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Reactive aldehydes, such as 4-hydroxy-2-nonenal, 
have been implicated as inducers in generating intrac- 
ellular reactive oxygen species and activation of stress 
signaling pathways, that integrate with other signal- 
ing pathways to control cellular responses to the 
extracellular stimuli. Here, I briefly summarize a 
novel signaling pathway in cellular response, in which 
aldehyde-stimulated detoxification response is medi- 
ated by cyclooxygenase metabolites. These findings 
argue that lipid mediators could induce a cellular 
process that represents a cellular defense program 
against toxic compounds. 

Keywords: Reactive aldehydes, Lipid peroxidation, Prostag- 
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INTRODUCTION 
FIGURE 1 Potential sources of reactive aldehydes associated 
with oxidative stress 

A growing body of evidence suggests that the 
pathogenesis of many diseases are mediated by 
products of non-enzymatic reactions, such as the 
peroxidative degradation of polyunsaturated 
fatty acids ("lipid peroxidation') and glu- 
cose-protein or glucose-lipid interactions ("gly- 

* Corresponding author. E-mail: uchidak@agr.nagoya-u.ac.jp 

cation"), as well as the oxidative modification of 
amino acids ("amino acid oxidation") (Fig. 1). 
These reactions lead to the formation of unsta- 
ble, reactive aldehydic intermediates that readily 
form intra- and intermolecular covalent adducts 
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with various biomolecules, such as proteins and 
phospholipids. Lipid peroxidation proceeds via 
a free radical chain reaction mechanism and 
yields lipid hydroperoxides as the major initial 
reaction products. The subsequent decomposi- 
tion of lipid hydroperoxides generates a number 
of breakdown products that can undergo a wide 
variety of damaging actions. A number of reac- 
tive aldehydes derived from lipid peroxidation 
have been implicated as causative agents in cyto- 
toxic processes, which are initiated by the expo- 
sure of biological systems to oxidizing agents [11. 
Compared to free radicals, aldehydes are stable 
and can diffuse within or even escape from the 
cell and attack targets which are far from the site 
of the original event. Therefore, they are not only 
end products and remnants of lipid peroxidation 
and glycation processes, but also may act as 
"second cytotoxic messengers" for the primary 
reactions. Some of these aldehydes have been 
shown to exhibit a high level of reactivity with 
various biomolecules, including proteins, DNA, 
and phospholipids, generating stable products at 
the end of a series of reactions, that are thought 
to contribute to the pathogenesis of various dis- 
eases. In addition, it has recently been found that 
some of the aldehydes are responsible for the 
effects of lipid peroxidation and glycation on sig- 
naling / transcription regulation. 

INTRACELLULAR OXIDATIVE STRESS 
INDUCED BY REACTIVE ALDEHYDES 

Intracellular oxidative stress is increasingly seen 
as a major upstream component in the signaling 
cascade, which is involved in a variety of cellular 
functions, such as cell proliferation, inflamma- 
tory responses, stimulating adhesion molecule, 
and chemoattractant production. A number of 
agents appear to be potential sources of intracel- 
lular oxidative stress. We have recently shown 
that lipid peroxidation-derived aldehydes, such 

as 4-hydroxy-2-nonenal (HNE), induce the intra- 
cellular production of reactive oxygen species in 
cultured hepatocytes (Fig. 2) 12J. This finding is 
consistent with previous studies which show 
that HNE itself induces lipid peroxidation, as 
indicated by increased levels of MDA 131. It is 
therefore likely that reactive aldehydes tend to 
trigger the formation of reactive oxygen species 
or are oxidants by themselves, thus potentiating 
oxidative stress in the cells. Excess oxidative 
stress is toxic, exerting cytostatic effects, causing 
membrane damage, and activating the pathways 
of cell death (apoptosis and/or  necrosis). In 
addition, it has been suggested that some level of 
oxidative stress may be required in response to 
cytotoxic agents and that it is converted into the 
redox regulatory system as a downstream sign- 
aling pathway. 
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FIGURE 2 Changes in intracellular peroxide levels after 
exposure of RL34 cells to exogenous H202 or HNE 
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ACTIVATION OF STRESS SIGNALING 
PATHWAY 

