systems vary in different 
tissues (Table 12). Based on the distribution of 
4-hydroxynonenal-metabolizing enzymes, in 
normal liver glutathione-S-transferase-mediated 
conjugation to glutathione is the major pathway 
for hydroxyalkenal metabolism. Reduction by al- 
cohol dehydrogenases may also be significant in 
normal hepatocytes. ALDHs and reductases may 
play only a minor role. However, two different 
hepatoma cell lines show very different distri- 
butions of hydroxyalkenal-metabolizing en- 
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TABLE 12 
4-Hydroxynonenal-Metabolizing Enzyme Activities of Rat Hepatocytes and 
Hepatoma Cell Lines” 

ALDH 

Classes Alcohol dehydrogenase Aldehyde Gluthathione-S 
Cell 1 and 2 Class 3 (reduction reaction) reductase transferase 

Hepatocytes 8b 2 
MHlCl 10 4 
HTC 28 45 

58 
2 
28 

8 280 
6 171 
26 30 

a Adapted from Reference 183. 
Specific activity (rnilliinternational units per milligrams protein) with 4-hydroxynonenal as substrate. 

zymes. In one line, MH,C,, glutathione conju- 
gation appears to be the major mechanism for 
hydroxynonenal removal. Oxidative metabolism 
contributes more in these cells than it contributes 
in normal liver, but the activity appears to be 
largely mediated by class 1 ALDH. Reductive 
metabolism is almost nonexistent in MH,C, cells. 
In contrast, in HTC cells oxidation via class 3 
ALDHs appears to be the major pathway of re- 
moval, with conjugation being much reduced 
compared with either normal hepatocytes or 
MH,C, cells. Reductive metabolism in HTC cells 
is only slightly different from that in normal liver, 
due primarily to an increase in aldehyde reduc- 
tase-mediated metabolism. Thus not only is hy- 
droxyalkenal metabolism different between nor- 
mal and neoplastic cells, but within neoplastic 
cells the relative contribution of various pathways 
is different. 

Changes in the metabolic fate of lipid alde- 
hydes during tumorigenesis are detectable in pre- 
neoplastic cell populations several months before 
the appearance of overt neoplasms. 1 8 3 9 1 8 4  Further, 
in contrast to the results with hepatoma cell lines, 
the changes in preneoplastic and neoplastic cell 
hydroxyalkenal metabolism are more uniform. 
Relatively, glutathione-S-transferase-mediated 
conjugation and oxidative metabolism of 4-hy- 
droxynonenal are increased in both cell popula- 
tions compared with those of normal liver. Al- 
dehyde reductase-mediated, but not alcohol 
dehydrogenase-mediated, reduction is also sig- 
nificantly elevated in neoplastic cells. Thus a sec- 
ond conclusion of the work of Canuto and col- 
leagues is that during hepatocarcinogenesis an 

overall net increase in hydrox yakenal removal 
occurs, beginning during preneoplasia and con- 
tinuing in overt neoplasms. 

A final conclusion is that the assessment of 
the lipid peroxidation status of a particular tissue 
cannot be based only on determination of total 
lipid aldehyde levels. Steady-state levels of these 
molecules are the result of both their production 
and their removal, and changes in the rates of 
removal alone can significantly affect these lev- 
els. Therefore, altered levels of lipid aldehydes 
in a cell or tissue do not necessarily mean altered 
levels of production, but they may be accounted 
for by an alteration in removal by any number 
of pathways. Moreover, at least liver cells pos- 
sess an array of defense mechanisms against the 
accumulation of cytotoxic aldehydes. 

There is additional indirect evidence for a 
significant role for ALDHs in modulating the 
effects of lipid peroxidation. Much involves cor- 
relative changes in lipid peroxidation and ALDH 
activity under different conditions. The time 
course of hepatic lipid peroxidation and class 3 
ALDH increases following TCDD treatment are 
virtually identical. 753379288 Both lipid peroxida- 
tion and class 3 ALDH gradually increase and 
peak at 8 d following acute TCDD exposure. In 
contrast, both a q l  hydrocarbon hydroxylase and 
cytochrome P450IA 1 activities peak within ‘ap- 
proximately 48 h of onset of TCDD expos~re.’~ 
The declines in all these activities are gradual 
over a period of several days to weeks. The maxi- 
mal induction of lipid peroxidation by other halo- 
genated hydrocarbons (CCl,, hexachloroben- 
zene, hexachlorocyclohexane) occurs within 24 
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h, with a correspondingly rapid decay. No in- 
crease in ALDH activity occurs during this pe- 
riod. In mice TCDD-induced lipid peroxidation 
appears to be genetically linked to the Ah lo- 
cus .287 TCDD-sensitive (C57BLI6J) mice that 
possess high-affinity TCDD receptors undergo 
lipid peroxidation at much lower TCDD doses 
(50-fold) than do TCDD-resistant (DBN2J) mice 
that do not possess the Ah receptor, implying 
that increased lipid peroxidation may be part of 
the response to xenobiotic exposure that is me- 
diated by the Ah locus. 

