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ABSTRACT OF THE DISSERTATION

Role of reactive lipid mediators in oxidative stress-induced toxicity

By RUJIN ZHENG

Dissertation Director

Professor Jeffrey D. Laskin

The overall goal of this study is to investigate the role of reactive lipid
mediators generated during oxidative and nitrosative stress on adaptive
responses in corneal epithelial cells and skin keratinocytes. Adaptive responses
include changes in enzymes in the detoxification of reactive intermediates, stress
response genes and antioxidants. The skin and cornea are highly sensitive to
oxidative stress induced environmental insults such as ultraviolet light and
various chemical toxicants. Oxidative stress is associated with the excessive
generation of highly toxic intermediates including superoxide anion, hydrogen
peroxide and hydroxyl radicals. By initiating lipid peroxidation, these reactive
oxygen species (ROS) can generate a, -unsaturated hydroxyalkenals. One of
these electrophilic species is 4-hydroxynonenal (4-HNE), a relatively abundant
reactive aldehyde. Nitration products of unsaturated fatty acids including
electrophilic fatty acid nitroalkenes represent another important class of

endogenous lipid mediators formed in response to nitrosative stress. Nitro-fatty
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acids such as nitrooleic acid, as well as 4-HNE can form adducts with
biomolecules via Michael addition, most notably, proteins. By reacting with
signaling proteins, nitrooleic acids and 4-HNE can regulate their function and
control expression of adaptive response proteins. In the present studies we
characterized the effects of 4-HNE and nitrooleic acids on expression of adaptive
response genes in corneal epithelial cells and keratinocytes. We also examined
signal transduction pathways mediating changes of these genes including
mitogen-activated protein kinases and phosphoinositide 3-kinase signaling. We
also evaluated the role of caveolae in mediating the actions of 4-HNE and the
nitro-fatty acids. This thesis is divided into four parts: 1. The generation of 4-
hydroxynonenal in rabbit cornea organ cultures treated with UVB light and
nitrogen mustard; 2. Modulation of keratinocyte expression of antioxidants by 4-
HNE; 3. Regulation of keratinocyte expression of stress proteins and antioxidants
by 9- and 10-nitrooleic acid; and 4. Differential metabolism of 4-HNE in liver, lung
and brain of mice and rats. These findings indicate that 4-HNE and electrophilic
nitrofatty acids effectively modulate expression of antioxidant enzymes in corneal
epithelial cells and keratinocytes. Changes in expression of adaptive response
genes in these cells may be important in protecting the eye and skin from

oxidative stress.
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INTRODUCTION

1. Oxidative stress and reactive species

Oxidative stress has been implicated in the pathogenesis of a wide range
of disorders and diseases. It involves reactive oxygen species (ROS) and
reactive nitrogen species (RNS), which are continuously formed in biological
systems (Emerit et al., 2004). Excess amounts of these reactive species are
formed in tissues during oxidative stress. ROS and RNS can react with
biomolecules including proteins, DNA and lipids, a process that contributes to

tissue injury (Bergamini et al., 2004).

1.1 Reactive oxygen species (ROS)
Formation of ROS

When aerobic organisms obtain their energy through respiratory reactions
via mitochondria, oxygen is reduced into water. During this process, ROS are
generated as by-products due to the leakage of electrons from metabolic
processes (Turrens, 2003). Small amounts of ROS, typically superoxide anion
radical (*Oz’), hydrogen peroxide (H20) and hydroxyl radial (*OH), are formed
when oxygen is only partly reduced. Under normal circumstance, about two to
three percent of the consumed oxygen in cells is converted to *O," and its
derivatives (Chance et al., 1979). Complex | (NADH: ubiquinone oxidoreductase)
and complex Il (ubiquinol: cytochrome ¢ oxidoreductase) in the mitochondria

electron transport chain are the major sites for <O, formation in mammals



(Kussmaul and Hirst, 2006). NADPH oxidases in cell membranes and
cytochrome p450-dependent oxygenases can also generate *O,". Once formed,
*O7" can be further converted to form H202 and OH", as shown in the reactions
below (Han et al., 2001).
0, 0, Fe*' Fe**

0, + ¢ —»90; \_/‘, H,0, \_/L eOH + H—> H,0

Some endogenous H,O; is derived from the dismutation of <O, , while
some is formed directly via two-electron reduction of O, catalyzed by flavoprotein
oxidases (Han et al., 2001). Compare to *O5 , H,O, is a more stable and weaker
oxidizing agent. It is able to diffuse across membranes and react with targets
distant from its site of origin (Ohno and Gallin, 1985). In the presence of
transition metals such as iron or copper, H,O, can be reduced to the more
reactive oxidant «OH, which readily reacts with macromolecules at diffusion-
controlled rates. Unlike other types of ROS, cells lack enzymes to eliminate «OH.
Endogenous antioxidants such as melatonin and glutathione are involved in the
protective mechanism against *OH toxicity (Reiter et al., 1997; Pocernich et al.,
2000).

UV radiation and xenobiotics such as alkylating agents can also stimulate

the generation of ROS (Heck et al., 2003).

Reactivity of ROS
Among all biological targets for ROS, lipids are the most reactive (Niki et

al., 2005). As one of the major components of cell membranes, such as the



plasma membrane and mitochondrial membrane, lipids are exposed to both
external and internal source of ROS. The peroxidation of membrane-associated
fatty acids alters membrane structure and leads to membrane dysfunction. ROS-
mediated lipid oxidation occurs as a self-propagating chain reaction resulting in
the amplification of injury. The details and importance of lipid peroxidation will be
described further below.

The oxidative reactions between protein and ROS are initiated by free
radicals via the abstraction of a-hydrogen atoms from amino acid residues,
especially methionine, aromatic and heterocyclic amino acids (Dickinson and
Chang, 2011). Proteins modification includes a series of structural changes that
result in the addition of carbonyl groups, fragmentation of peptides, protein-
protein cross-linking and aggregation. These changes can alter or damage the
function of protein (Lushchak, 2007).

ROS can also cause DNA degradation either via a one-electron oxidation,
hydrogen abstraction, or singlet oxygen oxidation (Wiseman and Halliwell, 1996).
Compared to lipid and protein, ROS-mediated damage to DNA is slower and
more site specific. The primary active site of ROS-induced DNA modification is
guanine (Wiseman and Halliwell, 1996). This is due to its lower ionization
potential when compared to other DNA bases. 8-oxo-7, 8-
dihydroxydeoxyguanosine (8-OHdG) is a typical DNA modification product
resulting from oxidative stress. Thymine glycol is another oxidative base lesion

induced by ROS (Cooke et al., 2003). These oxidative lesions can cause base



transversion that mispairs double strand DNA leading to strand breaks and

mutations (Cooke et al., 2003).

1.2 Reactive nitrogen species (RNS)

Endogenous nitric oxide (NO) is generated during enzymatic L-arginine
oxidation catalyzed by nitric oxide synthases (Bredt, 1999). It has been found in
almost all types of cells and tissues (Arkenau et al., 2002; Lanas, 2008;
Mackenzie et al., 2008; Rossi et al., 2010). The reactivity of NO is partly
reflected by its small size and lipophilicity. More importantly, NO is a free radical
and reacts with a broad range of target molecules including proteins, lipids and
other free radicals. The opposing responses observed in some NO-induced
biological processes are concentration-dependent. Low concentrations of NO
can act as a signaling molecule and trigger physiological process, while
excessive or inappropriate production of NO mainly contributes to pathological
effects. In fact, many of the NO-induced effects are mediated by NO derivatives
including N2O3, ONOQO", NO’, NO, and so on. Most of these reactive nitrogen
species (RNS) originate from the reaction of NO with oxygen or superoxide anion
(Hughes, 2008). N,O; is formed from successive reactions of NO with oxygen
molecules. NO.is first generated through the oxidative reaction of NO by O,, as
NO levels increases, N2Os is formed. N,O3 can further convert to nitrite in
aqueous environments. Reaction of NO with <O, produces peroxynitrite, which
has been considered a primary oxidant and nitration mediator (Ducrocq et al.,

1999). Peroxynitrite refers to the exchangeable acid-base pair, peroxynitrous



acid (ONOOH) and peroxynitrite anion (ONOQO’). Several decay or isomerization
pathways of peroxynitrite are reported to generate reactive free radicals such as
hydroxyl radical and nitrogen dioxide radical (Beckman et al., 1990). The
interactions of peroxynitrite with target molecules are mediated by either these
radical intermediates or their original forms (Szabo et al., 2007).

Nitrosative or oxidative interactions with proteins represent one of the
major activities of NO/RNS. The transition metal centers in proteins are key
targets of NO, particularly in direct NO-protein interactions. As for other RNS,
cysteine, methionine, tyrosine and tryptophan are the most susceptible amino
acids. Lipids are also sensitive to RNS. RNS are able to initiate and propagate
lipid peroxidation (LPO) reactions that are involved in many diseases processes
(Shi et al., 1999; E. S. Rudakov, 2001). LPO causes membrane permeability
changes including ion channel disruption and cell death, and induces the
production of phospholipid hydroperoxides resulting in disruption of membrane
function (Niki et al., 2005). Nucleic acid is another important target of RNS.
Base and sugar modification and single strand breaks have been identified in

NO-initiated DNA damage (Tamir et al., 1996).

1.3 Lipid peroxidation

Lipids, such as phospholipids, cholesterol, cholesterol ester and
triglycerides, are a diverse group of naturally occurring organic compounds with
fundamental functions and characterized by their high hydrophobicity. They are

structural constituents in cell membranes, acting as thermal and electrical



insulators. Lipids also serve as a source of energy during mitochondrial
respiration in different tissues (van Meer et al., 2008). The susceptibility of lipids
to ROS and RNS are determined by the sensitive structural moieties including
fatty acid, cholesterol ring and side chains. LPO has been shown to alter the
cellular fine structure, function and permeability of biological membranes. LPO
can generate toxic products that are also able to modify critical cellular molecules,
and further propagate the activities of ROS and RNS. Thus, LPO has been as
one of the major mechanisms by which ROS initiates toxicity. The levels of LPO
products can be used as a biomarker for measuring oxidative stress (Niki et al.,
2005).

As abundant constituents of membranes, polyunsaturated fatty acids
(PUFA) are fatty acids containing 2 or more double bands in their backbones that
determine their activity to diverse oxidants or free radicals. The oxidation of
PUFA leads to the formation of a wide range of products including reactive
aldehydes and nitro fatty acids (Negre-Salvayre et al., 2008). The complexity of
the lipid peroxidation products depends on the structure of the fatty acid. The
oxidation reactions are mainly driven by either non-enzymatic oxidation or

enzymatic oxidation (Niki et al., 2005).

Free radical mediated LPO
The non-enzymatic peroxidation of unsaturated fatty acids is mediated by
free radicals, a molecule with one or more unpaired electrons. Hydroxyl radicals

(*OH), perhydroxyl radicals (HO.*), alkoxyl radicals (RO®) and peroxyl radicals



(ROQ®) are typical free radicals with unpaired electrons and have sufficient
energy to initiate lipid peroxidation (Smith and Murphy, 2008). Free radical
mediated LPO is initiated by abstracting a hydrogen atom from a methylene
carbon along a fatty acid chain, which leaves a lipid radical containing an
unpaired electron on the carbon. The carbon-centered lipid radical (L*) then
undergoes a molecular rearrangement and reacts with oxygen to generate lipid
peroxyl radicals (LOO®), LOO*® then abstracts a hydrogen atom from adjacent
fatty acids to form a new lipid radical. Therefore, a single radical can convert one
substrate lipid to multiple lipid peroxyl radicals, rapidly propagating the chain
reaction of lipid peroxidation. Several factors such as the local oxygen
concentration and the presence of chain-breaking antioxidants can determine the
extent of the lipid peroxidation chain reactions (Gutteridge, 1995). The
breakdown of lipid peroxides yields a diversity of secondary products and many

of them are biologically active (Uchida et al., 1999).

Enzyme catalyzed lipid peroxidation

It has been known that lipoxygenases (LOX), cyclooxygenases (COX) and
cytochrome P (CYP) 450 enzymes are key enzymes driving the lipid peroxidation
(Niki et al., 2005). The enzymatic LPO is localized only at the active center of
enzymes. Thus, the hydroperoxides and endoperoxides produced are regio- and
stereo-specific, indicating important biological functions. For example, 15-
lipoxygenase converts linoleate to 13(S)-9-cis, 11-trans-hydroperoxylinoleic acid

(HPODE) exclusively, while free radical-induced LPO produces both 9- and 13-



(R, S)-cis, trans- and trans, trans-HPODE (Folcik et al., 1995). Cytochrome P-
450 is also known to oxidize arachidonic acid to give three different products

(French et al., 1997).

1.4. Electrophilic products of lipid peroxidation

The products of LPO generated by free radical pathways are not well
regulated. The sustained production of these products leads to their
accumulation in lipoproteins where they are formed, and affect distal cellular
compartments through lipid circulation (Niki et al., 2005). Increased LPO levels
have been detected in tissue damaged in response to toxic chemicals and in
many diseases (Romero et al., 1998). Furthermore, damaged tissues with
disrupted antioxidant system can generate peroxides more quickly than healthy
tissues (Yagi, 1987). The sequence of events can be described as: diseased or
toxin-damaged cells lead to increased levels of lipid peroxidation, resulting in cell
death and tissue damage.

At the same time, increasing evidence has also demonstrated that some
electrophilic secondary products of LPO can act as signaling molecules and
initiate protective responses. Among these electrophilic products, the reactive
o, B-unsaturated aldehydes and nitro fatty acids are most widely studied

(Schopfer et al., 2011).

Formation of 4-HNE



Various small molecular weight a, B-unsaturated carbonyls such as
acrolein, 4-hydroxy-2-nonenal and malonaldehyde, are decomposition products
generated during LPO (Negre-Salvayre et al., 2008). Unlike the initial free
radicals, these reactive aldehydes are longer lived and diffuse across
membranes to attack targets distant from where LPO takes place. The a, -
unsaturated carbonyls can modify many bio-molecules to cause deleterious or
beneficial consequence determined by their local concentration and targets (Witz,
1989). Proteins and peptides, notably on cysteine, lysine and histidine residues,
can form stable covalent adduct with these carbonyls via Michael addition
(Grimsrud et al., 2008).

Among all a, B-unsaturated carbonyls from LPO, 4-hydroxynonenal (4-
HNE, Fig. I) is a characteristic reactive aldehydes product and biomarker of LPO
in response to oxidative stress (Poli et al., 2008b). Within cells, 4-HNE is
generated mainly through the breakdown of the polyunsaturated fatty acids, such
as linoleic and arachidonic acid, during non-enzymatic lipid peroxidation (Poli et
al., 2008b). Levels of 4-HNE can be affected by redox status. The average
basal concentration of 4-HNE in healthy human blood has been reported to be in
the range of 0.05-0.15 uM (Michel et al., 1997).

3

/Y\/\R—’O/ PN

OOH OH

Lipid peroxide 4-hydroxynonenal
(a,B-unsaturated carbonyl)

Fig. | 4-HNE generation from lipid peroxidation
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Chemical reactivity of 4-HNE

Three important functional groups in the 4-HNE structure including the
carbonyl group, the carbon-carbon double bond, and the hydroxyl group
contribute to the high reactivity and diverse biological effects of 4-HNE. The
conjugation of C=C double bond and C=0 carbonyl group form a partially
positive charge on carbon 3 (Fig. I) and the hydroxyl group at carbon 4 increases
the charge by polarizing the C=C double bond. Therefore, carbon 3 is very
vulnerable to the nucleophilic attack. With the synergistic action of these three
groups, 4-HNE can react with biomolecules containing nucleophilic centers
though Michael additions and Schiff base formation (Poli et al., 2008b). These
chemical reactions are responsible for most of the biological effects of 4-HNE. It
has been estimated that 1-8% of total endogenously formed 4-HNE is consumed
by protein modification, presenting a major mechanism by which 4-HNE affects
physiological and pathological processes (Siems and Grune, 2003). The
conjugation of 4-HNE with amino acids does not randomly occur. It forms protein
adducts with three major side chains in order of: Cys >> His > Lys.

The Michael addition occurring at carbon 3 of 4-HNE with amino acids
introduces a peptide or a protein across the C=C double bond. The addition
product then undergoes rearrangement to form a cyclic adduct. The structural
change leads to the alteration of function (Petersen and Doorn, 2004). The
reactivity of different amino acid residues, the polarity of the environment (Liu et
al., 2003), and the tertiary/quaternary structure of proteins define the site at

which 4-HNE reacts. 4-HNE is commonly formed in membranes and can be
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translocated to cytosol or extracellular space (Uyoga et al., 2012; Vazdar et al.,
2012). Atlow concentrations, 4-HNE-protein adduct formed with Lys have been
found to be reversible, indicating a potential role of 4-HNE as a signaling
molecule (Sayre et al., 2006; Smathers et al., 2012).

4-HNE is genotoxic by reacting with all DNA bases via two mechanisms.
1, N2-propano-dexyguanosin (HNE-dG) adducts are predominantly formed in
isolated DNA treated with 4-HNE by direct interaction with guanosine (Nath and
Chung, 1994). Other types of derivatives are of significantly lower yield in all
investigated conditions. In 4-HNE treated human monocytes, HNE-dG adducts
account for more than 95% of the overall damaged DNA products (Douki et al.,
2004). The other way for HNE to cause DNA mutations is a little more
complicated. 4-HNE is first oxidized to its epoxide structure and then forms
exocyclic etheno adducts with DNA bases (Nair et al., 1999). The 4-HNE-DNA
exocyclic adducts have been implicated in the regulation of tumor suppressor

gene p53 (Hu et al., 2002).

4-HNE in human pathology

The observations of elevated levels of 4-HNE in many human diseases
suggest the involvement of 4-HNE in progression of pathological phenomenon
(Lovell et al., 1997; Montine et al., 1997; Sayre et al., 1997; Zarkovic, 2003).
Moreover, the sustained increase in 4-HNE steady levels indicates that the

generation of 4-HNE has clinical relevance during the chronic disease
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development. Inflammation and inflammation-related fibrosis represent typical

features where 4-HNE is involved in disease progression (Poli and Schaur, 2000).

Liver diseases. Intracellular 4-HNE adducts have been identified in a
panel of chronic liver diseases. 4-HNE immuno-staining was detected in 24 of 39
biopsies of chronic liver diseases, including chronic hepatitis, metabolic diseases,
alcoholic liver disease, primary biliary cirrhosis and extrahepatic cholestasis,
while no immune-staining was observed in normal livers (7 biopsies) (Paradis et
al., 1997). Of 15 cases of chronic hepatitis (A, B and C), the presence of 4-HNE
immunostaining was evident in 60% of the cases, although the strength of the
staining has no correlation to the state of fibrosis. In case of non-alcoholic
steatohepatisis, which has been suggested to be related to hepatocellular
carcinoma, 4-HNE was detected within hepatocytes and sinusoidal cells with a
significant correlation between the intensity of 4-HNE and the severity of fibrosis
(Hashimoto and Tokushige, 2012). Specific labeling of 4-HNE was also detected
in foci of alcoholic necrosis and in bile duct epithelia of primary biliary cirrhosis.
The levels of 4-HNE in plasma and erythrocytes were also significantly higher in

these patients compared to control group (Mottaran et al., 2002).

Lung diseases. 4-HNE-modified proteins have been reported in lung
diseases as well. Oxidative stress and subsequent inflammation are involved in
the pathogenesis of chronic obstructive pulmonary disease (COPD). Among 23

invested biopsies, elevated levels of 4-HNE-protein were detected in alveolar
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epithelium and airway endothelium in COPD positive samples (Rahman et al.,
2002). Increased expression of TGF- was also observed at sites where
enhanced 4-HNE was located, implying the participation of 4-HNE in lung
inflammation. Ozone can cause acute pulmonary inflammation and has been
reported to induce aldehyde levels during the development of chronic disease.
Increased 4-HNE protein adducts at 32 kDa and 72 kDa were demonstrated in
bronchoaveolar lavage cells obtained from ozone exposed individuals (Hamilton

et al., 1998).

Neurological diseases. Similar to liver and lung, the involvement of 4-
HNE in neurological diseases has also been reported, particularly in brain
samples from individuals with Alzheimer’s disease (AD) and Parkinson’s disease
(PD). Montine et al. (1997) demonstrated 4-HNE-pyrrole adducts formation in
half of all neurcfibrillary tangles from brain tissues of AD in contrast to controls.
Consistent with these studies, another group (McKracken et al., 2001) reported
that 4-HNE positive immunostaining was significantly elevated in neurons of the
hippocampus in six out of seven AD patients. Affected neurons in Parkinson’s
disease contain protein aggregates known as Lewy bodies. Elevated HNE-lysine

adducts in Lewy bodies have been observed (Sayre et al., 1997).

Cardiovascular diseases. The involvement of 4-HNE in atherosclerosis
was first demonstrated in late 1980’s by Yla-Herttuala et al. (1989). Both rabbits

and humans with atherosclerotic lesions have been shown to contain 4-HNE-
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lysine adducts in oxidized LDL, but not in plasma LDL or normal LDL. A human
carotid study provided further evidence that 4-HNE-protein adducts were formed
in atherosclerotic plaque in the core region of human carotids (Prunet et al.,
2006). Increased levels of free 4-HNE was also detected in erythrocytes from

patients with circulatory shock (Prunet et al., 2006).

Kidney diseases. Oxidative stress is a typical feature of renal disease
and is thought to mediate the progression of renal injury. In adult patients
undergoing hemodialysis, 4-HNE-protein adducts were markedly increased
(Usberti et al., 2002). High levels of 4-HNE adducts were also visible in anemia

HD patients (Siems et al., 2002).

Other disorders. 4-HNE deposition has also been found in other
diseases including type Il diabetes (Toyokuni et al., 2000), autoimmune
progression (Kurien et al., 2006), impaired glucose tolerance (Shevalye et al.,
2012) and HIV infection (Selley, 1997). These observations strongly indicate that
4-HNE is not simply a pathogenic end product. It acts as an important player
mediating the initiation and progression of diseases. Studies on oxidative stress,
lipid peroxidation and consequent production of reactive aldehydes are of clinical
importance with respect to the mechanisms of disease development (Esterbauer

et al., 1991).

Metabolism of 4-HNE
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Once formed, the ability of tissues to degrade 4-HNE is important in
preventing tissue damage. Metabolic studies help to understand the deposition
and detoxification of 4-HNE. The pattern of 4-HNE metabolism has been studied
in cells and tissues. Liver has been demonstrated to contain a high capacity to
metabolize 4-HNE. Several studies have shown that 4-HNE can be metabolized
at high rates in hepatocytes (Esterbauer et al., 1985; Canuto et al., 1989; Siems
et al., 1997). Externally added 4-HNE was almost completely degraded within 3
min in rat hepatocytes in an oxygen-independent manner. The rapid metabolism
of 4-HNE was not restricted to hepatocytes. Rapid degradation of 4-HNE has
been observed in mucosal cells, fibroblasts, vascular smooth cells, enterocytes
and several other cell types (Siems and Grune, 2003). .

Alcohol dehydrogenase, aldehyde dehydrogenase and glutathione
transferase are the main enzymes responsible for the metabolism of 4-HNE
(Esterbauer et al., 1985; Danielson et al., 1987; Mitchell and Petersen, 1987).
The activities of these enzymes can be affected by pathological factors. Chronic
cholestasis was reported to inhibit the 4-HNE metabolizing activity of alcohol
dehydrogenase in bile duct-ligated rat hepatocytes (Leonarduzzi et al., 1995).
The activity of aldehyde dehydrogenase was found to be reduced with aging
(Esterbauer et al., 1985). In contrast, carcinogenesis has been reported to
induce its activity (Canuto et al., 1989). The primary metabolites of 4-HNE are 4-
hydroxy-2-nonenoic acid (HNA) and 1, 4-dihydroxynonene (DHN), and
conjugated products (Alary et al., 2003b). A number of reports have

demonstrated that some P450 enzymes can also participate the degradation of
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4-HNE either by oxidative pathway or reductive pathways (Amunom et al.,

2011b).

