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Abstract

4-Hydroxy-2-trans-nonenal (4HNE), one of the major end products of lipid peroxidation (LPO),
has been shown to induce apoptosis in a variety of cell lines. It appears to modulate signaling
processes in more than one way because it has been suggested to have a role in signaling for
differentiation and proliferation. It has been known that glutathione S-transferases (GSTs) can
reduce lipid hydroperoxides through their Se-independent glutathione-peroxidase activity and that
these enzymes can also detoxify LPO end-products such as 4HNE. Available evidence from earlier
studies together with results of recent studies in our laboratories strongly suggests that LPO
products, particularly hydroperoxides and 4HNE, are involved in the mechanisms of stress-
mediated signaling and that it can be modulated by the alpha-class GSTs through the regulation of
the intracellular concentrations of 4HNE. We demonstrate 4HNE induced apoptosis in various cell
lines is accompanied with c-Jun-N-terminal kinase (JNK) and caspase-3 activation. Cells exposed
to mild, transient heat or oxidative stress acquire the capacity to exclude intracellular 4HNE at a
faster rate by inducing GSTA4-4 which conjugate 4HNE to glutathione (GSH), and RLIP76 which
mediates the ATP-dependent transport of the GSH-conjugate of 4HNE (GS-HNE). The balance
between formation and exclusion promotes different cellular processes — higher concentrations of
4HNE promote apoptosis; whereas, lower concentrations promote proliferation. In this article, we
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provide a brief summary of the cellular effects of 4HNE, followed by a review of its GST-
catalyzed detoxification, with an emphasis on the structural attributes that play an important role in
the interactions with alpha-class GSTA4-4. Taken together, 4HNE is a key signaling molecule and
that GSTs being determinants of its intracellular concentrations, can regulate stress-mediated
signaling, are reviewed in this article.

Keywords
Lipid peroxidation; 4-hydroxynonenal; glutathione S-transferase; glutathione-conjugates; RLIP76

Introduction

Environmental electrophilic chemical carcinogens are detoxified via mercapturic acid
pathway (MAP) to be excreted as mercapturic acid derivatives. MAP is also involved in the
metabolism of pro-apoptotic and toxic endogenous electrophiles such as 4-hydroxy-2-trans-
nonenal (4AHNE) (Camandola et al., 2000; Poli et al., 2008; Awasthi et al., 2008a; Kumar et
al., 2011). 4HNE is a common denominator in stress-induced signaling and is a pro-
apoptotic second messenger that affects cell cycle signaling in a concentration dependent
manner. It regulates signaling for apoptosis, differentiation, and gene expression by
interacting with transcriptional factors, transcriptional repressors, membrane receptors and
other proteins (Awasthi et al., 2003a; 2005a; 2008a; Uchida, 2000; 2003; Yang et al., 2003a;
Sharma et al., 2004a; Dwivedi et al., 2007; Chaudhary et al., 2010). First two rate limiting
enzymes of the MAP, glutathione S-transferases (GSTSs) that conjugate 4HNE to glutathione
(GSH), and RLIP76 (RalBP1, Ral-binding protein 1) that excludes GS-HNE conjugate from
cells, regulate the intracellular concentration of 4HNE. Thus GSTs and RLIP76 can have a
profound effect on cell cycle signaling. Our studies established that increased 4HNE levels
in cells promote apoptotic signaling while at decreased levels below its basal constituted
levels 4AHNE promote proliferation (Sharma et al., 2004b). A major outcome of these
findings is that by blocking the MAP mediated detoxification of 4HNE through the
inhibition of RLIP76 catalyzed transport of GS-HNE, a complete remission of many human
cancer xenografts in mice can be achieved (Singhal et al., 2006; 2007; 2009a—c; Awasthi et
al., 2008b; Leake et al., 2012). These studies have opened a new area in the field of reactive
oxygen species (ROS)-induced signaling focusing on the regulatory roles of the enzymes
involved in the formation and metabolism of 4HNE. Recent studies in this area have shown
that enzymes such as GSTs, aldehydes dehydrogenases, aldose reductase (AR), glutathione
peroxidase, and RLIP76 that are among the major determinants of intracellular levels of
4HNE can modulate stress-induced signaling for programmed cell death (Awasthi et al.,
2005a; Ramana et al., 2006; Singhal et al., 2009d; Balogh and Atkins, 2011).

ROS initiate an autocatalytic chain of lipid peroxidation (LPO) of polyunsaturated fatty
acids (PUFAS), resulting in the formation of large amounts of toxic electrophilic species and
free radicals that may play important roles in various human diseases, including
carcinogenesis (Poli et al., 2008; Esterbauer et al., 1991; Dianzani 2003; Zarkovic et al.,
1995; Feng et al., 2004). In previous studies even a small transient exposure of cells to stress
agents, such as UV, H,0,, or oxidant chemicals, causes substantial LPO, leading to a
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significant rise in 4HNE, which is considered to be one of the most abundant cytotoxic
aldehydes (Yang et al., 2001; 2003b; Cheng et al., 2001a—c; Zarkovic et al., 1993). Recent
studies suggest that 4HNE can induce signaling for apoptosis via multiple pathways, which
seem to converge on the activation of INK and caspase3 (Yang et al., 2001; Sharma et al.,
2008a; Ketterer 1998). Furthermore, there is credible evidence that 4HNE plays an
important role in membrane receptor-mediated signaling suggests that it can directly interact
with transcription factors and transcription repressors. These multiple actions of 4HNE are
consistent with its role in regulation of the expression of numerous genes and modulation of
various signaling processes (Uchida 2003; Awasthi et al., 2005a; Yang et al., 2003b; Cheng
et al., 2001a).