Another interesting correlation between lipid 
peroxidation and ALDH activity occurs during 
hepatocarcinogenesis employing ethionine and 
dietary choline deficiency. As already noted, 2 
months of dietary ethionine exposure signifi- 
cantly reduced hepatic lipid peroxidation and pro- 
duced neoplastic cell populations having reduced 
lipid peroxidation. 271 An early effect of dietary 
choline deficiency is induction of lipid peroxi- 
dation. 271.290.291 Also as noted, a significant in- 
crease in class 1 ALDH activity occurs early in 
ethionine-choline-deficiency-induced hepatocar- 
cinogenesis . 177 Histochemically , the distribution 
of promotion-associated ALDH activity is iden- 
tical to that of bound aldehydes detectable his- 
tochemically by the periodic acid-Schiff reaction, 
following CC1,-induced hepatic lipid peroxida- 
tion (Figure 6).267*292 Although the exact mech- 
anism by which choline deficiency causes initi- 
ating and/or promoting activity is currently 
unclear, it is apparent that changes in ALDH 
activity occur during this process . 2 6 7 v 2 9 3 , 2 9 4  

Coupled with the kinetic data indicating that 
aldehydes produced by lipid peroxidation are good 
substrates for one or more ALDHs, very good 
evidence now exists that changes in ALDH can 
accompany cellular lipid peroxidation. What is 
not known at present is the exact role or roles 
that changes in ALDH may play. Not all agents 
that affect lipid peroxidation also affect ALDH 
activity, and changes in ALDH may be either 
directly or inversely correlated with changes in 
lipid peroxidation capacity. Moreover, changes 
in two different ALDH classes appear to occur 
independently. Whether the changes in ALDH 
are related to protecting a certain population of 
cells from the cytotoxic effects of lipid aldehydes 

or are part of a more generalized response of the 
cell to lipid peroxidation-induced stress is also 
currently not known. 

More systematic studies are required to es- 
tablish the roles of ALDHs in lipid peroxidation 
and the relation of the two to tumorigenesis. Such 
experiments should employ measures of lipid 
peroxidation independent of lipid aldehyde con- 
centration in order to establish levels of lipid 
peroxidation. Both in vivo and in vitro studies 
are needed. In vivo work should concentrate on 
a thorough direct analysis of changes in both lipid 
peroxidation and ALDH activity during tumori- 
genesis by using a variety of tumor-induction 
protocols. In vitro studies should examine effects 
of altering the lipid peroxidation levels of cells 
on ALDH activity and vice versa. For these stud- 
ies, advantage should be taken of cells and cell 
lines differing in their lipid peroxidizing and/or 
ALDH activities. For example, do inducers of 
lipid peroxidation induce ALDHs? Are cells with 
differing ALDH activities differentially sensitive 
to lipid aldehydes? 

A detailed analysis should also be done of 
the lipid peroxidation capacity of tissues that pos- 
sess high constitutive levels of class 3 ALDH, 
such as cornea, lung, stomach, and urinary blad- 
der. It is interesting that either these tissues are 
directly exposed to high levels of molecular ox- 
ygen (cornea and lung) or they are tissues in 
which aldehydes, including those produced from 
lipid peroxidation, may be resident for extended 
periods of time. For the lung, stomach, and uri- 
nary bladder, class 3 ALDH activity is localized 
to cells lining the surface of the organ that are 
in direct contact with the environment and di- 
rectly exposed to aldehyde substrates. Both the 
cornea and lung are likely to be continuously 
producing lipid aldehydes, due to reactive oxy- 
gen species-mediated peroxidative processes. 

C. Xenobiotic Metabolism and ALDHs 

Both class 1 and class 3 ALDHs are inducible 
by xenobiotics, suggesting that ALDHs may play 
a role in the response of cells to exposure to 
foreign compounds. However, the role(s) played 
by various ALDHs in the xenobiotic response 
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Ah Gene ii 
f CYPlAl CYPIA2 NMO-1 UGT-1 GST-1 ALDH-3 

Ah Receptor 

FIGURE 6. Members of the [Ah] gene battery. 
activates the individual members of the battery. 
(Modified from Reference 295 with permission.) 

cannot be simple. For example, many of the xe- 
nobiotics that induce class 1 (PB) or class 3 
sically considered conjugation enzymes because 
they link a phase I-activated substrate to various 
small endogenous molecules, resulting in the for- 
mation of very hydrophilic, easily excretable 
products. Like phase I enzymes, phase I1 en- 
zymes may have endogenous substrates that can 
arise from a variety of metabolic pathways in- 
dependent of phase I reactions. For example, glu- 
tathione-S-transferases and uridine 5’-diphos- 
phate (UDP-) glucuronyl transferases have both 
xenobiotic and endogenously generated sub- 
strates. This metabolic scheme usually, but not 
always, results in the production of inactivated 
(TCDD, 2-AAF, 3-MC) ALDH do not contain 
or produce aldehydes during their metabolism. 
Conversely, CP does not induce an ALDH but 
rather an aldehyde-containing metabolite that is 
an ALDH substrate. These observations, along 
with others discussed below, imply that induction 
of ALDHs following xenobiotic exposure may 
be part of an overall adaptive response of the cell 
to stress. 