Formation of nitrooleic acid

Nitro fatty acids are electrophilic fatty acid derivatives formed by LPO.
Formation of nitro lipids is chemically complex. ROS, RNS and lipid peroxides
are all important components for the nitration process (Niki et al., 2005).
Unsaturated fatty acids such as linoleic acid and oleic acid are vulnerable targets
since their double bonds and bis-allylic methylene structure provide high
reactivity to ROS and RNS attack. *NO; can initiate both lipid oxidation and lipid
nitration. Yields of nitration versus oxidation are determined by local oxygen
tension (Trostchansky and Rubbo, 2008). As shown in Fig. I, at low
concentrations of oxygen, *NO, undergoes a homolytic attack on the double bond
of the lipid, producing a nitroalkyl radical which combines with *“NO, molecules to
form nitro/nitrite intermediates. Nitro and nitrite products can be converted to
nitroalkenes and nitrohydroxyl products by loss of HNO, and hydrolysis,
respectively (O'Donnell et al., 1999). Nitroalkene can also be formed by addition
of nitronium ion (NO,") at the double bond. The nitronium ion (NO,") is derived
from peroxynitrite in the presence of transition metals (O'Donnell et al., 1999) .
The nitration of oleic acid is regio-specific and stereoselective. Four
diastereoisomers has been synthesized (Woodcock et al., 2006). Nitrated
derivatives of oleic, linoleic, arachidonic and eicosapentaenoic acids have been

detected in plasma and urine in healthy humans suggesting their possible role
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during normal metabolism (Baker et al., 2005). NO,-fatty acid generation can be
accelerated under pathological stress, presumably due to elevated intracellular
ROS/RNS. Additionally, metabolic, inflammatory and acidic conditions are all
suggested to enhance the formation of NO,-fatty acids (Freeman et al., 2008).
Endogenous nitrated fatty acids are present in cells at concentrations that
have the potential to initiate biological responses via Michael addition reactions
with nucleophiles. Two nitrated oleic acid products, 9- and 10-nitro-9-cis-
octadecenoic acids (Nitro oleic acid, OA-NO,), are the most abundant species
among those derivatives found in human plasma (Tsikas et al., 2011). At present,
only limited information is available on the biological activity of these compounds

in the skin and this, in part, represents one of the focuses of the current research.
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Fig.ll. Mechanisms of nitro-fatty acid formation at low oxygen tension

This figure is adapted from Trostchansky et al. (2013)

1.5 Transduction of ROS/RNS signaling by reactive electrophiles

Organized cell communication is essential for physiological events such
as cell growth, metabolism, differentiation and immune responses. The post
translational modification of proteins is a central mechanism for cells to regulate
these functions (Batthyany et al., 2006). At low concentrations, ROS and RNS
are known to be signaling mediators in addition to toxic by-products of cellular
metabolism. These molecules are thought to participate in signal transduction by
modifying proteins (Rudolph and Freeman, 2009).

An electrophile refers to a chemical highly attracted to electrons. It
accepts an electron pair to form a covalent bond with a nucleophile (Marnett et
al., 2003). Most electrophiles contain an atom with a positive charge or an atom
without an octet of electron. Compounds with electron withdrawing substituents
on one carbon of a C=C double bond (or triple bond) represent a type of
biological reactive electrophile species (RES). With respect to electrophiles as
signaling molecules, aldehyde, acryls carboxylic acids, esters, halides, sulfonyls,
and nitro substituents are typical electron-withdrawing groups next to the
unsaturated bond in RES (Rudolph and Freeman, 2009). The majority of
endogenous RES are produced via oxidation of biological macromolecules.

Reactive aldehydes (e.g., 4-HNE) and nitro fatty acids (e.g., nitrooleic acid)
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formed from peroxidation of polyunsaturated fatty acids are representatives of
RES.

The chemical reactivity of RES determines their activity in signal
transduction. Interactions between the C=C double bond and a strong electron
withdrawing group (C=0 in 4-HNE, N=0O in nitro fatty acids) forms a partially
positive charge at distal carbon on C=C, which is susceptible to the Michael
addition with nucleophiles. Most of the biological molecules contain electron-rich
groups. Thiol groups in cysteines, imidazole in histidine and amine in lysine are
examples of nucleophilic groups in proteins that react with electrophiles (Liebler,
2008). Regarding the three dimensional structure of proteins, the specificity of
signaling mediators is also controlled by the microenvironment, which reflects the
accessibility of the target residue (Schopfer et al., 2011). ROS and RNS can
directly modify cysteine to form Cys-SO", Cys-SO,", Cys-SOs?, Cys-S-NO and
disulfide products (Paulsen and Carroll, 2013). The modifications on Cys by
ROS/RNS are not selective due to their large diversity and small size. When
ROS and RNS get modified as electrophiles, the reaction between electrophile
and nucleophile is termed as S-alkylation and the reaction can be limited by the
alkyl group (Higdon et al., 2012). The nucleophilic reactivity of the thiol is
influenced by the surrounding chemical milieu such as the character of
neighboring amino acids, and the secondary and tertiary structure of the protein
(Rudolph and Freeman, 2009). The modified alkyl groups increase their

selectivity for nucleophiles by both limiting the diversity of S-alkylation products
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and changing the microenvironment of the modified proteins (Ahmed et al., 2011).
Thus, the signal transduction can be more precisely controlled

The reversibility of the covalent Michael addition is another important
aspect for electrophilic signaling. Molecules can be modified and unmodified
repeatedly by electrophiles, as a normal process in cellular metabolism (Groeger

and Freeman, 2010).

1.6 Cellular defense mechanisms against oxidative stress and LPO

Due to their reactivity with macromolecules, reactive species from
oxidative stress (ROS, RNS, LPO-derived electrophiles) can potentially cause
cellular damage. To prevent oxidative injury, cells possess defense mechanisms
including small molecules and protective enzymes to remove ROS and/or
reactive electrophiles (Mukherjee et al., 1994; Dringen et al., 2000; Aldini et al.,
2003; Fransen et al., 2012). Some of these mechanisms are regulated by

electrophiles at concentrations below their physiological thresholds.

Glutathione

Glutathione (GSH) is a tripeptide and the most abundant cellular
antioxidant. The strong reducing activity is due to its thiols in neighboring
cysteines. GSH serves as an intracellular redox buffer system and react with
ROS to convert to the oxidized form (Lushchak, 2012). Moreover, GSH can limit
ROS-induced irreversible modifications by reacting with oxidized thiols in proteins.

GSH can also bind to electrophiles by either enzymatic or non-enzymatic
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mechanisms. GSH is also involved in the protective process as a cofactor for

detoxification enzymes including glutathione peroxidase.

Superoxide dismutase (SOD)

SOD is one of the primary cellular antioxidative defense mechenisms. Itis
metalloprotein and the subfamilies have been identified with different metal ion in
the active site(Shin et al., 2009). Three major SODs have been identified: iron
SOD (FeSOD), copper-zinc SOD (CuZnSOD), and manganese SOD (MnSQOD)
(Salin and Bridges, 1982; Jackson et al., 2002; Wintjens et al., 2004). SOD acts
as regulator of oxygen-derived radicals in the cellular antioxidant system. It
catalyzes the reductive dismutation reaction of highly reactive radical Oy into less

harmful reagents H,O, and H,O, thus protecting cells from severe damage.

Glutathione transferase (GST)

Glutathione transferases are a complex super family of phase Il enzymes
responsible for detoxification of a wide range of toxicants, including both
xenobiotics and endogenously formed compounds (Hayes et al., 2005).

Cytosolic GSTs, mitochondrial GSTs and microsomal GSTs are three major
families that are widely distributed in nature, with both glutathione transferase
activity and glutathione peroxidase activity (Sheehan et al., 2001). GSTs
catalyze nucleophilic attack of GSH to electrophilic centers in the molecules. The
conjugation of foreign compounds with the sulfhydryl group on GSH converts the

xenobiotics to more water soluble products, which are less toxic and more readily
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excreted. Electrophilic products from LPO such as 4-HNE have been
demonstrated to conjugate with GSH as important detoxification mechanism
(Tjalkens et al., 1999). In present of glutathione S-transferases, the rate of

conjugation was increased (Danielson et al., 1987).

Catalase

The expression of catalase has been detected in both mammalian and
non-mammalian cells. The mammalian enzyme is composed of four identical
subunits, each containing a heme group and NADPH in the active site (Scibior
and Czeczot, 2006). Catalase acts as an antioxidant enzyme by catalyzing the
reductive reaction that converts H,O, into water and oxygen. After entering the
active site of catalase, H,O, form a high valence iron intermediate known as
compound | (Alfonso-Prieto et al., 2009). Once formed, catalase compound |

rapidly reacts with a second molecule of H,O, to generate O, and H,O.

NADH: quinone oxidoreductase 1 (NQO1)

NQO-1 is a flavoprotein that catalyzes the two-electron reduction of a
broad range of substrates particularly quinones, utilizing either NADH or NADPH
as an electron donor. The enzyme consists of two identical subunits each with a
molecular weight of 30 kDa (Li et al., 1995). NQO1 is a detoxification enzyme
because it reduces quinones to corresponding hydroquinone derivatives which
have weaker reactivity, less toxicity, and are more readily excreted (Ross et al.,

2000). Some of the reduced quinones obtain antioxidant activity and can further
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mediate cellular protection against oxidative injury. NQO1 converts ubiquinone
to the more stable ubiquinol, and this reduced product is a potent antioxidant
(Ross et al., 2000). Vitamin E quinone is also reduced by NQO1 into vitamin E
hydroquinone with stronger antioxidant potential than vitamin E (Ross et al.,
2000). It has also suggested that NQO1 can stabilize p53, a DNA damage
response protein, by the direct physical interaction between p53 and NQO1

(Ross and Siegel, 2004).

Heme oxygenase-1 (HO-1)

Heme oxygenase is an important enzyme that metabolizes heme. Three
isozymes of HO have been characterized. HO-1 is recognized as the inducible
form and can be induced by numerous stimuli including ultraviolet (UV) radiation,
oxidative stress, heavy metals, and tissue injury (Choi and Alam, 1996). HO-2
and HO-3 are the constitutive forms of enzyme (Chang et al., 2003; Kikuchi et al.,
2005). HO-1 cleaves heme into ferrous iron, carbon monoxide and biliverdin.
Biliverdin is further catalyzed by biliverdin reductase to bilirubin. Although HO-1
does not directly react with ROS, bilirubin can serve as an antioxidant by directly
scavenging ROS though bilirubin-biliverdin redox cycle. HO-1 can also inhibit
*O2" generation by suppressing NADP (H) oxidase activity (Gozzelino et al.,

2010).

Heat shock factor (HSF) and heat shock proteins (hsp)
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The heat shock response (HSR) is a mechanism by which cells resist
stress and consists of HSF and hsp (Fulda et al., 2010). Heat shock proteins are
essential enzymes that mediate this response. Heat shock factors are regulatory
proteins that control the transcription of heat shock proteins. In response to
cellular stress, HSF is activated and translocate into the nucleus. Inside the
nucleus, HSF specifically binds to heat shock elements on DNA strands and
regulates the expression of hsp (Sorger, 1991). Several HSF family members
have been characterized depending on their function. HSF-1 is critical to
transcriptional regulation, while HSF2 and HSF4 are accessory proteins (Sorger,
1991). Hsp’s are known to be important in maintaining proteins in a folded
configuration which protects against protein metabolism (Feder and Hofmann,
1999). Hsp can also mark damaged proteins for removal (Schlesinger, 1986).

More recently, evidence suggests that the HSR is also important in
controlling inflammation (Calderwood et al., 2007). Inflammation often occurs in
response to oxidative stress. It is involved in the progression of ROS-induced
pathogenesis. HSF and hsp’s have been reported to display anti-inflammatory
activity. For example, heat shock proteins are known to be important in
protecting against sepsis-induced tissue damage (Villar et al., 1994). One
potential mechanism is that the HRS can suppress expression of pro-
inflammatory proteins. NF«xB is an inducible transcription factor involved in
regulating the expression of pro-inflammatory cytokines including TNFa (Tak and
Firestein, 2001). Hsp27 has been demonstrated to be a negative regulator of

NF«B and this in turn suppresses inflammation (Park et al., 2003). Inhibiting
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HSF1 expression in vascular smooth muscle cells has been reported to increase
the inflammatory reaction to angiotensin Il, a peptide hormone that stimulates the
expression of NF-kB, supporting the involvement of HSF1in cellular anti-

inflammatory responses.

2. Caveolae
2.1 Structure and composition of caveolae

The plasma membrane contains phospholipids, glycolipids, cholesterol
and a variety of proteins. These membrane components are not distributed
evenly. Caveolae are specialized lipid microdomains existing in the plasma
membrane of most type of cells (Razani et al., 2002). Initially, caveolae were
identified as flask-shaped invaginations with a diameter of 50 to 100 nm using
electron microscopy (Anderson, 1998). Later on, different shapes have been
described in different cell types (Razani et al., 2002). The principle components
of caveolae are lipid-anchored proteins, cholesterol, glycosphingolipids (GSLs)
and sphingomyelin (SPH). Cholesterol, which is concentrated in caveolae, is a
key element for maintaining caveolar structure (Anderson, 1998). It provides
physical support for proteins and helps to arrange the shape of caveolae. Several
cellular compartments are involved in the formation of caveolae. In the Golgi
apparatus, a GSL-SPH-cholesterol lipid core of caveolae is assembled. After the
lipid core integrating with proteins synthesized by the endoplasmic reticulum, the
caveolae are then transported to the cell surface and embedded in the

membrane (Parton et al., 2006).
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The structure of caveolae is dynamic with multiple functions including
vesicular transport, cellular cholesterol homeostasis and signal transduction,
reflected by their diversity of protein components (Parton and del Pozo, 2013).
Caveolae contain a family of integral structural proteins known as caveolin, which
is characterized by a unique hairpin, a cytoplasmic amino and a carboxyl termini
(Rothberg et al., 1992). The caveolin proteins are essential to caveolar structure
and distinguish the caveolae from simple lipid rafts and other plasma membrane
structures (Williams and Lisanti, 2004). Intracellular non-caveolar caveolin have
also been reported Bastiani and Parton (2010). These proteins are thought to
contribute to membrane trafficking. The caveolin family is composed of three
members, caveolin 1, caveolin 2 and caveolin 3. The expressions of the
caveolins vary among different cell types. Caveolin 1 and caveolin 2 are largely
found in adipocytes, endothelial cells, smooth muscle cells, and types |
pneumocytes (Kasper et al., 1998; Razani et al., 2002; Frank et al., 2003).
Caveolin 3 is a muscle specific isoform of caveolin which is expressed in smooth
muscle cells, skeletal muscle cells as well as cardiac myocytes (Capozza et al.,

2005).

2.2 Role of caveolae in signal transduction

A number of signaling molecules have been reported to be enriched in
caveolae such as Src family tyrosine kinases, G-protein-coupled receptors and
ion channels (Patel et al., 2008). The clustering of signaling molecules in

caveolae increases their efficiency in cellular communication and mediating
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signal transduction. In general, signaling molecules are thought to bind to the
caveolin scaffolding domain in caveolae. The interaction induces a
conformational change in the caveolin protein that results in the release and
activation of signaling molecules (Park et al., 2000).

Most of the proteins in caveolae are modified with lipids, an important
factor directing the signaling proteins heading to caveolae. It has been reported
that the removal a protein lipid tail can affect the signal protein expression in
caveolae. For example, in caveolae-containing COS-7 cells, nitric oxide
synthase (NOS) activity in caveolae is 27-fold more than those in non-caveolae
membrane fractions (Shaul et al., 1996). In contrast, mutations that abolish nitric
oxide synthase myristoylation result in a complete loss of this enzyme in
caveolae (Shaul et al., 1996). These observations shows that lipid modifications
not only maintain the structure of the organelle, but are also essential for
signaling proteins to be directed to caveolae.

G protein signaling modules, tyrosine kinases and receptor kinases,
GTPases, calcium binding proteins, NF-kB, protein kinase C, and various
components of MAPK have been localized in caveolae (Patel et al., 2008). Many
of the signaling processes take place through interaction with caveolin-1. It has
been reported that caveolin-1 negatively regulate the p42/44 MAPK signaling
cascade by sequestering Raf, MAP-1, and Erk1/2 (Engelman et al., 1998).
Morphological studies have directly shown members of the p42/p44 MAPK
signaling cascade in caveolae, including Raf kinase and Erk (Engelman et al.,

1998). Caveolae are also sites of Ca®* storage and regulate Ca®* entry. Murata
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et al. (2007) have shown that the depletion of Cav-1 impairs calcium entry into
endothelial cells and blocks Ca?* signaling, an important pathological process
during chronic inflammation. As an important enzyme generating inflammatory
mediators, Cox-2 has been found co-localized with caveolin-1 in human
fibroblasts (Liou et al., 2001). Consistent with this, caveolin-1 has also been
found to facilitate Cox-2 degradation via the proteasome pathway in colon cancer
cells (Chen et al., 2010). As indicated in the previous section, HO-1 is an
important element in cellular defense mechanism against oxidative stress.
Caveolae provide a platform for HO-1 activity (Layne et al., 2011). Additional
evidence has also shown that caveolae participate in inflammatory signaling by
regulating NF-kB activation, resulting in a reduction in lung inflammation
mediated by lipopolysaccharide (Garrean et al., 2006). With these different
signaling molecules concentrated in one location, it is not surprising that
signaling processes initiated by electrophiles including 4-HNE and the nitrolipids

are mediated by caveolae.

3. The skin

As the outmost organ covering the body, the skin protects against the
environment, as well as metabolic functions, thermoregulation, and sensation
(Sidhanee, 1983). The skin is composed of three main regions, the epidermis,
dermis and underlying hypodermis (subcutaneous regions). Each of these
regions has a distinct role in the overall function of the skin. The epidermis

provides the first barrier for protection. The major content in this region are
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keratinocytes, which can organize epidermal structures through a program of
self-renewal and differentiation (Suter et al., 1997). The program starts from a
single layer of small undifferentiated columnar cells. As these cells undergoing
maturation, they proliferate and migrate upward to form the stratum spinosum. In
the progress, cells lose water and become larger and flatter. With further
differentiation, keratinocytes head upwards to form stratum granulosum and
begin to accumulate dense basophilic keratohyalin granules containing lipids
which serve as a waterproof barrier. When these cells reach the upper areas of
the epidermis, they are under programed cell death which includes organelle
degradation. As the outermost region of epidermis, the stratum corneum is
largely responsible for its barrier function. The dead corneocytes in the layer are
organized in a matrix by keratins (Candi et al., 2005). Other cell types found in
the epidermis include melanocytes, Langerhans cells and Merkel cells, each with
specific function (Brenner and Hearing, 2008).

The dermis is a layer of skin that is tightly attached underneath the
epidermis via a basement membrane (Sidhanee, 1983). The dermis contains
mostly fibroblasts and provides support and elasticity for the skin. Macrophages
and mast cells are also resident cells of the dermis. Macrophages can process
and present antigen to lymphoid cells (Williams and Kupper, 1996). Mast cells
are important components of the inflammatory response (Tsai et al., 2011). Both
of these cells are also involved in coagulation, wound healing and tissue
remodeling (Diegelmann and Evans, 2004; Galli et al., 2011). The dermis also

serves as nutrient supplier for the epidermis via an integrated vascular network.
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The hypodermis is the innermost layer of the skin and consists mainly of adipose
tissue separa ted by loose connective tissue. The adipose tissue serves both as

a thermoregulator, and as an energy reserve (Cannon and Nedergaard, 2004).

3.1 UV-radiation and skin damage

Solar ultraviolet (UV) light is composed of three regions, ultraviolet C
(UVC, 200-280 nm), ultraviolet B (UVB, 280-320 nm) and ultraviolet A (UVA,
320-400 nm), in order of decreasing levels of energy. UVC is a strong mutagen
and extremely damaging. Fortunately, the effective toxicity of UVC is minimal
because it is efficiently screened by the ozone layer of atmosphere (Narayanan
et al., 2010). UVB is the most biologically active constituent of sun light and
contributes significantly to UV damage. In the skin, UVB radiation induces
overproduction of ROS and impairs the antioxidant mechanism (Svobodova et al.,
2006). It has been reported that UVB contributes to skin immune suppression,
cellular component injury, and skin cancer development (de Gruijl, 1999;
Schwarz, 2005). Compared to UVB, UVA penetrates to greater depths in the
skin due to its longer wavelength. UVA-induced responses are also thought to be

mediated by oxidative processes via ROS generation (Bossi et al., 2008).

3.2 Toxicity of mustards in the skin
Mustards are alkylating agents with two basic forms: sulfur mustard and
nitrogen mustard. Both of them have the capacity to react with electron-releasing

groups to form highly reactive carbonium ions (Warwick, 1963). Sulfur mustard
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is colorless vesicating liquid at room temperature with a density slightly above
that of water. It has been used as chemical weapon in World War | (Ghabili et al.,
2011). Nitrogen mustard possesses generally similar physical properties to

sulfur mustard. They are poorly soluble in water and highly soluble in organic
solvents.

Mustard can be absorbed in the body via inhalation, through the skin, or
the anterior surface of the eye. Among the survivors of mustard gas attacks in
WWI and the Iran—Iraqg War, nearly all victims suffered from skin (Petrali and
Oglesby-Megee, 1997) and eye burns as well as respiratory injuries (McManus
and Huebner, 2005). Nitrogen mustard is closely related to sulfur mustard in
both chemical and toxicological aspect. The toxicity of mustards is determined
by their chemical reactions as an alkylating agent. Through the cyclization of
ethylene group, mustard can form a highly reactive sulfonium or ammonium
electrophilic center (Saladi et al., 2006; Shakarjian et al., 2010). These reactive
electrophilic compounds are capable of reacting with nucleophilic sites, including
anions, amino groups and sulfide groups on cellular macromolecules. The
alkylation adduct formed alters the normal functioning of target macromolecules.
This is consistent with the idea that alkylation of cell constituents is the principle
cause for the mustard-mediated injury (Shakarjian et al., 2010).

In the skin, sulfur mustard undergoes intramolecular cyclization to form an
ethylene episulphonium ion intermediate, which is highly reactive (if nitrogen
mustard, then an ammonium electrophilic center is formed) (Petrali and Oglesby-

Megee, 1997). This structural transformation can be facilitated by polar solvents,
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such as water. The cyclic intermediate alkylates a wide variety of electron-rich
molecules, such as the thiol (-SH) and amino (-NH3) groups of proteins and
nucleic acids (Dacre and Goldman, 1996; Genet et al., 2000) .

An important alkylation site of mustard is the N-7 atom of guanine in DNA
(Wheeler, 1962). Different from monofunctional mustard, sulfur mustard has two
chloroethyl groups as binding sites. In the presence of DNA, the two side chains
can attach specifically to the guanine nitrogen in DNA stands, inducing inter-
stand DNA cross-linking and cell death (Lawley and Brookes, 1968). Cell
damage can also be caused by reactivity with RNA, proteins and other
membrane components (Shakarjian et al., 2010). Once the site of tissue injury is
established, the pathogenic process leads to the formation of fully developed
blisters and involves a severe inflammatory response (Kehe et al., 2009). The
precise mechanism of tissue damage by mustard is not well defined.

Another mechanism that leads to serious damage is via the process of
nicotinamide adenine dinucleotide (NAD) depletion. The attack by the ethylene
intermediate of mustard can cause DNA strand break triggering the activation of
DNA repair enzymes including poly- (adenosine diphosphateribose) polymerase
(PARP) (Debiak et al., 2009). Excessive PARP activity then depletes cellular
NAD+, and inhibits glycolysis, a process that leads to the release of tissue
proteases. The released proteases are thought to cause disruption of dermal—
epidermal attachments and cause blister formation (Lindsay and Rice, 1995).
The mechanism of mustard-induced cell death is related to rapid inactivation of

thiol-containing proteins and peptides. Sulfhydryl containing compounds, such
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as GSH, are essential to balance the redox status in the cell. Depletion of
reduced thiol directly leads to toxic increase in levels of cytosolic Ca?* and loss of
normal cell-architecture. The loss of Ca?* regulation can cause cell death
through several pathways including loss the control of Ca?*-mediated
cytoskeleton and Ca?*-mediated catabolic enzyme expression (Mol and Smith,
1996). A related study using a cell culture model has suggested that sulfur
mustard-mediated elevations in Ca?* may induce the activation of
phospholipases and the release of arachidonic acid from cell membrane (Ray et

al., 1995).

