Available online at www.sciencedirect.com

=% . . Pharmacology
*.” ScienceDirect &
L iSies Therapeutics
ELSEVIER Pharmacology & Therapeutics 115 (2007) 1324 ——————

www.elsevier.com/locate/pharmthera

Associate editor: R.M. Wadsworth

Reactive carbonyls and oxidative stress: Potential for therapeutic intervention

Elizabeth M. Ellis *

Strathclyde Institute of Pharmacy and Biomedical Sciences, University of Strathclyde, 204 George Street, Glasgow, G1 1XW, United Kingdom

Abstract

Reactive aldehydes and ketones are produced as a result of oxidative stress in several disease processes. Considerable evidence is now
accumulating that these reactive carbonyl products are also involved in the progression of diseases, including neurodegenerative disorders,
diabetes, atherosclerosis, diabetic complications, reperfusion after ischemic injury, hypertension, and inflammation. To counter carbonyl stress,
cells possess enzymes that can decrease aldehyde load. These enzymes include aldehyde dehydrogenases (ALDH), aldo-keto reductases (AKR),
carbonyl reductase (CBR), and glutathione S-transferases (GST). Some of these enzymes are inducible by chemoprotective compounds via Nrf2/
ARE- or AhR/XRE-dependent mechanisms. This review describes the metabolism of reactive carbonyls and discusses the potential for
manipulating levels of carbonyl-metabolizing enzymes through chemical intervention.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Oxidants, including reactive oxygen species (ROS), are
constantly produced in cells through normal metabolic pro-
cesses (Halliwell, 2001). Oxidative or oxidant stress occurs
when the balance of oxidants within the cell exceeds the levels
of antioxidants present (Sies, 1997). This imbalance can arise,
and can potentially lead to damage, in a variety of disease
conditions, including cardiovascular disease and atherosclerosis
(Madamanchi et al., 2005), hypertension (Touyz, 2004),
inflammatory-based diseases such as chronic obstructive
pulmonary disease (MacNee, 2005), diabetic complications
(Robertson, 2004), ischaemia/reperfusion (Warner et al., 2004),
and neurodegenerative diseases such as Alzheimer’s disease
(AD; Markesbery, 1997). An increased level of ROS can lead to
damage of macromolecules within the cell; and it is this damage
to lipids, proteins, and DNA that can give rise to pathological
consequences. There is considerable overlap not only in the
pathology but also in the etiology and underlying molecular
mechanisms of oxidant stress-dependent diseases, for example,
between diabetes, atherosclerosis, and hypertension (King et al.,
1998; Ceriello & Motz, 2004). In many cases, reactive
carbonyls are produced as a consequence of oxidative stress,
and considerable evidence is now emerging that it is the pre-
sence of these carbonyls rather than the initial oxidative insult
that leads to the cellular damage observed.

2. Production of reactive carbonyls in oxidant-exposed cells

The main mechanisms of endogenous reactive carbonyl
production as a result of oxidant stress include the oxidation of
lipids or lipid peroxidation, and the oxidation of glycation
products or glycoxidation (Fig. 1).

Esterbauer et al., 1982, 1991; Rindgen et al., 1999; Uchida
et al.,, 1998). MDA is the most common aldehyde produced,
comprising of 70% of the total produced by lipid peroxidation
(Esterbauer et al., 1991). Hexanal contributes 15% and HNE
contributes 5% of total aldehydes (Benedetti et al., 1980).
Acrolein was identified as a lipid peroxidation product more
recently through studies that examined the oxidation of low
density lipoprotein (LDL) but was previously characterized as
an environmental pollutant (Uchida et al., 1998).

Many lipid peroxidation products have been detected at high
levels in diseased states, and in fact several have the potential
to be used as biomarkers of oxidative damage and disease
progression (Table 1). For example, in AD brain, there is an
increase in levels of acrolein (Lovell et al., 2001) and studies
have suggested that the levels of acrolein-modified proteins can
be used as markers of the disease (Calingasan et al., 1999).
Other reactive aldehydes, such as HNE, are also elevated in AD
brains, up to 3 nmol/mg of cell protein (Williams et al., 2006),
and protein adducts of some aldehydes, such as crotonaldehyde,
have been specifically detected in reactive astrocytes and
microglia around senile plaques from AD brain (Kawaguchi-
Niida et al., 2006). In other diseases, for example in a rat model
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and cleavage reactions (Esterbauer et al., 1982). The most
commonly characterized products are aldehydes, derived from
-6 polyunsaturated fatty acids, such as malondialdehyde
(MDA), hexanal, acrolein, glyoxal, crotonaldehyde, trans-2-
nonenal, 4-oxo-2-nonenal, and 4-hydroxy-2-nonenal (HNE;

Fig. 1. Metabolism of reactive aldehydes produced as a consequence of
oxidative stress. Reactive aldehydes produced through either lipid peroxidation
or glycoxidation can be converted to hydroxyacides through the action of
glyoxalase I/II, oxidized to carboxylic acids by ALDH and CYP, reduced to
alcohols by ADH, AKR or SDR, or can be conjugated to GSH by GST.
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Table 1
Some reactive aldehydes as products of oxidative stress
Structure Name Product of Examples of diseases in  References
which elevated
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Hal H hypertension
o] (@]
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of hypertension, levels of HNE-protein adducts are significantly
increased in plasma (Asselin et al., 2006). HNE is also detected
in fibrotic plaques and in oxidized LDL, supporting its role in
the pathogenesis of atherosclerosis (Leonarduzzi et al., 2005).
In Type II diabetes, there is an elevation in the levels of HNE-
albumin adducts in serum (Toyokuni et al., 2000; Table 1).