The LPO product 4HNE is a strong electrophile that forms covalent adducts with proteins
and, to a lesser extent, nucleic acids and phospholipids. The generation of 4HNE appears to
be an inevitable consequence of aerobic metabolism. The metabolism of 4HNE is mainly,
although not entirely, conjugative, and proceeds v/a Michael addition of GSH to the double
bond of 4HNE. This reaction is catalyzed by specialized GSTs (Awasthi et al., 2005a;
2008a; Esterbauer et al., 1991; Dianzani, 2003; Zarkovic et al., 1995; Ruef et al., 1998;
Srivastava et al., 1998; Uchida et al., 1994). The intracellular concentration of 4AHNE
appears to be crucial for the nature of cell cycle signaling and may be a determinant for the
signaling for differentiation, proliferation, transformation, or apoptosis. The intracellular
concentrations of 4HNE are regulated through a coordinated action of GSTA4-4 which
conjugate 4HNE to GSH to form the glutathione-conjugate (GS-HNE) and the transporter
76 kDa Ral-binding GTPase activating protein (RLIP76), which catalyze ATP-dependent
transport of GS-HNE (Singhal et al., 2009a; Cheng et al., 2001b; Yang et al., 2002a; 2008;
Awasthi et al., 2002; 2003b; Sharma et al., 2002; Yadav et al., 2007). These studies and other
reports discussed in this article strongly suggest a key role of 4HNE in stress mediated
signaling. In this review, we discuss the role of GSTs in the regulation of the intracellular
concentrations of 4HNE and in the modulation of oxidative stress and 4HNE-mediated
signaling processes including apoptosis. 4HNE is accumulated in numerous oxidative stress-
related diseases, such as cardiovascular diseases and metabolic syndrome (Shoeb et al.,
2014). 4HNE is also believed to be involved in the mechanisms of diseases such as
atherosclerosis (Uchida et al., 1994; Yang et al., 2004), diabetes (Awasthi et al., 2010),
Alzheimer’s disease (Sayre et al., 1997; Montine et al., 1997), Parkinson’s disease (Selley
1998), cataract (Awasthi et al., 1996), and cancer (Zarkovic et al., 1995; Hammer et al.,
1997).

Glutathione S-transferases (GSTs) regulate 4HNE concentrations

GSTs belong to a family of multifunctional enzymes whose roles in detoxification of
electrophilic xenobiatics or electrophilic metabolites is well established (Jakoby, 1978;
Mannervik and Danielson, 1989; Awasthi et al., 1994; Hayes and Pulford, 1995; Hayes et
al., 2005; Zimniak and Singh, 2006). In general, GSTs catalyze the conjugation of a wide
variety of structurally dissimilar compounds containing electrophilic carbon, nitrogen, or
sulfur atoms to GSH - the major endogenous low- molecular-weight nonprotein thiol
synthesized de novo in mammalian cells (Beutler, 1989; Dickinson and Forman, 2002). All
endogenous compounds having a, p-unsaturated carbons (Michael acceptor group) are
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potential substrates of GSTs (Ketterer et al., 1983; Dickinson and Forman, 2002; Hayes et
al., 2005). Disruption of GSH metabolism has a major impact on cellular defenses and
normal physiology, and evidence is emerging that GSTs are involved in the regulation of
4HNE-mediated signaling processes (Awasthi et al., 2005a).

GSTs are the major determinants of the intracellular concentration of 4HNE and account for
the metabolism of the majority of cellular 4HNE through its conjugation to GSH. Of the
multiple cell constituents, 4HNE and other unsaturated aldehydes display the highest
reactivity with thiols (Esterbauer et al., 1991). 4HNE readily forms a Michael adduct with
GSH, and the reaction is further accelerated by GSTs. The GSTA4-4 isoform is particularly
effective conjugating 4HNE to GSH (Alin et al., 1985; Singhal et al., 1994; Nanduri et al.,
1996; Hubatsch et al., 1998). This is generally considered a detoxification step, although
glutathione-conjugates of a, f-unsaturated aldehydes have been shown to be toxic (Jakoby,
1978).

GST catalyzed conjugation of lipid aldehydes; including 4HNE, with GSH and the reduction
of those conjugates by AR are the major defense against oxidative stress-induced
cytotoxicity (Awasthi et al., 2003a; Sharma et al., 2004a; Ramana et al., 2006). Indeed, GST-
catalyzed GS-lipid aldehyde conjugation is the main mechanism of detoxification of
endogenous lipid aldehydes, including 4HNE, as well as the metabolism of xenobiotics. GS-
lipid aldehyde conjugates such as GS-HNE are readily reduced by AR to corresponding GS-
lipid alcohols, such as GS-DHN (Ramana et al., 2006). Both GS-HNE and GS-DHN are
actively transported out of the cells (Sharma et al., 2002; Singhal et al., 2009a; 2009d). Thus
adduction of toxic aldehydes with GSH, their reduction by AR, and active transport out of
the cells may be the major defenses against the oxidative stress-induced cytotoxicity,
genotoxicity and a number of related diseases (Knoll et al., 2005). The majority of 4HNE is
excluded from cells through its GST catalyzed conjugation to GSH and subsequent transport
of the GSH-conjugate (GS-HNE). Therefore, GSTs and the transporter(s) catalyzing the
efflux of GS-HNE are likely to play a major role in regulating 4HNE homeostasis in cells
(Awasthi et al., 2003a; Sharma et al., 2004a). Consequently, these proteins should be
relevant to the mechanisms that regulate 4HNE-mediated signaling for apoptosis,
differentiation, proliferation, etc. The major thrust of the article is on the role of GSTs in the
regulation of the intracellular concentrations of 4HNE and in the modulation of oxidative
stress and 4HNE-mediated signaling processes. 4HNE, a secondary product of
lipoperoxidation, can form protein adducts and modifies cell signaling (Fig. 1A).

4-Hydroxynonenal (4HNE)

Being electrophilic in nature, 4HNE (an end product of n-6 PUFASs peroxidation) is a potent
alkylating agent that plays a major role in oxidative stress-induced signaling and the toxicity
of oxidants. It contributes to toxicity by inducing pro-apoptotic signaling through multiple
pathways and also by promoting necrosis (Awasthi et al., 2003a; Sharma et al., 2004a).
Since the pioneering work of Esterbauer and his associates in the discovery of 4HNE,
studies by his group and various other investigators have demonstrated that 4HNE can cause
apoptosis, differentiation, modulate cell growth, and affect various signal transduction
pathways (Zarkovic et al., 1993; Yang et al., 2003a; Dianzani, 2003). Some of these studies
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suggest that 4HNE can differentially affect cell cycle signaling events in a concentration-
dependent manner (Ruef et al., 1998; Srivastava et al., 1998; Sharma et al., 2012), implying
that the regulation of its intracellular concentrations may be crucial for cells.