4. Corneal Injury

The cornea is a dome-shaped transparent tissue that creates a barrier for
the eye against the outside environment. It obtains external images from the
environment and accounts for approximately 70% of the eye’s focusing power
(Hastings et al., 1996). Normally, it receives nutrients from blood vessels near
the margin of the cornea (Paalman, 2000). Epithelial and endothelial cells in the
cornea also obtain oxygen and glucose via diffusion from the aqueous humor
and tear fluid (DelMonte and Kim, 2011). The human cornea is comprised of 5
layers from the outmost in order of corneal epithelium, Bowman’s membrane,
corneal stroma, Descemet’s membrane, and corneal endothelium (DelMonte and
Kim, 2011). The epithelium is the outermost layer of the cornea and protects the
inner components of the eye. The first 2 to 3 layers of superficial cells and the

wing cells beneath the superficial layers are tightly connected via intercellular
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junctions and prevents fluid or bacteria from entering the epithelium (DelMonte
and Kim, 2011). As the only type of cell possessing mitotic activity in the corneal
epithelium, basal cells serve as the source of superficial cells. The epithelial
basement membrane is tightly attached beneath the basal cells. It contains type
IV collagen and laminin, providing a matrix to maintain the corneal epithelium
organization. Bowman'’s layer lies between the epithelium and stroma and
consists of a matrix of collagen fibers, mostly collagen I, Ill, and proteoglycans.
The corneal stroma, the largest portion of cornea structure, is composed of highly
organized collagen fibers which are important for corneal optical function as well
as the mechanical strength of the cornea. Descemet’s membrane is produced by
corneal endothelium and covers the posterior surface of the cornea. lItis

important in regulating water content of the cornea.

4.1 Effects of UV radiation on cornea

The cornea is highly sensitive to UV radiation. It absorbs 60%-90% UVA
and UVB light (Zigman, 1993). The anterior layer of cornea is more effective in
absorbing UVB than posterior layers (Kolozsvari et al., 2002). UV light exposure
causes pathologic changes in cornea structure. It has been reported that
exposure to UVB at a dose of 0.08 J/cm? resulted in the partly destruction of the
epithelium and mild edema of the posterior stroma (Bergmanson, 1990). At
higher doses (0.225 J/cm?), the cornea loses its ability to control stromal swelling
with complete destruction of epithelium layer. In rabbit cornea, high dose of UVB

results in a thickening epithelium and damaged intercellular permeability (Cejka
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etal., 2011; Youn et al., 2011; Cejka et al., 2012). The UV radiation-caused
acute clinical symptom, photokeratitis, is a transient inflammation due to damage
of the corneal epithelium (Young, 2006a). Chronic UVB exposure has been
found to induce corneal damage through photooxidation reactions that involve
the generation of free radical and ROS (Hayes et al., 2011), which can directly
affect the structure of the stroma and induce collagen aggregation and

crosslinking (Chace et al., 1991; Ohshima et al., 1993).

4.2 Effects of sulfur mustard (SM) exposure on cornea

The eye is the most sensitive tissue to sulfur mustard (Safarinejad et al.,
2001). It can rapidly penetrate to cornea. Local hyperemia, soreness, tearing
and irritation can be observed shortly after exposure. Subsequently, corneal
erosions and a vesicated epithelium appear substantia propria. The severity of
the damage is dose- and time-dependent (Ghanei et al., 2010). Clinical
symptoms in humans, which can be prolonged, include severe eye pain,
photophobia and excessive lacrimation. Individual exposed to sulfur mustard
can have chronic lesions lasting years after exposure (Javadi et al., 2005). Most
patients report chronic toxicity including in blurred vision, itching, burning
sensation, photophobia, red eye, dry eye and tearing (Javadi et al., 2005).
Reoccurring ocular irritation and visual deterioration can be more severe than the
acute damage. In some cases, corneal thinning, severe opacity and corneal
epithelial defects have been reported (Mann, 1944; Pleyer et al., 1999). These

changes in corneal structure can lead to delayed-type ulcerative keratitis, which
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may cause late-onset blindness. Although free radical formation and
inflammation have been implicated in mediating the pathogenesis of chronic

injury, the underlying mechanisms remains poorly defined (Korkmaz et al., 2008).
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SPECIFIC AIMS

Reactive oxygen species can initiate lipid peroxidation to produce a, 3-
unsaturated carbonyl compounds including 4-HNE. Nitration of lipids can
generate nitrooleic acids. These electrophilic products are known to regulate
oxidative stress-induced injury. The skin and cornea are sensitive to oxidative
stress-induced tissue injury. The effects of 4-HNE and nitrooleic acids in these
tissues are not well understood. The aim of this dissertation is to determine the
cellular response altered by 4-HNE and nitrooleic acids in the skin and cornea
and the mechanisms mediating these changes. We hypothesize that reactive
lipids act as mediators to produce adaptive proteins and antioxidants in tissues
and protect against oxidative stress. Three specific aims were designed to test
hypothesis:

1. Characterize the generation of reactive lipids mediator in cornea treated
with UVB or nitrogen mustard and assess their role in oxidative stress.

2. Characterize the effects of 4-HNE on the regulation of antioxidants in
corneal epithelial cells and keratinocytes and determine the signaling
pathways mediating expression of these proteins.

3. Determine if 9- and 10-nitrooleic acid regulate expression of stress
proteins and antioxidants in corneal epithelial cells and keratinocytes.

Evaluate the signal transduction pathways mediating expression of these

proteins.
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MATERIAL AND METHODS

Materials. Mouse monoclonal 4-HNE antibody was from R&D Systems
(Minneapolis, MN) and rabbit polyclonal HO-1 antibody was from Enzo Life
Sciences (Farmingdale, NY). Mouse monoclonal anti-HO-1 antibody and rabbit
polyclonal Nrf2 antibody were from Abcam (Cambridge, MA). Goat polyclonal
COX-2 antibody, goat polyclonal hsp 27 antibody, rabbit polyclonal hsp70
antibody and 4-methylpyrazole hydrochloride were from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit polyclonal HSF-1 antibody, rabbit
polyclonal caveolin-1 antibody, rabbit polyclonal p38, phospho-p38, JNK,
phospho-JNK, Erk1/2, phospho-Erk1/2, Akt and phospho-Akt antibodies were
from Cell Signaling Technology (Beverly, MA). HRP conjugated goat anti-rabbit
antibody, rabbit anti-goat secondary antibody, and the DC (Detergent Compatible)
protein assay kit were purchased from Bio-Rad Laboratories (Hercules, CA).
The Western Lightning enhanced chemiluminescence kit (ECL) from Perkin
Elmer Life Sciences (Boston, MA). NE-PER nuclear and cytoplasmic extraction
reagents were from Thermo Scientific (Rockford, IL). 9-NO and 10-NO were
from Cayman Chemical (Ann Arbor, MI). Reagents for MTS (3-(4, 5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) viability assays and M-MLV Reverse Transcriptase were from
Promega (Madison, WI). SYBR Green Master Mix and other PCR reagents were
purchased from Applied Biosystems (Foster City, CA). 4-HNE, PD 98059,
SP600125 and wortmannin were from Calbiochem (La Jolla, CA). Alexa Fluor

488 conjugated goat anti-mouse |Gg, ProLong® Gold antifade reagent, 4'-6-
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diamidino-2-phenylindole (DAPI), Dulbecco’s Modified Eagle’s Medium (DMEM),
keratinocyte serum-free (KSF) medium, epidermal growth factor, bovine pituitary
extract and fetal bovine serum (FBS) were from Invitrogen (Carlsbad, CA).
Mouse monoclonal B-actin antibody, nitrogen mustard (mechlorethamine),
SB203580, NADH, NAD+, NADPH, NADP+, disulfiram, protease inhibitor cocktail
(4-(2-aminoethyl) benzenesulfonyl fluoride, aprotinin, bestatin hydrochloride, N-
(trans-epoxysuccinyl)-L-leucine 4-guanidinobutylamide, EDTA and leupeptin),
methyl-B-cyclodextrin, Tri reagent and all other chemicals were from Sigma-

Aldrich (St. Louis, MO).

Rabbit cornea organ culture and treatments. Eyes from young adult New
Zealand white rabbits were purchased from Pel-Freez (Rogers, AR). Preparation
of corneas organ cultures has been described previously (Gordon et al., 2010).
Briefly, corneas with a 2 mm surrounding scleral rim were dissected from the
rabbit eyes. The endothelial sides of the corneas were filled with 1.5% agar in
DMEM, and after solidification, the cornea was inverted epithelial side up.

DMEM supplemented with 1% non-essential amino acids, 0.01 mg/ml
ciprofloxacin, and 0.1 mg/ml ascorbic acid was added up to the scleral rim. The
corneas were incubated in a 5% CO; incubator at 37 °C and routinely wetted with
DMEM every 6 hr. Nitrogen mustard (100 nmol in PBS) or PBS control was
applied directly onto one set of cornea in volumes no greater than 20 pul. After 1
hr, the corneas were washed and refed with fresh medium. Other corneas were

exposed to 0.5 J/cm? UVB as previously described (Po, 2012). Control corneal
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organ cultures were placed under the light and covered with black vinyl to block
UVB irradiation. At 3 hr and 6 hr post treatment, corneas exposed to nitrogen
mustard or UVB were placed in optimal cutting temperature (OCT) medium and
frozen until 10 um sections were cut on a Microm HM50S5E cryostat. Cornea

sections were then transferred to glass slides and stored at -80 °C until analysis.

PAM 212 keratinocytes, primary keratinocytes and human corneal epithelial
cells culture and treatments. PAM 212 cells were obtained from Dr. Stuart
Yuspa (National Institutes of Health) and cultured in DMEM containing 10% fetal
bovine serum supplemented with 100 U/ml penicillin and 100 pug/ml streptomycin.
Primary mouse keratinocytes were isolated from the skin of newborn C57BL/6J
wild type mice (The Jackson Laboratory, Bar Harbor, ME) or C57BL/6J Nrf2-/-
mice (Gutteridge, 1995; Szczypka et al., 1995) bred at the Rutgers University
animal care facility. Keratinocytes were cultured following the procedure of
Hager et al. (1999). The human corneal epithelial (HCE) cells was provided by
Kaoru Araki-Sasaki, Kinki central hospital (Hyogo, Japan) and maintained in
keratinocyte serum-free (KSF) medium supplemented with 5% fetal bovine
serum, 0.1% gentamicin, 0.05 ug/ml epidermal growth factor and 0.05 mg/ml
bovine pituitary extract.

For gene regulation and protein expression experiments, PAM 212
keratinocytes or HCE cells were seeded in either six-well plates or 10 cm plates.
Primary keratinocytes were seeded in collagen-1V-coated plates. After reaching

80~90% confluence, cells were then treated with vehicle or increasing
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concentrations of 4-HNE (1-100 uM) or freshly prepared 9-NO or 10-NO (5-25
uM). For protein expression analysis, treated cells were lysed by the addition of
300 ul SDS lysis buffer (10 mM Tris-base, pH 7.6, supplemented with 1% SDS
and the protease inhibitor cocktail), transferred into 1.5 ml Eppendorf
microcentrifuge tubes, sonicated on ice and then centrifuged (100 x g, 5 min at 4°
C). Supernatants were then analyzed for protein expression by Western blotting.
For gene regulation analysis, total RNA was isolated from the cells using Tri
reagent. mMRNA was prepared and analyzed for gene expression by Real-time
PCR.

For kinase inhibition experiments, cells were pretreated with the p38 MAP
kinase inhibitor, SB203580 (10 uM), the JNK kinase inhibitor, SP600125 (20 uyM),
or the Erk1/2 kinase inhibitor, PD98059 (10 yM) for 3 hr. 4-HNE or Nitrooleic
acids or vehicle control was then added to the medium. After an additional 6 hr,
the cells were removed from the plates by the addition of 300 pl lysis buffer and
centrifuged at 1000 x g for 10 min. Cells were then analyzed for mRNA and
protein expression by real-time PCR and Western blotting, respectively.

For analysis of cytoplasmic and nuclear expression of HSF-1 and Nrf2,
cells in 10 cm dishes were treated with vehicle control, 4-HNE, or nitrooleic acid
for 0.5, 1, or 2 h. Cells were then washed and removed from the plates using a
scraper and centrifuged at 1000 x g for 10 min. Cells pellets (~20 ul packed
volume) were resuspended in 200 ul ice-cold cytoplasmic extraction reagent
(Thermo Scientific) in Eppendorf centrifuge vials and centrifuged for 5 min at

16,000 x g. Supernatants were immediately transferred to clean pre-chilled
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tubes and the nuclear fractions extracted from the pellets by adding 100 pl ice-

cold nuclear extraction reagent. Samples were stored at -70°C until analysis.

Isolation and analysis of hepatocytes. In all experiments, animals received
humane care in compliance with the institution’s guidelines, as outlined in the
Guide for the Care and Use of Laboratory Animals published by the National
Institutes of Health. Hepatocyte isolation was performed as described previously
(Dragomir et al., 2011). Briefly, C57BL/6J male mice (The Jackson Laboratory,
Bar Harbor, ME) were euthanized with Nembutal (200 mg/kg). The liver was
exposed and perfused through the portal vein with warm Ca?/Mg?*-free Hank’s
balanced salt solution (pH 7.3) containing 25 mM HEPES and 0.5 mM EGTA,
followed by Leibowitz L-15 medium containing HEPES and 0.2 U/ml Liberase 3
Blendzyme. The liver was then excised, disaggregated, and the resulting cell
suspension filtered through a 220 um nylon mesh. Hepatocytes were recovered
by centrifugation at 50 g, and cell viability assessed by trypan blue dye exclusion
was greater than 90%. To characterize the formation of hepatocyte 4-HNE-
protein adducts, cells (2 x 10°) were cultured on collagen I-coated 6-well plates in
William’s Medium E supplemented with 10% FBS, 1% penicillin-streptomycin, 1
mM sodium pyruvate, 1% insulin-transferrin-selenium, and 2 mM L-glutamine.
Non-adherent cells were removed by washing the wells after 3 hr. After
overnight incubation at 37 °C in a 5% CO; incubator, cells were treated with

control vehicle, 30 uM or 100 uM 4-HNE in 1.5 ml of serum-free medium.
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After 0-60 min, cells were washed with HBSS and then lysed in 300 ul of
lysis buffer containing 1% SDS, 10 mM Tris-base, pH 7.6 and protease inhibitors.
4-HNE-protein adduct formation in lysates was analyzed by Western blotting as
described below. Protein content in cell lysates was determined by the DC
(Detergent Compatible) protein assay kit (BioRad Laboratories) using bovine
serum albumin as the standard. To assay 4-HNE uptake and metabolism,
freshly isolated hepatocytes (2 x 10° cells/ml) were suspended in serum-free
William’s medium E in closed 1.5 ml Eppendorf tubes and incubated in a shaking
water bath at 37 °C. 4-HNE (100 uM) was added to the vials with rapid shaking
to initiate the reactions. After increasing periods of time (0-60 min), 200 ul of the
cell suspension was withdrawn and centrifuged. Pelleted cells were washed with
HBSS and extracted with 200 ul of acetonitrile/acetic acid (96:4) for analysis.
Cell viability, assayed using Alamar blue, was greater than 95% after 2 hr

treatment with 100 uM 4-HNE.

Isolation of caveolae. Caveolar fractions of cells were prepared as described
by Smart et al. (1995). Briefly, treated cells were washed three times with PBS,
scraped into 5 ml sucrose buffer (0.25 M sucrose, 1 mM EDTA, and 20 mM Tris,
pH 7.8) and centrifuged at 1400 g for 5 min. Cell pellets were then suspended in
1 ml sucrose buffer and homogenized with 20 strokes in a Dounce homogenizer.
Lysates were transferred to Eppendorf tubes and centrifuged for 10 min at 1000
x g at 4°C. Supernatants were collected and the homogenization process

repeated with cell pellets. After combining the supernatants, 2 ml were carefully
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layered on top of 8 ml of a 30% Percoll solution in sucrose buffer and centrifuged
for 60 min at 84,000 x g in a Ti 70 rotor using an L7-55 Beckman ultracentrifuge
(Brea, CA) to separate caveolae containing plasma membrane fractions.

Fractions were collected and stored at -70°C until analysis.

Preparation of tissue fractions from mouse and rats. Liver, lung and brain
were collected from C57BL/6J male mice and Long-Evans Hooded male rats
(Charles River Laboratories, Wilmington, MA), washed with ice-cold 0.9% NaCl,
cut into 0.1-0.2 cm?® sections, and homogenized in 3~4 volumes of ice-cold buffer
(50 mM Tris-HCI buffer containing 1.15% KCI, pH 7.4) using 20 strokes of a
Potter-Elvehjem homogenizer. Tissue samples were then centrifuged at 1,500 x
g, 4°C for 20 min to remove nuclei and cellular debris, and the supernatants used
in metabolism assays as total homogenates. S9 fractions were prepared by
centrifuging homogenized tissues at 9,000 x g, 4°C for 20 min using an

Eppendorf 5417R centrifuge and were stored at -70°C until analysis.

Analysis of 4-HNE metabolism tissue fractions and cells. For 4-HNE
metabolism in tissue fractions, 100 ug of tissue protein was incubated in a 1.0 ml
reaction mix containing 10 mM potassium phosphate buffer, pH 7.8, and 100 uM
4-HNE, with or without 1 mM concentrations of reduced or oxidized pyridine
nucleotides, or enzyme inhibitors. Tissue proteins, heated for 5 min at 100°C,
were used as controls. After 15-120 min, 200 ul of the reaction mixes were

withdrawn. 4-HNE was extracted from the samples by the addition of an equal
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volume of acetonitrile/acetic acid (96:4, v/v). Samples were then centrifuged at
1,000 x g at 4° C for 10 min and clear supernatants analyzed by HPLC as
described by Hartley et al. (1995) using a Jasco HPLC system (Jasco
Corporation, Tokyo, Japan) fitted with a Phenomenex 5 pn C18 column (Luna (2),
250 x 2.00 mm). 4-HNE and its metabolites were separated using a mobile
phase consisting of 70% 50 mM potassium phosphate buffer (pH 2.7) and 30%
acetonitrile (v/v) at a flow rate of 0.25 ml/min and the HPLC effluent monitored at
224 nm.

Glutathione S-transferase assays using 4-HNE as the substrate were
performed as previously described (Alin et al., 1985), except that enzyme activity
was monitored by the disappearance of 4-HNE. Reactions mixes contained 100
uM 4-HNE, 500 uM glutathione and 100-200 pg of S9 tissue fraction protein.
Background degradation of 4-HNE by glutathione conjugation in the absence of
tissue fractions was subtracted from measurements of enzyme activity.

To assess the effects of 4-methylpyrazole and disulfiram on 4-HNE-
protein adduct formation, S9 samples containing 10 ug of protein were incubated
with 100 uM 4-HNE in phosphate buffer in the absence or presence of 1 mM
NADH or enzyme inhibitors. After 0, 15, 30 and 60 min, reactions were stopped
by the addition of an equal volume of 2 x SDS gel loading buffer (62.5 mM Tris-
HCI, pH 6.8, 25% glycerol, 2% SDS, 0.01% Bromophenol Blue, 5%
mercaptoethanol), followed by heating at 95° C for 5 min. Adducts formed in

tissue extracts was analyzed by Western blotting.
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4-HNE uptake and metabolism was also performed in intact cells. Briefly,
cells (2 x 10° cells/ml) were suspended in serum-free medium (keratinocytes in
DMEM, HCE cells in KSF medium, freshly isolated hepatocytes in William’s
medium E), in the presence or absence of 1 mM NAD+, NADP+, NADH, or
NADPH, in closed 1.5 ml Eppendorf tubes and incubated in a shaking water
bath at 37 °C. 4-HNE (100 uM) was added to the vial with rapid shaking to
initiate the reactions. After increasing periods of time (0-120 min), 200 ul of the
cell suspension was withdrawn and centrifuged. Pelleted cells were washed with
HBSS and extracted with 200 pl of acetonitrile/acetic acid (96:4) for HPLC
analysis. Cell viability, assayed using Alamar blue, was greater than 95% after 2

h treatment with 100 uM 4-HNE.

Immunofluorescence. Sections of corneas were fixed in cold methanol for 10
min, air dried, then rinsed with PBS and blocked with 5% goat serum at room
temperature. After 60 min, sections were washed with PBS and incubated with a
1:100 dilution of HO-1 antibody or a 1:200 dilution of 4-HNE antibody in 1.5 %
goat serum overnight at 4 °C. Sections were then washed with PBS containing
0.2 % Tween-20 and incubated with a 1:1,000 dilution of goat anti-mouse Alexa-
Fluor 488 secondary antibody for 1 hr at room temperature. The nuclei were
counterstained with DAPI and the section treated with ProLong® Gold antifade
reagent. Fluorescent images of corneas were captured with a ZEISS X-cite

series 120Q fluorescence microscope (Thornwood, NY).
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Western blotting. Protein concentrations of total cell lysate, nuclear and
cytoplasmic fractions, and caveolae and non-caveolae fractions were quantified
using the DC protein assay kit with bovine serum albumin as the standard (Black
et al., 2008b). Samples (15 pg/well) were then electrophoresed on 10% SDS-
polyacrylamide gels and transferred to nitrocellulose membranes. After blocking
in 5% milk in Tris buffer at room temperature for 1 hr, the blots were incubated
overnight at 4°C with 4-HNE antibody (1: 2000), HO-1 antibody (1:1000),
caveolin-1 (1:1000), hsp27 antibody (1: 200), hsp70 antibody (1:400), HSF-1
antibody (1: 500), Nrf2 antibody (1: 500), MAP kinase antibodies (1:1000), Akt
antibody (1: 1000) or B-actin (1:1000), washed with tTBS (Tris-buffered saline
supplement with 0.1% Tween 20) and then incubated with horseradish
peroxidase-conjugated secondary antibodies. After 1 hr at room temperature,

proteins were visualized by ECL chemiluminescence.

Real-time PCR. Total RNA was isolated from the cells using the Tri Reagent as
previously described by (Black et al., 2008a). cDNA was synthesized using M-
MLV reverse transcriptase. The cDNA was diluted 1:10 in RNase-DNase-free
water for PCR analysis. For each gene, a standard curve was generated from
serial dilutions of cDNA mixtures of all the samples. Real-time PCR was
conducted on an ABI Prism 7900 Sequence Detection System (Applied
Biosystems, Foster City, CA) using 96-well optical reaction plates. SYBR-Green
was used for detection of the fluorescent signal and the standard curve method

was used for relative quantitative analysis. The primer sequences for the genes



48

were generated using Primer Express software (Applied Biosystems) and the
oligonucleotides were synthesized by Integrated DNA Technologies, Inc.
(Coralville, IA). A mouse B-actin house-keeping gene was used to normalize all

the values. The forward (5’-3’) and reverse (5’-3’) primers used are listed in Table

1.