The metabolism of foreign compounds has 
been divided into two stages. Phase I enzymes, 
primarily the cytochromes P-450, are responsible 
for the activation of a foreign compound by the 
addition of an oxygen atom to a relatively inert 
molecule. The cytochrome P-450-catalyzed ad- 
dition of oxygen creates a much more reactive 
metabolite that is a substrate for any number of 
enzymes that can further metabolize the activated 
molecule. Cytochromes P-450 not only function 
in the activation of xenobiotics, but also play key 
roles in the synthesis and degradation of a number 
of endogenous substrates, including fatty acids, 
prostaglandins, biogenic amines, and steroids. 
Numerous recent reviews of various aspects of 
cytochromes P-450 have been published. 295-298 

The 
The 

Ah locus produces the Ah receptor, which then 
phase I and I I  genes are not genetically linked. 

The second stage reactions are catalyzed by 
a diverse group of enzymes, collectively known 
as phase I1 enzymes. Phase I1 enzymes are clas- 
forms of the xenobiotic that are less harmful than 
the parent molecule. However, phase I metabo- 
lism of a xenobiotic may result in forms that are 
more toxic, mutagenic, and/or carcinogenic than 
the parent molecule, if they do not undergo sub- 
sequent phase I1 reactions. Thus xenobiotic me- 
tabolism may be a route of detoxification or a 
route of carcinogenesis, depending on the exact 
circumstances. Moreover, phase I1 reactions may 
produce molecules more toxic, mutagenic, or 
carcinogenic than the products of phase I metab- 
olism. 

One model of the integration of phase I and 
phase I1 enzymes for metabolism of certain xe- 
nobiotics is the [Ah] gene b a t t e ~ - y . ~ ~ ~ * ~ ~ ~  The [Ah] 
gene battery consists of at least six genes (Figure 
6). Two genes encode the phase I enzymes - 
cytochromes P450IA1 (CYPZAI) and P450IA2 
(CYPZA2) - and four encode phase I1 enzymes, 
including NAD(P)H:menadione oxidoreductase 
(Nmo-I), UDP-glucuronyltransferase (Ug t - I ) ,  
glutathione-S-transferase (Gsr-I, encoding the Ya 
and/or Yb subunits), and class 3 ALDH (ALDH- 
3).  This gene battery is activated via a series of 
receptor-mediated events by any one of several 
planar aromatic compounds, including 3-MC, 
BAP, j3-naphthoflavone, or, particularly, TCDD. 
Classically, activation by planar aromatic com- 
pounds resulted in the induction of aromatic hy- 
drocarbon hydroxylase (AHH) activity, cyto- 
chrome P450IA1. The receptor mediating this 
response was, therefore, designated the Ah re- 
ceptor. 

Activation of the [Ah] gene battery is be- 
lieved to be generally similar to steroid hormone- 
mediated gene activation. It requires binding of 
the Ah ligand to a cytosolic Ah receptor, fol- 
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lowed by translocation of the ligand-receptor 
complex from the cytosol to the nucleus. This is 
followed by binding of the inducer-receptor com- 
plex to chromatin, resulting in transcriptional ac- 
tivation of some or all of the genes in the bat- 
tery .295.296.299-30’ Like the steroid hormone 
receptors, evidence exists for a role in heat shock 
proteins in modulating the DNA-binding ability 
of Ah receptor ligand However, 
unlike steroid hormones, nuclear translocation of 
Ah receptor-ligand complexes requires active 
participation of an additional protein, the arnt 
gene product. 303 

Inclusion of a particular gene in the [Ah] 
battery was originally based on the determination 
that expression of the gene is under control of 
the Ah receptor.295 Genetic analysis assigned the 
CYPZAZ and ZA2,304*305 N m 0 - 1 , ~ ~  Ugt-1,307 and 
Gst-Z308 genes to the battery. The ALDH-3 gene 
was tentatively included because it is inducible 
by TCDD and As will be discussed be- 
low, it has subsequently been shown that class 3 
ALDH gene expression can be regulated by Ah 
receptor-mediated events in some situations. 

Among the genes of the [Ah] battery, regu- 
lation of CYPZAJ has been most thoroughly stud- 
ied. 2969300*301 The development of AHH-induction 
mutant murine hepatoma lines defective in vari- 
ous steps of the Ah receptor-mediated pathway 
has been very useful in studying CYPZAl expres- 
sion. Three different classes of mutants have been 

One group, designated A or PI-, 
is heterogeneous and includes a variety of defects 
in the CYPZAI structural gene.312 Group B mu- 
tants have defects in the Ah receptor and are 
designated receptorless, r-.  313 The third group, 
C, are defective in the cytosol-to-nucleus trans- 
location of the ligand-receptor complex. They 
are designated nuclear-translocation defective, 

Also very useful in the study of CYPZAI gene 
regulation has been the construction and expres- 
sion of hybrid genes possessing putative CYPZAI 
upstream regulatory regions ligated to a heter- 
ologous reporter gene such as the bacterial chlor- 
amphenicol acetyl transferase (cat) gene. 314-318 