2.2. Carbonyls produced via glycoxidation

Reducing sugars such as glucose can form Schiff bases with
amino groups on the amino acids lysine and arginine, a reaction
know as the Maillard reaction. This can, through a series of
rearrangements, give rise to advanced glycation endproducts
(AGE; Munch et al., 1998; Thornalley et al., 1999). Oxidation
of these glycation products can release dicarbonyls, such as the
a-oxoaldehydes methyl glyoxal (MQG), glyoxal, and 3-deox-
yglucosone, as well as short-chain aldehydes, such diacetyl,
acetol, and pyruvaldehyde, and also acrolein (Thornalley et al.,
1999; Thornalley, 2005). This process of glycoxidation occurs
when there is an excess of glucose coupled with high levels of
oxidants (Abordo et al., 1999), and so is a particular problem in
diabetes (McLellan et al., 1992). MG and glyoxal levels can rise
through other mechanisms, such as increased glycolytic flux;
and as these compounds can also react with proteins, this greatly
increases the rate of AGE formation, in turn leading to increased
a-oxoaldehyde production.

Glycoxidation products can exacerbate several pathological
conditions. For example, in the lens of diabetics, MG and
glyoxal levels are elevated and lead to protein carbonylation and

the formation of protein aggregates which are thought to
contribute to the formation of cataracts (Shamsi et al., 1998).
MG is also thought to contribute to the development of vascular
complications in diabetics (Bourajjaj et al., 2003). In addition,
high levels of AGE and MG have also been detected in AD
patients as a consequence of increased oxidative stress. MG is
thought to be involved in the formation of amyloid plaques and
neurofibrillary tangles (Munch et al., 1998; Abordo et al., 1999;
Ahmed et al., 2005; Kuhla et al., 2005; Table 1).

2.3. Reactivity of carbonyls

Many of the carbonyls that are produced as a result of either
lipid peroxidation or glycoxidation are extremely reactive
(Table 1). Alkanals, such as hexanal, are the least reactive and
have weaker effects than unsaturated aldehydes. Alkenals
containing a C=C unsaturated bond, such as acrolein, are
usually an order of magnitude more reactive than the alkanals.
This is particularly the case if they contain an «,B-unsaturated
(C2-C3) double bond, in addition to the C1 aldehyde. This
makes the C3 carbon a strong electrophile that can undergo
Michael addition by nucleophilic groups on proteins, DNA, and
lipids (Marnett et al., 1985; Cooper et al., 1987), thereby
causing damage to these molecules. The aldehyde group is
also reactive and can form Schiff bases with amino acids.
4-hydroxy-2-alkenals, such as HNE, are extremely reactive
because of the interaction between the electrophilic double bond,
the aldehyde moiety, and the hydroxyl group (Witz, 1989).
The reactivity of the a,B-unsaturated bond is increased by the
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close proximity of the electron-withdrawing hydroxyl at C4 and
the Cl-carbonyl group. HNE is one of the most cytotoxic
aldehydes known and can cause significant damage to macro-
molecules within the cell at micromolar concentrations (Bram-
billa et al., 1986).

2.4. Consequences of reactive carbonyls for the cell

Damage caused by aldehydes can disrupt the function of
proteins and enzymes, can initiate further damage to lipids, and
can lead to the formation of DNA adducts. In addition, some
aldehydes can lower intracellular glutathione (GSH) levels,
thereby leading to increased oxidant imbalance with the cell
(White & Rees, 1984). These types of molecular perturbations
can lead to cell death (Li et al., 2006a, 1996).

2.4.1. Cytotoxicity of reactive carbonyls

Cytotoxicity is generally measured by examining loss of
viability. Reactive aldehydes, such as HNE, interact directly
with proteins and membranes, causing significant loss of
function to membrane transporters, enzymes, signalling com-
ponents, transcription factors, microtubules, and other proteins,
such as tau (Karlhuber et al., 1997; Picklo et al., 2002). Acrolein
is also cytotoxic and, in neuronal cells, causes changes in Ca®"
concentrations, altering glucose transport and glutamate uptake
(Li et al., 1997; Lovell et al., 2001). As described earlier, other
aldehydes, such as MG, can rapidly form Schiff bases with
amino acids, which leads to the production of AGE at a much
faster rate than from sugars, such as glucose (Thornalley, 1996).
MG therefore causes significant toxicity to a range of cell types,
including neuronal cells (Suzuki et al., 1998).