Table 1. Real-time PCR primer sequences.
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(rr?:L,l?:e ) Forward (5>-3’) Reverse (5-3)

B-actin TCACCCACACTGTGC CCATCTACGA GGATGC CACAGGATT CCATAC CCA
HO-1 ACC AGG GCA TCA AAAACT TG GCC CTGAAGCTTTTT GTC AG
COX-2 CAT TCTTTG CCC AGC ACTTCAC GAC CAG GCACCAGACCAAAGAC
GSTA1-2 | CAG AGT CCG GAAGATTTG GA CAAGGCAGTCTTGGC TTC TC
GSTA3 GCA AGC CTT GCC AAG ATC AA GGC AGG GAA GTAACG GTT CC
GSTA4 CCC TTG GTT GAA ATC GAT GG GAG GAT GGC CCTGGTCTG T
NQO-1 ACG CCT GAG CCC AGA TAT TG TCT GCAGCTTCCAGC TTCTTG
Prdx-1 GGA GGA TTG GGA CCC ATG GGTGCGCTT GGG ATCTGAT

Txnrd TTA GAG ACC GTG GGC GTG A GAC GGG TATCTTTCCGGTTTT T
catalase ACC AGG GCA TCA AAAACT TG GCC CTGAAGCTTTTT GTC AG
GSTM1 CCTACATGAAGA GTAGCCGCTACAT TAGTGA GTG CCC GTG TAG CAA
GSTP1 CCTTGG CCGCTCTTT GG GGC CTT CAC GTAGTC ATT CTT ACC
IL-1B CCA AAA GAT GAA GGG CTG CT TCA TCT GGACCC AGG TC

p53 CAG TCG GAT ATC AGC CTC GAG GCC TGAAAATGT CTC CTG GC

SOD ACC AGT GCA GGA CCT CATTTT AA TCT CCAACATGC CTCTCTTCATC
TNF-a AAA TTC GAG TGA CAA GCC GTA CCC TTG AAG AGA ACC TGG GAG TAG
p62 CCT GTG GTG GGA ACT CGC TA CAG GTC GTA GTC TGG GCA CAC
Gene

(human)

B-actin AAA GAC CTG TAC GCC AAC AC GTC ATACTC CTG CTT GCT GAT

HO-1

GCT CAA AAA GAT TGC CCA GA

GCG GTAGAG CTG CTT GAACT
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RESULTS AND DISCUSSION

Part I. The generation of 4-hydroxynonenal in rabbit cornea organ cultures
treated with UVB light and nitrogen mustard.
Summary

The cornea is highly sensitive to oxidative stress, a process that can lead
to lipid peroxidation. Ultraviolet light B (UVB) and nitrogen mustard
(mechlorethamine) are corneal toxicants known to induce oxidative stress. Using
a rabbit air-lifted corneal organ culture model, the oxidative stress responses to
these toxicants in the corneal epithelium was characterized. Treatment of the
cornea with UVB (0.5 J/cm2) or nitrogen mustard (100 nmol) resulted in the
generation of 4-hydroxynonenal (4-HNE), a reactive lipid peroxidation end
product. This was associated with increased expression of the antioxidant, heme
oxygenase-1 (HO-1). In human corneal epithelial cells in culture, addition of 4-
HNE or 9-nitrooleic acid, a reactive nitrolipid formed during nitrosative stress,
caused a time-dependent induction of HO-1 mRNA and protein; maximal
responses were evident after 10 hr with 30 uM 4-HNE or 6 hr with 10 uM 9-
nitrooleic acid. 4-HNE and 9-nitrooleic acid were also found to activate Erk1/2,
JNK and p38 MAP kinases, as well as phosphoinositide-3-kinase (PI3)/Akt.
Inhibition of p38 blocked 4-HNE- and 9-nitrooleic acid-induced HO-1 expression.
Inhibition of Erk1/2, and to a lesser extent, JNK and PI3K/Akt, suppressed only 4-
HNE-induced HO-1, while inhibition of JNK and PI3K/Akt, but not Erk1/2, partly

reduced 9-nitrooleic acid-induced HO-1. These data indicate that the actions of
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4-HNE and 9-nitrooleic acid on corneal epithelial cells are distinct. The sensitivity
of corneal epithelial cells to oxidative stress may be an important mechanism

mediating tissue injury induced by UVB or nitrogen mustard.
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Overview

As the outermost layer of the eye, the cornea is highly sensitive to injury
induced by environmental insults. This results in alterations in its structural
integrity, which can impair vision (Zigman, 1993; Lu et al., 2001; Cejka et al.,
2010). The mechanisms by which environmental insults damage the cornea are
not well understood. Our laboratories have been investigating the pathogenesis
of corneal injury induced by ultraviolet B light (UVB) and vesicants, such as
nitrogen mustard and sulfur mustard (Black et al., 2011; Malaviya et al., 2012;
Chang et al., 2013). These xenobiotics induce oxidative and nitrosative stress
which can cause aberrant epithelial cell growth and differentiation, and
cytotoxicity via necrosis and apoptosis (Heck et al., 2003; Laskin et al., 2010). In
the cornea, this results in opacities and ulcerative diseases, keratitis and
conjunctivitis (Podskochy and Fagerholm, 2001; Vidan et al., 2002; Cejkova et al.,
2004; Kadar et al., 2009; Milhorn et al., 2010).

An important consequence of oxidative and nitrosative stress is the
generation of excessive amounts of toxic reactive intermediates including
superoxide anion, hydrogen peroxide, hydroxyl radicals and nitric oxide (Halliwell,
1994; Devasagayam et al., 2004; Hughes, 2008; Halliwell, 2012). Recent studies
have suggested that modification of lipids by these reactive oxygen and nitrogen
species is a major contributor to tissue damage (Gutteridge, 1995; Mylonas and
Kouretas, 1999; Wink et al., 2000; Kohen and Nyska, 2002). For example,
during oxidative stress, reactive oxygen species can initiate lipid peroxidation, a

process that generates highly reactive electrophilic species such as a, -



53

unsaturated hydroxyalkenals (Niki et al., 2005; Niki, 2009). Additional reactive
oxidants are also generated when superoxide anion chemically reacts with nitric
oxide to produce intermediates such as peroxynitrite (Pacher et al., 2007).
Subsequent reactions of nitric oxide-derived oxidants with double bonds of fatty
acids, particularly the highly abundant oleic, linoleic, and arachidonic acids, leads
to the generation of nitrofatty acids, such as 9- and 10-nitro-oleic acid (O'Donnell
et al., 1999; Jain et al., 2008; Bonacci et al., 2012). Both a, B-unsaturated
hydroxyalkenals and the nitro-oleic acids are known to directly modify structural
components in cells via Michael additions leading to toxicity (Uchida and
Stadtman, 1992; Trostchansky and Rubbo, 2008; Niki, 2009). These reactive
intermediates have been identified as endogenous signaling molecules and their
ability to cause inappropriate or altered cellular signal transduction can contribute
to tissue injury (Mylonas and Kouretas, 1999; Petersen and Doorn, 2004).

The present studies were aimed at assessing the consequences of UVB-
and vesicant-induced oxidative stress in the cornea. For these studies we used
an air lifted rabbit cornea organ culture, a model system that has previously been
used to characterize corneal wound healing (Chandrasekher and Bazan, 1999;
Gordon et al., 2010). We found that exposure of the cornea to UVB or nitrogen
mustard resulted in the generation of 4-hydroxynonenal (4-HNE), an abundant q,
B-unsaturated hydroxyalkenal. This was associated with increased expression of
the antioxidant heme oxygenase-1 (HO-1), a stress protein important in
protecting the cornea from injury induced by oxidative and nitrosative stress (Neil

et al., 1995; Patil et al., 2008). Mechanisms by which 4-HNE and a related
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nitrofatty acid derived mediator, 9-nitrooleic acid, induce HO-1 were analyzed
using a human corneal epithelial cell culture. Our data demonstrate that reactive
lipids formed during the pathogenesis of corneal injury are important in regulating
the cytotoxic actions of UVB and nitrogen mustard. Results from these studies
provide additional support for the key contribution of oxidative stress and lipid

peroxidation to the actions of xenobiotics in the cornea.
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Results

Effects of UVB and nitrogen mustard on the formation of 4-HNE-adducts
and HO-1 expression in cultured rabbit corneas. Consistent with previous
studies (Maumenee and Scholz, 1948; Koliopoulos and Margaritis, 1979; Young,
2006b), we found that UVB and nitrogen mustard caused significant damage to
the epithelial layer of the cornea. Figure 1 (upper panel) shows the epithelium of
control cornea patterned with five to seven layers of cells. Treatment with UVB
or nitrogen mustard resulted in a thickening of the epithelial layer with a
downward hyperplasia within 3 hr (Figure 1, center panels). At 6 hr post
exposure, areas of separation of epithelial cells appeared at the epithelial-stromal
junction (Figure 1, lower panels).

As a highly reactive end product of lipid peroxidation, 4-HNE forms stable
protein adducts with histidine, lysine, and cysteine side chains which can be used
as biomarkers for oxidative tissue damage (Requena et al., 1996). Using an
antibody that detects 4-HNE-histidine adducts, we found that corneas treated
with UVB or nitrogen mustard readily generated 4-HNE in a time related manner.
4-HNE-adducts were identified on the superficial layers near the corneal surface
and on basal cells above the basement membrane (Figures 2 and 3, middle and
right panels). Greater amounts of 4-HNE adducts were detected in intermediate
areas of UVB or nitrogen mustard treated corneal epithelium with increasing
periods of time. In contrast, minimal 4-HNE adducts were found in control

corneas (Figures 2 and 3, left panels).
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HO-1 is an inducible enzyme synthesized in tissues in response to
oxidative stress (Rizzardini et al., 1994; Cisowski et al., 2005). Control corneas
expressed low levels of HO-1 on the on the superficial layers near the corneal
surface (Figures 4 and 5, left panels). A marked upregulation in HO-1
expression was observed 3 hr and 6 hr after UVB or nitrogen mustard treatment
(Figures 4 and 5, middle and right panels). HO-1 was expressed in cells near
the corneal surface and above the basement membrane. HO-1 was also

observed in the central cornea 6 hr post UVB or nitrogen mustard treatment.

Effects of 4-HNE on cultured corneal epithelial cells. We next used cultured
human corneal epithelial cells to analyze the effects of 4-HNE on HO-1
expression. 4-HNE was readily taken up by the corneal epithelial cells, as
reflected by its rapid disappearance from the medium; its half-life in the medium
was approximately 25 min (Figure 6, upper and middle panels). At least one
metabolite appeared in the medium. 4-HNE was also identified inside the cells;
maximal levels were noted within 5 min, declining rapidly thereafter (Figure 6,
bottom panel). Metabolites of 4-HNE were also identified in the cells, as
measured by the appearance of a broad shoulder on the 4-HNE HPLC peak. As
observed with 4-HNE, these metabolites degraded over time. 4-HNE treatment
also caused a time-dependent generation of protein adducts. An increase in
expression of a prominent band with a molecular weight of 45 kDa appeared in
the cells 15 min after treatment with 4-HNE treatment (Figure 7). With increasing

time (30-90 min), a 43 kDa molecular weight band appeared, as well as a
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number of relatively lower abundance higher molecular weight bands, ranging in
molecular weight from 50-200 kDa.

Treatment of corneal epithelial cells with 4-HNE resulted in a time-
dependent induction of HO-1 mRNA and protein (Figure 8, left panels). Optimal
activity was evident 6-10 hr after treatment with 30 uM 4-HNE. We next
compared the actions of 4-HNE with the nitrosative stress lipid mediator, 9-
nitrooleic acid, which is known to be generated following nitration of oleic acid
(Jain et al., 2008). As observed with 4-HNE, 9-nitrooleic acid induced expression
of mMRNA and protein for HO-1 in human corneal epithelial cells (Figure 8, right
panels). However, the effects of 9-nitrooleic acid were transient; maximal levels
were attained after 6 hr with 10 uM 9-nitrooleic acid.

In further studies we analyzed the role of MAP kinase and PI3/Akt
signaling in 4-HNE- and 9-nitrooleic acid-induced HO-1 expression. Both fatty
acid derived lipids were found to activate corneal Erk1/2, p38 and JNK MAP
kinases, as measured by increases in the phosphorylated forms of these
enzymes (Figures 9 and 10). The effects of 4-HNE were time-dependent,
reaching a maximum after 60-90 min with each enzyme. The stimulatory effects
of 9-nitrooleic acid on p38 kinase were generally similar to 4-HNE. In contrast,
JNK was only activated after 90 min, while Erk1/2 expression increased after 30
min and declined thereafter. Both 4-HNE and 9-nitrooleic acid also activated
PI3/Akt signaling; these increases were time-dependent and maximal after 90
min with 4-HNE and 15 min with 9-nitrooleic acid. To determine if 4-HNE and 9-

nitrooleic acid-induced upregulation of HO-1 expression in corneal epithelial cells
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was dependent on MAP kinases and PI3/Akt, we used specific enzyme inhibitors.
Treatment of the cells with the p38 MAP kinase inhibitor, SB203580, or the Erk-
1/2 kinase inhibitor, PD98059, markedly suppressed 4-HNE-induced expression
of HO-1. A JNK inhibitor, SP00125, and a PI3K/Akt inhibitor, wortmannin, only
partially inhibited HO-1 expression. In contrast, the p38 kinase inhibitor only
blocked 9-nitrooleic acid-induced expression of HO-1; partial inhibition of HO-1
expression was evident with the JNK and PI3K/Akt inhibitors. Minimal effects
were observed on 9-nitrooleic acid-induced expression of HO-1 with the Erk1/2

inhibitor (Figure 10).
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Discussion

Earlier studies have shown that ocular exposures to UVB or vesicants
results in damage to the corneal epithelium, which involves both acute and
chronic keratinopathies (Doughty and Cullen, 1989; Bergmanson, 1990; Javadi
et al., 2005; Shohrati et al., 2007; Ghabili et al., 2010). Depending on dose,
inflammation and edema are observed along with increased corneal thickness,
and necrotic sloughing of epithelial cells. Detachment of epithelial cells is
thought to be due to degradation of the basement membrane and basal cell
hemidesmosomes, which are critical for the attachment of the epithelium to the
lamina lucida (Papirmeister, 1991; Petrali et al., 1997; McNutt et al., 2012a;
McNutt et al., 2012b; Kadar et al., 2013). Our laboratories have been
characterizing the effects of ocular toxicants including UVB and vesicants on
rabbit cornea using an air-lifted organ culture model (Gordon et al., 2010). In this
model, the corneal epithelium retains a typical differentiated phenotype with an
intact basement membrane separating the epithelial and stromal cell layers
(Foreman et al., 1996; Gordon et al., 2010). Using this organ culture system, the
present studies demonstrate that both UVB and nitrogen mustard, a sulfur
mustard analog, cause damage to the cornea, characterized by a thickening of
the epithelium, largely due to epithelial hyperplasia, and localized separation of
the epithelium from the basement membrane zone. These data are consistent
with the effects UVB and sulfur mustard on rabbit cornea in vivo (Cejkova and
Lojda, 1994; Petrali et al., 1997) and demonstrate the utility of the cornea organ

culture model for mechanistic studies on the action of xenobiotics.
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Using conditions under which UVB and nitrogen mustard generate similar
corneal damage in the rabbit organ cultures, we found evidence of 4-HNE
production by corneal epithelium. This was based on our identification of 4-HNE-
modified proteins in the corneal epithelial cells. These proteins were localized in
epithelial cells on the surface of the cornea and in cells above the basement
membrane. With time, 4-HNE modified proteins were also evident in
intermediate areas of the cornea, although at reduced amounts relative to other
areas of the cornea. These data indicate that UVB- and nitrogen mustard-
induced corneal toxicity is associated with oxidative stress and lipid peroxidation.
A similar induction of 4-HNE production has previously been described in mouse
keratinocytes treated with UVB (Zhaorigetu et al., 2003) . Our observation the 4-
HNE was localized in cells near the corneal surface is consistent with the fact
that these cells are the first to encounter the toxicants, and likely receive the
highest doses resulting in significant oxidative stress. The mechanisms for
increased injury of cells above the basement membrane following treatment with
UVB and nitrogen mustard are not known. In the skin, basal keratinocytes are a
major target for both nitrogen mustard and sulfur mustard, possibly due to their
ability to stimulate the production of proteases that degrade the basement
membrane (Papirmeister, 1991). In this regard, sulfur mustard has been
reported to induce a variety of basement membrane degrading enzymes in the
skin including elastase, tryptase, calpain, matrix metalloproteinase-2 and matrix
metalloproteinase-9 (Shakarjian et al., 2010). Matrix metalloproteinases are also

known to be induced in the cornea in different diseases and these or related
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proteases may also contribute to UVB- and nitrogen mustard-induced injury in
basal corneal epithelial cells (Sakimoto and Sawa, 2012).

HO-1 is an important adaptive response protein induced in cells subject to
oxidative stress. It functions to protect cells by inhibiting apoptosis and
inflammation (Willis et al., 1996; Inguaggiato et al., 2001; Gozzelino et al., 2010).
We found that areas of 4-HNE production in the cornea after UVB or nitrogen
mustard treatment was associated with increased expression of HO-1. These
data are consistent with earlier studies demonstrating that corneal injury in mice
results in increased HO-1 expression and activity, which contributes to reduced
inflammation and increased wound healing (Patil et al., 2008) and that UVB is an
effective inducer of HO-1 in human corneal epithelial cells in culture (Black et al.,
2011). Both nitrogen mustard and sulfur mustard have also been reported to
upregulate HO-1 in vivo (Malaviya et al., 2010; Malaviya et al., 2012). The ability
of UVB and nitrogen mustard to modulate corneal epithelial cell expression of
antioxidants such as HO-1 is likely to be important in regulating inflammation and
protecting the cornea against oxidative stress.

4-HNE is known to modulate HO-1 expression in many cell types (Tanito
et al., 2007; Vila et al., 2008; Zhang and Forman, 2009; Ishikado et al., 2010). To
investigate its mechanism of action in the cornea, a human corneal epithelial cell
line known to be sensitive to UVB was used (Black et al., 2011). In these cells,
UVB regulates HO-1 expression via MAP kinase signaling (Black et al., 2011).
We found that human corneal epithelial cells readily take up 4-HNE where it was

effective in inducing HO-1 mRNA and protein. These data indicate that induction
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of HO-1 is regulated at the level of mMRNA expression. In addition to reactive
oxygen species, many tissues generate reactive nitrogen species during
oxidative stress. Earlier studies have shown that exposure of skin to UVB or lung
to nitrogen mustard leads to oxidative, as well as nitrosative stress (Malaviya et
al., 2012; Terra et al., 2012). In human corneal epithelial cells and in rabbit
cornea, UVB has been shown to stimulate expression of nitric oxide synthases
(Cejkova et al., 2005; Black et al., 2011; Chen et al., 2011). One consequence of
nitrosative stress is nitration of unsaturated fatty acids. Generated in nitric oxide-
dependent oxidative reactions, several of these lipid products are electrophilic
fatty acid nitroalkenes and include nitrolinoleic acid and nitrooleic acid derivatives
(Li et al., 2008). Like 4-HNE, these nitrofatty acids react via Michael additions
and form adducts with many cellular components; their reaction with signaling
proteins can regulate their function and control gene expression (Freeman et al.,
2008). Of interest was our finding that 9-nitrooleic acid, a relatively abundant
nitro-fatty acid, was comparable to 4-HNE in inducing HO-1 mRNA and protein
expression in corneal epithelial cells, although the kinetics of the responses to
the two reactive lipids were distinct. Thus, induction of HO-1 mRNA and protein
by 4-HNE was more rapid and persistent, when compared to 9-nitrooleic acid.
Differences in the activities of these lipid mediators in inducing HO-1 in corneal
epithelial cells may be due to their relative reactivity with signaling molecules
important in controlling expression of stress response genes (Schwobel et al.,
2010) (see further below), and/or differences in their uptake and metabolism.

Importantly, our data suggest that nitrosative stress and subsequent generation
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of reactive nitrolipids plays a role in regulating an adaptive response in corneal
epithelial cells. Further studies are needed to determine if nitrofatty acids such
as 9-nitrooleic acid can be generated in the cornea after treatment with stressors
such as UVB and nitrogen mustard.

Reactive aldehydes including 4-HNE activate MAP kinase and PI3K/Akt
signaling cascades, key processes regulating HO-1 expression (Johnson and
Lapadat, 2002; Schmitz et al., 2002; Salinas et al., 2003; Schopfer et al., 2005a).
Both 4-HNE and 9-nitrooleic acid were found to activate these pathways in
corneal epithelial cells; 4-HNE was more effective than 9-nitrooleic acid, a finding
consistent with its increased ability to induce HO-1. Studies with kinase inhibitors
demonstrated that p38 MAP kinase was the most active in regulating 4-HNE- and
9-nitrooleic acid-induced HO-1 expression. Erk1/2, and to a lesser extent, JNK
and PI3K/Akt, were also involved in 4-HNE-induced HO-1 expression, while JNK
and PI3K/Akt, but not Erk1/2, were partly effective in regulating the activity of 9-
nitrooleic acid. These data indicate 4-HNE and 9-nitrooleic acid modulate HO-1
expression by distinct mechanisms. It is well recognized that additional signaling
pathways control HO-1 expression including Nrf2/Keap-1 and NF-xB (Nguyen et
al., 2003; Wijayanti et al., 2004). In this regard, 4-HNE has been shown to
activate Nrf2 and NF-xB (Ruef et al., 2001; Chen et al., 2009; Kansanen et al.,
2011; Trostchansky et al., 2012). It remains to be determined if 4-HNE and 9-
nitrooleic acid also control the activity of Nrf2 and NF-«xB in corneal epithelial
cells, and consequent HO-1 expression. In earlier studies using human corneal

epithelial cells, we found that UVB-induced mRNA expression of HO-1 was
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associated with activation of Erk1/2, JNK and p38 MAP kinases (Black et al.,
2011). In contrast to 4-HNE and 9-nitrooleic acid, the effects of UVB were
mediated by JNK and not p38 MAP kinase. These data indicate that
mechanisms regulating HO-1 by 4-HNE and 9-nitrooleic acid are also distinct
from UVB.

Of interest were our findings that 4-HNE was rapidly metabolized by the
corneal epithelial cells. This is evidenced by 1) its rapid disappearance from the
medium of treated cells, 2) its rapid intracellular metabolism, 3) the appearance
of both intra- and extracellular metabolites, and 4) the formation of 4-HNE-protein
adducts. Metabolism of 4-HNE and related reactive aldehydes to inactive
products is an important mechanism for protecting cells from oxidative stress.
Several pathways mediate 4-HNE metabolism including oxidation to 4-hydroxy-2-
nonenoic acid by aldehyde dehydrogenase, reduction to non-2-ene-1,4-diol by
alcohol dehydrogenase, and conjugation by glutathione-S-transferases (Canuto
et al., 1994; Barrera et al., 1996; Spycher et al., 1996; Tjalkens et al., 1998). The
cornea contains both aldehyde dehydrogenases and alcohol dehydrogenases; of
interest is the fact that aldehyde dehydrogenase is a highly abundant corneal
crystallin, a structural protein important in maintaining clarity of the cornea (Chen
et al., 2013). The metabolism of 4-HNE by isoforms of this enzyme including
ALDH3A1 in humans, and most other mammals, and ALDH1A1 in rabbits, has
been well characterized (Black et al., 2012; Chen et al., 2013). Metabolism of 4-
HNE by glutathione-S-transferases in human and bovine corneas has also been

reported (Srivastava et al., 1994; Singhal et al., 1995). At the present time, the
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precise identity of the 4-HNE-derived metabolites, as well as the enzymes
mediating 4-HNE metabolism in the corneal epithelial cells used in our studies
are not known.

As described above, 4-HNE forms protein adducts via Michael additions
across its carbon-carbon double bond (Esterbauer et al., 1991; Jacobs and
Marnett, 2010). In cultured corneal epithelial cells, a number of proteins with
molecular weights ranging from 43- 200 kDa were modified by 4-NHE. That
adducts can be formed in corneal cells is consistent with our findings of 4-HNE-
protein adducts in the epithelium of rabbit cornea in organ culture following
treatment with UVB and nitrogen mustard. The identity of the modified proteins
in either intact cornea or the corneal epithelial cell cultures is not known. 4-HNE
can directly or indirectly modify signaling proteins controlling expression of
adaptive response genes and these may be important in regulating expression of
HO-1 (Gong et al., 2001; Ji et al., 2001; Leonarduzzi et al., 2004; Martin et al.,
2004; Liu et al., 2005; Siow et al., 2007; Rudolph and Freeman, 2009; Huang et
al., 2012). Further studies are needed to identify proteins modified by 4-HNE in
the cornea and to determine their role in mediating injury induced by UVB and
nitrogen mustard.

