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Acrolein is chemical that is ubiquitously present in low concentrations in

our environment, while in high concentration in cigarette smoke.  Its underlying

mode of toxicity, apoptosis vs. oncosis/ necrosis, is however unclear.  Apoptosis

is the preferred pathway because it results in cell death that does not affect

surrounding cells or tissue.  To date, high doses of acrolein have demonstrated

only modest levels of apoptosis.  We show that in B lymphocytic cells acrolein

induces primarily oncotic/ necrotic cell death rather than apoptosis.  The choice of

death pathways may be due to acrolein’s inhibition of ATP, which is required for

apoptotic processes to properly function.  It may also be due to acrolein’s

inhibition of caspases-3, -8, and –9, which are three main proteolytic enzymes

involved in mediating an apoptotic response.  Acrolein’s electrophilic nature may

be involved in the inhibition of caspases, which have a cysteine residue in their

catalytic domain, as well as do numerous other proteins involved in maintaining a
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cell’s redox status.  Glutathione (GSH) is an important element of the cellular

redox and electrophile defense system.  However, its broad-based actions make it

difficult to discern what cellular components are being affected by alterations in

GSH levels.  In a parallel redox pathway, thioredoxin (Trx) plays a vital role in

regulating multiple transcription factors including NF-kB and AP-1 (via Redox

factor-1). Due to their importance in maintaining cell homeostasis, alterations in

the activities of NF-kB and AP-1 greatly affects cellular functioning.  The current

data demonstrate an acrolein-induced loss of immunoreactive Trx protein and

activity concomitantly with decreased GSH. Formation of antisense Trx cells

demonstrated that Trx loss is involved in decreasing the DNA binding and

recovery of NF-kB and AP-1 following acrolein treatment.  Overall, acrolein

induces a primarily oncotic/ necrotic form of cell death, potentially mediated by it

inhibition of caspases and ATP loss.  At non-lethal doses, it clearly affects

cysteine-containing molecules, GSH, Trx, NF-kB, and AP-1, thus acknowledging

the importance of acrolein’s strong electrophilic nature.  The key regulator of

acrolein-mediated stress is unclear, although its effect on these factors likely alters

normal cell functioning.
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Chapter One:  Introduction

1.1 ACROLEIN

Acrolein is ubiquitously present in our natural and artificial environment

in varying concentrations. Chemically, acrolein is an a,b unsaturated aldehyde

(Figure 1) with the strongest electrophilicity in comparison with other aldehydes

such as formaldehyde and acetaldehyde (Esterbauer et al., 1991). It is a byproduct

of chemical processes forming acrylate polymers and DL-methionine, and is also

found in algicides, herbicides and slimicides (Beauchamp et al., 1989).  Acrolein

is found in low concentrations in foods (fruits, wine, cheese, beer), automobile

exhaust, and wood burning smoke (IARC Monogr., 1987).  As acrolein is also a

byproduct of cigarette smoke, smokers are exposed to at least 40-times higher

acrolein concentrations relative to environmental levels.  In vivo, acrolein is a

metabolic product of cyclophosphamide, which is a commonly used therapeutic

agent used in the treatment of cancers, lupus, and severe inflammation that does

not respond to corticosteroids (Esterbauer et al., 1991; Beauchamp et al., 1985).

One of the side effects of cyclophosphamide use is that one of its break down

products is acrolein, which has been associated with the agent’s resultant bladder

toxicity (Beauchamp et al., 1985). Early investigations demonstrated that

chemical exposure to allyl alcohol (a synthetic reactant in the production of

butanediol or glycerol) also metabolized (via alcohol dehydrogenase and NADH)

to acrolein in rat liver and lung tissue (Patel and Leibman, 1978).
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Figure 1  Structure of Acrolein

Acrolein (MW=56.06) is an a,b-unsaturated aldehyde commonly formed by the

combustion of wood and paper burning products, among other things described in

the Introduction.

H2C

CH

O

Acrolein
(Propenal)
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Acrolein’s molecular and toxicological effects are varied.  At lethal doses,

acrolein clearly causes massive DNA damage, decreased ATP, and depressed

phospholipid (membrane) formation (Nath et al., 1998, Monteil et al., 1999).