Transfection and expression of these hybrid genes 
in wild type and AHH mutant cell lines have 
identified at least three DNA domains upstream 
of the CYPZAZ coding region that respond to 

arnt-, 303,329 

TCDD in an Ah receptor-dependent manner (Fig- 
ure 7A). The first region is approximately 200 
bp 5’ to the cap site, and it functions as a classic 
promoter. The second region is some distance 
(approximately 1 kb) from the CYPZAZ cap site, 
and it possesses all the properties of an enhancer. 
It functions at a distance, independent of its ori- 
entation, to activate transcription of its target gene. 
This region, called the Ah response domain, is 
modular, possessing multiple copies of a se- 
quence called a drug regulatory element (DRE) 
or xenobiotic response element (XRE). The core 
of an XRE is the highly conserved seven-base- 
pair sequence 5’-TNGCGTG-3 ’. XRE sequences 
share considerable homology with glucocorticoid 
response elements, 319 Gel retardation assays sug- 
gest that XRE sequences may be binding sites 
for Ah receptor-ligand complexes. 320-322 In ad- 
dition, a third positive regulatory element even 
more distal to the Ah response domain may also 

However, this region has not been stud- 
ied in detail. 

Several studies also provide evidence for a 
region more proximal to the CYPZAZ coding re- 
gion (approximately - 700 bp) that acts as a neg- 
ative cis-acting controlling element (Figure 
7A).314.315,317.324 This region does not contain X R E  
sequences and appears to be the binding site for 
a trans-acting factor distinct from receptor-ligand 
complexes. Using various mutant cell lines and 
CYPZAl deletion hybrid gene constructs, this fac- 
tor has been shown to act as a repressor of con- 
stitutive (ligand-independent) expression of 
CYPZAI. 315.324 Furthermore, activation of this re- 
pressor protein requires the presence of an active 
P450IA1 enzyme. Thus low constitutive levels 
of CYPZAI expression are maintained by a neg- 
ative autoregulatory loop in which P450IAl either 
directly activates the repressor or, through its 
enzymatic activity, produces a small effector 
molecule that activates the repressor. 

Regulation of some phase 11 members of the 
[Ah] gene battery involves mechanisms similar 
to those described for CYPZAI , Use of AHH mu- 
tant cell lines provides evidence for a common 
mechanism of TCDD-mediated induction of both 
phase I and phase 11 genes. Single copies of XREs 
that confer positive regulation by planar aromat- 
ics are found within 1 kb upstream of the rat 
Nmo-I and Gst-l genes (Figure 7B) .324*325 
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I I n n H I  

A. 

Nmo-1 I B. 

+ + +  + r 
CYPlAl 

TATA 

PHASE I 
REPRESSOR 

3 

mRNA 

t 
PHASE I + Active P4501A1 

REPRESSOR 

XRE ARE Negative XRE-Like 
Regulatory 

region 

FIGURE 7. Schematic representation of the regulatory elements found upstream of the mammalian 
phase I and II members of the [Ah] gene battery. The exact location of the individual elements varies 
between species, but the relative order is believed to be that indicated. (A) The CYflA7 gene; (B) the 
Nmo-7 and Gst-7 (Ya) genes. It is not currently known whether the phase I and II negative regulatory 
regions are similar or identical. See text for additional details. (Taken in part from Reference 299 with 
permission.) 

Evidence also exists for negative regulatory 
regions upstream of the Nmo-1, Ugt-1, and 
ALDH-3, but not the Gst-1, genes (Figure 
7B). 299,324 Phase I1 gene negative regulation also 
appears to be complex. Based on studies with 
AHH-defective cell lines, it was initially postu- 
lated that the same truns-acting factor was re- 
sponsible for both phase I and phase I1 gene 

However, more recent studies with 
radiation-induced chromosomal deletion mouse 
lines provide evidence that two distinct negative 
truns-acting factors may be acting independently 

to regulate phase I and phase I1 constitutive gene 
e x p r e s s i ~ n . ~ ~ . ~ * ~  In addition to the factor in- 
volved in autoregulation of phase I genes, the 
second negative trans-acting factor, encoded by 
a separate gene, represses constitutive expression 
of the Nmo-1, Ugt-1, and ALDH-3 genes. More- 
over, from studies using P450IA1 -deficient mu- 
tant hepatoma cells, it appears that activation of 
the phase I1 gene truns-acting factor requires the 
presence of functional phase I enzyme activity. 