In summary, our data demonstrate that in the rabbit cornea organ culture
model, injury following exposure to UVB or nitrogen mustard results in oxidative
stress, as exemplified by the generation of 4-HNE modified proteins and
expression of HO-1. Using corneal epithelial cell cultures, MAP kinase and

PI13K/Akt signaling were found to be an important mechanism by which 4-HNE
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modulates expression of HO-1. Similar results were observed in corneal cell
cultures with 9-nitrooleic acid, a lipid-derived product resulting from nitrosative
stress, although 4-HNE and 9-nitrooleic acid appear to act by distinct
mechanisms. Earlier studies have shown that oxidative and nitrosative stress
induced by UVB and mustards contribute to toxicity in target tissues. Both stress
processes can arise by a variety of mechanisms in injured tissues including
increases in enzymes that generate reactive oxygen and reactive nitrogen
species, disruption of mitochondrial function, and changes in intracellular
antioxidants such as sulfhydryl-containing amino acids, small molecular weight
peptides such as glutathione, and various antioxidant enzymes (Niki, 2008). A
more precise definition of the mechanisms by which UVB and nitrogen mustard
induce oxidative and nitrosative stress in the cornea is needed as is the role of

antioxidants in protecting against tissue injury.
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Figure 1. Morphology of rabbit corneas treated with UVB or NM. Cornea
culture were exposed to control, UVB (0.5 J/cm?) or NM (100 nmol). After 3 hr
and 6 hr, corneas were stained with hematoxylin and eosin. This figure was done
to show toxicant-induced injury. Treatments of the cornea with UVB and nitrogen
mustard as well as sectioning and H & E staining were done by Iris Po and Dr.
Marion Gordon. | worked with Dr. Gordon to arrange the panels. Original

magnification, x 400.
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Figure 2. Effects of UVB on 4-HNE formation in rabbit corneas. Cornea
cultures were exposed to control or UVB (0.5 J/cm?). After 3 hr and 6 hr, the
central portions of corneas were analyzed for 4-HNE using mouse monoclonal 4-
HNE primary antibody and Alexa-Fluor 488 labeled secondary antibody. Nuclei
were visualized using DAPI staining. Treatments of the cornea with UVB and
nitrogen mustard as well as sectioning of the tissues were done by Iris Po and Dr.
Marion Gordon. | worked with them to perform the immunofluorescence. Original

magnification, x 400
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Figure 3. Effects of NM on 4-HNE formation in rabbit corneas. Cornea
cultures were treated with control or 100 nmol NM. After 3 hr and 6 hr, the central
portions of corneas were analyzed for 4-HNE using mouse monoclonal primary
4-HNE antibody and Alexa-Fluor 488-labeled secondary antibody. Nuclei were
visualized using DAPI staining. Treatments of the cornea with UVB and nitrogen
mustard as well as sectioning of the tissues were done by Iris Po and Dr. Marion
Gordon. | worked with them to perform the immunofluorescence. Original

magnification, x 400
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Figure 4. Effects of UVB on HO-1 expression in rabbit corneas. Cornea
cultures were exposed to control or UVB (0.5 J/cm?). After 3 hr and 6 hr, the
central portions of corneas were analyzed for HO-1 expression using mouse
monoclonal primary HO-1 antibody and Alexa-Flour 488-labeled secondary
antibody. Nuclei were visualized using DAPI staining. Treatments of the cornea
with UVB and nitrogen mustard as well as sectioning of the tissues were done by
Iris Po and Dr. Marion Gordon. | worked with them to perform the

immunofluorescence. Original magnification, x 400
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Figure 5. Effects of NM on HO-1 expression in rabbit corneas. Cornea
cultures were treated with control or 100 nmol NM. After 3 hr and 6 hr, the central
portions of corneas were analyzed for HO-1 expression using mouse monoclonal
HO-1 antibody and Alexa-Flour 488-labeled secondary antibody. Nuclei were
visualized using DAPI staining. Treatments of the cornea with UVB and nitrogen
mustard as well as sectioning of the tissues were done by Iris Po and Dr. Marion
Gordon. | worked with them to perform the immunofluorescence. Original

magnification, x 400
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Figure 6. 4-HNE metabolism in human corneal epithelial cells. Suspensions
of corneal epithelial cells (2 x 108/ml) were incubated with 100 uM 4-HNE. At the
indicated time points, reactions were stopped by the addition of an equal volume
of acetonitrile/acetic acid (96:4, v/v). Top panel: HPLC analysis of 4-HNE
metabolism. After stopping the reaction, cells were pelleted and clear
supernatants analyzed by HPLC. Middle panel: Kinetics of 4-HNE metabolism
and corresponding metabolite formation. Bottom panel: 4-HNE metabolism in
intact cells. 4-HNE-treated cells were pelleted, washed with PBS and then

analyzed by HPLC.
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Figure 7. Formation of 4-HNE-protein adducts in human corneal epithelial
cells. Cells were treated with vehicle control (C) or 4-HNE (30 uM) for 0, 15, 30,
60 and 90 min. Cell lysates were then prepared, and protein analyzed by western

blotting using mouse monoclonal antibody to 4-HNE.
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Figure 8. Effects of electrophilic lipid peroxidation products on HO-1
expression in human corneal epithelial cells. Corneal epithelial cells were
treated with vehicle control, 30 uM 4-HNE (left panels) or 10 uM 9-NO (right
panels). mMRNA or protein was extracted from the cells at the indicated times and
analyzed by real time PCR (upper panels) and western blotting (lower panels),
respectively. B-actin was used for controls. Data are presented as mean + SE

(n=3, *=p<0.05)
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Figure 9. Role of MAP kinases and PI3/Akt kinase signaling in regulating 4-
HNE-induced HO-1 expression in human corneal epithelial cells. Panel A:
Effects of 4-HNE on MAP kinase and Akt kinase. Cells were treated with control
or 30 uM 4HNE for 15, 30, 60 and 90 min. Cell lysates were prepared and
analyzed for total and phosphorylated p38, JNK, Erk1/2, or Akt by western
blotting. Panel B: Effects of MAP kinase and PI3K/Akt inhibitors on 4-HNE-
induced HO-1 expression. Cells were pre-incubated with inhibitors to p38
(SB203580,10 pM), JNK (SP600125, 20 uM), Erk1/2 (PD98059, 10 uM) or PI3K
(wortmannin, 0.1 uM) for 3 hr and then with 30 uM 4-HNE for additional 6 hr or
10 hr. Total cell lysates were prepared and analyzed for HO-1 protein expression

by western blotting. The data shown are from a single representative blot (n=3).
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Figure 10. Role of MAP kinases and PI3/Akt kinase signaling in regulating
9-NO induced HO-1 expression in human corneal epithelial cells. Panel A:
Effects of 9-NO on MAP kinase and Akt kinase in human corneal epithelial cells.
Cells were treated with control or 10 uM 9-NO for 15, 30, 60 and 90 min. Cell
lysates were prepared and analyzed for total and phosphorylated p38, JNK,
Erk1/2, or Akt by western blotting. Panel B: Effects of MAP kinase and PI3/Akt
inhibitors on 9-NO-induced HO-1 expression. Human epithelial cells were pre-
incubated with inhibitors to p38 (SB203580,10 uM), JNK (SP600125, 20 uM),
Erk1/2 (PD98059, 10 uM) or PI3/Akt kinase (wortmannin, 0.1 uM) for 3 hr and
then with 10 uM 9-NO for additional 6 hr. Total cell lysates were then prepared
and analyzed for HO-1 protein expression by western blotting. The data shown

are from a single representative blot (n=3).
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Part Il. Modulation of keratinocytes expression of antioxidants by 4-HNE
Summary

Keratinocytes contain an array of antioxidant enzymes which protect
against oxidative stress. In these studies, we characterized 4-HNE-induced
changes in antioxidant expression in mouse keratinocytes. Treatment of primary
mouse keratinocytes and PAM 212 keratinocytes with 4-HNE increased mRNA
expression for heme oxygenase-1 (HO-1), catalase, NADPH:quinone
oxidoreductase (NQO1) and glutathione S-transferase (GST) A1-2, GSTA3 and
GSTA4. In both cell types, HO-1 was the most sensitive, increasing 86-98 fold
within 6 hr. Further characterization of the effects of 4-HNE on HO-1
demonstrated concentration- and time-dependent increases in mRNA and
protein expression which were maximum after 6 hr with 30 uM. 4-HNE stimulated
keratinocyte Erk1/2, JNK and p38 MAP kinases, as well as PI3 kinase. Inhibition
of these enzymes suppressed 4-HNE-induced HO-1 mRNA and protein
expression. 4-HNE also activated Nrf2 by inducing its translocation to the
nucleus. 4-HNE was markedly less effective in inducing HO-1 mRNA and protein
in keratinocytes from Nrf2-/- mice, when compared to wild type mice, indicating
that Nrf2 also regulates 4-HNE-induced signaling. Western blot analysis of
caveolar membrane fractions isolated by sucrose density centrifugation
demonstrated that 4-HNE-induced HO-1 is localized in keratinocyte caveolae.
Treatment of the cells with methyl-B-cyclodextrin, which disrupts caveolar
structure, suppressed 4-HNE-induced HO-1. These findings indicate that 4-HNE

modulates expression of antioxidant enzymes in keratinocytes, and that this can



occur by different mechanisms. Changes in expression of keratinocyte

antioxidants may be important in protecting the skin from oxidative stress.

88
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Overview

The skin is highly sensitive to oxidative stress induced environmental
insults such as ultraviolet light, gamma radiation and various chemical toxicants
(Isoir et al., 2006; Black et al., 2008b; Laskin et al., 2010). Oxidative stress is
associated with the generation of excessive amounts of highly toxic
intermediates including superoxide anion, hydrogen peroxide and hydroxyl
radicals (Halliwell and Whiteman, 2004). These reactive oxygen species (ROS)
can initiate lipid peroxidation, a process that generates o, -unsaturated
hydroxyalkenals (Niki, 2009). One of these electrophilic species is 4-
hydroxynonenal (4-HNE), a relatively abundant aldehyde that forms Michael
adducts with nucleophilic sites in DNA, lipids and proteins (LoPachin et al., 2009).
4-HNE is mutagenic and can disrupt cellular metabolic activity (Winczura et al.,
2012). It has been identified in sun damaged skin (Tanaka et al., 2001; Hirao
and Takahashi, 2005), radiation-induced dermatitis (Ning et al., 2012), and in
skin treated with chemicals such as the sulfur mustard analog 2-chloroethyl ethyl
sulfide (Tewari-Singh et al., 2012) and ozone (Valacchi et al., 2003).

It is well recognized that oxidative stress initiates an adaptive response
involving upregulation of stress response genes and antioxidants important in
protecting cells from injury (Davies, 2000). Driving this process is activation of
signaling molecules and transcription factors that control expression of these
genes. In keratinocytes, these include mitogen activated protein kinases and
phospho-inositide-3-kinase (PI3K)/Akt, as well as nuclear factor (erythroid-

derived 2)-like 2 (Nrf2) and NF-xB (Dhar et al., 2002; Keum et al., 2006; Marrot
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et al., 2008; Black et al., 2010; Haarmann-Stemmann et al., 2012). Molecules
thought to be involved in mediating stress-induced alterations in adaptive
response genes include lipid peroxidation products such as malondialdehyde,
acrolein and 4-HNE (Pizzimenti et al., 2013). It should be noted that nitric oxide
synthase is induced during oxidative stress (Piantadosi and Suliman, 2012) and
nitric oxide generated reaction products such as peroxynitrite and various
electrophilic nitrolipids can also upregulate oxidative stress responsive genes
(Szabo et al., 2007; Freeman et al., 2008).

Earlier studies by our laboratory showed that in keratinocytes, oxidative
stress induced by UVB light and chemical toxicants results in upregulation of
adaptive response proteins (Black et al., 2008a). These include enzymes
important in detoxifying or limiting the production of ROS such as superoxide
dismutase, catalase and NAD(P)H quinone oxidoreductase 1 (NQO1) and the
phase 2 enzymes heme oxygenase-1 (HO-1) and glutathione S-transferases
(GST). The present studies were aimed at identifying antioxidants and stress
proteins upregulated in mouse keratinocytes by 4-HNE and analyzing signaling
pathways regulating this response. Coordinate regulation of expression of these
adaptive response proteins is likely to be important in controlling oxidative stress

and tissue injury following exposure of the skin to xenobiotics.
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Results

4-HNE metabolism in keratinocytes. In initial experiments we analyzed the
uptake and degradation of 4-HNE in PAM 212 keratinocytes. 4-HNE was found
to accumulate in the cells within 15 min of treatment with 100 uM 4-HNE; rapid
degradation of the reactive aldehyde was evident thereafter (Figure 11, panels A
and B). Using lysates from a human keratinocyte cell line, previous studies
showed that 4-HNE was degraded in an NADH-dependent pathway (Galleano
and Puntarulo, 1995). In contrast, we found that 4-HNE was rapidly degraded in
PAM 212 cell lysates in the absence of pyridine nucleotides. However, both
NADH and NADPH stimulated 4-HNE degradation (Figure 11, panel C). The

o, pB-saturated bond of 4-HNE is known to form protein adducts by reacting with
cysteine, histidine and lysine residues through Michael additions, processes
thought to initiate the biological activity of reactive lipid peroxidation products
(LoPachin et al., 2009). In intact keratinocytes, 4-HNE treatment resulted in the
formation of 4-HNE-protein adducts (Figure 11, panel D). Within 15-30 min of
treatment with 100 uM 4-HNE, two prominent bands (Mr = 43,000 and 75,000)
were evident in western blots. With increasing periods of time, additional

proteins of higher and lower molecular weights were also modified by 4-HNE.

4-HNE induces antioxidant proteins. Earlier studies showed that stress
resulting from the reaction of lipid peroxidation products with cellular components
upregulates oxidative stress-related genes including HO-1(Zarkovic, 2003).

Consistent with these findings, we observed that 4-HNE readily induced HO-1
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mMRNA and protein in both PAM 212 cells and primary keratinocytes from wild
type mice, as determined by real time PCR and Western blotting, respectively
(Table 2 and Figure 12). The effects of 4-HNE were concentration- and time-
dependent. In both cell types, maximal increases in HO-1 mRNA expression
(approximately 85-90-fold) were noted with 30 uM 4-HNE after 6 hr. Increases in
protein expression were maximal with 10-30 uM 4-HNE after 6-12 hr (Figure 12).
We next determined if 4-HNE upregulated other antioxidants in the cells. We
found that 4-HNE (30 uM) induced expression of mMRNA for NQO1, as well as the
glutathione S-transferases, GSTA1-2, GSTA3 and GSTA4 (Table 2). Whereas
increased expression of NQO-1 was 4-5 fold after 6 hr and 24 hr incubation with
4-HNE, in both PAM 212 cells and primary keratinocytes, increases in GSTA1-2
(30-60-fold) were only observed after 24 hr. 4-HNE also upregulated GSTA3 and
GSTA4 approximately 2-8 fold. Catalase was also upregulated by 4-HNE
approximately 3 fold, but only in primary keratinocytes after 24 hr. 4-HNE had no

significant effects on SOD, GSTM1 or GSTP1.

Signaling pathways regulating 4-HNE-induced alterations in HO-1
expression. MAP kinase and PI3K/Akt signaling are known to be important in
regulating antioxidant expression. We next characterized these signaling
pathways in 4-HNE treated PAM 212 keratinocytes. 4-HNE was found to
activate p38, Erk1/2, JNK MAP kinase activity, as well as Akt in the cells as
measured by phosphorylation of these proteins (Figure 13, upper panel). No

significant changes were apparent in total expression of the MAP kinases or Akt.
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We next used inhibitors of the MAP kinases and PI3 kinase to evaluate their role
in regulating HO-1 expression. SB203580, a p38 kinase inhibitor, SP600125, a
JNK inhibitor, PD98059, an Erk1/2 kinase inhibitor and wortmannin, a PI3K
inhibitor, were found to suppress 4-HNE-induced HO-1 mRNA and protein
expression (Figure 13, center and lower panels). The highest concentration of 4-
HNE (30 uM) was able to overcome inhibition of HO-1 protein expression by the

kinase inhibitors.

Role of caveolae in 4-HNE-induced expression of HO-1. We previously
showed that plasma membrane caveolae play a role in the regulation of
electrophilic nitro fatty acid-induced expression of stress proteins and
antioxidants in keratinocytes (Zheng et al., 2014) . In further studies we
determined if caveolae regulate 4-HNE-induced expression of HO-1. Caveolar
fractions, but not non-caveolar fractions of PAM 212 keratinocytes, were found to
contain caveolin-1, the maijor structural protein in caveolae (Figure 14, upper
panel). 4-HNE upregulated HO-1 expression in both caveolar and non-caveolar
fractions of the cells. The MAP kinase and Akt inhibitors were effective in
suppressing expression of HO-1 in both caveolar and non-caveolar fractions
(Figure 14, center panel). Inhibitors of JNK and p38 were the most effective in
blocking caveolar HO-1 expression. Treatment of keratinocytes with methyl-3-
cyclodextrin, which depletes cholesterol and disrupts caveolae, similarly reduced

4-HNE-induced HO-1 expression (Figure 14, lower panel).
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Role of Nrf2 in 4-HNE-induced expression of HO-1. The transcription factor
Nrf2 is known to play a role in the regulation of expression of antioxidants in
response to 4-HNE (Huang et al., 2012). Nrf2 forms a complex with Keap1,
which functions to retain Nrf2 in the cytoplasm (Li and Kong, 2009). Binding of 4-
HNE to Keap1 allows Nrf2 to translocate to the nucleus where it regulates
antioxidant gene expression (Levonen et al., 2007; Kobayashi et al., 2009). In
PAM 212 cells, 4-HNE was found to stimulate nuclear localization of Nrf2 in a
concentration- and time-dependent manner (Figure 15, upper panel). To assess
the role of Nrf2 in 4-HNE-induced expression of HO-1, we used keratinocytes
from Nrf2-/- mice. We found that 4-HNE was significantly less effective in
upregulating HO-1 mRNA expression in keratinocytes from Nrf2-/- mice than

keratinocytes from wild type mice (Figure 15, lower panel).
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Discussion

4-HNE is a highly reactive aldehyde that can modify cellular components
and induce cytotoxicity. Metabolic degradation of 4-HNE limits its cytotoxic
activity and protects against tissue injury (O'Brien et al., 2005). The present
studies demonstrate that 4-HNE is readily taken up by mouse keratinocytes;
intracellular levels were maximal within 15 min of treatment, declining rapidly
thereafter. Decreases in intracellular keratinocyte 4-HNE are consistent with its
metabolism. In this regard, earlier studies showed both oxidative and reductive
metabolism of 4-HNE in human keratinocytes, as well as the formation of GSH
reaction products (Aldini et al., 2003). A number of enzymes have been
identified that metabolize 4-HNE, including alcohol dehydrogenase, aldehyde
dehydrogenase, aldo-keto reductases, cytochrome P450’s and glutathione S-
transferases (Hartley et al., 1995; Srivastava et al., 2000; Amunom et al., 2011a).
Glutathione S-transferases conjugate 4-HNE to glutathione, a process that
promotes its extracellular transport (Tjalkens et al., 1999). Glutathione
conjugates and related metabolites generated by enzymatic oxidation/reduction
of these conjugates have been identified in culture medium from human
keratinocytes treated with 4-HNE (Aldini et al., 2003). Similarly, we observed
rapid degradation of 4-HNE in lysates of mouse keratinocytes. Of note, this
process was stimulated by both NADH and NADPH. These pyridine nucleotides
are cofactors for enzymes that degrade 4-HNE including alcohol dehydrogenase
and aldehyde dehydrogenase which have been identified in human keratinocytes

(Galleano and Puntarulo, 1995; Alary et al., 2003b). A considerable fraction of 4-
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HNE metabolism in mouse keratinocytes was found to be pyridine nucleotide-
independent. Enzymes mediating this process in keratinocytes remain to be
determined.

We also found that 4-HNE formed protein adducts in keratinocytes which
was maximal 30 and 60 min post treatment. This occurred despite rapid
degradation of 4-HNE. It has previously been reported that approximately 3-6%
of 4-HNE administered to rat hepatocytes forms protein adducts (Siems and
Grune, 2003); similar levels of 4-HNE protein adducts have been noted in human
keratinocytes (Tanaka et al., 2001). Although many 4-HNE modified proteins
have been identified and characterized in different tissues (Hida et al., 1995;
Petersen and Doorn, 2004), including several involved in the regulation of signal
transduction (Uchida et al., 1999), the identity of these proteins in mouse
keratinocytes and their role in mediating adaptive responses remains to be
determined.

Treatment of both primary keratinocytes and PAM 212 keratinocytes with
4-HNE was associated with upregulation of key stress proteins including HO-1,
NQO-1, catalase, GSTA1-2, GST3 and GST4, which play important roles in
antioxidant defense. Most prominent were changes in expression of HO-1 and
GSTA1-2. HO-1 is the rate limiting enzyme in the degradation of heme; it
confers protection against oxidative stress by inhibiting the formation of reactive
oxygen species and suppressing inflammation (Gozzelino et al., 2010). GST’s
such as GSTA1-2 are important in the conjugation of electrophilic compounds to

reduced glutathione (Board and Menon, 2013). Three major GST gene families,
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alpha (GSTA), mu (GSTM) and pi (GSTP) have been identified and each has
preferred substrates. GSTA enzymes, and to a lesser extent, GSTP enzymes,
remove lipid peroxidation products including 4-HNE (Hayes et al., 2005). Our
observation that there were marked increases in GSTA1-2 are consistent with
the identification of 4-HNE-glutathione conjugates and related metabolites in
human keratinocytes (Galleano and Puntarulo, 1995). They are in accord with
findings that oxidative stressors in the skin such as UVB, as well as electrophilic
nitrolipids formed during nitrosative stress, upregulate keratinocyte GSTA1-2
(Luckey and Petersen, 2001; Zheng et al., 2013). In contrast, GSTM1 and
GSTP1, which remove DNA and protein oxidation products (Hayes et al., 2005),
were unaffected by 4-HNE suggesting that they do not play a role in protecting
the cells against this reactive aldehyde. Of note were our findings that following
4-HNE treatment of keratinocytes, the time for maximal induction of HO-1
expression was 6 hr, while maximal induction of GSTA1-2 was 24 hr. These
differences likely represent distinct signaling pathways and/or transcription
factors for these genes that are activated by 4-HNE. Increases in GSTA3 and
GSTA4 were remarkably decreased relative to GSTA1-2, and were variable with
respect to maximal induction times. This is consistent with findings that distinct
signaling pathways control expression of the different GSTA isoforms (Hayes et
al., 2005).

4-HNE was also found to modulate expression of NQO1 and catalase.
Whereas increases in NQO1 were evident after 6 hr and 24 hr in both

keratinocyte populations, only a small increase in catalase was observed in



98

primary keratinocytes after 24 hr. NQO1 functions as an antioxidant by
catalyzing the two-electron reduction of quinones and related electrochemically
active compounds, an enzymatic process that limits formation of reactive oxygen
species resulting from chemical redox cycling. NQO1 also directly scavenges
superoxide anion (Siegel et al., 2004). Catalase is important in degrading
hydrogen peroxide and increases in expression of this enzyme, as well as NQO1
are important in limiting oxidative stress. Mechanisms mediating selective
increases in catalase in primary keratinocytes require further investigation.