2.4.2. Reactive carbonyls trigger apoptosis

Many aldehydes that cause necrotic cell death through direct
damage to essential cell components have been shown to also
trigger apoptotic pathways at lower concentrations. These
pathways ultimately lead to cell death but via a mechanism that
involves activation of caspases (Kruman et al., 1997; Ji et al.,
2001; Li et al., 2006a). This has been demonstrated for a range
of aldehydes, for example HNE, in alveolar macrophages (Li
et al., 1996), acrolein-induced cell death in human alveolar
macrophages (Li et al., 1997), and MG treatment of human
leukaemia HL-60 cells (Kang et al., 1996).

This suggests that certain key cellular components are
particularly sensitive to aldehyde damage, thereby triggering
the apoptotic pathways.

2.4.3. Reactive carbonyls trigger signalling pathways

At sublethal doses where no cell death can be detected,
reactive aldehydes can also cause perturbations in signalling
pathways, and some such as HNE have been postulated to play
a role as signalling molecules themselves (Echtay et al., 2003).
For example, 0.1 uM HNE activates protein kinase C (PKC)-p
(Chiarpotto et al., 1999). PKC-p is inhibited by higher levels of
HNE (1-10 uM). However, HNE inhibits PKC-6 at 0.1 uM but
at 1-10 uM HNE can activate PKC-6 (Chiarpotto et al., 1999)
suggesting that different pathways are activated at different

concentrations. Similarly, low concentrations of acrolein induce
Hsp72 in human umbilical vein endothelial cells (HUVEC) via
a PKC-6/JNK pathway and calcium mechanism (Misonou et al.,
2005). MG and glyoxal also trigger distinct signals for MAP
family kinases as well as caspase activation in human endo-
thelial cells (Akhand et al., 2001).

2.4.4. Genotoxicity of carbonyls

Some reactive aldehydes are not particularly cytotoxic but
may cause genotoxicity by damaging DNA. Interactions
with DNA can cause mutations or deletions. For example, the
4-hydroxyalkenals, including HNE (Eckl et al., 1993), acrolein
(Marnett et al., 1985), and MG (Kasai et al., 1982) have all been
shown to cause genetic damage. A consequence of such damage
is an increased likelihood of the initiation of carcinogenesis.

3. Carbonyl metabolizing enzymes and their roles

Despite their toxic effects, many aldehydic products of lipid
peroxidation or glycoxidation can be successfully metabolized
to less toxic compounds through the action of enzymes (Siems
& Grune, 2003; Fig. 1). These reactions are either oxidation/
reduction (phase I) or conjugation (phase II). Enzymes involved
include glutathione S-transferases (GST), aldehyde dehydro-
genases (ALDH), cytochromes P450 (CYP), aldo-keto reduc-
tases (AKR), alcohol dehydrogenases (ADH), and members
of the short chain dehydrogenase/reductases (SDR), such as
carbonyl reductase (CBRI1; Fig. 1). For many aldehydes,
such as acrolein and HNE, despite several studies that have
examined metabolic fate in vivo, (Parent et al., 1998; Alary
et al., 2003), the relative importance of these enzyme path-
ways is unknown.

3.1. Oxidation of aldehydes

3.1.1. Aldehyde dehydrogenases

ALDH can oxidize a range of toxic aldehydes to acids
(Mitchell & Petersen, 1987; Vasiliou et al., 2004). ALDH are
grouped into classes (ALDH1-7), and there are around 17
ALDH enzymes in human (Vasiliou et al., 2004). Of these,
ALDHI and ALDH3 members have been shown to be capable
of oxidizing lipid-derived aldehydes, including MDA, hexanal,
trans-2-octenal, and trans-2-nonenal, and acrolein (Lindahl &
Petersen, 1991; Lindahl, 1992; Townsend et al., 2001). ALDH2
enzymes are mitochondrial and have been shown to be
important in the metabolism of acetaldehyde (Ehrig et al.,
1990). ALDHS5A (succinic semialdehyde dehydrogenase) is
also mitochondrial and has been shown to be capable of me-
tabolizing HNE in vitro (Murphy et al., 2003).

An examination of the roles of these enzymes in protecting
cells against reactive aldehydes revealed that ALDH1A1 over-
expression provides only moderate protection against trans-2-
nonenal and not against other lipid aldehydes (Townsend et al.,
2001). ALDH3A1, on the other hand, could protect against these
aldehydes and could completely block HNE-induced apoptosis.
This indicates that ALDH3A has the potential to protect against
aldehydes produced as a result of lipid peroxidation (Townsend
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et al., 2001). Additional support for its protective role is derived
from studies using human corneal epithelial cells where
ALDH3A1 provides protection from HNE-induced damage
(Pappa et al., 2003) and also against oxidative stress (Estey
et al., 2007). Overexpression of ALDH3A2 (fatty ALDH) in
adipocytes can protect against HNE but not against MG
(Demozay et al., 2004). These types of experiments are invaluable
in testing the roles of the enzymes in protection against aldehydes.
Additional evidence has come from genetic studies. Individuals
that have a genetic deficiency in ALDH2 have increased levels of
oxidative stress markers and appear to be at greater risk from AD
(Kamino et al., 2000), hypertension (Takagi et al., 2001), and
myocardial infarction (Takagi et al., 2002) in some populations. In
addition, ALDH2-deficient PC12 cells are more sensitive to HNE
and oxidants (Ohsawa et al., 2003). This provides some evidence
that one of the roles of ALDH2 is to protect against oxidative
stress through the metabolism of lipid peroxidation products
(Ohsawa et al., 2003).