HNE-INDUCED GENE EXPRESSION 
OF COX-2 A N D  GST 

One potential target for the intracellular oxida- 
tive stress may be the mitogen-activated protein 
kinase (MAPK) family. MAPKs, which are char- 
acterized as proline-directed serine/threonine 
kinases, are important cellular signaling compo- 
nents that convert various extracellular signals 
into intracellular responses through serial phos- 
phorylation cascades [41. At the present time, 
three distinct but  parallel MAPK cascades, 
namely the extracellular-signal regulated kinase 
(ERK), c-Jun N-terminal kinase (JNK), and p38, 
have been identified in mammalian cells [5]. Both 
JNK and p38 are characterized by their strong 
response to cellular stresses, such as UV light, 
osmotic stress, DNA-damaging drugs, and 
proinflammatory cytokines. Targets of these cas- 
cades include several transcription factors, 
including c-Jun, which become activated after 
exposure to cellular stresses. We found that the 
HNE treatment of the cells results in the deple- 
tion of intracellular GSH and in the formation of 

r -[21 protein-bound HNE in plasma memb ane~ . A 
potent expression of c-Jun level occurred within 
30 min of HNE treatment, which was accompa- 
nied by a t ime-dependent increase in activator 
protein-1 (AP-1) DNA binding activity. In addi- 
tion, HNE caused an immediate increase in tyro- 
sine phosphorylation in RL34 cells and strongly 
induced the phosphorylation of c-Jun N-termi- 
nal kinases (JNK) and p38 mitogen-activated 
protein kinases (MAP kinases). The phosphor- 
ylation of JNK was accompanied by a rapid and 
transient increase in JNK and p38 activities, 
whereas changes in the activity of ERK were 
negligible. It has thus become apparent that 
some of the reactive aldehydes, including HNE, 
could be potential inducers of this stress signal- 
ing pathway [2'6] and involved in the activation 
of AP-1 [2'6-8]. Being the major component  of the 
AP-1, c-Jun, once activated, may subsequently 
activate the transcription of several genes. 

It has been proposed that the activation of the 
stress signaling pathway may be an important 
mechanism for controling the genetic program 
which cells use to actively and immediately 
respond to various extracellular stimuli. Such a 
process involves the induction of proteins that 
are ultimately responsible for the detoxification 
of cytotoxic xenobiotics. Based on the observa- 
tions that oxidative stress results in the up-regu- 
lation of cyclooxygenase-2 (COX-2), the 
rate-limiting enzyme in the production of pros- 
taglandins and thromboxanes (Fig. 3), we evalu- 
ated the effect of oxidized lipids on COX-2 
induction and identified HNE as the potential 
inducer of COX-2. In addition, the HNE-induced 
COX-2 expression was accompanied by the 
induction of glutathione S-transferase (GST) 
expression, while the HNE-induced COX-2 
expression preceded that of GST, suggesting the 
existence of correlation between COX-2 and 
detoxification enzyme inductions. Indeed, the 
COX-2 inhibitors significantly suppressed the 
HNE-induced expression of GST, whereas the 
COX metabolite (PGD2) markedly up-regulated 
the enzyme. Several possible mechanisms exist 
for explaining the link between COX-2 and GST. 
Both COX-2 and GST are known to be up-regu- 
lated in transformed cells and various forms of 
cancer [9-131, and enhanced PG synthesis in a 
variety of tumors has also been reported [14'15]. 
Moreover, both enzymes are known to play a 
role in the inhibition of free radical-mediated 
oxidative damage I16]. It seems therefore likely 
that the elevated synthesis of COX-2 and GST 
may be required to prevent toxic compounds  
from accumulating in the cells and to inhibit oxi- 
dative injury. 
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PHOSPHOLIPIDS 
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FIGURE 3 The mediation of arachidonic acid metabolism by 
COX 

INDUCTION OF GSTP1 GENE EXPRESSION 
BY CYCLOPENTENONE PGS 

On the other hand, we observed that PGD2 was 
readily converted to the cyclopentenone-type PGs 
of J series (Fig. 4), including PGJ2 and 
15-deoxy-A12'14-pGJ2, which significantly induced 
GST expression in vivo. In addition, we screened 
diverse chemical agents relative to the induction 
of GST activity and found that, among the class of 
PGs examined, the PGs of the A and J series, 
which react enzymatically or nonenzymatically 
with thiols such as GSH, represent potential GST 
inducers [171. It was found that 15d-PGJ2 induced a 
drastic elevation of the mRNA level of Class 
GST isozyme (GSTP1) [171. We also were able to 
show that 15d-PGJ2 stimulated the promoter 