Products of LPO such as 4HNE trigger multiple signaling cascades that variably affect cell
growth, differentiation, and apoptosis. The expression and function of vascular endothelial
growth factor (VEGF) in retinal pigment epithelial (RPE) cells is regulated by 4HNE and
GSTAA4-4. Vatsyayan et al showed that while inclusion of 0.1 pM 4HNE in the medium
caused increased secretion of VEGF, its secretion and expression was significantly
suppressed in the presence of >5 uM 4HNE in the media, suggesting a role of 4HNE and
GSTAA4-4 in oxidative stress induced proliferative retinopathies (Vatsyayan et al., 2012).
Similarly, at lower concentrations (as low as 0.1 uM) 4HNE triggered phosphorylation of
epidermal growth factor receptor (EGFR) and activation of its downstream signaling
components ERK1/2 and Akt that are known to be involved in cell proliferation. These
effects of 4AHNE on EGFR could be attenuated by the over-expression of GSTA4-4 that
reduces intracellular levels of 4HNE. These results also indicated that 4HNE-induced
activation of EGFR is a protective mechanism against oxidative stress because EGFR, MEK,
and PI3K inhibitors potentiated the toxicity of 4HNE and also inhibited wound healing in a
RPE cell model. These studies suggest that as an initial response to oxidative stress, 4HNE
induces protective mechanism(s) in RPE cells through EGFR-mediated signaling (Vatsyayan
et al., 2011). Chaudhary et al demonstrate that 4HNE induces signaling for apoptosis via
both the Fas (CD95)-mediated extrinsic and the p53-dependent intrinsic pathways in HepG2
cells. 4HNE induces a Fas-mediated death-inducing signaling complex (DISC)-independent
apoptosis pathway by activating apoptosis signal-regulating kinase 1 (ASK1), JNK, and
caspase-3. Parallel treatment of 4HNE to HepG2 cells also induces apoptosis by the p53
pathway through activation of Bax, p21, JNK, and caspase-3. Exposure of HepG2 cells to
4HNE leads to the activation of both Fas and death domain-associated protein (Daxx),
promotes the export of Daxx from the nucleus to cytoplasm, and facilitates Fas-Daxx
binding (Chaudhary et al., 2010, 2013). These results strongly suggest 4HNE mediates
apoptosis through its effects on JINK and caspase 3, and that 4HNE metabolizing GST
isozyme(s) may be important in the regulation of this pathway of oxidative-stress-induced
apoptosis.

4HNE is formed primarily from the degradation of w-6 polyunsaturated fatty acids such as
arachidonic and linoleic acids. GSTs can regulate intracellular levels of 4HNE by
attenuating its formation through their glutathione-peroxidase activity and also by
conjugating it to GSH through their transferase activity (Awasthi et al., 2005a). In
mammalian tissues, a subgroup of alpha-class GST isozymes has high activity for
conjugating 4HNE to GSH (Cheng et al., 1999; Zhao et al., 1999; Yang et al., 2001; 2002b;
Awasthi et al., 2005a; 2008a; Balogh et al., 2010; Vatsyayan et al., 2012). Vatsyayan et al,
have shown that GSTA4 knock-out mice having impaired 4HNE metabolism and increased
4HNE levels in tissues are more sensitive to the toxicity of oxidant chemicals/oxidative
stress suggesting the role of 4HNE in the mechanisms of toxicity of oxidant xenobiotics and
a protective role of GSTA4-4 against oxidative stress (Vatsyayan et al., 2012).
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Under the normal physiological conditions, the cellular concentration of 4HNE ranges from
0.1 to 3uM. Moreover, under oxidative stress conditions, 4HNE can accumulate in
membranes at higher concentrations that range from 10 uM to 5 mM (Esterbauer et al.,
1991; Uchida, 2003; Poli et al., 2008). On the other hand, a three-fold decrease in 4HNE
concentration has been reported in cells over-expressing GSTA1-1 or GSTA2-2 which
suppress LPO and limit 4HNE formation (Zhao et al., 1999; Yang et al., 2002b). These
findings suggest that among the defense enzymes, GSTs may be the major determinants of
the constitutive 4HNE levels in cells because these enzymes can regulate 4HNE
concentration limiting its formation and catalyzing its conjugation to glutathione.

Role of 4HNE in aging

The accumulation of ROS without sufficient antioxidant defenses produces oxidative
damage to all macromolecules. Oxidation of lipids, in particular, affects cell membranes and
other lipid-containing structures and has important pathological implications due to the high
reactivity of its products. Short-lived ROS convert polyunsaturated fatty acids, through a
chain reaction via lipid hydroperoxides, into rather stable, but reactive and thus toxic a,p-
unsaturated aldehydes, such as 4HNE, acrolein, and malondialdehyde (MDA) (Gutteridge
and Halliwell, 1990). As electrophiles, such a,p-unsaturated aldehydes can form Michael
adducts on nucleophilic centers of proteins (targeting lysine, cysteine and histidine) and can
cause protein cross-linking (Grimsrud et al., 2008). 4HNE is considered to be a signaling
molecule that conveys the information that an oxidative event has occurred. The signal then
coordinates an appropriate cellular response. We have previously found that conditions that
lower the steady-state 4HNE concentration, such as over-expression of 4HNE-metabolizing
enzyme GST-10, extend C. elegans lifespan, whereas elevated 4HNE leads to a shorter
lifespan (Ayyadevara et al., 2005a; 2005b). Our results suggest (although do not yet
conclusively prove) that 4HNE has a dual effect on longevity: at low concentrations 4HNE is
pro-homeostatic and extends life span, presumably by carrying out signaling functions. At
higher levels, 4HNE causes essentially random and destabilizing damage, thus shortening
life span. This is consistent with concentration-dependent, opposing effects of 4HNE in
biological settings other than aging (Uchida, 2007), and is schematically represented by the
blue and the green lines, respectively, in Fig. 1B. Summation of the two effects results in a
U-shaped function that relates 4HNE concentration to biological destabilization, and thus
shortened life span (red linein Fig. 1B). When present in relevant target tissues, very low or
very high 4HNE levels are detrimental; between these two extremes is an optimal level
(shaded area in Fig. 1B). Biological systems probably evolved to occupy a place in the upper
range of that optimal area (red arrow 1 in Fig. 1B), thus combining the minimal necessary
4HNE-metabolizing capacity with a lack of overt 4HNE toxicity. Experimentally, a
moderate reduction of 4HNE levels further decreases random electrophilic damage without
noticeably interfering with 4HNE signaling, resulting in a net protective and life-extending
effect (red arrow 2in Fig. 1B, located at the minimum of the destabilization function).
However, a more pronounced depletion of 4HNE in specific target cells disrupts signaling,
with detrimental consequences that outweigh the small gain of macromolecular stability (red
arrow 3in Fig. 1B). The non-monotonic dependence of life span on 4HNE concentration
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resembles the situation seen with ROS, and predicts the existence of an optimal
concentration for any chemically reactive signaling molecule.