Overall, the evidence to date suggests that ALDH2, ALDH3,
and ALDHS5 enzymes may contribute to the oxidation of
oxidative stress-derived aldehydes.

3.1.2. Cytochrome P450

CYP are a large family of enzymes known to be involved in
the oxidation of a range of substrates through hydroxylation of
C—H bonds or the formation of epoxides. As monooxygenases,
several CYP can catalyze the oxidation of aldehydes. In
particular, members of the CYP3A and CYP4A families can
oxidize lipid peroxidation products such as HNE (Gueraud et al.,
1999; Amunom et al., 2005). There is some evidence that in the
fruitfly Drosophila melanogaster a CYP can transform acrolein
into glycidaldehyde after conjugation with GSH (Barros et al.,
1994). Much more work is needed to uncover the role of this
family of enzymes in aldehyde metabolism (Guengerich, 2001).

3.2. Reduction of reactive aldehydes

Three families of enzymes are known to reduce aldehydes to
alcohols or reduce an unsaturated double bond in aldehydes.
These are ADH, SDR, and AKR.

3.2.1. Alcohol dehydrogenases

ADH belong to the medium chain dehydrogenase reductase
(MDR) family. Few studies to date have examined the role of
ADH in aldehyde metabolism, as most previous work has
focussed on their ability to oxidize alcohols. However, the
reduction of HNE by a 4-methylpyrrazole-sensitive enzyme has
been demonstrated, indicating that an ADH is involved in
reactive aldehyde metabolism (Hartley et al., 1995). Recently
ADHI1 was identified as being involved in the metabolism of
trans,trans-muconaldehyde, a toxic benzene metabolite in liver
(Short et al., 2006), but its capabilities to metabolize lipid
peroxidation or glycoxidation products have yet to be
examined. One member of the MDR family is known to reduce
the carbon—carbon double bond of alpha, beta-unsaturated
aldehydes and ketones. This enzyme was originally character-
ized as a leukotriene B4 12-hydroxydehydrogenase/15-oxo-

prostaglandin 13-reductase, but has been shown to reduce HNE
and acrolein and may therefore contribute to the detoxication of
these compounds. This has been demonstrated by overexpres-
sion of the enzyme in cell lines, revealing significant protection
against HNE (Dick et al., 2001).

3.2.2. Short chain dehydrogenase reductases

The SDR family has 6 members that have been characterized
in human. These are CBRI1, CBR3, 11-B-hydroxysteroid
dehydrogenase (11-3-HSD), short chain retinol dehydrogenase
(DHRS4), DHRS2, and L-xylulose reductase (DCXR) (Opper-
mann, 2007). Of these, only CBR1 has been shown to
metabolize lipid peroxidation products, for example 4-oxo-
non-2-enal (Doorn et al., 2004; Oppermann, 2007). In the fruit
fly D. melanogaster, a mutation in the gene encoding a homo-
logue of CBR1 caused oxidative stress-induced neurodegenera-
tion, and overexpression of CBR1 is important for protection
against oxidants (Botella et al., 2004). Overexpression of the
human CBRI1 in NIH3T3 cells similarly protects against ROS
induced by the redox-cycler paraquat (Kelner et al., 1997).
These results indicate the potential importance of CBR1 in
neuroprotection particularly against ROS-dependent disease
(Maser, 2006).

3.2.3. Aldo-keto reductases

AKR are a large family of NADPH-dependent enzymes that are
known to play a significant role in the reduction of aldehydes to
alcohols (Jin & Penning, 2007). The superfamily contains over
100 members, with 10 enzymes characterized from human falling
in the AKRIA, AKRIB, AKRIC, AKRID, and AKR7A
subfamilies (Hyndman et al., 2003). They are expressed in a
range of tissues, including liver, brain, and kidney (O’Connor
et al., 1999). AKR are known to play roles in the metabolism of
sugars, steroids, prostaglandins, and other metabolites, and several
have been shown to metabolize aldehydes that are produced as a
consequence of oxidative stress.

The aldehyde reductase subfamily (AKR1A) catalyzes the
reduction of a range of aldehydes (Flynn, 1982) but members
have been shown to be capable of reducing several lipid per-
oxidation and glycoxidation products, including methylglyoxal,
3-deoxyglucosone, acrolein, and HNE (Kanazu et al., 1991;
Suzuki et al., 1998; O’Connor et al., 1999).