Further evidence for regulation of phase I1 
gene expression independent of Ah receptor-me- 
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diated mechanisms comes from the identification 
of a third type of regulatory element controlling 
certain phase I1 genes. This element, called an 
antioxidant responsive element (ARE)324*325 or 
electrophile responsive has been 
identified upstream of the Nmo-1 and Gst-1 genes 
(Figure 7B). The ARE core sequence, S'-pu- 
GTGACNNNGC-3', shares no identity with XRE 
core sequences. The ARE contains distinct but 
overlapping sequences that are responsible for 
both basal and inducible regulation of their genes. 
The truns-acting factors that bind to AREs have 
not been identified, but gel retardation assays 
indicate that at least one protein interacting with 
the ARE is constitutively The ARE 
is responsive to metabolites of planar aromatic 
compounds, the products of phase I enzymes, as 
well as to a wide variety of compounds that con- 
tain or can be metabolized to compounds that 
contain electrophilic sites. 328*329 Included in the 
latter group are phenolic antioxidants, isothio- 
cyanates, thiocarbamates , certain carboxylic acid 
esters, and hydrogen peroxide. AREs have, 
therefore, been postulated to be a mechanism by 
which cells may respond to oxidative stress.329 

The identification of negative regulatory re- 
gions and ARES upstream of certain phase I1 
members of the [Ah] gene battery is consistent 
with the concept that both Ah receptor-mediated 
and Ah receptor-independent mechanisms of reg- 
ulation of these genes need to be postulated to 
explain the diversity of their expression. Talalay 
and colleagues have proposed that two types of 
inducers of phase I and I1 enzymes e ~ i ~ t . ~ ~ ~ . ~ ~ ~  
Monofunctional inducers are the electrophilic an- 
tioxidants. They activate phase I1 genes through 
AREs independent of Ah receptors or active 
P450IA 1 or IA2 protein. Bifunctional inducers 
are the planar Ahs. They can act via the classic 
Ah receptor pathway through XREs to activate 
phase I and I1 genes. Bifunctional inducers can 
also activate phase I1 enzymes via AREs, fol- 
lowing their conversion to electrophilic metab- 
olites through phase I enzymes. Combined with 
the presence of negative regulatory elements that 
can modulate constitutive expression of phase I1 
genes independent of inducer-mediated or phase 
I gene a ~ t i v a t i o n , ~ ~ ~ . ~ ~ )  it is clear that multiple 
pathways exist for the control of the expression 
of phase I1 drug-metabolizing enzymes. 

Which of these regulatory mechanisms might 
be operating in the expression of the class 3 ALDH 
gene? Conceptually, a broad-substrate, inducible 
enzyme such as class 3 ALDH is a likely can- 
didate to be encoded by a gene that is subject to 
multiple forms of regulation. Expression may be 
an adaptive response to an altered cellular phys- 
iological environment, such as that likely to occur 
during chemically induced carcinogenesis. 
Expression may also be in response to acute 
stresses such as xenobiotic exposure or oxidative 
stress. The cell must deal not only with the direct 
effects of the stress but also with a multitude of 
potential indirect effects caused by such stresses. 
Constitutive expression of the same gene may be 
expected in those cells that are continuously, 
rather than intermittently, producing substrates 
for the product it encodes. 

Considerable evidence exists that hepatic 
class 3 ALDH activity in whole animals or in 
liver cells in culture is inducible by 
planar AHs, including BAP, 3-MC, and 

increased transcription and translation of the 
ALDH-3 gene and mRNA.75,206.209-217*297 Studies 
with AHH mutant cells confirm that the induction 
process requires functional Ah receptors and the 
translocation of the ligand-receptor complexes to 
the n u ~ l e u s . ~ ' ~ * ~ ~ ~  Thus the class 3 ALDH should 
clearly be considered to be a member of the [Ah] 
gene battery. 

Consistent with the involvement of an Ah 
pathway-linked negative truns-acting factor in 
class 3 ALDH gene expression are observations 
that constitutive class 3 ALDH activity is in- 
creased approximately twofold in hepatoma cells 
grown in or transferred to serum-free medium.206 
Also in support of a negative truns-acting factor 
is the observation that the class 3 ALDH activity 
of hepatoma cell lines decreases significantly 
when the cells are carried subcutaneously in new- 
born rats, when compared with identical cells 
maintained in vitro. 207 

However, considerable evidence also exists 
that expression of the class 3 ALDH gene can be 
regulated by mechanisms independent of the Ah 
receptor. First, even though the class 3 ALDH 
gene is normally repressed in liver, it is con- 
stitutively expressed at very different levels in 
several normal mammalian tissues, including 

TCDD.67.70,73.75.206.209,214.217 Induction involves 
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stomach, urinary bladder, and, especially, 
cornea.75s77*78 Second, the inducibility of the 
ALDH-3 gene by TCDD does not correlate well 
with the tissue distribution of the Ah receptor. 
In the rat Ah receptor, levels are high in the 
thymus, kidney, and i n t e ~ t i n e , ~ ~ ’ . ~ ~ ~  but the 
ALDH-3 gene is not inducible in those t iss~es.~’ 
CYPZAI is inducible by TCDD in the same tis- 
sues. These observations indicate that a mecha- 
nism must exist that allows constitutively high 
levels of ALDH-3 expression in certain tissues. 
They also indicate that Ah receptor-mediated gene 
activation does not have to involve all members 
of the [Ah] gene battery. 

Moreover, the time course of TCDD induc- 
tion of the class 3 ALDH gene in liver is distinctly 
different from that of either other phase I1 genes 
(Nmo-I, Gst-I) or the phase I gene (CYPIAI). 
For the latter three genes, transcription rates are 
maximal within the first 16 h following TCDD 
e x p ~ ~ ~ r e . ~ ~ ~ ~ ~ ~ , ~ ~ ~  In contrast, transcription of the 
ALDH-3 gene does not begin until 24 to 48 h 
following exposure and is not maximal until sev- 
eral days later.75.209 Although this observation is 
consistent with some form of negative regulation 
of phase I1 genes via an Ah receptor-mediated 
process, it indicates that not all genes respond 
identically to the same regulatory signals. 