4HNE and cardiac disease

Oxidative stress and ensuing lipid peroxidation have now been clearly linked to a number of
cardiac pathologies, including most significantly myocardial ischemia-reperfusion injury,
but also congestive heart failure and diabetic cardiomyopathy (Venardos et al., 2007;
Takimoto and Kass, 2007). 4HNE is the most abundant and significant lipid peroxidation
product formed during pathological processes in most tissues (Uchida, 2007). Furthermore,
4HNE has been shown to generate still more ROS, thereby contributing a “vicious cycle” to
its further accumulation (Murphy, 2006). Given the recent appreciation of its important
effect on cell viability, independent of ROS, 4HNE is now recognized as most responsible
for so-called “electrophilic stress” (Poli et al., 2008). 4HNE also appears to be the most
abundant and significant lipid peroxidation product formed during pathological processes in
the mammalian heart and other organs (Uchida, 2007). Formation of 4HNE and the
accumulation of 4HNE-maodified proteins (carrying specific 4HNE adducts) have been
reported in numerous experimental models and appear to be related to the extent of tissue
damage (Lefer and Granger, 2000). 4HNE-protein adducts have been frequently detected in
cardiac cells undergoing oxidative stress, and particularly as part of ischemia-reperfusion
injury (Blasig et al., 1995; Shinmura et al., 2002). During cardiac ischemia/reperfusion,
primarily mitochondrial proteins are modified by 4HNE. Usually, such modification of
proteins by 4HNE is inhibitory (Lucas and Szweda, 1998).

Fat accumulation in mGSTA4 null mice parallels tissue levels of 4AHNE

We generated a mouse lacking mGSTA4-4 (Engle et al., 2004), the sole murine GST with
high catalytic efficiency for 4HNE (Zimniak et al., 1994). Knockout mice were maintained
in two genetic backgrounds: 129/sv and C57BL. The tissue level of 4HNE is increased in the
129/sv knockout mouse and the mouse is obese, while in the C57BL mouse, the 4HNE level
remains unchanged (possibly due to compensatory changes in 4HNE metabolism), and the
body weight is normal (Engle et al., 2004). It should be emphasized that common strains of
laboratory mice are genetically quite different and, therefore, may respond differently to
experimental interventions, including knockouts of individual genes (Linder, 2006). Thus, it
is not surprising that the 4HNE accumulation phenotypes of mMGSTA4 null mice in the
129/sv and C57BL genetic backgrounds were also dissimilar. This finding does not
invalidate the hypothesis that 4HNE has a causative role in obesity but, in fact, provides
powerful support to the postulated proportionality of 4HNE and obesity because the
comparison is within the same species. In other words, mGSTA4 knockouts in the C57BL
background do not accumulate fat not because they fail to respond to 4HNE, but because
they do not have more 4HNE in the first place. 129/sv mice are generally considered less
prone to develop insulin resistance and diet-induced obesity than C57BL mice (Almind and
Kahn, 2004; Linder, 2006; Singh et al., 2008). Therefore, our opposite finding (that
mMGSTA4 null 129/sv but not C57BL mice develop obesity) is consistent with the hypothesis
that obesity is linked to 4HNE levels and is not due to selection of a strain predisposed to
show the phenotype under study.
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The GSTA47- mouse provides a model of constitutive Nrf2 activation

GSTA4-4 is the main enzyme responsible for the removal of 4HNE, an electrophilic product
of lipid peroxidation formed in cellular membranes during oxidative stress, by conjugating it
with glutathione (Awasthi et al., 2003a; 2005a). We have previously generated and
characterized GSTA4-null mice on a 129/sv and C57BL background (Engle et al., 2004). In
accordance with their lack of GSTA4-4, these mice show reduced glutathione conjugation of
4HNE in all tissues examined, including the liver, kidney, lung, and heart, and increased
levels of 4HNE in the liver, adipose tissue, and skeletal muscle (Engle et al., 2004).
Nonetheless, these mice (when on a C57BL genetic background) show an enhanced lifespan
compared to wild-type mice, which indicates that they must compensate for the increased
levels of 4HNE (Ayyadevara et al., 2005a; 2005b). Indeed, these mice show increased
activity of nuclear factor (erythroid-derived 2)-like 2 (Nrf2), a transcription factor that is
activated by 4HNE and has many antioxidant enzyme target genes (Boerma et al., 2015).

In addition to a prolonged lifespan, GSTA4-null mice also show enhanced resistance to
doxorubicin when compared to wild-type animals, both in terms of survival and cardiac
function loss. Because doxorubicin is known to be cardiotoxic at least in part via induction
of oxidative stress, these results suggest that compensatory mechanisms such as the Nrf2
pathway may have conveyed protection in the GSTA4-null mice. Doxorubicin, however, is
administered systemically, and mechanisms outside the heart may have contributed to the
protection of the GSTA4-null mice. We also subjected the GSTA4-null mice to local heart
irradiation as a means to produce oxidative stress locally in the heart. Since cardiac injury is
known to occur late after exposure to ionizing radiation, long-term effects of local heart
irradiation on cardiac function, cardiac structure, and mitochondrial oxygen flux were
examined (Boerma et al., 2015). Although loss of GSTA4-4 led to enhanced susceptibility of
cardiac mitochondria to radiation-induced loss of morphology, cardiac function was
preserved in irradiated GSTA4 null mice. We propose that GSTA4 null mice may be
protected against radiation-induced cardiac function loss at least in part viaan upregulation
of the Nrf2 pathway.

