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A B S T R A C T

4-hydroxy-2-nonenal (HNE) is an amazing reactive compound, originating from lipid peroxidation within cells
but also in food and considered as a “second messenger” of oxidative stress. Due to its chemical features, HNE is
able to make covalent links with DNA, proteins and lipids. The aim of this review is to give a comprehensive
summary of the chemical properties of HNE and of the consequences of its reactivity in relation to cancer
development. The formation of exocyclic etheno-and propano-adducts and genotoxic effects are addressed. The
adduction to cellular proteins and the repercussions on the regulation of cell signaling pathways involved in
cancer development are reviewed, notably on the Nrf2/Keap1/ARE pathway. The metabolic pathways leading to
the inactivation/elimination or, on the contrary, to the bioactivation of HNE are considered. A special focus is
given on the link between HNE and colorectal cancer development, due to its occurrence in foodstuffs and in the
digestive lumen, during digestion.

1. Introduction

Cancer, which can be defined as an uncontrolled proliferation of
cells, is a multi-step and multi-factorial disease. After an initial
genotoxic event, leading to a mutation of a critical gene in a cell that
will proliferate and give a clone of mutated cells, the development of
cancer requires the accumulation over periods of many years of
abnormalities and alterations related to the regulation of cell prolifera-
tion, survival and differentiation.

Reactive oxygen species (ROS) are involved in many of those
cancer-related cellular processes, such as proliferation and apoptosis,
differentiation, cell migration and DNA damage. However, as ROS have
a very short half-life, their effects remain localized to the very near
vicinity of their production. However, the attack of cellular polyunsa-
turated acids by ROS gives rise to a series of secondary lipid oxidation

products, among which reactive aldehydes, such as 2-alkenals seem to
be the most abundant and the most reactive. Those cytotoxic and
genotoxic compounds have a much longer half-life than ROS and can
diffuse to other cell compartments, to other cells and probably to other
tissues. For this reason, lipid peroxidation (LPO), as a consequence of
oxidative stress, plays an important role in health and disease. The
reactive secondary lipids oxidation products seem to be at least partly
responsible for the biological/toxic effects of lipid peroxidation and has
been often qualified as “second toxic messengers” of oxidative stress
[1].

4-hydroxy-2-nonenal (HNE), one of the most abundant and reactive
aldehydic compounds formed upon lipid peroxidation of rat liver
microsomes [2] has been discovered in the early 1960s by Esterbauer
and his colleagues in Graz. Since then, it has been widely studied, not
only as a toxic compound but also as an actor of cellular regulations,
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even in a physiological state. This compound and its metabolites,
including its adducts with cellular biomolecules, has also served as
biomarkers of lipid peroxidation, under various conditions of oxidative
stress/lipid peroxidation/inflammation related diseases.

The aim of this review is to give a general overview of the relation
existing between HNE and its metabolites and the development of
cancer, as a participant and/or a biomarker of the process. Other LPO
derived 2-alkenals, and particularly other hydroxyl- or oxo-alkenals,
will share the same properties due to similar chemical functions. A
special focus is done on cancers of the digestive tract, especially on
colorectal cancer, because HNE comes also from the peroxidation of
dietary polyunsaturated fatty acids, in food and probably during
digestion. Digestive tract cells are then the first targets of this dietary
HNE.

2. Structure/activity of alkenals

HNE is an amphiphilic 4-hydroxy-2-alkenal formed upon peroxida-
tion of polyunsaturated fatty acids of the omega-6 family, especially
linoleic and arachidonic acids [1]. It is found in diverse tissues, organs
and fluids at various concentrations, depending on the tissue and on the
pathophysiological state. In human plasma, the mean value was
0.074 µM [3], while 0.33 nmol/g were found in rat liver [1].
However, as HNE is formed within membranes upon peroxidation of
phospholipid bound fatty acids, much higher concentrations were
reported locally in those membranes, reaching 5 mM under conditions
of oxidative stress [4].

2-Alkenals (Fig. 1) represent a class of compounds with special
reactivity due to the carbon to carbon double bond that is conjugated to
an electron withdrawing group, namely the carbonyl group on carbon
1. This structure renders those molecules electrophilic, with the carbon
3 as the electrophilic center of the molecule. As a consequence, those
compounds, considered as “soft electrophiles”, are prone to nucleophi-
lic attack by cellular nucleophilic groups present in protein, DNA and
lipids [1,4,5], but also with the tri-peptide glutathione, a major cellular
anti-oxidant compound (see part D), via its cysteine moiety. It is

noteworthy that the electron withdrawing hydroxyl group on carbon
4 in 4-hydroxy-2-alkenals such as HNE further exacerbates the electro-
philicity of the carbon 3 in these compounds [4]. This Michael addition
on carbon 3 seems to be a stable link, although an excess of thiol (as
glutathione or cysteine) can reverse it [1]. The amino acids involved in
this addition are, by decreasing order of reactivity, cysteine in its
thiolate form, the imidazole group of histidine and the ε-amino group of
lysine [4,6]. In the case of 4-hydroxy-2-alkenals, a cyclisation as a five-
membered hemiacetal occurs (Fig. 2).

The aldehyde function is also reactive and can be either oxidized or
reduced by biotransformation enzymes, leading to an alcohol or a
carboxylic acid, which electrophilicity is reduced compared to the
parent aldehyde. A further Michael addition to glutathione or to
cysteine/histidine/lysine residue in protein is then unlikely to occur.
The aldehyde function can bind covalently to primary amines of amino
acid residues in proteins, forming a Schiff base (Fig. 2). This covalent
link is easily reversed under mild acidic conditions [1]. However, the
Schiff base resulting from the adduction of HNE to lysine gives a very
stable pyrrole compound following cyclisation [4]. As lysine can react
with HNE on both carbon 3 via Michael addition and carbon 1 via Schiff
base formation, protein cross-linking might occur. Subsequent chemical
rearrangements can give HNE derived lipofuscin-like fluorophores.

Due to their high reactivity, 4-hydroxy-alkenals can make exocyclic
adducts with DNA (Fig. 3). Two kinds of those adducts were reported:
propano-adducts that bear a 6-membered additional saturated ring and
etheno-adducts with a 5-membered additional one. Those adducts were
formed in vitro when nucleosides or DNA were exposed to HNE [7–9].

Propano-type adducts come from the direct Michael addition of
HNE to deoxyguanosine, followed by Schiff base formation and ring
closure, giving HNE-dGuo (substituted 1, N2-propanodeoxyguanosine).
HNE may also interact directly with other DNA bases. The reversibility
of the ring closure may give rise to inter- and intra-DNA and to DNA-
proteins cross-links [10–12]. Propano-adducts of HNE have been found
in human and rodent tissues [13,14], and their levels dramatically
increased upon glutathione depletion in the liver of rats [15,16].
Propano-adducts of HNE were shown to be increased in various tissues

Fig. 1. Chemical structure of lipid oxidation derived reactive alkenals.
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