Aldose reductase (AKR1B) was originally thought to play a
role in sugar metabolism, specifically the reduction of glucose
to sorbitol as part of the polyol pathway. However, it can also
reduce MG and other trioses (Vander Jagt et al., 1992). In
addition, AKR1B has been shown to reduce medium to long
chain (C6-C18) aldehyde, including HNE (Srivastava et al.,
1995; Vander Jagt et al., 1995) and was identified as the major
enzyme involved in the reduction of HNE and its GSH
conjugate in the heart (Srivastava et al., 1998).

The AKRI1C enzymes were identified in human as hydro-
xysteroid dehydrogenases that can also oxidize polycyclic
aromatic hydrocarbon trans-dihydrodiol proximate carcinogens
but are also capable of reducing toxic aldehydes (O’Connor
et al., 1999; Burczynski et al., 2001). They are not particularly
efficient at reducing methylglyoxal. However, AKRI1C1 and
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AKRIC4 can reduce acrolein and to a lesser extent HNE
(O’Connor et al., 1999; Burczynski et al., 2001).

The AKR7A enzymes have a particularly wide substrate
specificity and are thought to play a major role in aldehyde
detoxication (Hinshelwood et al., 2002). Human AKR7A2 can
reduce HNE, acrolein, and MG, although not as efficiently as
AKRI1A1 (O’Connor et al., 1999). Other AKR7A enzymes can
reduce MG and a range of reactive carbonyls including acrolein and
crotonaldehyde (Ellis & Hayes, 1995; Hinshelwood et al., 2003).

Overexpression of AKR in cell lines has established their
roles in detoxication. For example, overexpression of aldehyde
reductase AKRIA protects PC12 neuronal cells against MG
toxicity (Suzuki et al., 1998), and overexpression of AKR7A
enzymes protects V79 cells from HNE induced apoptosis and
toxicity (Li et al., 2006a).

3.3. Glutathione S-transferases

Conjugation with GSH is a major detoxication pathway for
several aldehydes that are produced as a result of oxidative
stress (Esterbauer et al., 1975). The GST enzymes have been
placed into families: Alpha (GSTA1 to GSTAS), Mu (GSTM1
to GSTMS), Pi, (GSTP), Theta (GSTT1 and GSTT2), Zeta
(GSTZ), and Omega (GSTO1-GSTO2). In addition to their
cytosolic location, several GST have been reported as being
associated with the mitochondria or with microsomes (reviewed
in Hayes et al., 2005). GST are dimeric proteins, generally
acting as heterodimers to conjugate GSH. This conjugation is
compromised when GSH concentrations are depleted, such as
may occur as a consequence of increased oxidant levels. Despite
this limitation, many GST have been shown to contribute to
reactive aldehyde detoxication. For example, GSTP1-1 can
catalyze the conjugation of GSH to short chain «,-unsaturated
aldehydes, such as acrolein and crotonaldehyde. GSTP1-1 has
the highest activity towards acrolein, and GSTA4-4 has high
activity toward HNE (Hubatsch et al., 1998). GSTM1-1 and
GSTA1-1 are better at conjugating longer chain 4-hydroxy-o,,
unsaturated aldehydes (Goon et al.,, 1993). An Alpha class
microsomal GST has been shown to conjugate HNE (Prabhu
et al., 2004), and the activity of Alpha and Pi class mito-
chondrial GST towards HNE is higher in mitochondria than in
the cytosol (Gallagher et al., 2006). Several GST have been
identified in tissues that are susceptible to oxidative damage.
For example, Alpha, Pi, and Mu class GST have been detected
in the aorta, heart, and brain (Hayes & Pulford, 1995).

Evidence that alpha class GST are involved in the detoxi-
cation of aldehydes is derived from experiments in which GST
are overexpressed in tissue culture cells. Expression of mouse
GSTA4-4 and rat GSTAS-5 protects cells against acrolein,
HNE, and other aldehydes (Cheng et al., 2001; Kazi & Ellis,
2002; Yang et al., 2004).

3.4. Glyoxalase 1/11
One of the main enzyme systems known to be involved in

the metabolism of MG and other a-oxoaldehydes is through a
specific 2-step pathway involving glyoxalase I and II. These

catalyze the formation of a-hydroxy acids from oxoaldehydes.
However, this system is GSH-dependent and as a consequence
is not efficient when GSH levels are depleted, such as may
occur when oxidant or reactive carbonyl levels are high. Its
activity also decreases upon aging and oxidative stress
(Thornalley, 2003). The glyoxalase system is not known to be
involved in the metabolism of other classes of aldehydes, for
which other enzyme pathways are likely to be responsible.