Role of 4HNE in carcinogenesis and chemoprevention

Cancer is a major cause of morbidity and mortality throughout the world. Carcinogenesis is
a multistep molecular process induced by genetic and epigenetic changes that disrupt
pathways controlling cell proliferation, apoptosis, differentiation, and senescence (Hayes
and Pulford, 1995; Talalay, 2000). Chemoprevention of cancer vig herbal and dietary
supplements is a logical approach to combating cancer and currently is an attractive area of
investigation (Sharma et al., 2010). Over the years, isothiocyanates, such as sulforaphane
(SFN) found in cruciferous vegetables, have been advocated as chemopreventive agents, and
their efficacy has been demonstrated in cell lines and animal models. In vivo studies suggest
that in addition to protecting normal healthy cells from environmental carcinogens, SFN also
exhibits cytotoxicity and apoptotic effects against various cancer cell types (Singh et al.,
2004; Xu et al., 2006; Sharma et al., 2010).
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Among several mechanisms for the chemopreventive activity of SFN against chemical
carcinogenesis, its effect on drug-metabolizing enzymes that cause activation/neutralization
of carcinogenic metabolites is well established. Recent studies suggest that SFN exerts its
selective cytotoxicity to cancer cells via ROS-mediated generation of LPO products,
particularly 4HNE, indicating a major role for 4HNE in the mechanisms of the biological
activity of dietary supplements (Sharma et al., 2010). In the past several decades the efficacy
of isothiocyanates, particularly those of SFN isolated from the cruciferous vegetables, in
cancer chemoprevention has been recognized, and they continue to be extensively studied
for their pharmacological effects (Talalay, 2000; Singh et al., 2004; Wang et al., 2004; Xu et
al., 2006; Sharma et al., 2010; Sharma et al., 2012). These studies reveal a central role of
4HNE in cellular responses to dietary supplements and reaffirms that 4HNE contributes to
oxidative stress-mediated signaling.

4HNE-mediated signaling and its relevance to cancer

The LPO product 4HNE is an electrophilic small molecule and a signaling mediator with
wide-ranging biological effects. There is ample evidence that the electrophilic products of
LPO, particularly 4HNE, play a crucial role in stress-induced apoptotic signaling (Cheng et
al., 2001a—c; Yang et al., 2001; Awasthi et al., 2005a). This is consistent with our studies
showing that 4HNE is a common factor in heat, UVA, oxidative stress, and xenobiotic-
induced apoptosis of various cell types in culture (Cheng et al., 2001a; Yang et al., 2001;
2003b). Indeed, 4HNE induces apoptosis in all cancer cell lines studied so far in our
laboratory (Awasthi et al., 2008a), and recent studies have shown that 4HNE induces Fas-
mediated extrinsic, as well as p53-mediated intrinsic, pathways of apoptosis in various cell
types (Liu et al., 2000; Sharma et al., 2008a; 2008b; Chaudhary et al., 2010; Vatsyayan et
al., 2011). The relevance of 4HNE-mediated signaling to cancer is evident from numerous
studies showing that 4HNE induces apoptosis in various cell types and that at low levels it
limits its own toxicity by activating mechanisms for cell survival (Sharma et al., 2008a). In
recent years, 4HNE has emerged as an important second-messenger molecule involved in
signaling for cell proliferation, cell cycle arrest, differentiation, apoptosis, and the regulation
of the expression of a multitude of genes in cells of diverse origin (Liu et al., 2000; Sharma
et al., 2012). 4HNE has also been shown to modulate survival and death signaling pathways
in a concentration-dependent manner by interacting with several signaling proteins (Awasthi
et al., 2003a; 2005a; Sharma et al., 2004b; Cheng et al., 2001a).

Role of 4HNE in signaling process appears to be intriguing because its effect is
concentration dependent. At increasing concentrations, 4HNE causes cell cycle arrest
(Esterbauer et al., 1991), differentiation (Cheng et al., 1999), and apoptosis (Uchida, 2003;
Cheng et al., 2001a; 2001b; Sharma et al., 2008b) while at lower concentrations it promotes
proliferation in at least some cell types (Zarkovic et al., 1993; Cheng et al., 1999).
Accordingly, the regulation of the intracellular concentrations of 4HNE may be crucial for
cell cycle signaling. 4HNE also has a biphasic effect on tyrosine kinase receptor (RTK)
signaling (Awasthi et al., 2005a) has also been shown to induce stress-responsive prosurvival
factors, such as Nrf2, HSF1 and its client heat shock proteins, EGFR, and the transcription
repressor Daxx, which can inhibit Fas-mediated apoptosis (Sharma et al., 2008a; Singhal et
al., 2008a; Chaudhary et al., 2010).
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Because 4HNE is a substrate for GSTs (Alin et al., 1985; Singhal et al., 1994) and the
majority of 4HNE in cells may be conjugated to GSH through a GST-catalyzed reaction, it
stands to reason that GSTs can affect 4HNE-signalling. If this is the case, the isozymes with
highest activity towards 4HNE may play an important regulatory role. Most of the GST
isozymes investigated for their activity toward 4HNE show variable activity towards this
substrate. Many of the effects of 4HNE on cell signaling have been determined by regulating
its intracellular levels with GSTs, which play a major role in regulating the levels of 4AHNE
in cells (Awasthi et al., 2003a; 2005a; 2008a). Apart from catalyzing the conjugation of
carcinogenic electrophiles to GSH, the a-class GSTs (GSTA1-1 and GSTA2-2) attenuate
LPO by catalyzing the GSH-dependent reduction of phospholipid hydroperoxides and fatty
acid hydroperoxides through its Se-independent glutathione-peroxidase activity, thereby
terminating the auto-catalytic chain of LPO reactions resulting in decreased formation of
4HNE (Zhao et al., 1999; Yang et al., 2002a; 2002b). In addition, the isozymes GSTA4-4
can limit 4HNE levels in cells by catalyzing its conjugation of GSH in a highly efficient
manner. Several studies demonstrate that 4HNE concentration in mammalian cells is
regulated by a coordinated action of GSTA4-4, which conjugates 4HNE to GSH, and
RLIP76, which transports the conjugate, GS-HNE, out of cells. It has been shown that
elevated 4HNE levels in cells cause apoptosis, and cancer cells can evade apoptosis by the
upregulation of GSTs and RLIP76 and consequent lowering of 4HNE levels (Cheng et al.,
2001a; Yang et al., 2001; Awasthi et al., 2002; Awasthi et al., 2003b).