Acrolein's mechanism of toxicity at high concentrations is well documented;

acrolein interacts strongly with guanine at the O6 and N2 positions (Nath et al.,

1998, Kanuri et al., 2002). It also has the potential to interfere with DNA

replication by directly altering the function of DNA or RNA polymerases. When

coupled with g-irradiation, acrolein not only damaged DNA in a non-apoptotic

manner (nonspecific breakage/ smearing seen in agarose gel electrophoresis rather

than apoptotic 180 bp fragments), but prevented DNA repair and further DNA

replication (Yang et al., 1999).  DNA damage correlates with increases in the

phase II detoxifying enzymes glutathione S-transferase (GST), glutathione

reductase, glutathione peroxidase, g-glutamyl transpeptidase, NADPH quinone

oxidoreductase, and other DNA modifying enzymes (Monteil et al., 1999, Uchida

et al., 1999, Tirumalai et al., 2002).

Although high doses of acrolein clearly modulate major components of

cell growth, at low doses its effect on proteins is less well understood.

Biochemically, acrolein is well known for its strong electrophilic interactions,

particularly with thiol-containing molecules such as glutathione (GSH)

(Beauchamp et al., 1985).  Other components of the GSH cycle, such as GST and

glutamyl-cysteine synthetase, may also be altered by acrolein, thus adding to the

decreased regeneration of required cell maintenance proteins, i.e. GSH.  If
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diminished directly by acrolein, the lack of this protective barrier could lead to

increased cytotoxicity from acrolein.

Recently acrolein has been recognized as both an initiator and an end

product of lipid peroxidation.  Due to acrolein’s involvement in these pathways,

acrolein has the potential to continually regenerate itself, leading to constant cell

exposure to this aldehyde.  Polyunsaturated fatty acids are prone to oxidative

stress-mediated breakdown, yielding shorter chain aldehydes, including acrolein,

that are able to induce cell death. Uchida et al. (1998; Uchida, 1999) has directly

identified acrolein’s presence in lipid peroxidation processes.  While acrolein’s

attraction to the thiol group of cysteine is the most widely recognized reaction, it

also has the potential to interact with lysine, histidine, and arginine.  Reactive

lipid aldehydes 4-hydroxynonenal (HNE) and malondialdehyde (MDA) display

similar attractions to cysteine, lysine, and histidine (Uchida et al., 1999).  In

particular, MDA binds lysine-containing phospholipids, phosphatidylserine and

phosphatidylethanolamine (Balasubramanian et al., 2001).

Although acrolein may bind to arginine and histidine, these complexes are

relatively unstable in comparison to lysine or cysteine adducts. The lipid-

mediated effects of acrolein were investigated in cell lines that were sensitive or

insensitive to docosahexaenoic acid (an omega-3 fatty acid) through the

modulation of endogenous cellular glutathione peroxidase (Rudra and Krokan,

1999).  Human cancer cells (sensitive to docosahexaenoic acid treatment) treated

with acrolein demonstrated a lack of oligonucleosomal fragmentation and

characteristics of necrosis.  Partial cytoprotection was achieved by pretreating the
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cells with lipid peroxidation protectants vitamin E, sodium selenite and ebselen.

In lipid peroxidation insensitive cell lines, acrolein-induced cell death could not

be reversed by the previously mentioned protectants.  These results suggested that

while acrolein is involved in lipid peroxidation induced-death, lipid peroxidation

is likely not the main pathway of acrolein-induced death.

At nonlethal doses our knowledge of the vital pathways affected by

acrolein is limited.  Although its mechanism of toxicity is still not fully

understood, it is well known for its strong thiol reactivity via Michael addition,

particularly with GSH (Beauchamp et al., 1985).  Non-lethal doses of acrolein

cause temporary GSH depletion, decreased cell proliferation and alterations in the

DNA binding activity of transcription factors nuclear factor kappa B (NF-kB) and

activator protein-1 (AP-1) (Horton et al., 1999; Biswal et al., 2002, Li et al.,

1999).  Studies by Horton et al. (1997) demonstrated that acrolein decreased GSH

without altering glutathione disulfide (GSSG) levels in A549 human lung

adenocarcinoma cells, suggesting a direct modification, rather than oxidation, of

GSH.  Further experimentation in this cell line revealed that non-lethal doses of

acrolein or diethyl maleate (an inhibitor of GSH potentially through GST-

mediated mechanisms) caused a decrease in NF-kB in correlation with GSH

deficiency, but without changes in inhibitor kappa B (which retains NF-kB in an

inactive form in the cellular cytosol). The NF-kB changes were thought to be due

to either cellular redox imbalances or direct acrolein binding of a critical cysteine

residue on NF-kB's DNA binding site.  Acrolein’s effect on AP-1 demonstrated

similar results, a decrease in AP-1 DNA binding with direct conjugation of AP-
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1’s c-jun by acrolein (identified using an anti-acrolein-lysine antibody) (Biswal et

al., 2002).