4. Therapeutic interventions for removing carbonyl stress
4.1. Aldehyde scavengers

Although direct oxidative damage is often considered the
most serious consequence of increased levels of oxidants within
the cell, as described above, the increased presence of toxic
aldehydes leads to carbonyl stress and has been shown to cause
a significant amount of macromolecular damage. In order to
counter this problem, specific carbonyl scavengers have been
used to reduce the “aldehyde load” (Aldini et al., in press).
Hydroxylamine scavengers such as N-benzylhydroxylamine,
cyclohexylhydroxylamine, and #-butylhydroxylamine have
been shown to protect against 3-aminopropenal neurotoxicity
in vitro (Wood et al., 2006). Similarly, aminoguanidine and
tenilsetam were able to protect SH-SYSY neuroblastoma cells
against methylglyoxal toxicity (Webster et al., 2005; de Arriba
et al., 2006), and tenilsetam has been used to improve cognitive
function in senile dementia and AD patients (Saletu et al.,
1989). Hydralazine, aminoguanidine, carnosine, and methox-
yamine were all able to prevent acrolein-induced protein car-
bonylation and protected mouse hepatocytes in vitro (Burcham
et al., 2000). These studies show that the removal of reactive
aldehydes is a valid approach in the treatment of oxidant
damage-dependent disease.

Many chemical carbonyl scavengers show a relative lack of
specificity and may interfere with the metabolism of endoge-
nous aldehydes. An alternative strategy presented below would
be to lower the aldehyde load by enhancing their metabolism.

4.2. Enhancing carbonyl metabolism via enzyme induction

Increased carbonyl detoxication can also be achieved through
increased activity of carbonyl metabolizing enzymes. This can
arise through the activation of enzymes or by increased levels of
the enzymes themselves, dependent on increased transcription,
stabilization of mRNA, or increased translation. Previous work,
mainly in the area of cancer research, has uncovered a range of
natural and synthetic compounds that can lead to increased
expression of carbonyl metabolizing enzymes in different tissues
(Hayes & McMahon, 2001). Compounds that have been
successfully used for induction studies include natural com-
pounds such as sulphoraphane, benzyl isothiocyanate, phenethyl
isothiocyanate, resveratrol, and other chemicals, such as butylated
hydroxyanisole, 3-methylcholanthrene, dithiolethiones, and cer-
tain drugs (Table 2). Many of the former compounds are
phytochemicals that are present in food and beverages, such as
tea or wine, and some have been used as antioxidants.
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Table 2

Chemoprotective compounds capable of elevating carbonyl-metabolizing enzymes

Compound Source Enzyme/gene elevated Mechanism Reference

3-Methyl cholanthrene Polycyclic aromatic hydrocarbons ALDH3A XRE/AhR and ARE/Nrf2  Sladek, 2003

D3T Cruciferous vegetables AKRI1B, AKRIA, CBRI1, ARE/Nrf2 Kwak et al., 2003; Li et al., 2005
GSTM1, GSTM2, GSTM3,
GSTA4, GSTA2, GSTT2

Sulphorophane Cruciferous vegetables AKRI1C1, GSTA2, GSTA4, ARE/Nrf2 Bonnesen et al., 2001;
GSTM1, GSTM2, GSTM3, Thimmulappa et al., 2002;
ALDH2, AKR7AS, Hu et al., 2006a
AKRI1C13, CBR1

Benzyl isothiocyanate Cruciferous vegetables AKRIC1 ARE/Nrf2 Bonnesen et al., 2001

Phenethyl isothiocyanate ~ Cruciferous vegetables

AKRI1CI1, GSTA2, GSTM1, ARE/Nrf2

Bonnesen et al., 2001; Hu et al., 2006b

GSTM3, GSTT1, CBR1

Butylated hydroxyanisole Synthetic antioxidant

Bezafibrate
{3-Naphthoflavone

ALDH3A2
AKR1B3

Lipid lowering drug
Synthetic flavone

ALDHI1A3, ALDH2,
GSTMI1, GSTM3

ARE/Nrf2 Nair et al., 2006
PPAR Gloerich et al., 2006
ARE/Nrf2 Nishinaka & Yabe-Nishimura, 2005

These inducers appear to convey their beneficial effects
through 2 mechanisms that depend on regulatory elements in the
promoters of genes that are induced: (1) the xenobiotic response
element (XRE) that is bound by the AH receptor (AhR)
transcription factor (Sogawa & Fujii-Kuriyama, 1997) and
(2) the antioxidant/electrophile response element (ARE/EpRE)
that is bound by the nuclear factor-erythroid 2-related factor 2
(Nrf2) transcription factor (Rushmore et al., 1991; Motohashi &
Yamamoto, 2004; Kensler et al., 2007). Nrf2 appears to be the
endpoint of a major pathway for controlling the levels a range of
antioxidant and protective enzymes, and its nuclear availability
is dependent on a redox-sensitive regulatory protein Keapl
(Motohashi & Yamamoto, 2004; McMahon et al., 2006). Nrf2
is also a downstream target of the Ah receptor, indicating that
these 2 pathways overlap to some extent (Miao et al., 2005;
Kohle & Bock, 2006). The Nrf2/ARE pathway is though to
represent an adaptive response to oxidative stress, as the enzymes
that are induced are considered to be protective and/or anti-
oxidant enzymes (Fig. 2). These enzymes include many of those
that are involved in carbonyl metabolism (Table 2).