The inhibition of RLIP76-mediated ATP-dependent transport of GS-HNE results in
apoptosis in all cancer cell types studied so far in our laboratory (Singhal et al., 2009a;
2009d). More importantly, blocking the transport of GS-HNE by RLIP76 inhibition, and
thereby increasing intracellular 4HNE, leads to complete and sustained remission of
melanoma, colon, lung, prostate, kidney, and pancreas xenografts in nude mice (Singhal et
al., 2006; 2007; 2009a—c; Leake et al., 2012). These remarkable findings further emphasize
the significance of 4HNE to cancer. Available evidence suggests that a basal constitutive
level of 4AHNE may be required for normal cellular processes (Awasthi et al., 2005a). It has
been suggested that under the conditions of oxidative stress, when the concentration of
4HNE rises above this basal constitutive window, 4HNE induces proapoptotic signaling;
whereas, depletion of 4HNE to levels below this physiological window promotes
proliferation and transformation (Sharma et al., 2004b). These results are consistent with the
idea that 4HNE plays a key role in stress signaling pathways.

The role of the 4HNE in transducing membrane receptor-mediated signaling is further
confirmed by our studies which show that the over-expression of RLIP76 in response to the
increased level of 4HNE leads to greater endocytosis of the EGF receptor. RLIP76 along
with the POB1 (partner of RLIP76) has been shown to be present in signal transduction
complexes for membrane tyrosine-kinase receptors (such as EGF-R) and are phosphorylated
(Nakashima et al., 1999; Oosterhoff et al., 2003; Yadav et al., 2007; Singhal et al., 2008a).
The inhibition of endocytosis in the transport-deficient mutants of RLIP76 further supports
the idea that the transport and endocytotic functions of RLIP76 are regulated by the cellular
concentration of 4HNE and GS-HNE (Singhal et al., 2011).
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Accumulation of 4HNE in cells leads to apoptosis - clinical implications

Genetic alteration and DNA damage during oxidative stress are major risk factors in many
disease conditions (Feng et al., 2004; Evans et al., 2004), and electrophilic products of LPO
are important contributors to the progression of several pathological states. ROS-induced
DNA damage promotes cytotoxicity and also contributes to the pathophysiology of a number
of diseases including cardiovascular, cancer, neurodegenerative, autoimmune and diabetic
complications (Hayes and Pulford, 1995; Talalay, 2000; Dianzani, 2003; Evans et al., 2004).
Normally ROS are readily detoxified by the cellular anti-oxidative system but excessive
amounts of ROS causes increased lipid peroxidation and lipid aldehyde formation
(Esterbauer, 1993; Li et al., 1996; Hammer et al., 1997; Kruman et al., 1997; Uchida, 2000).
One of the most toxic and abundant lipid aldehydes in biological system is 4HNE, formed
by the oxidation of w-6-PUFAs in the plasma membrane (Esterbauer et al., 1991). 4HNE in
the nucleus may form adducts with DNA as well as proteins, resulting in cytotoxicity and
genotoxicity (Esterbauer, 1993; Knoll et al., 2005), and all four DNA bases are the targets
for 4HNE adduct formation (Esterbauer et al., 1991; Feng et al., 2004; Evans et al., 2004).
Although previous studies investigated the genotoxic effects of 4HNE, the concentrations of
4HNE (>100 uM) used to study its genotoxic effects are barely attainable in /n-vivo
conditions during oxidative stress (Knoll et al., 2005).

Overall, 4HNE exerts physiologically beneficial effects depending on its intracellular
concentration. Lower intracellular concentrations (< 2 uM) of 4HNE seems to be beneficial
to cells as they promote cell survival and proliferation (Vatsyayan et al., 2012). Higher
concentrations of 4HNE (10 to 60 uM) have genotoxic effects since they lead to sister-
chromatid exchange, micronuclei formation and DNA fragmentation (Brambilla et al.,
1986). At concentrations > 100 uM, 4HNE and related aldehydes cause lethal toxicity, and at
these concentrations, inhibition of glycolytic enzymes, mitochondrial respiration, DNA and
protein synthesis also occurs (Chandra and Srivastava, 1997; Bartsch and Nair, 2006).

4HNE is continually generated in cells due to the peroxidation of unsaturated lipids. Its
intracellular concentration is regulated by enzymes such as GSTs, aldehyde dehydrogenases,
and aldose reductases in coordination with transporters such as RLIP76 (RalBP1) and MRP1
that catalyze the efflux of its metabolites regulate its intracellular concentrations (Cheng et
al., 2001a; Ramana et al., 2006; Awasthi et al., 2008a). GSTs catalyze the conjugation of
4HNE to GSH which is the major pathway for disposition of 4HNE. The glutathione-
conjugate of 4HNE (GS-HNE) can be further processed by aldehyde dehydrogenase or AR
to yield the corresponding acid or alcohol, respectively (Ramana et al., 2006), but the
majority of GS-HNE is transported by RLIP76 for excretion or furthered processed to
mercapturic acids (Awasthi et al., 2002; 2003b; 2008b; Singhal et al., 2009d). Blocking the
transport of GS-HNE leads to the buildup of intracellular GS-HNE and HNE levels in cell
cultures as well as /n vivoin mGSTA4 knockout and RLIP76 knockout mice (Engle et al.,
2004; Awasthi et al., 2005b; Singhal et al., 2008b; 2008c; Warnke et al., 2008; Chaudhary et
al., 2013). Two lines of evidence implicate the potential therapeutic role of buildup of GS-
HNE in cancer cells. When cancer cells in culture are coated with RLIP76 antibodies to
block the transport of the GSH-conjugates of 4HNE or its metabolites, they undergo
apoptosis in the absence of any stressor (drugs, H,O,, UV, etc.). Additionally, the inhibition
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of the transport functions of RLIP76 by RLIP76-interacting proteins, POB1 and HSF1, also
leads to apoptosis of cancer cells, further supporting the role of 4HNE and GS-HNE as
regulatory signals for various cellular processes (Singhal et al., 2008a). Induction of
apoptosis in cancer cells by blocking the transport of GS-HNE may have major implications
for cancer therapy (Fig 1A).