activity of the 5'-flanking region of the GSTP1 
gene and then induced GST mRNA and protein 
in RL34 cells [171. The stimulation required the spe- 
cific region which contained the GPEI which spe- 
cifically responded to 15d-PGJ2 activation. The 
GPEI was first identified as one of the multiple 
cis-regulatory DNA elements of the rat GSTP1 [18]. 
The importance of this enhancer for the specific 
expression of the gene in early hepatocarcinogen- 
esis has been established, using transgenic rats [19]. 
It has also been shown that the enhancer of 
GSTP1 expression is regulated by multiple fac- 
tors, including AP-1 which is known to be a het- 
erodimer composed of the products of the ju11 and 
los oncogenes I201. Indeed, we observed that c-Jun 
is involved in the formation of nuclear pro- 
teins-GPEI complexes induced by 15d-PGJ2 [17]. 
c-Jun is a member of a multiprotein family that 
has been implicated in a number of signal trans- 
duction pathways associated with cellular 
growth, differentiation, neuronal excitation, and 
cellular stress I211, Based on the fact that c-Jun is 
required for cellular defense against toxicity I221, it 
is possible that c-Jun functions as an important 
component that activates GPEI, followed by the 
expression of GSTP1. Whereas, another candidate 
of trans-acting factor(s) for the induction of GST 
and other Phase II enzymes has been recently 
identified. Venugopal and Jaiswal I231 have 
reported that the transcription factor Nrf2 posi- 
tively regulates the ARE-mediated expression of 
Phase II detoxification enzyme genes. Itoh et al. [24] 
have also shown by gene-targeted disruption in 
mice that Nrf2 is a general regulator of the Phase 
II enzyme genes in response to electrophiles and 
reactive oxygens. More recently, the general regu- 
latory mechanism which underlies the elec- 
trophile counterattack response has been 
demonstrated, in which electrophilic agents alter 
the interaction of Nrf2 with its repressor protein 
(Keapl), thereby liberating Nrf2 activity from 
repression by Keapl, culminating in the induction 
of the Phase II enzyme genes and antioxidative 
stress protein genes via AREs [25]. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LIQUID PEROXIDATION RESPONSE 735 

Arachidonic acid 

/ 
PGD2 

PGJ2 

A12-pGJ2 

15-~.xy- 
A12,14-pGJ2 

PGH2 ~ 1 ~  PGI2 

PGF2~ PGE2 

PGA2 PGB2 

FIGURE 4 The prostaglandin biosynthetic pathway 

CONCLUSION 

Reactive aldehydes are ubiquitously distributed 
in the environment. In addition to their use in 
the chemical industry and their occurrence as 
environmental pollutants, aldehydes are compo- 
nents of food, intermediates in mammalian 
metabolism, and endogenous products gener- 
ated form lipid peroxidation, glycation, and 
amino acid oxidation reactions. They react with 
a variety of nucleophilic sites in DNA and pro- 
tein, generating various types of adducts which 
represent putative markers of oxidative stress. 
The relative amount of adducts varies with the 
type of reactive aldehyde; it is largely deter- 
mined by the yield and reactivity of aldehydes 
and the stability of the adducts. On the other 
hand, reactive aldehydes, once formed or acti- 
vated, induce diverse aspects of severe cellular 
stress, including peroxide formation (oxidative 
stress), chromosomal aberrations, sister chroma- 

tid exchanges, point mutations, and cell killing. 
They can induce a specific program of gene 
expression, known as the cellular stress 
response, which is commonly activated by a 
variety of environmental cues, such as chemical 
carcinogens and UV irradiation. This program 
includes the activation of transcription factors, 
such as c-los and c-jun, whose gene products 
have been proposed as being required for cellu- 
lar defense against genotoxic agents. The induc- 
tion of MAPKs followed by the activation of 
transcription factors by reactive aldehydes may, 
therefore, be an important mechanism for con- 
troling the genetic program which cells use to 
actively and immediately respond to environ- 
mental cues, via the induction of proteins that 
are ultimately responsible for the detoxification 
of cytotoxic aldehydes. As a part of the cellular 
response, HNE has been observed to induce 
COX-2 and GST gene expressions. Moreover, it 
has been shown that the GST induction by HNE 
is mediated by COX metabolites, PGs. The fact 
that cyclopentenone PGs represent the most 
potent inducers of GST suggests a potential 
mechanism underlying the electrophile-induced 
upregulation of a detoxification enzyme, in 
which the COX-2 induction, followed by 
enhanced PG synthesis, leads to the up-regula- 
tion of the detoxification enzyme gene expres- 
sion via the production of the cyclopentenone 
PGs as the sources of intracellular oxidative 
stimuli (Fig. 5). Our findings suggest the pres- 
ence of a novel signaling pathway in detoxifica- 
tion response mediated by locally produced 
lipid mediators. 
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FIGURE 5 A proposed mechanism for the activation of the 
arachidonic acid cascade by HNE 
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