A question remains as to the mechanism by which 4-HNE upregulates
expression of adaptive response proteins in keratinocytes. Several signaling
molecules have been identified that control their expression, most notably, MAP
kinases and PI3K/Akt (Yang et al., 2003; Usatyuk and Natarajan, 2004). We
previously demonstrated that 4-HNE activates both of these signal transduction
pathways in corneal epithelial cells (Zheng et al., 2013); herein we report and
that 4-HNE has similar effects on keratinocytes. The fact that inhibitors of these
enzymes suppressed 4-HNE-induced expression of HO-1 in keratinocytes
demonstrates their functional significance of these cells. Generally similar
findings on signaling pathways mediating the actions of 4-HNE have been
reported in rat and human liver cells and bovine lung microvascular endothelial
cells (Moneypenny and Gallagher, 2005; Usatyuk et al., 2006; Sampey et al.,
2007). The mechanism by which MAP kinase signaling cascades are activated
by 4-HNE is not known. In human bronchial epithelial cells, 4-HNE down

modulates the protein-tyrosine phosphatase SH2 domain containing
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phosphatase-1 (SHP-1) which negatively regulates JNK activity (Rinna and
Forman, 2008). This may be important in the action of 4-HNE in mouse
keratinocytes. Recent studies have also demonstrated that activation of
PI3K/Akt signaling by 4-HNE in hepatocytes occurs via modification and
inhibition of PTEN, a regulatory protein that suppresses Akt activity (Romero et
al., 1998). A similar pathway may be involved in 4-HNE-induced PI3K/Akt
signaling in keratinocytes.

Nrf2/Keap-1 is an electrophilic stress signaling pathway active in
keratinocytes that has been reported to regulate expression of adaptive response
genes including HO-1, NQO1 and various GST’s (Marrot et al., 2008; Piao et al.,
2012). Earlier studies have shown that electrophilic substrates, including 4-HNE,
modulate Nrf2 and antioxidant expression (Yagi, 1987; Zhang and Forman,
2009). In the skin, Nrf2 is thought to be important in controlling inflammation
during wound healing, responses to photodamage, and chemical carcinogenesis
(Witz, 1989; Xu et al., 2006; Grimsrud et al., 2008; Schopfer et al., 2011). Our
studies demonstrate that 4-HNE activates Nrf2 in keratinocytes, as measured by
nuclear localization of the protein; moreover, this process is coordinate with
induction of HO-1. Findings that loss of Nrf2 markedly reduces 4-HNE-induced
HO-1 expression indicate that the Nrf2/Keap-1 mediates, at least in part, the
stress response pathway in keratinocytes. These data also indicate that 4-HNE
utilizes more than one pathway to control HO-1 induction.

Caveolae are specialized flask-shaped glycosphingolipid-containing

membrane structures controlling many cellular functions including vesicular
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transport, cholesterol homeostasis, inflammation, apoptosis and proliferation
(Razani et al., 2002). The major structural component of caveolae is caveolin-1,
a protein known to be expressed in basal keratinocytes in mouse and human
skin (Capozza et al., 2003; Sando et al., 2003). Caveolin-1 controls epidermal
proliferation and differentiation and aberrant caveolin-1 expression is common in
diseases such as systemic sclerosis and psoriasis (Campbell and Gumbleton,
2000; Manetti et al., 2012). We found that 4-HNE-induced HO-1 was localized in
both caveolar and non-caveolar fractions of keratinocytes. Previous studies have
described compartmentalization of HO-1 in caveolae in rat pulmonary artery
endothelial cells and mouse mesangial cells induced by endotoxin and in mouse
keratinocytes treated with electrophilic nitrofatty acids (Jung et al., 2003; Kim et
al., 2004; Zheng et al., 2013). The function of caveolar localized HO-1 is
unknown. Caveolin-1 is known to directly interacts with HO-1 and modulate its
activity (Taira et al., 2011). Caveolin-1 also interacts with caveolar toll-like
receptor-4 (TLR4), an endotoxin receptor important in negatively regulating
proinflammatory signaling including cytokine production (Wang et al., 2009; Mirza
et al., 2010). These investigators further showed that this process is enhanced
when HO-1 traffics to caveolae. It is possible that caveolar-associated HO-1 also
contributes to the anti-inflammatory activity of this antioxidant in keratinocytes by
suppressing pro-inflammatory signaling. Cytoplasmic HO-1 resides in the
endoplasmic reticulum where it presumably functions as an antioxidant. Of note
was our observation that MAP kinases and PI3K/Akt are not selective and

suppress localization of HO-1 in both caveolar and cytoplasmic fractions of
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keratinocytes. These data are consistent with studies showing that p38 MAP
kinase signaling can control endotoxin-induced production of HO-1 and its
localization in mouse macrophage caveolae (Wang et al., 2006). Taken together,
these data suggest that MAP kinase and PI3K/Akt signaling are important in the
control of the synthesis of HO-1, but not trafficking of this antioxidant to caveolae.

A novel aspect of our work is the observation that not only is HO-1
localized in keratinocyte caveolae, but it was also regulated by these structures.
Thus, disruption of caveolae by cholesterol depletion suppressed 4-HNE-induced
HO-1 expression. These results are in accord with our previous studies showing
that disruption of caveolae in mouse keratinocytes reduced 9- and 10-nitrooleic
acid-induced expression of HO-1, hsp 27 and hsp70 (Zheng et al., 2014). These
data provide additional support for the idea that caveolae are important in
negatively controlling inflammation. The factors that contribute to caveolae
regulation antioxidant expression in keratinocytes are not known. It is possible
that 4-HNE initiates signaling via caveolae. In this regard, many growth factors
and cytokines initiate signaling via caveolae-associated receptors and these may
be targets for 4-HNE (Pike, 2005; Harvey and Calaghan, 2012)

In summary, our findings support the hypothesis that 4-HNE functions as a
signaling molecule in keratinocytes, upregulating adaptive response genes that
are crucial for protecting cells against oxidative stress. Multiple signaling
pathways controlling expression of antioxidants in keratinocytes were identified
including MAP kinase and PI3K signaling and activation of Nrf2. It is well

recognized that signaling pathways in addition to these have been identified that
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control expression of genes such as HO-1; thus, it is likely that more than one
pathway is involved in regulating keratinocyte antioxidant expression in response
to 4-HNE. An emerging literature also implicates stress protein trafficking to
caveolae as a control point in inflammation (Chidlow and Sessa, 2010). Our data
support this idea as electrophilic species generated during oxidative stress are
able to drive antioxidants into caveolae. Further studies are needed to more
precisely understand the role of adaptive response genes and caveolae in

protecting the skin against oxidative stress.
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Table 2. Effects of 4-HNE on antioxidant and stress-related gene expression

Gene PAM 212 keratinocytes' Primary keratinocytes

6 hr 24 hr 6 hr 24 hr
Fold increase

HO-1 97.7 +8.2* 9.7+0.3" 86.3 + 13.3* 1.7+0.2

NQO1 5.0 £0.8* 45+14* 5.1+0.8" 48 +0.5*
SOD 1.9+0.7 1.5+0.1 0.8+0.1 1.0+£0.2
Catalase 1.5%+0.2 1.0+£0.0 1.5+£0.3 28+0.3"
GSTA1-2 3.9+0.9* 63.1+15.8* 3.0+0.6* 30.6 £ 3.0*
GSTA3 29+0.5* 1.0+ 0.3 26+0.2* 41+0.2*
GSTA4 85%0.3* 1.4+04 28+1.0 26+0.3"
GSTP1 1.7+04 24+0.6 0.9+0.2 24104
GSTM1  0.8+0.1 0.9+0.1 1.2+0.3 1.9+0.2

'Keratinocytes were treated with vehicle control or 30 uM 4-HNE. mRNA was extracted
6 hr and 24 hr later and analyzed for gene expression by real time PCR. Data are
presented as fold change relative to control. Each value represents the mean + SE (n =
3). Asterisks show values that are significantly different from control (p < 0.05).
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Figure 11. Metabolism of 4-HNE in PAM 212 keratinocytes. Cells were
treated with 30 or 100 uM 4-HNE for increasing periods of time up to 120 min.
For analysis of 4-HNE, cells were washed and 4-HNE extracted as described in
the Materials and Methods. Panel A. Representative HPLC tracing of 4-HNE
extracted from cells 15 min and 120 min post treatment with 100 uM 4-HNE.
Panel B. Time course of 4-HNE accumulation and degradation in cells treated
with 100 uM 4-HNE. Panel C. Time-course of 4-HNE metabolism in S9 fractions
of mouse keratinocytes. S9 fractions of PAM 212 cells were incubated with 100
uM 4-HNE in the absence and presence of 1 mM NADH or NADPH. At the
indicated times, 4-HNE was extracted and quantified by HPLC. Panel D. Time-
dependent formation of 4-HNE-protein adducts in intact cells treated with control
(C), 30, or 100 uM 4-HNE. For this analysis, treated cells were lysed and
analyzed by Western blotting using a monoclonal antibody to 4-HNE.
Arrowheads show the appearance of modified proteins with molecular weights of

43 and 75 kDa
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Figure 12. Effects of 4-HNE on HO-1 expression in keratinocytes. PAM 212
cells (panels A and B) or primary cultures of mouse keratinocytes (panels C and
D) were treated with increasing concentrations of 4-HNE for 6 hr (panels A and C)
or with 30 uM 4-HNE for increasing periods of time (panels B and D). Cells were
then analyzed for HO-1 mRNA and protein expression by real time PCR and
Western blotting, respectively. In each panel, the upper figures show HO-1
MRNA expression, while the lower panels show Western blots for HO-1 protein
expression. Expression of $-actin is shown in each of the western blots as a
control. Data for mMRNA are expressed as fold increase relative to control. Bars

represent the mean + SE (n = 3).
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Figure 13. Role of MAP kinase and PI3K/Akt signaling in 4-HNE-induced
HO-1 expression in keratinocytes. Upper panel. Effects of 4-HNE on
expression of MAP kinases and PI3K/Akt. PAM 212 keratinocytes were treated
with vehicle control (C) or 30 uM 4-HNE for 15, 30 or 60 min. Cell lysates were
prepared and analyzed for total and phosphorylated p38, JNK, Erk1/2, or
PI3K/Akt by western blotting. Center panel. Effects of MAP kinase and PI3K/Akt
inhibitors on 4-HNE-induced HO-1 mRNA expression. PAM 212 cells and
primary mouse keratinocytes were pre-incubated for 3 hr with inhibitors of p38
kinase (SB203580, 10 uM), JNK (SP600125, 20 uM), Erk1/2 (PD98059, 10 pM)
or PI3K (wortmannin, 0.1 yM) and then with 30 uM 4-HNE for additional 6 hr.
Expression of HO-1 mRNA was analyzed by real-time PCR and is expressed as
fold-increase relative to vehicle control. Each bar represents the mean + SE (n =
3). *Significantly different from control (p < 0.05). Lower panel. Effects of MAP
kinase and PI3K/Akt inhibitors on 4-HNE-induced HO-1 protein expression in
PAM 212 keratinocytes. Total cell lysates were prepared from control and

treated cells and analyzed for HO-1 protein expression by Western blotting.
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Figure 14. Localization of 4-HNE-induced HO-1 in caveolae. Upper panel.
Distribution of HO-1 in caveolar fractions (CF) and non-caveolar fractions (NCF)
of PAM 212 cells. Keratinocytes were treated with 0, 10 or 30 uM 4-HNE. After
6 hr, caveolar and non-caveolar fractions were prepared and analyzed for HO-1
and caveolin-1 (Cav-1) protein expression by western blotting. Center panel.
Effects of kinase inhibitors on expression of HO-1 in caveolar and non-caveolar
fractions of PAM 212 cells. Keratinocytes were pre-incubated with MAP kinase
and PI3K inhibitors and then 4-HNE (0, 3, 10 or 30 uM) as described in the
legend to Figure 3. After an additional 6 hr, caveolar and non-caveolar fractions
were prepared and analyzed for HO-1 protein by western blotting. Lower panel.
Effects of cholesterol depletion on HO-1 expression. Cells were pretreated with
5 mM methyl-B-cyclodextrin (MbCD) or control (C) for 3 hr and then with 4-HNE
for 6 hr. Total cell lysates were then prepared and analyzed for HO-1 protein

expression by western blotting.
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Figure 15. Role of Nrf2 in 4-HNE-induced HO-1 expression in mouse
keratinocytes. Keratinocytes were incubated with increasing concentrations of
4-HNE (0-100 uM) and analyzed for Nrf2 or HO-1 expression. Upper panel.
Effects of 4-HNE on nuclear localization of Nrf2. PAM 212 cells were treated
with 30 uM 4-HNE for 0, 1, 3 and 6 hr or 0, 10, 30 and 100 uM 4-HNE for 3 hr.
Nuclear and cytoplasmic fractions of the cells were then prepared and Nrf2
expression analyzed by western blotting. Lower panel. Effects of Nrf2
expression on 4-HNE-induced HO-1 expression. Primary keratinocytes from wild
type and Nrf2-/- mice were treated with 0, 10 and 30 uM 4-HNE for 6 hr and
expression of HO-1 mRNA (upper panel) and protein (lower panel) analyzed by
real-time PCR and Western blotting, respectively, as described in the Materials
and Methods. HO-1 mRNA expression is presented as fold-increase relative to

control. Each bar represents the mean + SE (n = 3).
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Part lll. Regulation of keratinocyte expression of stress proteins and
antioxidants by the electrophilic nitrofatty acids 9- and 10-nitrooleic acid.
Summary

Nitric oxide and various by-products including nitrite contribute to tissue
injury by forming novel intermediates via redox-mediated nitration reactions.
Nitration of unsaturated fatty acids generates electrophilic nitrofatty acids such as
9-nitrooleic acid (9-NO) and 10-nitrooleic acid (10-NO), which are known to
initiate intracellular signaling pathways. In these studies, we characterized
nitrofatty acid-induced signaling and stress protein expression in mouse
keratinocytes. Treatment of keratinocytes with 5-25 uM 9-NO or 10-NO for 6 hr
upregulated mRNA expression of heat shock proteins (hsp) 27 and 70, primary
antioxidants, heme oxygenase-1 (HO-1) and catalase, secondary antioxidants
glutathione-S-transferase (GST) A1/2 , GSTA3 and GSTA4, and Cox-2, a key
enzyme in prostaglandin biosynthesis. The greatest responses were evident with
HO-1, hsp27 and hsp70. In keratinocytes, 9-NO activated JNK and p38 MAP
kinases. JNK inhibition suppressed 9-NO induced HO-1, hsp27 and hsp70
mRNA and protein expression, while p38 MAP kinase inhibition suppressed HO-
1. In contrast, inhibition of constitutive expression of Erk1/2 suppressed only
hsp70 indicating that 9-NO modulates expression of stress proteins by distinct
mechanisms. 9-NO and10-NO also upregulated expression of caveolin-1, the
major structural component of caveolae. Western blot analysis of caveolar
membrane fractions isolated by sucrose density centrifugation revealed that HO-

1, hsp27 and hsp70 were localized within caveolae following nitrofatty acid
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treatment of keratinocytes suggesting a link between induction of stress
response proteins and caveolin-1 expression. These data indicate that nitrofatty
acids are effective signaling molecules in keratinocytes. Moreover, caveolae
appear to be important in the localization of stress proteins in response to

nitrofatty acids.
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Overview

It is becoming increasingly apparent that nitration products of unsaturated
fatty acids represent an important class of endogenous biological mediators
(Freeman et al., 2008; Khoo et al., 2010). Generated in nitric oxide-dependent
oxidative reactions, several of these lipid products are electrophilic fatty acid
nitroalkenes including nitrooleic acid and nitrolinoleic acid derivatives (Baker et
al., 2005). These fatty acids can react via Michael additions across carbon-
carbon double bonds forming adducts with many cellular components, most
notably, proteins (Baker et al., 2007). By reacting with signaling proteins,
nitrooleic acids and nitrolinoleic acids can regulate their function and control gene
expression (lles et al., 2009). Electrophilic nitrofatty acids are formed in cells
under conditions of nitrosative stress; they have been reported to inhibit
expression of inflammatory genes and upregulate expression adaptive response
genes, many of which are important in protecting cells against stress-induced
injury and tissue damage (Geisler and Rudolph, 2012). Beneficial effects of
nitrofatty acids have been described in several animal models of cardiovascular,
inflammatory and metabolic diseases (Rudolph et al., 2010a; Rudolph et al.,
2010b; Villacorta et al., 2013).

Earlier studies by our laboratory showed that mouse and human
keratinocytes upregulate inducible nitric oxide synthase and generate nitric oxide
in response to inflammatory mediators. We also demonstrated that nitric oxide is
important in the control of wound healing (Heck et al., 1992) . Nitric oxide also

controls keratinocyte proliferation (Mendes et al., 2012), while in human skin, it
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plays a key role in regulating cellular responses in diseases states such as
psoriasis (Weller, 1997; Sikar Akturk et al., 2012), as well as to infections, heat,
ultraviolet light and wounding (Weller et al., 2003; Luo and Chen, 2005; Ghaffari
et al., 2006). The aim of the present studies was to analyze the response of
keratinocytes to the nitrofatty acids 9-nitrooleic acid (9-NO) and 10-nitrooleic acid
(10-NO). We found that both nitrofatty acids upregulated expression of
antioxidants and stress proteins. Moreover, some of these responses were
regulated by mitogen activated protein kinases and caveolae. Coordinate
regulation of expression of antioxidants and adaptive genes are likely to be

important in mediating nitric oxide-induced inflammation and tissue injury.



118

Results

Effects of nitrooleic acids on antioxidants and stress proteins. 9-NO and
10-NO were found to upregulate expression of HO-1, hsp27, hsp70, Cox-2, and
the glutathione-S-transferases GSTA1-2, GSTA3 and GSTA4 in a generally
similar manner in the range of 5-25 uM (Table 3). HO-1 (9-55 fold) was most
responsive, followed by hsp70 (5-34 fold), hsp27 (9-20 fold), and Cox-2 (5-9 fold).
GSTA1-2 (3-18 fold), GSTAS (5-19 fold) and GSTA4 (3-19 fold) also showed
similar upregulation in response to the nitrooleic acids. Catalase was only
induced by 10 uM and 25 uM 10-NO (4-6 fold).

Both 9-NO and 10-NO also upregulated HO-1 protein in a time- and
concentration-dependent manner (Figures 16 and 17, panel A); this was maximal
6 hr after treatment with 25 uM nitrooleic acids. The unmodified fatty acid, oleic
acid, which cannot undergo a Michael addition, had no effect on HO-1 (Figure 16,
panel A). 9-NO and 10-NO also upregulated protein expression for Cox-2, hsp27,
hsp70 (Figure 17). Whereas induction of HO-1, hsp27 and hsp70 was similar for
9-NO and 10-NO, Cox-2 expression was more responsive to 10-NO.

Previous work has shown that heat shock proteins and HO-1 are
regulated by the transcription factor HSF-1) (Wu, 1995; Koizumi et al., 2007).

We found that HSF-1 was largely localized in the cytoplasm of PAM212
keratinocytes. A marked increase in nuclear localization of HSF-1 was noted
after treatment of the cells with 9-NO or 10-NO (Figure 18). These effects were

time-dependent in the range of 0.5 ~ 2 hr.
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Role of MAP kinase signaling in nitrooleic acid induced expression of HO-1,
hsp27 and hsp70. We next analyzed the effects of the nitrofatty acids on MAP
kinase activation in keratinocytes. We found that 10 uM 9-NO induced p38 and
JNK phosphorylation, with no effects of expression of total p38 or total JNK
protein expression (Figure 19). In contrast, Erk1/2 kinase was constitutively
activated in the cells and 9-NO did not change this activity. To evaluate the role
of MAP kinases in induction of HO-1, hsp27 and hsp70 we used SB203580, a
p38 kinase inhibitor, SP600125, a JNK inhibitor, and PD98059, an Erk1/2
inhibitor. JNK inhibition suppressed 9-NO-mediated increases in mRNA and
protein expression for all three proteins, while p38 kinase inhibition only
suppressed the induction of HO-1, and Erk1/2 inhibition only suppressed hsp70

(Figure 20).

Role of caveolae in nitrooleic acid-induced protein expression. Previous
studies showed that caveolae regulate expression of adaptive response genes
including hsp27 and hsp70 (Black et al., 2011). We found that caveolar fractions,
but not non-caveolar fractions, of keratinocytes contained caveolin-1, the major
structural protein in caveolae (Figures 21). Interestingly, treatment of the cells
with 9-NO or 10-NO increased expression of caveolin-1 (Figures 21).
Constitutive levels of hsp27 and hsp70, but not HO-1, were identified in non-
caveolar fractions of control keratinocytes. Treatment with 9-NO and 10-NO
selectively increased expression of hsp27 and hsp70 in caveolar fractions of the

cells. In contrast, HO-1 was induced by 9-NO and 10-NO in both caveolar and
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non-caveolar fractions of the cells. When the cells were treated with an inhibitor,
MbCD that disrupts caveolae, both control and induced expression of hsp27 and
HO-1 were suppressed, while only control levels of hsp70 were expressed in
inhibitor-treated cells. Neither 9-NO nor 10-NO altered expression of hsp70 in

MbCD-treated cells.
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Discussion

Cells adapt to stress by generating mediators that protect against injury
and promote wound repair (Eming et al., 2007; Landriscina et al., 2009). It is well
recognized that skin and skin-derived cells including keratinocytes can generate
excessive amounts of nitric oxide following injury or in response to cytokines,
processes that can lead to nitrosative stress (Weller, 2003). Nitrofatty acids are
known to be generated in human tissues (Tsikas et al., 2009; Salvatore et al.,
2013) following nitrosative stress and by stimulating expression of adaptive
proteins and antioxidants and/or inhibiting cytokine signaling, these reactive lipids
function as anti-inflammatory agents (Freeman et al., 2008). Sulfhydryl residues
in proteins in different cell compartments including membranes, cytoplasm,
mitochondria and nucleus that regulate signal transduction are highly susceptible
to modification by nitrofatty acids and mediate gene expression changes
(Groeger and Freeman, 2010). The present studies demonstrate that
keratinocytes respond to nitrofatty acids by synthesizing a number of adaptive
proteins and that are important in protecting cells against stressors. Thus, 9-NO
or 10-NO effectively induce keratinocyte expression of heat shock proteins,
antioxidant enzymes, enzymes that generate antioxidants, and enzymes that
detoxify reactive oxygen species (e.g., HO-1, catalase and GST’s), and Cox-2,
which generates eicosanoids. These findings are consistent with a protective

role of nitrofatty acids in keratinocytes.

In keratinocytes, HO-1 and catalase are upregulated by stressors that

stimulate nitric oxide production including ultraviolet light, paraquat and heavy
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metals (Applegate et al., 1991; Black et al., 2008b; Black et al., 2008a).
Similarly, we observed increased expression of HO-1, catalase and GST’s
following nitrofatty acid stimulation of keratinocytes. HO-1 is a key cellular
antioxidant and in mouse sKkin, its expression has been shown to accelerate
wound healing (Grochot-Przeczek et al., 2009). Nitrofatty acids have been
reported to induce HO-1 in the vasculature of mice, a process that is thought to
contribute to their ability to exert anti-inflammatory activity and protect against
vascular injury (Khoo and Freeman, 2010; Khoo et al., 2010) and we speculate
that it plays a similar role in keratinocytes. Catalase detoxifies hydrogen
peroxide, effectively reducing oxidative stress. Increased expression of catalase
in keratinocytes and mouse skin has been shown to protect against hydrogen
peroxide-induced damage as well as UVB-induced apoptosis (Chen et al., 2004;
Shim et al., 2005; Rezvani et al., 2006). In mouse skin catalase also stimulates
proliferation of keratinocytes surrounding excisional dermal wounds (Roy et al.,
2006). We also found that 9-NO and 10-NO upregulated keratinocyte GSTA1-2,
GSTAS3 and GSTA4. These mediate the conjugation of glutathione to oxidized
cellular macromolecules, facilitating their elimination and limiting tissue injury
(Hayes and McLellan, 1999; Yang et al., 2002). In addition, GSTA enzymes
terminate lipid peroxidation chain reactions by removing hydroperoxides and
aldehydes generated during oxidative stress (Hayes and McLellan, 1999; Yang
et al., 2002). Our findings are consistent with previous work showing that
oxidative stressors including paraquat and UVB light effectively up regulate these

GST'’s in mouse keratinocytes (Black et al., 2008b; Black et al., 2008a). These
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enzymes likely act in concert with HO-1 and catalase to limit oxidative and
nitrosative stress and promote wound healing.