Anti-RLIP76 1gG induce apoptosis by blocking transport of GS-HNE

If stress preconditioned cells acquired resistance to 4HNE and oxidative stress-induced
apoptosis by accelerated elimination of 4HNE from cells through an increased formation
and transport of GS-HNE, one would expect that this resistance could be overcome by
blocking the transport of GS-HNE. Indeed our results show that stress preconditioned cells
become sensitive to HoO, and 4HNE induced apoptosis when coated with anti-RLIP76 1gG
which blocks the transport of GS-HNE (Cheng et al., 2001a; Yang et al., 2003b). Coating
with pre-immune 1gG had no effect and the stress-preconditioned cells remained resistant to
H»0,. 4HNE induced apoptosis and the efflux of GS-HNE from cells was not affected.
However, when stress-preconditioned cells were coated with anti-RLIP76 1gG and then
treated with 4HNE or H,0,, GS-HNE efflux was inhibited and apoptosis was observed in
these cells (Cheng et al., 2001a; Yang et al., 2001; 2003b). These results provide strong
evidence that 4HNE mediates signaling for apoptosis in cells stressed with oxidants or heat.
More importantly, these results demonstrate that RLIP76 mediates the transport of GS-HNE
and is one of the major determinants for intracellular concentration of 4HNE (Sharma et al.,
2002; Singhal et al., 2009d). Thus, it appears that the maintenance of intracellular 4HNE is
crucial for cell cycle signaling.

4HNE is continually formed in cells because of the presence of ROS generated in the
metabolic processes and also due to exogenous stimuli (e.g. exposure to xenobiotics). Its
disposition therefore, is crucial and a block in this process could lead to apoptosis as
indicated by our studies showing that anti-RLIP76 1gG can cause apoptosis without
treatment with other apoptotic agents (Awasthi et al., 2003c; 2003d). Our studies suggest
that cells mobilize mechanisms to remove of excess 4HNE even quicker than the induction
of heat shock proteins and antioxidant enzymes. Even a slight increase in 4HNE levels may
influence cell cycle signaling (YYang et al., 2003a; Chaudhary et al., 2013). Exposure of cells
to 42 °C for 30 minutes or 50 UM H,0, for 20 minutes results only in a 50% increase in
4HNE concentrations above its basal levels, but this is accompanied by a transient activation
of INK that quickly subsides as the cells acquire the capacity to exclude 4HNE and bring
concentrations to basal ‘physiologic’ levels. These studies suggest that there is a narrow
window for the basal levels of 4HNE that is tightly controlled by factors facilitating its
metabolism and exclusion from cells (Cheng et al., 2001a—c; Yang et al., 2001; 2003b).
Regulation of 4HNE homeostasis therefore, seems to be an important factor in stress-
mediated signaling and the intracellular concentration of 4HNE (of which GSTs are primary
regulators) may be important in determining whether cells undergo apoptosis,
differentiation, or proliferation.
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4-Hydroxyhexenal (4HHE)

Lipid peroxidation and its end-product, 4-hydroxyhexenal (4HHE), are known to affect
redox balance during aging, which causes various degenerative processes including vascular
alterations from endothelial cell deterioration. 4HHE is a reactive byproduct of n-3 fatty acid
peroxidation and is structurally similar to 4HNE, which is derived from n-6 fatty acids, but
its biological actions and efficacies may vary greatly from 4HHE (Esterbauer et al., 1991).
Heme oxygenase-1 (HO-1) is a cyto-protective enzyme with antioxidant and anti-
inflammatory properties. 4HHE, an end product of n-3 polyunsaturated fatty acids
peroxidation, activate Nrf2/HO-1 pathway in human umbilical vein endothelial cells
(HUVECSs) and 3T3-L1 adipocytes, and protect cells from oxidative stress in Nrf2-
dependent manner. These results strongly suggest the concentration of 4HHE but not the
concentration of 4HNE was significantly increased after fish-oil treatment in all tissues of
C57BL/6 mice, and the expression of HO-1 mRNA was also significantly increased after
fish-oil treatment. In conclusion, the concentration of 4-HHE was closely related to the fatty
acid composition of docosahexaenoic acid (DHA) in all tissues and thus DHA content was
positively correlated with 4HHE concentration. Therefore, the relationship of DHA content
to 4HHE concentration and HO-1 mRNA expression in these tissues suggest that 4AHHE
derived from DHA may induce HO-1 mRNA expression through activation of Nrf2
(Nakagawa et al., 2014). Another report also shows that 4HHE induces activation of the
NFxB pathway in YPEN-1 cells, resulting in elevated expression of inducible nitric oxide
synthases (iNOs) and nitric oxide production (Lee et al., 2004; Yang et al., 2008). Hence,
increases in HO-1 expression in various tissues by fish-oil supplementation can be
considered to be the explanation for the pleiotropic effects of n-3 PUFAs.