To date, alveolar macrophages appear to be the only cell line that

demonstrates characteristics of apoptosis following acrolein treatment. An

interesting finding with acrolein, as shown by Li et al. (1997), was that acrolein at

a dose of ~25 µM causes increased oligonucleosomal fragmentation indicative of

apoptotic fragmentation in alveolar macrophages.  At doses significantly below or

above 25 µM, acrolein-induced oligonucleosomal fragmentation was absent, as a

result of either a lack of DNA fragmentation or nonspecific fragmentation

(smearing) associated with necrosis, respectively.  Li et al. (1997) also

demonstrated that acrolein contributed to immunosuppression by decreasing

release of cytokines interleukin-1b, tumor necrosis factor-a, and interleukin-12.

Macrophage cells, following lethal doses of acrolein, also demonstrated increased

necrosis (measured by Trypan Blue exclusion), alteration of heme-oxygenase-1

(HO-1) (increased at low non-lethal doses and decreased at lethal doses), and

morphological changes (blebbing and cell swelling, evidence of mixed apoptotic

and necrotic cell death).

To date, high doses of acrolein have mediated toxicity that was associated

with extensive DNA damage and a primarily oncotic/ necrotic mode of cell death

rather than the more commonly found apoptosis. More recently, toxic doses of

acrolein have been shown to inhibit caspases, particularly those involved in the

apoptotic cascade.  Caspase-3 was demonstrated by Finkelstein et al. (2001) to be

inhibited by ≥ 10 µM acrolein in human neutrophils.  However, at non-lethal
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doses of acrolein, our understanding of its effects is limited.  At this time it is

unclear what the key regulator of acrolein-mediated stress really is, although

acrolein clearly affects cysteine-containing proteins such as GSH, NF-kB, AP-1,

caspases, p53 and potentially other redox regulated proteins like thioredoxin (Trx)

and thioredoxin reductase (TR).  The role of these redox-regulated factors will be

discussed more in the Introduction and their role in acrolein-mediated cell death

will be demonstrated in the subsequent Results sections.

1.2 CELL DEATH

Cellular toxicity results in two main cell death pathways, apoptosis and

oncosis (Majno and Joris, 1995; Levin et al, 1999), both of which progress into

irreversible necrosis.  Apoptosis is thought to play an important role in

maintaining a cellular homeostatic environment in response to stressful stimuli. It

is characterized morphologically by cell shrinkage, membrane blebbing and

nuclear and chromatin condensation.  Biochemical markers of apoptosis include

phosphatidylserine (PS) externalization to the outside of the plasma membrane,

nucleosomal DNA cleavage into 180 base pair fragments, unchanged ATP levels,

and caspase-3 activation (Sachs and Lotem, 1995; Kaufman, 1982).  Apoptosis is

both a harmful, as well as a beneficiary process.  It is a necessary process, for

instance, in controlled cell death during embryonic cell development, normal cell

turnover, and responses of the immune system to adverse stimuli.  Its effects are

important in the termination of critically damaged cells that have been exposed to

toxicants, but apoptosis can adversely cause too much cell death such as in cells
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damaged by neurodegenerative diseases, i.e. Alzheimer’s and autoimmune

disorders.

Oncosis was named for, and is best described by, its overall cell swelling,

thus the Latin designation “onco”, meaning “to swell” (Levin et al., 1999),

although it is often confused with the use of the prefix onco- in tumor biology.

Cell or organelle swelling and marked reduction of ATP levels dissociate oncosis

from subsequent necrosis, although the distinction between the two forms of cell

death can be difficult.  Thus, they have and will be described together here.

Although oncosis is a common pathologist's term, it is a recently emerging

concept among toxicologists (Levin et al, 1999).  Both forms of cell death,

apoptosis and oncosis, progress into irreversible necrosis. In vivo oncosis leads to

diffuse tissue injury due to plasma membrane leakage of proteases and other

enzyme components that ultimately result in widespread necrosis, such as that

seen in centrilobular necrosis of the liver (Trump et al., 1998).  A main difference

between apoptosis and oncosis is that oncotic cells lose ATP rapidly.  The loss of

ATP results in decreased control of cell membrane ion channels, loss of

mitochondrial permeability transition, and resultant cell swelling. The cell death

characteristics are best compared when shown in chart format, as shown below

(Table 1).
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Characteristics Apoptosis Oncosis Necrosis