Other observations are also consistent with 
multiple forms of class 3 ALDH gene regulation. 
In contrast to the planar AHs the hepatocarcin- 
ogenic initiators used in the tumor induction pro- 
tocols do not induce class 3 ALDH acutely and 
transiently either in cells in culture or in whole 
animals. Rather, they cause permanent changes 
in ALDH-3 expression in liver and bladder pu- 
tative preneoplastic and neoplastic cells. These 
changes are expressed as part of the AHF or as 
hepatocyte nodule phenotypes. 169-171,195 Also part 
of these phenotypes are permanent increases in 
Nmo-1, Gst-1, and Ugt-1 expression in preneo- 
plastic cell populations, while CYPZAI expres- 
sion is repressed. These observations imply that 
changes in class 3 ALDH gene expression oc- 
curring during carcinogenesis are not due to xe- 
nobiotic exposure per se, but are part of an overall 
constitutive adaptive response of a certain pop- 
ulation of cells to initiator e x p o s ~ r e . ’ ~ ~ . ~ ~ ~  The 
response is independent temporally and spatially 
from any known Ah receptor-mediated response, 

suggesting that changes in class 3 ALDH gene 
expression may involve mutational events in Ah 
receptor-independent genes that are involved in 
ALDH-3 gene regulation. One candidate is the 
gene encoding the phase 11-associated negative 
truans-acting factor. 

Also germane is the fact that the two groups 
of class 3 ALDH inducers - the PAHs and the 
hepatocarcinogenic initiators - may be com- 
pared conceptually to the bifunctional and mon- 
ofunctional inducers described by Talalay and 
colleagues. 328,330 The bifunctional inducers can 
act via the Ah receptor, whereas the monofunc- 
tional inducers work independent of this 
mechanism. 

Although it seems likely that the class 3 
ALDH gene can be activated as part of consti- 
tutive adaptive response to stress during carcin- 
ogenesis, it appears that many other factors affect 
the ultimate response. Expression of the class 3 
ALDH gene is variable both between different 
tumor-induction protocols and between individ- 
ual tumors in a single protocol. It is interesting 
to note, however, that the consistency of response 
within a protocol is correlated with the degree of 
selective pressure exerted on putative preneo- 
plastic cells by the initiating and promoting reg- 
imen (Tables 7 and 8). The greater the selective 
pressure, the greater the proportion of individuals 
possessing changes in class 3 ALDH activity. 
This is consistent with the idea that changes in 
ALDH-3 expression during carcinogenesis may 
be related in some manner to adaptation to cel- 
lular stress. It is also interesting in this context 
that dietary choline deficiency with or without 
initiator (ethionine) exposure does not induce class 
3 ALDH activity. 177 However, dietary choline 
deficiency does increase activity of two other 
phase I1 enzymes, Nmo-l and G ~ t - 1 ~ ’ ~  and the 
promotion-associated expression of the inducible 
class 1 ALDH.177 

What of the regulation of expression of the 
class 1 ALDH gene in relation to xenobiotic me- 
tabolism and carcinogenesis? There is no evi- 
dence that expression of the class l ALDH gene 
involves Ah receptor-mediated mechanisms. The 
ALDH-1 gene is not inducible by compounds that 
are known to utilize Ah receptor-mediated path- 
ways. As discussed earlier, good evidence also 
exists that the induction of phase I and phase I1 
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enzymes in response to PB need not be coordi- 
nated. 76 CYPZZBZ expression is increased equally 
by PB in rats showing differential induction of 
class 1 ALDH in response to PB exposure. 
CYPZZB2 expression is increased by PB only in 
the strain not responsive to PB class 1 ALDH 
induction. Differences also exist in the consti- 
tutive levels of expression of the three genes. 
Expression of the Gst-Yu gene in response to PB 
is also distinctly different from ALDH-Z gene 
expression. Low constitutive and equal induction 
by PB in ALDH-responsive and -nonresponsive 
rat strains occurs at this locus. Thus the genetic 
evidence suggests that a regulatory gene exists 
that controls the PB-inducibility of the class 1 
ALDH gene independent of other phase I1 or 
phase I genes. 

Nucleotide sequences of the region imme- 
diately upstream of both the rat and the mouse 
class 1 ALDH gene are Within the 
first 275 base pairs 5‘ to the transcription initi- 
ation site, no sequences similar to the XRE or 
ARE core sequences are identifiable. However, 
a short repeated pyrimidine-purine sequence, 5 ’ -  
CACACAC-3’ for rat and 5’-CACACACAC-3‘ 
for mouse, is found approximately 265 bp up- 
stream from the cap site. This same sequence has 
been found in the same upstream region of the 
CYPZZBl and CYPZZB2 genes.336 For the cyto- 
chrome genes, the length of the CACACA repeat 
is inversely related to the basal level of expres- 
sion of the gene. The CYPZZB2 gene possesses a 
10 bp repeat and is expressed constitutively at 
higher levels than the CYPZZBZ gene, which has 
a 38 bp long repeat.76.296.336 The Gst-Yu gene does 
not possess a CACACA repeat in its immediate 
5’ upstream region.337 However, two short 
TGTGTG repeats are present in the -850 and 
- 1 100 bp regions. 