There is already considerable information about the mech-
anism of action of these chemoprotective compounds, and this
makes them attractive as potential therapeutic agents not only in
cancer but also in a range of oxidative stress-dependent disease,
such as neurodegeneration (van Muiswinkel & Kuiperij, 2005),
inflammation (Chen & Kunsch, 2004), lung disease (Cho et al.,
2006), and asthma (Li & Nel, 2006; Mandlekar et al., 2006). As
many of the agents are natural compounds that occur in the diet,
many of the potential benefits could be achieved through
changes or supplements to the diet. Finally, the doses required
to cause induction of protective enzymes are generally non-
toxic and are likely to have few side effects.

4.2.1. Induction of aldehyde dehydrogenases

Increased ALDH3A levels in cultured human breast car-
cinoma cell lines can be achieved by treatment of cells with
3-methylcholanthrene, and this has been shown to occur via
transactivation of XRE present in the 5’-upstream regions of the
gene (Sladek, 2003). ALDH3A enzymes are particularly good at

protecting against HNE (Townsend et al., 2001). Another
ALDH3 enzyme, ALDH3A2 (fatty ALDH) was found to be
inducible by bezafibrate via a peroxisome proliferator-activated
receptor alpha-dependent mechanism (Gloerich et al., 2006).
This additional mechanism suggests alternative types of
inducing compound can be used (Fig. 2).

Mitochondrial ALDH2, which is thought to play a role in the
prevention of AD, hypertension, and myocardial infarction, is
induced by sulphorophane (Hu et al., 2006a). In addition,
ALDHI1A3 and mitochondrial ALDH2 have been shown to be
induced by butylated hydroxyanisole (Nair et al., 2006), and
this is likely to involve an ARE/Nrf2 dependent mechanism.

4.2.2. Induction of aldo-keto reductases

Aldose reductase (AKR1B) has been known for some time to
be regulated by osmotic stress in the kidney (Burg et al., 1996).
However, more recent work has shown that it is responsive to a
range of stresses, including oxidative stress in rat vascular

Chemoprotective agents, drugs

|

AhR/ARNT

~ PPAR

| XRE | | PPRE |

' /

Induction of carbonyl-metabolizing enzymes
AKR, ALDH, GST, CBR1

Nrf2

ARE

Fig. 2. Induction of carbonyl-metabolizing enzymes by chemoprotective agents
and drugs. Exposure to chemoprotective agents and some drugs leads to the
induction of carbonyl-metabolixing enzymes via the activation of the Nrf2/ARE
pathway, the AhR/XRE pathway, or the PPAR/PPRE pathway.
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smooth muscle cells (Spycher et al., 1997). In addition, AKR1B
appears to be inducible by some of its proposed substrates, MG,
and HNE via an oxidative stress-linked mechanism (Spycher
et al., 1996; Chang et al., 2002). Although such a mechanism
may be important for understanding ischaemic preconditioning,
in both the heart and the brain, the significance of this inducibility
is that it opens a route for finding drugs and other compounds that
can mimic such an adaptive response without any of the potential
hazards of using highly reactive reagents. For example, in
cardiomyocytes, aldose reductase has been shown to be inducible
by 3H-1,2-dithiole-3-thione (D3T; Li et al., 2005), a compound
which is known to act via ARE/Nrf2 (Table 2). This is supported
by evidence from the mouse in which AKR1B3 was shown to be
inducible in response to D3T in a Nrf2-dependent manner
(Nishinaka & Yabe-Nishimura, 2005).

Microarray experiments in mouse have revealed that levels
of another AKR, aldehyde reductase (AKR1A4), are up-
regulated by D3T (Kwak et al., 2003) as part of a chemo-
protective response.

AKR7AT1 in the rat was the one of the first AKR that was
shown to be particularly responsive to chemical inducers (Ellis
et al., 1993). These include dietary chemoprotectors and some
drugs. Analysis of the promoter of the AKR7A1 gene revealed
the presence of several ARE-type elements, and it is extremely
likely that this is regulated via an Nrf2-dependent mechanism
(Ellis et al., 2003). Despite this wealth of evidence for the
inducibility of this enzyme in rat, there is very little known
about the induction of human AKR7A enzymes. AKR7A2 is
elevated in AD, indicating that it might be inducible by
oxidative stress (Picklo et al., 2001). In mouse, a microarray
study has shown that AKR7AS is inducible by sulphorophane in
an Nrf2-dependent manner (Thimmulappa et al., 2002),
suggesting the potential for enhancing the metabolism of
reactive aldehydes through induction of this family of enzymes.

Several of the AKRIC enzymes have been shown to be
induced by chemopreventive agents. For example, AKR1C2
levels are elevated by phase II inducers (Lou et al., 2006), and
AKRICI is induced by polycyclic hydrocarbons, electrophiles
and oxidative stress (Burczynski et al., 1999). Nontoxic doses
of sulforaphane, benzyl isothiocyanate and phenethyl isothio-
cyanate caused an increase of between 11-fold and 17-fold in
the protein levels of AKR1C1 in human colon cell lines, and
this correlated with protection against chemical stress (Bonne-
sen et al., 2001). From microarray experiments, mouse
AKRICI13 appears to be regulated by sulphorophane (Thim-
mulappa et al., 2002; Hu et al., 2006a). However, AKR1C
enzymes are not particularly efficient at removal of aldehydes
such as HNE or MG, so the physiological relevance of their
induction to reactive aldehyde load is not clear.