The nitrofatty acids were also found to upregulate keratinocyte expression
of mMRNA and protein for Cox-2. At present it is unclear whether this contributes
to injury or repair as both pro- and anti-inflammatory eicosanoids are generated
via Cox-2 from prostaglandin (PG) H2 (Morita, 2002; Chen, 2010). Of particular
interest is the anti-inflammatory eicosanoid 15-deoxy A'>'* PGJ2 (Black et al.,
2008c). UVB light has been shown to stimulate production of PGJ2 by mouse
keratinocytes (Black et al., 2008c). It remains to be determined if anti-
inflammatory prostaglandins are produced in keratinocytes following nitrofatty
acid treatment, and the extent to which they play a role in ameliorating skin
inflammation. However, as PGE2 generated via Cox-2 is an important mediator
of skin inflammation (Black et al., 2008c), one cannot exclude the possibility that
nitrofatty acids also contribute to the pro-inflammatory activity of nitrosative
stress.

Hsp’s are molecular chaperones upregulated following oxidative stress
(Kalmar and Greensmith, 2009). They function to protect cells against injury and
facilitate the resolution of inflammation and wound healing. In the skin, hsp’s
have also been shown to enhance tissue repair (Laplante et al., 1998). In
previous studies, we demonstrated that hsp27 and hsp70 are rapidly induced in
mouse and human keratinocytes by dermal vesicants which induce oxidative and
nitrosative stress (Black et al., 2011). Similarly, we found that 9-NO and 10-NO

effectively upregulated keratinocyte mRNA and protein for hsp27 and hsp70.
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Both hsp’s are important in maintaining the integrity of proteins; they also
function as antioxidants, and play key roles in protecting cells against apoptosis
and cell damage (Charette and Landry, 2000; Mosser et al., 2000; Arya et al.,
2007; Vidyasagar et al., 2012). Our data are consistent with earlier studies
demonstrating that nitrofatty acids can upregulate hsp’s and related proteins,
providing further support for the idea that these proteins are important in
protecting cells against nitrosative stress (Kansanen et al., 2009).

A question arises as to the mechanism by which nitrofatty acids modulate
expression of anti-inflammatory/adaptive response proteins in keratinocytes.
Previous work from our laboratory and others has shown that expression of many
of the stress related proteins are regulated, at least in part, by MAP kinase
signaling (Cui et al., 2004; Black et al., 2010). The present studies demonstrate
that 9-NO activated JNK and p38 MAP kinases in keratinocytes. These data are
in accord with reports showing increases in MAP kinase activity in response to
other Michael acceptors, including 4-hydroxynonenal in lung microvascular
endothelial cells and epithelial cells (Usatyuk and Natarajan, 2004; Schopfer et
al., 2005a). Our findings that JNK inhibition suppressed 9-NO-induced HO-1,
hsp27 and hsp70 expression provide support for a role of this MAP kinase in
regulating the activity of nitrofatty acids. We also found that inhibition of p38
MAP kinase suppressed 9-NO-induced HO-1 expression, while Erk1/2 inhibition
suppressed hsp70 expression. These data indicate that 9-NO regulates
expression of adaptive response genes by distinct mechanisms. The intracellular

signaling pathways leading to 9-NO activation of MAP kinase activity are not
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known. 9-NO may directly interact with the kinases to control their activity (Baker
et al., 2007; Schopfer et al., 2011) or it may trigger upstream signaling pathways
that activate MAP kinase signaling (Schopfer et al., 2011).

It should be noted that additional regulatory pathways have been identified
by which nitrofatty acids modulate gene expression. For example, the
Nrf2/Keap-1 pathway is known to be important in mediating protection against
electrophilic and oxidative stress by induction of phase 2 enzymes including the
GST’s (Holtzclaw et al., 2004). In human endothelial cells, nitrofatty acids have
been reported to act via Nrf2/Keap-1 signaling, which controls expression of
adaptive response genes including HO-1, NQO1 and GSH biosynthetic enzymes
(Villacorta et al., 2007; Kansanen et al., 2009; Khoo and Freeman, 2010;
Kansanen et al., 2012). Nitrofatty acids also activate hypoxia inducible factor
(HIF) signaling and regulate HIF-1a target genes in human endothelial cells
(Rudnicki et al., 2011), as well as peroxisome proliferator-activating receptors
(Schopfer et al., 2005b; Khoo and Freeman, 2010). In contrast, nitrofatty acids
inhibit LPS-induced NF-xB signaling in mouse macrophages and aorta’s, a
process that may be important in controlling inflammation (Villacorta et al., 2013).

Another important pathway regulating expression of hsp’s is the
transcription factor HSF-1. Localized in the cytoplasm under physiological
conditions, HSF-1 translocates to the nucleus under conditions of stress (Anckar
and Sistonen, 2011). Trimerization and phosphorylation regulates the
transcription of HSF-1 sensitive genes (Liu and Thiele, 1999). We found that

mouse keratinocytes constitutively express HSF-1 in the cytoplasm, and to a
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lesser extent, the nucleus. Treatment of keratinocytes with 9-NO or 10-NO
reduced cytoplasmic expression of HSF-1, increasing its nuclear expression,
suggesting that HSF-1 mediates, at least in part, the action of the nitrofatty acids.
Cytoplasmic localization of HSF-1 is thought to be controlled by its association
with hsp70 and hsp-90 (Abravaya et al., 1992; Zou et al., 1998). This is in
accord with our findings of constitutive expression of hsp70 in the keratinocytes.
Nitrofatty acids may function by binding to hsp70 or a related protein, a process
that could cause it to dissociate from and activate HSF-1 (Schopfer et al., 2011) .
Binding to hsp’s has been described for other electrophiles including 4-
hydroxynonenal which stimulate nuclear translocation of HSF-1 (Carbone et al.,
2004; Carbone et al., 2005; Connor et al., 2011). Further studies are needed to
determine the relative contributions of HSF-1, MAP kinases and other signaling
molecules in controlling the expression of adaptive stress response proteins in
keratinocytes.

Caveolae are specialized membrane lipid rafts that function to control a
variety of biochemical signaling molecules regulating growth and differentiation
(Cohen et al., 2004). Cav-1 is the major structural protein in caveolae (Stan,
2005). Basal keratinocytes in mouse and human skin strongly express Cav-1
(Gassmann and Werner, 2000; Sando et al., 2003). Basal cell proliferation is
increased in mice lacking Cav-1, along with susceptibility to carcinogens (Razani
et al., 2001; Capozza et al., 2003; Trimmer et al., 2013). Cav-1 -/- mice are also
more sensitive to phorbol ester-induced epidermal hyperplasia, as well as the

development of papillomas in a two stage mouse skin carcinogenesis model
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(Trimmer et al., 2013). Thus, Cav-1/caveolae play dynamic roles in regulating
epidermal homeostasis and responses to environmental stimuli. Our data
demonstrate that nitrofatty acids effectively induce Cav-1 protein in keratinocytes.
Similar upregulation of Cav-1 has been described after treatment of coreanl
epithelial cells with the vesicant, 2-chloroethyl ethyl sulfide (Black et al., 2011).
Increased Cav-1 expression may be an important adaptive response that
facilitates the sequestration of signaling molecules regulating production of
inflammatory mediators. This may contribute to the anti-inflammatory actions of
the nitrofatty acids. Our data also show that low constitutive expression of hsp27
and hsp70 in keratinocytes is largely in non-caveolar fractions of the cells, with
minimal constitutive expression of HO-1. Of note, increases in hsp27, hsp70 and
HO-1 in response to nitrofatty acids were largely associated with caveolae. In
this regard, earlier work has shown that cellular stressors can induce HO-1 or
hsp70 expression in lipid rafts and caveolae in several cell types including mouse
mesangial cells, human epithelial cells and rat endothelial cells (Broquet et al.,
2003; Chen et al., 2005; Lancaster and Febbraio, 2005). The function of HO-1
and hsp’s in caveolae is unknown. Caveolae contain not only HO-1, but also
other heme degrading enzymes including biliverden reductase (Kim et al., 2004).
It is possible that localization of HO-1 in caveolae is important in the generation
of antioxidants that are important in protecting their structural integrity. Hsp’s
function to support the folding and transport of proteins (Hendrick and Hartl,
1993), which may be important in protecting caveolae from nitrosative stress.

Caveolae are also known to transport hsp’s into the extracellular environment



128

where they play a role in immune regulation (Broquet et al., 2003; Radons and
Multhoff, 2005). This may be important in controlling inflammatory reactions and
protecting against stress-induced damage (Radons and Multhoff, 2005; Multhoff,
2007). Also of note is our finding that caveolae regulate nitrofatty acid-induced
expression of stress proteins. Thus, suppression of caveolae by MbCD blocked
9-NO and 10-NO-induced increases in HO-1 and hsp’s. Similar results have
been described with vesicants and heat shock (Chen et al., 2005; Black et al.,
2011). Based on these data, a reduction in caveolae would be expected to
reduce nitrofatty acid-induced anti-inflammatory activity. In this regard, increased
inflammatory cell infiltration has been observed in mouse skin from Cav-1 -/-
mice following treatment with a phorbol ester tumor promoter (Trimmer et al.,
2013), which is known to induce nitrosative stress (Robertson et al., 1996;
Ahmad et al., 1997; Lee et al., 2013).

In summary, our data show that concentrations of nitrofatty acids that
occur under physiological or pathological conditions upregulate expression of
genes that are important in regulating stress-induced damage in keratinocytes.
That many of these genes are important in the control of inflammation is
consistent with an emerging literature indicating that these electrophilic lipids are
anti-inflammatory, and that their production following nitrosative stress may be
important in protecting against tissue injury. Our data also adds to the
understanding of the signaling pathways by which nitrofatty acids regulate gene
expression. A particularly novel aspect of our work is the identification of HO-1

and hsp’s in keratinocyte caveolae, and their response to 9-NO and 10-NO.
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These data support the notion that caveolae are important in sequestering stress
induced proteins, as well as regulating their expression. Taken together, these
findings further support the idea that nitrofatty acids function as signaling

molecules to regulate cellular responses to nitrosative stress.



Table 3. Effects of nitrooleic acids on gene expression in mouse

keratinocytes.
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9-NO' 10-NO
5 uM 10 uM 25 uM 5 uM 10 uM
25 .M

HO-1 95+42% 540+42% 44.0+4.6* 25+0.3* 406+0.2* 77.4+92
Hsp27 12.3+13* 181+3.3* 94409 10.5£0.8* 182+21* 192+4.8*
Hsp70 50+05* 6.0 £0.6* 29.7 +4.6* 15+0.5 11.2+3.1* 33.4+65*
Cox-2 27+09 50 +1.2* 19402 0.9+0.1 53+15* 94+16*
Catalase | 1.8 +0.1 28+07 17402 17+06  57+12 40+14*
GSTA1-2 | 2.1+0.9 14.0+3.4* 3.7 +1.6* 57+07* 17.9+12* 17.9%1.1*
GSTA 3 50+02* 96%1.3* 7.3+1.1* 54+08* 17.0+34* 183%50*
GSTA 4 29+05% 112+20* 68%17* 44+07% 187+42% 1.7%0.1

! Keratinocytes were treated with control, 5 pM, 10 pM or 25 uM 9-NO or 10-NO
for 6 hr. mMRNA was isolated and analyzed for gene expression by quantitative
RT-PCR. Data are presented as fold change in gene expression relative to
control. Values are means + SE (n=3). *Significantly (p< 0.05) different from

control.
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Figure 16. Effects of nitrooleic acids on HO-1 expression. Keratinocytes
were treated with vehicle control (C), 10 uM oleic acid (OA), or 10 uM 9-NO for 6
hr (Panel A) or with control (C) or 10 uM 9-NO or 10-NO for 0-6 hr (Panels B and
C, respectively). Cell lysates were prepared and analyzed for HO-1 expression
by western blotting. B-actin was used as a control. One representative blot from

3 experiments is shown.
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Figure 17. Effects of nitrooleic acids on stress-related gene expression.
MRNA or protein was extracted from keratinocytes treated with 0, 5, 10 or 25 uM
nitrooleic acids for 6 hr. Samples were then analyzed by quantitative RT-PCR
(upper panels) or western blotting (lower panels) for HO-1, Cox-2, hsp27 or
hsp70 gene and protein expression. Bars represent the mean + SE (n = 3).

*Significantly different from control (P < 0.05).
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Figure 18. Effects of nitrooleic acids on HSF-1 activation. Cells were treated
with control (C), 10 uM 9-NO, or 10 uM 10-NO for 0.5, 1 or 2 hr. Nuclear and
cytoplasmic fractions were prepared and analyzed for HSF-1 expression by

western blotting. One representative blot from 3 experiments is shown
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Figure 19. Effects of 9-nitrooleic acid on MAP kinase activation.
Keratinocytes were treated with control (C) or 10 uM 9-NO for 5 min or 15 min.
Cell lysates were prepared and analyzed for total or phosphorylated MAP

kinases by western blotting. One representative blot from 3 experiments is shown.
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Figure 20. Role of MAP kinase signaling in 9-NO-induced expression of HO-
1 and hsp’s. Keratinocytes were pre-incubated with inhibitors of p38 (SB203580,
10 uM), JNK (SP600125, 20 uM), or Erk1/2 (PD98059, 10 uM) for 3 hr and then
with 9-NO for additional 6 hr. Cell lysates were prepared and analyzed for mRNA
(left panels) or protein expression (right panels) by real time PCR and western

blotting, respectively. Bars represent the mean + SE (n = 3).
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Figure 21. Localization of nitrooleic acid-induced proteins in caveolae.
Upper panels: Keratinocytes were treated with 0, 5 uM or 10 uM 9-NO or 10-NO.
After 6 hr, caveolar fractions (CF) and non-caveolar fractions (NCF) were
prepared and analyzed for protein expression by western blotting. Lower panels:
Cells were pretreated with MbCD (5 mM) or control (C) for 30 min and then with
nitrooleic acids. After 6 hr, total cell lysates were prepared and analyzed by

western blotting. Representative blots from 3 separate experiments are shown.
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Part IV Differential metabolism of 4-hydroxynonenal in liver, lung and brain

of mice and rats

Summary

The lipid peroxidation end-product 4-hydroxynonenal (4-HNE) is
generated in tissues during oxidative stress. As a reactive aldehyde, it forms
Michael adducts with nucleophiles, a process that disrupts cellular functioning.
Liver, lung and brain are highly sensitive to xenobiotic-induced oxidative stress
and readily generate 4-HNE. In the present studies, we compared 4-HNE
metabolism in these tissues, a process that protects against tissue injury. 4-HNE
was degraded slowly in total homogenates and S9 fractions of mouse liver, lung
and brain. In liver, but not lung or brain, NAD(P)+ and NAD(P)H markedly
stimulated 4-HNE metabolism. Similar results were observed in rat S9 fractions
from these tissues. In liver, lung and brain S9 fractions, 4-HNE formed protein
adducts. When NADH was used to stimulate 4-HNE metabolism, the formation
of protein adducts was suppressed in liver, but not lung or brain. In both mouse
and rat tissues, 4-HNE was also metabolized by glutathione S-transferases.

The greatest activity was noted in livers of mice and in lungs of rats; relatively low
glutathione S-transferase activity was detected in brain. In mouse hepatocytes,
4-HNE was rapidly taken up and metabolized. Simultaneously, 4-HNE-protein
adducts were formed, suggesting that 4-HNE metabolism in intact cells does not
prevent protein modifications. These data demonstrate that, in contrast to liver,
lung and brain have a limited capacity to metabolize 4-HNE. The persistence of
4-HNE in these tissues may increase the likelihood of tissue injury during

oxidative stress.
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Overview

It is well recognized that excessive production of reactive oxygen species
(ROS) can lead to oxidative stress and tissue damage (Sinclair et al., 1990;
Hollan, 1995; Flora, 2007). ROS react with many cellular components including
lipids, which can initiate lipid peroxidation (Bergamini et al., 2004). Peroxidation
of unsaturated fatty acids such as linoleic acid, arachidonic acid and
docosahexaenoic acid generates a variety of water soluble short chain reactive
carbonyl compounds as degradation products (Alary et al., 2003b). One of these
products is 4-hydroxynonenal (4-HNE), a relatively abundant reactive aldehyde
derived from the peroxidation of omega-6-polyunsaturated fatty acids (Poli et al.,
2008a). 4-HNE forms Michael adducts with nucleophilic sites in cells including
those in DNA, lipids and proteins (LoPachin et al., 2009). These adducts can
cause mutations, disrupt cell structures, and negatively modulate cellular
metabolism (Poli et al., 2008b; LoPachin et al., 2009).

4-HNE is readily formed in liver, lung and brain in response to toxicants. A
number of diseases and pathologies have been linked to the generation of 4-
HNE in these tissues including alcoholic liver disease (Paradis et al., 1997),
chronic obstructive pulmonary disease, emphysema and asthma (Rahman et al.,
2002; Arunachalam et al., 2010), as well as Alzheimer disease and Parkinson
disease (Zarkovic, 2003). Detoxification of 4-HNE is an important process that
has been shown to protect against tissue injury and disease progression (Hartley
et al., 1999; Terneus et al., 2008; Galligan et al., 2012). Distinct enzymes have

been identified that detoxify 4-HNE, including alcohol dehydrogenase, aldehyde
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dehydrogenase, aldo-keto reductase, alkenal/one oxidoreductase, cytochrome
P450’s and various glutathione S-transferases (Hartley et al., 1995; Srivastava et
al., 2000; Burczynski et al., 2001; Dick et al., 2001; Forman, 2010; Amunom et al.,
2011a). Although metabolism of 4-HNE has been studied extensively in the liver,
much less is known about its metabolism in lung and brain, and this represents
the focus of the present studies. Using tissues from both mice and rats, we
found rapid degradation of 4-HNE in liver fractions, a process that limited the
formation of 4-HNE protein adducts. In contrast, degradation of 4-HNE was very
slow in lung and brain. This resulted in extensive protein-adduct formation in
these tissues. Low rates of degradation suggest that 4-HNE accumulates in
greater amounts in lung and brain during oxidative stress; this may lead to

increased susceptibility to tissue damage.
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Results

4-HNE metabolism in liver, lung and brain. In initial studies we compared 4-
HNE metabolism in total homogenates and S9 fractions prepared from mouse
liver, lung and brain tissues. A generally similar pattern of 4-HNE degradation
was evident in the different preparations from these tissues (Figures 22-25).
Thus, in the absence of added pyridine nucleotide cofactors, 4-HNE was
degraded slowly over time. After 30 min, approximately 20-30% of 4-HNE was
degraded in the liver while 10-12% was degraded in lung and brain (Figures 22,
Figure 23 upper panel, and Figure 24). A similar slow degradation of 4-HNE was
noted in S9 fractions from rat liver, lung and brain (Figures 23, lower panel and
Figure 25). Earlier studies showed that pyridine nucleotide cofactor-dependent
enzymes present in the liver, including aldehyde dehydrogenase and alcohol
dehydrogenase, metabolize 4-HNE (Alary et al., 2003b). Similarly, we found that
both reduced and oxidized pyridine nucleotides markedly stimulated 4-HNE
metabolism in total homogenates and S9 fractions from mouse liver, but not lung
or brain (Figure 22 and 23). A marked increase in 4-HNE metabolism was also
observed in S9 fractions from rat liver, but not lung and brain following treatment
with the pyrimidine nucleotides (Figure 23, lower panel and Figure 25). Greater
amounts of 4-HNE were degraded in liver fractions from mice and rats treated
with NADH and NAD+ compared to NADPH and NADP+. In mouse tissues,
although the relative ratios of 4-HNE degradation with reduced and oxidized
pyridine nucleotides were similar in total homogenates (Figure 22) and S9 liver

fractions (Figure 23, upper panels), greater absolute amounts of 4-HNE
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degradation were noted in S9 fractions. This is likely due to increased amounts
of proteins unrelated to metabolism in total homogenates of the liver, when
compared to S9 fractions. To further characterize 4-HNE metabolism, we
analyzed an S9 fraction from mouse liver treated with NADH. We found that the
effects of the pyridine nucleotide were concentration- and time-dependent
(Figure 26, panels A and B). At least two metabolites (labeled a and b on the
HPLC tracings) were detected during 4-HNE metabolism (Figure 26, panels A, C
and D). Based on the degradation of 4-HNE after 5 min in S9 fractions (Figure
27), we estimate the rate of NADH-supported 4-HNE degradation as ~120

nmol/min/mg protein for mouse liver and ~180 nmol/min/mg protein for rat liver.

Enzymes mediating 4-HNE metabolism in S9 fractions. As indicated above,
both alcohol dehydrogenase and aldehyde dehydrogenase have been shown to
metabolize 4-HNE (Alary et al., 2003b). We found that 4-methylpyrazole, an
inhibitor of alcohol dehydrogenase, and to lesser extent, disulfiram, an inhibitor to
aldehyde dehydrogenase, suppressed 4-HNE degradation in S9 fractions from
mouse and rat liver (Figures 27 and 28) (Dawidek-Pietryka et al., 1998; Moreb et
al., 2008). The combination of these two inhibitors resulted in almost complete
inhibition of 4-HNE metabolism (data not shown). These data indicate that 4-
HNE is metabolized in liver S9 fractions largely by alcohol dehydrogenase, with a
smaller contribution by aldehyde dehydrogenase. 4-Methylpyrazole and
disulfiram had minimal effects on 4-HNE metabolism in mouse and rat lung and

brain (Figure 27).
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Conjugation of 4-HNE with glutathione is also an important detoxification
pathway; this occurs by the direct reaction of 4-HNE with glutathione and via
several glutathione S-transferase enzymes (Alin et al., 1985; Singhal et al., 1994;
Cheng et al., 2001; Engle et al., 2004). Glutathione S-transferase mediated
conjugation of 4-HNE with glutathione is known to be significantly more rapid
than direct 4-HNE-glutathione conjugation (Spitz et al., 1991). In further studies
we measured the activity of glutathione S-transferase in S9 fractions from the
liver, lung and brain using 4-HNE as the substrate (Table 4). In mouse tissues,
the greatest glutathione S-transferase activity was detected in liver fractions;
significantly less enzyme activity was observed in lung and brain. In the rat, the
highest activity was noted in lung followed by liver and brain. These data are
consistent with the idea that there is differential metabolism of 4-HNE in liver,

lung and brain from mice and rats.

Binding of 4-HNE to liver, lung and brain proteins. The a, 3-unsaturated bond
of 4-HNE is known to form adducts with proteins by reacting with cysteine,
histidine and lysine residues through Michael additions (Vila et al., 2008). We
found that proteins in S9 fractions of liver, lung and brain from mice were
modified by 4-HNE in a time-dependent manner, as detected by Western blotting
using anti-4-HNE antibodies (Figure 29). Over 20 distinct bands with molecular
weights ranging from 20-200 kDa were modified by 4-HNE in each of the tissues.
The addition of NADH to reaction mixes to stimulate alcohol dehydrogenase

activity and 4-HNE metabolism, resulted in suppression of 4-HNE protein adduct
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formation in the liver (Figure 29, upper panel). 4-Methylpyrazole, but not
disulfiram, restored the ability of 4-HNE to modify proteins in NADH-stimulated

S9 liver fractions. These data are in accord with our findings that the alcohol
dehydrogenase inhibitor was highly effective in inhibiting 4-HNE metabolism in
the liver (Figures 27 and 28). In contrast, NADH treatment of S9 fractions from
lung and brain had minimal effects on 4-HNE protein adduct formation (Figure 29,
middle and lower panels), a finding consistent with the fact that NADH had no
significant effect on 4-HNE metabolism in these tissue. As expected, neither 4-
methylpyrazole nor disulfiram altered 4-HNE protein adduct formation in the lung
and brain; only a small increase in 4-HNE-modified proteins was evident in these

tissues 30 min after treatment with the inhibitors.