The CYPZZB2 gene possesses an exact con- 
sensus XRE core sequence approximately 10 bp 
5’ (-275) of the CACACA repeat. It also pos- 
sesses a near-consensus ARE core at approxi- 
mately 130 bp upstream of the cap site. The se- 
quence is 5’-GTGtCNNNGC-3’. In the CYPZZBZ 
gene, the XRE sequence is missing due to base 
substitution and deletion, but the ARE sequence 
is present. These results suggest that the regu- 
lation of genes inducible by PB may also be sub- 
ject to multiple forms of regulation and that, like 

the [Ah] gene battery, individual genes inducible 
by PB may differ in their regulatory mechanisms. 

V. ALDH GENE REGULATION 

The foregoing discussions suggest models for 
the regulation of both class 1 and class 3 ALDH 
gene expression. Class 3 ALDH gene regulation 
must include both Ah receptor-mediated and Ah 
receptor-independent mechanisms. Figure 8 pre- 
sents a proposed organization of the region up- 
stream of the class 3 ALDH gene. The region 
includes cis-acting elements for Ah receptor-li- 
gand complex binding (XREs), a binding site for 
monofunctional inducers (ARES), and sites for 
interaction of negative trans-acting factors. 

For the ALDH-3 gene, an XRE confers Ah 
receptor-mediated inducibility. A single XRE is 
consistent with the organization of two other phase 
I1 genes, Nmo-Z and Gst-I. The presence of an 
XRE-mediated autoregulatory loop may explain 
the differing kinetics of class 3 ALDH and phase 
I and other phase I1 enzyme inductions following 
TCDD exposure. 

The presence of an ARE is based on analogy 
to Nmo-Z and Gst-1. An ARE-like sequence could 
explain the delayed but permanent expression of 
class 3 ALDH during carcinogenesis. If initiated 
cells are mounting an adaptive response to stress, 
ARE-mediated induction of ALDH-3 may be in- 
cluded. Alternatively, initiator-induced changes 
in the gene producing the trans-acting factor that 
interacts with the ARE may result in a molecule 
that interacts permanently with the ARE, result- 
ing in continuous expression of ALDH-3. Either 
of these alternatives would be consistent with the 
observation that the overall expression of ALDH- 
3 correlates with the selective pressure that a 
particular tumor induction protocol exerts on in- 
itiated cells. 

The presence of an ARE-like element may 
also explain the constitutive expression of the 
class 3 ALDH gene in other tissues. Tissues con- 
stitutively expressing ALDJ;I-3, such as the blad- 
der, cornea, lung, and stomach, are under con- 
tinuous oxidative stress. Thus constitutive 
expression in these tissues may be due to con- 
tinuous activation of an ARE-like sequence, and 
the presence of an ARE-like element could ex- 
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FIGURE 8. Proposed organization of class 1 and class 3 ALDH gene regulatory regions. The models 
include regulatory elements known to be present, based on direct sequencing or genetic data (bold); 
expected elements, based on experimental data (hatched); and elements whose presence is predicted, 
based on analogy to other genes showing similar expression patterns (dotted); (A) the ALDH-3 gene; (B) 
the ALDH-1 gene. 

plain both inducible and constitutive expression 
of the class 3 ALDH gene. 

The existence of a negative cis-acting ele- 
ment would explain repression of the class 3 
ALDH gene in certain tissues, as well as its con- 
stitutive tissue-specific expression in others. High 
constitutive expression in cornea, for example, 
could be the result of the absence of a functional 
negative trans-acting factor, due either to repres- 
sion of its gene or to the fact that corneal cells 
do not possess an additional molecule required 
for this factor to be functional. Alternatively, 
sequence elements responsible for positive tis- 
sue-specific constitutive expression, ARES, and/ 
or true tissue-specific elements may also be pres- 
ent in lieu of or in addition to a negative cis- 
acting element. Both Ah receptor-dependent and 
Ah receptor-independent, constitutive and indu- 

cible gene expression can be explained by this 
organization. 