Discussion

Reactive aldehydes, such as 4HNE, have been implicated as inducers that generate
intracellular ROS which activates stress signaling pathways. These stress pathways integrate
with additional signaling pathways to control cellular responses to extracellular stimuli
(Awasthi et al., 2008a; Esterbauer et al., 1991; Laurora et al., 2005; Yadav et al., 2008;
Dalleau et al., 2013). Conjugation of 4HNE to GSH by GSTA4-4 is a major route of
elimination for 4HNE, a toxic LPO product that contributes to numerous diseases and has
been suggested to be involved in stress-induced signaling for apoptosis (Sharma et al.,
20044a; Balogh et al., 2010). GSTs belong to a supergene family of multifunctional enzymes
which are primarily believed to be involved in Phase |1 biotransformation reactions (Jakoby,
1978; Hayes et al., 2005; Zimniak and Singh, 2006). Exposure of cells and tissues to
xenobiotics or physico-chemical sources of oxidative stress (e.g. UV) causes the generation
of ROS which, in turn, can damage by interacting with cellular macromolecules such as
DNA, proteins, and lipids, as well as form secondary toxic products. ROS-initiated lipid
peroxidation is highly damaging to cells because a single oxidative event can start a chain
reaction leading to the formation of large amounts of LPO products including toxic
electrophiles such as 4HNE (Esterbauer et al., 1991). In recent years, 4HNE has been
identified as an important second messenger involved in signaling for cell cycle arrest,
differentiation, apoptosis and regulation of the expression of a multitude of genes including
p53, in cells of diverse origin (Awasthi et al., 2003a; 2008a; Sharma et al., 2008b). P53 plays
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an important role in apoptosis, growth arrest, genomic stability, cell senescence, and
differentiation (Laurora et al., 2005). It is normally maintained at a low concentration in
cells due to its relatively short half-life. Since generation of 4HNE has been suggested to be
a common factor in mechanisms of apoptosis caused by diverse forms of oxidative stress
(Cheng et al., 2001a; Yang et al., 2003b), it is likely that 4HNE would also affect the
expression and activation of p53 (Sharma et al., 2008b). Thus, it is possible that 4HNE-
mediated activation of p53 may be one of the mechanisms responsible for 4HNE-induced
apoptosis reported in many cell types (Kruman et al., 1997; Liu et al., 2000; Laurora et al.,
2005; Sharma et al., 2008b). This would suggest that this effect of 4HNE is not limited to a
specific cell line and is perhaps a generalized phenomenon.

Sharma et al, have also shown that the induction of p53 in tissues of mGST-A4 knockout
mice correlate with elevated levels of 4HNE due to impaired metabolism (Sharma et al.,
2008b). Together, these studies suggest that 4HNE is involved in p53-mediated signaling in
in-vitro cell cultures as well as /n vivothat can be regulated by GSTs (Engle et al., 2004;
Sharma et al., 2008b). Numerous studies by other investigators confirm that 4HNE plays a
major role in apoptosis signaling (Awasthi et al., 2003a; Balogh and Atkins, 2011). This
implies that the alpha-class GSTs, including GSTA4-4, that regulate LPO and 4HNE levels
in cells play an important role in stress-induced signaling. Furthermore, these findings
reaffirm that the GSTA4-4 play a key role in regulating LPO by terminating the autocatalytic
chain of lipid peroxidation. These findings strongly suggest that LPO products may be a
common link amongst signaling mechanisms for apoptosis by oxidative stress, chemical
agents, and UV irradiation (Awasthi et al., 2008a). More importantly, these studies strongly
indicate that GSTs can influence stress-mediated signaling by regulating the intracellular
levels of LPO products. Studies highlighted in this review strongly suggest that 4HNE not
only is involved in stress-mediated apoptosis but also can affect cell-cycle signaling events
in a concentration-dependent manner.

Conclusions

The role of LPO products, particularly 4HNE in cell cycle signaling is becoming
increasingly clear. One of the most plentiful products of LPO is the signaling molecule
4HNE, an «, B-unsaturated carbonyl, which is believed to be responsible for many
cytopathological effects observed during inflammatory and oxidative stress (Dianzani,
2003). 4HNE causes DNA damage and G2/M arrest, and over-expression of the alpha-class
GSTA4-4 inhibits 4HNE-induced cell arrest (Chaudhary et al., 2013). Hence, 4HNE and
GSTA4-4 could play a role in the maintenance of genomic integrity. These studies also
suggest that the a-class GSTs can modulate cell survival and death signaling by regulating
the intracellular concentrations of 4HNE which reinforces our previous assertion that these
enzymes play an important role in the overall regulation of ROS-induced signaling. Thus,
we suggest that 1) 4HNE, a secondary product of lipoperoxidation, can form protein adducts
and modifies cell signaling, 2) 4HNE causes dose- and time-dependent increases in DNA
damage, 3) the genotoxic effect of 4HNE may be ameliorated by modulating the cellular
GSH levels, 4) over-expression of 4AHNE-detoxifying enzymes such as GSTA4-4 may be a
main cellular defense against oxidative stress-induced genotoxicity, 5) 4HNE is accumulated
in numerous oxidative stress-related diseases, such as cardiovascular diseases, metabolic
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syndrome and cancer, and 6) RLIP76 mediates ATP-dependent transport of glutathione-
conjugate of 4HNE (GS-HNE). These observations raise the possibility that the glutathione-
conjugates of LPO products function as novel mediators of cell signaling and growth.
Further studies on specific interactions of 4HNE with various membrane receptors,
transcription factors, repressors, and other target proteins may provide clues to the
mechanisms by which of 4HNE affects these various cellular processes.
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Highlights
e  GSTs are the major determinants of the intracellular concentration of 4HNE

«  Higher concentrations of 4HNE promote apoptosis whereas lower promote
proliferation

«  Stress-mediated signaling can be modulated by the a-class glutathione S-
transferase

»  Genotoxic effect of 4HNE may be ameliorated by modulating the cellular GSH
levels

e RLIP76 (RalBP1) mediates ATP-dependent transport of GSH-conjugate of
4HNE (GSHNE)
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A
Role of GSTs and 4HNE in the Signaling Process
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Figure 1. Proposed model for GST and RLIP76 function
A model for control of signaling by GST and RLIP76 through regulation of cellular levels of

4HNE and its metabolites such as GS-HNE. RLIP76 is a transporter of glutathione-
conjugates of carcinogenic electrophiles (GS-E) arising from xenobiotic compounds as well
as endogenously generated electrophilic compounds, particularly metabolites of lipid-
peroxidation of w-6 fatty acids (linoleic, y-linolenic, arachidonic). 4HNE has been shown to
have high toxicity to mammalian cells, can inactivate various enzymes and also inhibit DNA
and protein synthesis. 4HNE and or its related bioactive metabolites can damage DNA,
leading to formation of pro-mutagenic lesions in inflammation-driven cancers (A).
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Schematic representation of the non-monotonic relationship between tissue 4AHNE
concentration and loss of biological homeostasis. Details are provided in the text under the
heading “Role of 4HNE in aging” (B).
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