4-HNE metabolism in isolated mouse hepatocytes. We next analyzed 4-HNE
metabolism in mouse hepatocytes to determine if cells that actively degrade this
reactive aldehyde also form 4-HNE protein adducts. 4-HNE was found to be
readily taken up by mouse hepatocytes (Figure 30, panels A and B).
Accumulation of 4-HNE in the cells was maximal within 15 min, declining
thereafter. This appeared to be due to 4-HNE metabolism. A time-dependent
increase in the appearance of three metabolites (labeled c, d and e on the HPLC
tracing) was observed in the cells (Figure 30, panel A). 4-HNE was found to form
protein adducts in a time- and concentration-dependent manner (Figure 30,
panel C). After 15 min, two major bands (MW = 100,000 and 150,000) were

detected in Western blots suggesting that 4-HNE selectively reacts with specific
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proteins in the cells. After 60 min, these proteins, along with a number of
additional proteins of higher and lower molecular weights, were also modified by

4-HNE (Figure 30, panel C).
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Discussion

Metabolism is key to the detoxification of cytotoxic lipid peroxidation
products like 4-HNE (Poli et al., 2008b; Roede et al., 2010). In hepatocytes, 4-
HNE has been shown to be metabolized by both oxidative and reductive
pathways (Alary et al., 2003b). Enzymatic and non-enzymatic conjugation
reactions including those mediated by glutathione S-transferases, glutathione
and various amino acids are also important in the detoxification process
(Esterbauer et al., 1975; Mitchell and Petersen, 1987; Hartley et al., 1995; Cheng
et al., 2001; Alary et al., 2003a). The present studies demonstrate that 4-HNE is
rapidly degraded in total homogenates and S9 fractions of liver from mice and
rats and that both reduced and oxidized pyridine nucleotide cofactors stimulated
this response. This may be due, in part, to overlapping cofactor specificity for
some of the enzymes mediating 4-HNE degradation. For example, both NAD+
and NADP+ can mediate aldehyde dehydrogenases activity (Leonarduzzi et al.,
1995). Alternatively, additional pyrimidine cofactor-dependent enzymes that
have not been characterized may contribute to 4-HNE degradation. In our
studies, although NADH and NAD+ were the preferred co-substrates for 4-HNE
metabolism, NADPH and NADP+ displayed 80-90% activity. Using rat liver
homogenates, Esterbauer et al. (1985) reported that 4-HNE metabolism was
largely supported by NADH; thus NADPH mediated metabolism represented only
4-5% of the activity of NADH. Differences between these early studies and ours
may reflect differences in the strains of animals used, and/or the subcellular

fractions evaluated in the metabolism studies. Esterbauer et al. (1985) also
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identified alcohol dehydrogenase as an important mediator of 4-HNE metabolism
in rat liver homogenates. Consistent with this is our findings that the alcohol
dehydrogenase inhibitor, 4-methylpyrazole, effectively inhibited 4-HNE
metabolism in both mouse and rat liver S9 fractions. We also found that the
aldehyde dehydrogenase inhibitor, disulfiram, reduced 4-HNE metabolism,
although not as effectively as 4-methylpyrazole. In this regard, previous studies
have demonstrated that rat liver aldehyde dehydrogenase effectively metabolizes
4-HNE (Mitchell and Petersen, 1987). Taken together, these data indicate that
multiple enzymes mediate 4-HNE metabolism in mouse and rat liver; they are
also consistent with 4-HNE metabolism studies in rat hepatocytes in which both
oxidative and reductive 4-HNE metabolites were identified (Ullrich et al., 1994;
Hartley et al., 1995). In contrast to our findings, only limited metabolism of 4-
HNE via alcohol dehydrogenase was observed in rat hepatocytes and rat liver
precision cut sections (Hartley et al., 1995; Siems et al., 1997; Laurent et al.,
2000). This apparent disparity may be due to differences in the regulation of 4-
HNE degradation in viable cells and tissues when compared to liver tissue
homogenates and S9 fractions.

In contrast to the liver, 4-HNE degradation in S9 fractions from lung and
brain was limited, presumably because of low levels of enzymes capable of
metabolizing the reactive aldehyde (Crabb et al., 2004). 4-HNE is formed in both
lung and brain tissues following oxidative stress, a process linked to a number of
pathologies and diseases (Kirichenko et al., 1996; Rahman et al., 2002). These

data indicate that with limited metabolism, 4-HNE can persist in lung and brain
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resulting in increased reaction with cellular components and tissue injury. Since
4-HNE is diffusible, surrounding cells and tissues are also at risk from 4-HNE-
induced damage (Bennaars-Eiden et al., 2002). Our data are in accord with
earlier studies by Esterbauer et al. (1985) showing that rat lung and brain
homogenates contain 0.2 to 3% of the 4-HNE metabolizing activity of rat liver.
Similar low levels of 4-HNE metabolizing activity have also been described in rat
heart, muscle, fat pads, spleen, small intestine and kidneys (Esterbauer et al.,
1985).

It is well recognized that 4-HNE is detoxified by its conjugation to
glutathione which occurs directly and enzymatically via several glutathione S-
transferases (Alin et al., 1985; Danielson et al., 1987; Roede et al., 2010). In
many tissues including the liver, glutathione conjugation is thought to be a
predominant 4-HNE detoxification pathway (Poli et al., 2008b; Roede et al.,
2010). In isolated rat hepatocytes, 50-60% of 4-HNE degradation has been
attributed to glutathione conjugation (Hartley et al., 1995). The present studies
show that in S9 fractions from both mouse and rat tissues, 4-HNE stimulated
glutathione S-transferase activity. In the mouse, liver contained the greatest
activity, followed by lung and brain. These data are in accord with earlier studies
on 4-HNE-glutathione conjugation in mouse liver, lung and brain (Engle et al.,
2004). Assuming that the values for the liver represent 50-60% of the total 4-
HNE detoxification, then significantly less 4-HNE detoxification occurs via 4-
HNE-glutathione conjugation in mouse lung and brain. The fact that neither lung

nor brain exhibited significant reductive or oxidative metabolism of 4-HNE over
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the time course studied, further supports the idea that 4-HNE can persist in these
tissues. In rats, S9 fractions of lung contained the greatest activity followed by
liver, with much lower levels in brain. As observed with mouse liver, rat liver
metabolized 4-HNE via reductive and oxidative pathways which, together with 4-
HNE-glutathione conjugation, can markedly reduce intracellular concentrations of
reactive aldehydes such as 4-HNE. Although rat lung may detoxify significant
amounts of 4-HNE via glutathione conjugation, low levels of reductive and
oxidative metabolism may allow greater amounts of 4-HNE to persist in the tissue.
Low levels of 4-HNE-glutathione conjugation in rat and mouse brain are
consistent with earlier studies showing limited 4-HNE metabolism via the
mercapturic acid pathway in rat and human cerebrum (Sidell et al., 2003).

A question arises as to the role of mitochondria in the metabolism of 4-
HNE in liver, lung and brain. Mitochondria isolated from various tissues have
been shown to metabolize 4-HNE via oxidative, reductive and GSH conjugative
pathways (Chen and Yu, 1994; Ullrich et al., 1994; Murphy et al., 2003; Meyer et
al., 2004; Honzatko et al., 2005). Mitochondria are also enriched with enzymes
that detoxify 4-HNE (Mitchell and Petersen, 1991; Murphy et al., 2003; Chen et
al., 2014). Detoxification of 4-HNE and related aldehydes by these pathways
likely contributes to protecting mitochondria and other cellular compartments
from oxidative stress. In our studies comparing 4-HNE degradation in total
homogenates, which contain mitochondria, with mitochondrial free S9 fractions
from mouse liver, lung and brain, no major differences in overall metabolism

were noted. These data indicate that, although mitochondria can metabolize 4-
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HNE, their overall contribution to its metabolism in intact tissues is limited. This
is supported by reports of relatively low rates of 4-HNE metabolism (~10-20
nmol/min/mg protein) in rat brain and liver mitochondria (Hartley and Petersen,
1993; Murphy et al., 2003; Meyer et al., 2004).

In metabolism studies with NADH-treated S9 fractions from liver, but not
lung or brain, we detected several 4-HNE metabolites, which is consistent with
our findings that 4-HNE is rapidly degraded in S9 fractions from liver, but not lung
or brain. Earlier studies identified both oxidative and reductive metabolites of 4-
HNE, including 4-hydroxy-2-nonenoic acid and 1,4-dihydroxynonene,
respectively, as well as glutathione conjugates in rat liver homogenates and rat
liver-derived cells (Hartley et al., 1995; Tjalkens et al., 1999). Our observation
that metabolism of 4-HNE in liver lysates is almost completely inhibited by 4-
methylpyrazole, but only partially inhibited by disulfiram, suggests that reductive
metabolites of 4-HNE derived via alcohol dehydrogenase are predominantly
generated, with a smaller number of oxidative metabolites derived via aldehyde
dehydrogenase. These findings are generally in line with studies showing that 4-
HNE largely undergoes reductive metabolism in rat liver cytosolic fractions
(Esterbauer et al., 1985), and both oxidative and reductive metabolism in rat
hepatocytes (Hartley et al., 1995). It should be noted, however, that our results
are biased towards reductive 4-HNE metabolism by our use of NADH. In future
studies it will be of interest to compare 4-HNE metabolism using both oxidized
and reduced pyridine nucleotides, as each will stimulate enzymes mediating

different 4-HNE degradative pathways (Roede et al., 2010).
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In S9 fractions of mouse liver, lung and brain, 4-HNE caused a time-
dependent modification of a number of proteins, which varied with the tissue.
Using proteomic approaches, various protein targets of 4-HNE in different tissues
have been identified, including growth factors and their receptors, cytokines, and
enzymes mediating the detoxification of ROS (Vila et al., 2008; Perluigi et al.,
2009; Smathers et al., 2011; Galligan et al., 2012). It remains to be determined if
these proteins are modified in mouse liver, lung or brain fractions. Of interest is
our finding that protein modifications were markedly inhibited by NADH in S9
fractions of liver, but not lung or brain. These results are in accord with our
findings that NADH rapidly and selectively stimulates 4-HNE metabolism only in
liver fractions. Thus, NADH stimulated enzymatic degradation of 4-HNE in
mouse liver, preventing it from modifying proteins. The fact that this was not
evident in lung or brain, suggests that once 4-HNE or other reactive aldehydes
are formed in these tissues, they remain available to react with cellular
components including proteins and cause tissue damage. We also found that
inhibition of 4-HNE degradation in liver fractions with 4-methylpyrazole resulted in
the generation of 4-HNE-protein adducts. In contrast, partial inhibition of 4-HNE
degradation with disulfiram did not result in 4-HNE-protein adducts. Presumably,
sufficient metabolism of 4-HNE takes place in liver fractions in the presence of
the aldehyde dehydrogenase inhibitor preventing 4-HNE from reacting with
hepatic proteins. As noted above with our metabolism studies, it will be of
interest to compare the ability of different enzymes in the S9 liver fractions

stimulated with either the oxidized or reduced pyridine nucleotides to modulate 4-
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HNE-induced protein modifications. As aldehyde dehydrogenase appears to be
less effective in metabolizing 4-HNE, it may be that stimulating these enzymes
with NAD(P)+ in the S9 liver fraction will be less effective in inhibiting the
formation of 4-HNE protein adducts.

Since 4-HNE is rapidly metabolized in pyridine nucleotide-stimulated S9
liver fractions, and metabolism can effectively suppress 4-HNE-protein adduct
formation, we determined if 4-HNE-protein adducts could be formed in isolated
hepatocytes containing physiological levels of reduced pyridine nucleotides. 4-
HNE was found to be rapidly metabolized in mouse hepatocytes; intracellular
concentrations of 4-HNE in treated cells were maximal within 15 min declining
thereafter. This was associated with the appearance of 4-HNE-derived
metabolites in the cells. Rapid rates of 4-HNE metabolism have been described
previously in isolated rat hepatocytes, hepatoma cell lines and several other cell
types (Esterbauer et al., 1985; Canuto et al., 1994; Hartley et al., 1995;
Leonarduzzi et al., 1995; Tjalkens et al., 1999; Luckey and Petersen, 2001;
Siems and Grune, 2003). Our studies also revealed that 4-HNE protein adducts
increased in hepatocytes over time, and that this was coordinate with decreased
levels of 4-HNE. This suggests that sustained maximal levels of 4-HNE are not
required for 4-HNE-protein adduct formation, and that a sufficient concentration
of the reactive aldehyde is available for time-dependent protein modifications.
Previous studies using rat hepatocytes showed that approximately 3-6% of 4-
HNE forms protein adducts (Siems and Grune, 2003). This relatively low level of

adduct formation is presumably due to limited availability of 4-HNE due to
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metabolism. It is generally thought that GSH conjugates of 4-HNE predominate
in rat hepatocytes (Tjalkens et al., 1999). At the present time, the identity of the
4-HNE-protein adducts formed in mouse hepatocytes is not known. Further
studies are required to determine if they are similar to those formed in mouse
liver lysates (Houglum et al., 1990; Petersen and Doorn, 2004).

Lipid peroxidation generates highly toxic reactive aldehydes such as 4-
HNE. Detoxification of reactive aldehydes is key for preventing tissue injury.
The present studies demonstrate that homogenates and S9 fractions of lung and
brain from mice, and S9 fractions from rats, display only a limited capacity to
metabolize and detoxify 4-HNE, when compared to liver fractions. Thus, once
formed during disease processes or oxidative stress, 4-HNE and related
electrophiles, are likely to persist in lung and brain and contribute to tissue
damage. Increasing 4-HNE degradation or protecting against the deleterious

effects of 4-HNE may be effective in suppressing ROS-induced tissue injury.
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Table 4. Distribution of glutathione S-transferase activity in mouse and rat
tissues

Species Tissue Enzyme activity1
(nmole/min/mg protein)

Mouse
liver 74.7 +10.6
lung 50.0 + 542
brain 31.1 + 2.0°
Rat
liver 100.3 + 7.7
lung 141.5 + 4.7°
brain 447 + 542

'Glutathione S-transferase reactions were run as indicated in the Materials and
Methods and contained 100 uM 4-HNE, 500 uM glutathione and 100-200 ug of
S9 tissue protein in 1 ml reaction mixes. 4-HNE remaining in the assays was
assessed by HPLC. Background degradation of 4-HNE by glutathione
conjugation in the absence of tissue fractions was subtracted from
measurements of enzyme activity. Each value represents the mean £ SE (n = 3).
2 Significantly different (p < 0.05) from liver.
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Figure 22. Effects of pyrimidine nucleotides on 4-HNE degradation in
homogenates from mouse tissues. Total homogenates from mouse liver, lung
and brain were incubated with 100 uM 4-HNE in the absence or presence of 1
mM of NAD+, NADP+, NADH, or NADPH. After 30 min, samples were extracted
and analyzed for 4-HNE content. Controls (C) were from samples extracted at 0
time. Bars are the mean * SE (n = 3). ? Significantly (p<0.05) different from

control; ° Significantly (p<0.05) different from no cofactors.
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Figure 23. Effects of pyrimidine nucleotides on 4-HNE degradation in S9
fractions from mouse and rat tissues. S9 fractions from mouse (upper panels)
and rat (lower panels) liver, lung or brain were treated with 100 uM 4-HNE in the
absence or presence of 1 mM NAD+, NADP+, NADH, or NADPH. After 30 min,
samples were extracted and analyzed for 4-HNE content. Controls (C) were
from samples extracted at 0 time. Bars are the mean + SE (n = 3). 2 Significantly

(p<0.05) different from control; ® Significantly (p<0.05) different from no cofactors.
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Figure 24. Metabolism of 4-HNE by mouse tissues. 4-HNE (100 uM) was
added to reaction mixes containing S9 fractions of mouse liver, lung or brain. At
the indicated times (0, 15 and 30 min), residual 4-HNE and metabolites in the
reaction mixes were extracted and analyzed by HPLC. Upper panels, Kinetics of
4-HNE degradation in S9 fractions in the absence or presence of 1 mM NADH or
NADPH. Heat inactivated enzyme was used as control. Lower panels, HPLC

analysis of 4-HNE metabolism in S9 fractions in presence of 1 mM NADH.
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Figure 25. Metabolism of 4-HNE by rat tissues. 4-HNE (100 uM) was added
to reaction mixes containing S9 fractions of rat liver, lung or brain. At the
indicated times (0, 15 and 30 min), residual 4-HNE and metabolites in the
reaction mixes were extracted and analyzed by HPLC. Upper panels, Kinetics of
4-HNE degradation in S9 fractions in the absence or presence of NADH or
NADPH. Heat inactivated enzyme was used as control. Lower panels, HPLC

analysis of 4-HNE metabolism in S9 fractions in presence of 1 mM NADH.
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Figure 26. NADH-dependent 4-HNE metabolism in mouse liver. S9 fractions,
prepared from mouse liver, were treated with 100 uM 4-HNE in the presence of
increasing concentrations of NADH. Panel A, HPLC analysis of 4-HNE
metabolism. Metabolites were analyzed after a 30 min incubation. Panel B,
Kinetics of 4-HNE degradation after increasing periods of time. Data are
presented as the percentage of 4-HNE recovered relative to the amount added at
the start of the assay. Panels C and D, Kinetics of formation of metabolites a

and b.
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Figure 27 Effects of enzyme inhibitors on 4-HNE metabolism. 4-HNE degradation
by S9 fractions from mouse and rat liver, lung or brain was analyzed in the
absence and presence of 200 uM 4-methylpyrazole or 100 uM disulfiram. NADH
(1 mM) was used to simulate 4-HNE metabolism. Left panels: Effects of
inhibitors on 4-HNE degradation in mouse S9 fractions. Right panels: Effects of
inhibitors on 4-HNE degradation in rat tissue fractions. Data are presented as
the percentage of 4-HNE recovered relative to the amount added at the start of

the assay.
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Figure 28. Effects of enzyme inhibitors on 4-HNE metabolism in S9
fractions from mouse and rat liver. 4-HNE degradation was quantified in S9
fractions from livers of mice (top panel) and rats (bottom panel) in the absence
and presence of 200 uM 4-methylpyrazole (MP) or 100 uM disulfiram (DSF). The
final concentration of pyridine nucleotides (NAD+, NADP+, NADH or NADPH) in
the assay mixes was 1 mM. Assays were run for 30 min and then analyzed for
4-HNE content. Controls (C) were from samples extracted at 0 time. Bars
represent the mean + SE (n = 3). 2 Significantly (p<0.05) different from control; °

Significantly (p<0.05) different from no inhibitor.
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Figure 29. Effects of NADH and enzyme inhibitors on 4-HNE-protein adduct
formation in mouse liver, lung and brain. S9 tissue fractions were incubated
with 100 uM 4-HNE in the absence or presence of 1 mM NADH, 200 uM 4-
methylpyrazole (MP) or 100 uM disulfiram (DSF). At the indicated times,
samples were analyzed for 4-HNE protein adducts using SDS-polyacrylamide gel

electrophoresis and western blotting using a monoclonal 4-HNE antibody.
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Figure 30. Metabolism of 4-HNE in isolated mouse hepatocytes. Panels A
and B. Cells were incubated with 100 uM 4-HNE. After 0, 15, 30 and 60 min,
reactions were stopped and the cells analyzed for 4-HNE and its metabolites,
and protein adducts. Panel A, HPLC tracings of 4-HNE degradation and the
appearance of metabolites in hepatocytes. Metabolites (c, d and e) are shown
by arrows. Panel B, kinetics of uptake and disappearance of 4-HNE in the cells.
Panel C, Cells were treated with 30 or 100 uM 4-HNE and analyzed for 4-HNE-
protein adducts after 0, 5, 15 and 30 min in western blotting using a monoclonal

antibody to 4-HNE. Arrow heads show abundant 4-HNE-protein adducts.
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FUTURE STUDIES

In the present studies, UVB or nitrogen mustard was found to cause
corneal damage; this was associated with elevated level of protein conjugated 4-
HNE in rabbit cornea organ culture. In addition, a number of 4-HNE-protein
adducts were observed in human epithelial cell and skin keratinocytes cultures
exposed to 4-HNE. It is known that 4-HNE-protein adduct formation is a major
mechanism triggering the actions of reactive aldehyde. Our studies also
revealed several prominent protein bands modified by 4-HNEin human corneal
epithelial cell and PAM212 cell cultures, indicating that these proteins are more
sensitive to 4-HNE. Further studies to identify these proteins would be helpful to
characterize mechanisms initiating adaptive responses in cornea and sKkin.
Studies using LC-MS/MS can provide structures of adducts and specific sites of
aldehyde modification on different proteins. This can potentially lead to a more
precise understanding of 4-HNE-mediated injury. The LC-MS/MS could also be
employed to study the generation of nitrooleic acid modifications in UVB or
nitrogen-mustard-treated cornea. Our data have demonstrated that nitrooleic
acid also acts as regulators in signal transduction and protein expression. Due to
the lack of antibodies, the nirooleic acid modifications were not examined in
current study. The LC-MS/MS studies on nitrooleic acid modification proteins in
treated cornea can provide evidence supporting the involvement of nitrosative
stress in UVB or nitrogen mustard-induced tissue injury. Moreover, the protein-

modification studies could be helpful in understanding the differences in
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mechanisms by which 4-HNE and nitrooleic acid mediate cellular adaptive

responses.

More recently, studies on products formed in lipid peroxidation reactions
have focused on their ability in regulate the adaptive responses against oxidative
stress. Our studies on antioxidant expression and related signaling pathways in
cell cultures revealed that a number of proteins and signal molecules are
involved in the electrophile-mediated protective response. Further studies are
needed to characterize signaling pathways in responsive cells in order to
understand their role in the action of 4-HNE or nitrooleic acid. Our results showed
that HSF-1 was activated by nitrooleic acid in PAM212 keratinocytes. Studies
with HSF-1 knock-out mice would allow the measurement of the contribution of
HSF-1 to increased expression of HO-1, hsp 27 and hsp70. Silencing HSF-1 by
small interfering RNA could also be used to evaluate the function of this
transcription factor in mediating the action of the reactive lipids. In our studies,
many molecules were found to participate in the electrophile-mediated responses.
Studies are needed to further clarify the mechanism by which 4-HNE or nitrooleic
acid acts as a modulator of oxidative injury. Our findings that 4-HNE or nitroleic
acid-induced HO-1 was localized in caveolar fractions of cells provides an
interesting new research direction. Using caveolar fractions and non-caveolar
fractions isolated from treated cells, the distribution of adaptive protein can be
characterized using western blotting. Further evidence could be obtained by
caveolae inhibition studies using MbCD or filipin. The role of caveolae is not

limited as it could serve as a platform enriched with functional molecules to
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increase the efficiency of cellular communication. Previous reports have
demonstrated that caveolin-1 interacts with and regulates the activity of signaling
molecules, indicating the additional functional significance of caveolae
localization of signal components. Identifying of the proteins in caveolae that
interact with signaling molecules will be crucial for understanding mechanisms for
increasing expression of adaptive proteins. For these studies, proteins binding
with caveolin-1 can be immunopercipitated with anti-caveolin-1. Either western
blotting or LC-MS/MS can be used for protein identification. The regulatory
activity of caveolin-1 can also be examined using siRNA to down regulate the
protein. It should be noted that both activating and inhibitory relationship
between caveolin-1 and components of signaling cascade have been observed
and these interactions need to be examined in corneal epithelial cells and

keratinocytes.

In summary, our studies demonstrated that corneal epithelial cells and
keratinocytes are highly responsive to 4-HNE and 9- and 10-nitrooleic acids.
They readily induce adaptive responses that are important in protecting the cells
against oxidative stress. Future studies directed at understanding mechanisms
by which adaptive response genes are induced will be helpful in diagnosing and

therapeutics to protect stress-induced injury.
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