Sequencing of the genomic region of the 
ALDH-3 gene immediately upstream of the trans- 
lation start site suggests the presence of a rela- 
tively large intron (> 1.8 kb) in the 5‘-untrans- 
lated region of this gene (Asman and Lindahl, 
unpublished data). Therefore, at least one addi- 
tional exon is required to produce the functional 
5’-untranslated region of the class 3 ALDH 
mRNA. Primer extension studies suggest this ad- 
ditional exon is >150 bp long. A similar 5 ’ -  
untranslated exon has been found in the human 
mitochondria1 ALDH x gene. 14’ 

As less is known about the organization of 
PB-inducible genes,296 we cannot propose with 
certainty the nature of all of the regulatory ele- 
ments upstream of the class 1 ALDH gene. How- 
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ever, because some upstream sequence is known 
for this gene, the presence of certain elements is 
established, for example, the CACACA repeat 
(Figure 8B). Genetic evidence also suggests the 
existence of a gene encoding a protein that spe- 
cifically activates the class 1 ALDH gene in re- 
sponse to PB. Thus binding sites for a positive 
trans-acting factor can be predicted. No ARE- 
like sequence exists in the first 250 bp upstream. 
The fact that another PB-inducible phase I1 gene, 
Gst-Ya, does not possess a pyrimidine-purine re- 
peat at - 200 bp but has an ARE farther upstream 
(approximately - 800 bp) suggests that an ARE 
may be located 5’ of the ALDH-I coding region. 
Because ALDH-I is both constitutively expressed 
and inducible, we can also propose that negative 
cis-acting and/or positive tissue-specific cis-act- 
ing elements are present. However, to be con- 
sistent with the proposed ALDH-3 gene model, 
the presence of negative cis-acting elements is 
predicted. Although no data exist pro or con, an 
XRE element may exist upstream of the ALDH- 
I gene. This could be predicted on the basis that 
the CYPZZB2 gene, which also possesses a short 
CACACA repeat, has an XRE core sequence im- 
mediately 5’ to it. The presence of an XRE, or, 
especially, an ARE may explain the induction of 
class 1 ALDH during the promotion phase of 
hepatocarcinogenesis by combined initiator-pro- 
moter exposure, if such a response were consid- 
ered to be stress related. 

Several experiments are suggested by the 
proposed organization of the class 1 and 3 ALDH 
genes. Determination of the complete nucleotide 
sequence upstream of the ALDH-I and ALDH-3 
genes would confirm the presence of any partic- 
ular element. Should a particular sequence be 
identified, the construction of hybrid reporter 
genes and their expression under various condi- 
tions in transfected cells would confirm that these 
elements may be functioning in the proposed 
manner. Finally, induction of endogenous class 
1 or class 3 ALDH activity by various inducers 
known to act through one or more of these ele- 
ments would confirm that these elements function 
in vivo. The presence of ARES could be con- 
firmed by testing the ability of various antioxi- 
dants known to work via these elements to in- 
crease endogenous class 1 or class 3 ALDH or 
hybrid reporter gene activity in hepatoma cell 

lines or hepatocytes in culture. Especially inter- 
esting in this context would be agents known to 
induce lipid peroxidation, as one would predict 
some association between A W H - 3  expression, 
an ARE, and such inducers, if class 3 ALDH 
plays a role in lipid aldehyde oxidation. 

The down-regulation of class 1 ALDH genes, 
which is postulated to occur as certain tumor cells 
develop sensitivity to CP-like chemotherapeutic 
agents, may be explained by the regulatory or- 
ganization proposed above. If normal cells main- 
tain a certain constitutive level of the CP-relevant 
ALDH via positive and/or negative regulatory 
elements, loss of a positive trans-acting factor, 
expression of a negative trans-acting factor, or 
changes in the cis-acting elements themselves 
could result in repression of the ALDH gene(s) 
involved in CP metabolism. When more is known 
about the mechanisms involved in acquiring CP 
sensitivity and resistance, such as when during 
tumorigenesis cells become sensitive and when 
and in what proportion cells acquire resistance, 
it may be possible to determine which of these 
alternatives is most likely. As regulatory ele- 
ments are identified, ALDH gene transfection 
experiments similar to those described for the 
study of the role of ALDH in lipid peroxidation 
should be possible, which will also help define 
the mechanisms involved in modulation of ALDH 
activity as it relates to chemotherapy. 

VI. CONCLUSIONS 

Studies of the tumorigenesis-related expres- 
sion of ALDH has provided a wealth of new 
information. For the ALDHs per se, such studies 
have contributed significantly toward establish- 
ing that the ALDHs are an enzyme family con- 
sisting of several distinct members encoded by 
at least six and perhaps many more different 
genes. They have aIso provided much informa- 
tion about the functional roles for many members 
of the family and created a framework by which 
to begin establishing the relationships between 
the various members. 

With respect to differential gene expression, 
the ALDHs represent an excellent model system 
to study the tissue-specific regulation of gene 
expression. This enzyme system may be unique, 
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in that i t  consists of constitutive and inducible 
forms in both normal and neoplastic cells. The 
ALDH gene family offers excellent opportunities 
for formulating hypotheses and testing models of 
differential gene expression. 

For tumorigenesis the ALDHs provide an ex- 
cellent system for studying the biochemical 
changes that accompany the neoplastic transfor- 
mation. Although not as well studied as the more 
commonly used biochemical markers of the 
transformed state, changes in ALDH gene 
expression hold great promise for studying the 
molecular mechanisms by which initiated cells 
gain a selective advantage over their normal 
counterparts. Because multiple mechanisms of 
ALDH gene regulation appear to exist, this gene 
family also has great promise for identifying those 
events and/or factors in the neoplastic transfor- 
mation that alter gene expression in a tumor- 
specific manner. 
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