4.2.3. Induction of carbonyl reductases

Until recently, little work had studied the upregulated of
carbonyl reductase (CBR1) by chemoprotective agents. The
advent of microarray studies has lead to the identification of this
enzyme as one that is responsive to a range of inducers,
including phenethyl isothiocyanate in mouse liver (Hu et al.,
2006b), D3T in mouse (Kwak et al., 2003), and sulphorophane

in mouse (Thimmulappa et al., 2002). CBR1 expression appears
to be dependent on the transcription factor Nrf2. Given that this
enzyme is present in a range of tissues, including brain, its
induction may represent a useful defensive strategy against
reactive aldehydes (Maser, 2006).

4.2.4. Induction of glutathione S-transferases

GST were some of the first ARE-dependent enzymes to be
studied (Rushmore et al., 1991). More recent work in mouse has
shown that several GST genes (GSTA1, GSTA2, GSTMI,
GSTM2, GSTM3 and GSTM4) are induced by chemopreven-
tive agents, such as butylated hydroxyanisole, ethoxyquin, and
oltipraz, as well as phytochemicals such as indole-3-carbinol,
sulforaphane, and coumarin (McMahon et al., 2001; Chanas
et al., 2002). By using Nrf2 knockout mice, the basal and
inducible expression was shown to be Nrf2-dependent (McMa-
hon et al., 2001; Chanas et al., 2002). A range of inducible GST
have also been identified by microarray experiments. Several
GST including GSTA2, GSTM1, GSTM3, and GSTTI1 are
inducible by phenethylisothiocyanate (PEITC) in mouse liver
(Hu et al., 2006b) via an Nrf2-dependent mechanism, and
GSTA2, GSTA4, GSTMI1, GSTM2, GSTM3 subunits are
induced by sulphorophane treatment (Hu et al., 2006a).
GSTM1 and GSTM3 are induced by BHA (Nair et al., 2006)
and GSTM1, GSTM2, GSTM3, GSTA4, GSTA2, and GSTT2
all appear to be regulated by D3T in mouse (Kwak et al., 2003).
The most significant of these in terms of aldehyde detoxication
are GSTA4, GSTM1, and GSTP1 which have been shown to
conjugate short and long chain a,}-unsaturated aldehydes
(Goon et al., 1993). Induction of cellular GSH levels and
GST by D3T in rat aortic smooth muscle cells has also been
observed, and this has been correlated with protection against
acrolein- and HNE-induced toxicity (Cao et al., 2003a,2003b).

5. Potential therapeutic areas

The potential for using chemopreventive compounds to
counter some of the consequences of carbonyl stress has been
tested recently in several disease models. For example, in
models of cardiovascular disease, D3T has been used to treat
aortic smooth muscle cells, and leads to an increase in GST
levels which give increased protection against HNE-induced
damage (Cao et al., 2003a). Resveratrol, present in red wine, has
been shown to protect cultured aortic smooth muscle cells
against HNE, and has the potential to protect against vascular
injury (Li et al.,, 2006b). Treatment of human adult retinal
pigment epithelial cells (ARPE-19) with sulphorophane leads to
increased protection against HNE and is associated with an
increase in detoxication enzymes (Gao et al., 2001).

Chemoprotective strategies are being adopted in other model
systems, although the involvement of aldehyde-metabolizing
enzymes has yet to be established. For example, in a model of
AD, diallyl disulfide, a garlic-derived compound, was able to
protect PC12 neuronal cells against oxidative stress (Koh et al.,
2005). A chemoprotective approach has also been adopted in a
model of ischaemia-reperfusion injury, where treatment of
cardiomyocytes with D3T has been shown to protect cells
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against oxidative stress (Cao et al., 2006). There is also potential
to test whether treatment with any of the known inducers of
aldehyde-metabolizing enzymes can protect against the alde-
hyde-dependent toxicity that is prevalent in diabetes and
atherosclerosis. To date there have been no in vivo studies
that have tested whether chemopreventive compounds can pro-
tect against aldehyde toxicity and aldehyde-dependent disease
progression. These studies are urgently needed to translate the
cell-based models into valid therapeutic strategies.

6. Concluding remarks

There is substantial evidence that carbonyl stress is con-
tributory to the progression of several oxidant stress-dependent
diseases. Enhancing carbonyl metabolism through the manip-
ulation of enzyme levels is a potential avenue for developing
new therapeutics. These may be derived from natural com-
pounds that act through known mechanisms or may be
chemically synthesized analogues that convey similar proper-
ties. In many cases, in addition to their protective effects against
carbony]l stress, many of these compounds are likely to provide
protection against the oxidative stress that initiated the
production of carbonyls. This represent a 2-pronged approach,
as both the damaging agent and its route of production have the
potential to be halted.
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