Overall Cell Size
& Shape

Shrinks
Nuclear Condensation

Swells
Overall Damage

Cell Wall
Disintegration

DNA 180 base pair
fragments

Nonspecific
fragments

Nonspecific
fragments

ATP Maintained at normal
levels Rapid Decrease No ATP

Plasma
Membrane

Intact &
Budding Leaky Completely

Permeable

Viability Time Long Short Non-viable

Table 1 Cell Death Characteristics

The main characteristics that are different among the modes of cell death include

cell size and shape, form of DNA damage, ATP concentration, plasma membrane

integrity, and viability time.
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Although apoptosis is a typical cell response to adverse stimuli, oncosis is

being recognized more as a result of its lack of apoptotic features.  For example,

hepatocytes respond differently to CD95/ Fas-mediated vs. quinone (menadione)-

induced cell death (Samali et al., 1999).  CD95 rapidly induced apoptotic features

of nuclear condensation, caspase activation, and DNA fragmentation.  In contrast,

menadione produced none of these characteristics, but suggested that menadione-

treated cells were going through oncosis via ATP depletion and their inability to

exclude Trypan Blue dye, i.e. plasma membrane permeability.  Although many

researchers focus on the ATP depleting ability of oncotic inducers, Samali et al.

(1995) have suggested that reactive oxygen species (ROS) generation may be

partially responsible for inhibiting apoptosis, although this remains to be shown.

Overall, cell death takes on many forms, apoptosis and oncosis being the main

modes of death that will be investigated here.

1.3 CASPASES

The discovery of caspases’ involvement in apoptotic cell death originated

in studies performed in Caenorhabditis elegans (Ellis et al., 1991).  Cell death in

C. elegans’ cells during normal development correlated with the activation of an

interleukin converting enzyme-1b, an enzyme that was later determined to be

similar in sequence to several proteins in mammals. These proteins included the

anti-apoptotic bcl proteins, as well as numerous pro-apoptotic caspases.  Caspases

were named thus because they are a family of cysteine aspartate proteases that are

formed and exist endogenously as an inactive proenzyme.  These enzymes are
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comprised of three domains: an amino terminal pro-domain and large (~20 kDa)

and small catalytic subunits (~10 kDa) (Thornberry and Lazebnik, 1998; Cohen,

1997).  They are named for their ability to cleave at caspase specific aspartate

residues at a recognizable tetrapeptide sequences to generate two active fragments

by removing the inactivating pro-domain.  These active fragments associate as a

heterotetramer (two large and two small subunits) and in some cases are

responsible for initiating cleavage of other caspases involved in apoptotic

signaling.

The family of caspases is comprised of at least 14 enzymes.  While several

are clearly linked with signaling pathways, others have functions that remain to be

revealed.  The caspases focused on in this study include caspases-3, -8, and –9,

three caspases that are activated by numerous apoptosis-inducing agents.

Caspase-3 is categorized as an apoptotic effector activated mainly by upstream

caspases-8 and -9, which are classified as initiators (Thornberry and Lazebnik,

1998).  Recent research has also associated caspase-3 modulation directly from

bcl-2 on the mitochondria (Marsden et al., 2002).  Caspase-8 is used to model a

chemical insult through death receptor signaling initiated on the plasma

membrane (Figure 2).  Through a compilation of receptor-mediated death domain

signaling, caspase-8 is activated followed by caspase-3 to lead to execution of

apoptosis.  The TNF family of receptors associates on the plasma membrane with

death domains that transactivate caspase-8.  Caspase-9 is used to model

mitochondrial initiated activation of caspase-3. The mitochondrion releases

cytochrome c to complex with apoptosis-protease activating factor-1 (Apaf-1) and
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procaspase-9 in what is commonly known as the apoptosome (using ATP to

generate the complex), which leads to activation of caspase-9.  Caspase-3

activation and subsequent execution of apoptosis follow induction of caspase-9.

These two pathways were investigated to determine if acrolein toxicity was being

initiated on the plasma membrane or caused intracellular effects that lead to

mitochondrial involvement.
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Figure 2 Simplified Caspase Signaling Pathways

The potential activators of caspase-3 are: 1.) receptor mediated by the tumor

necrosis factor (TNF) family receptors, death domains (DD), and caspase-8, 2.)

mitochondrial release of cytochrome c, complexation with Apaf-1 and

procaspase-9 in the apoptosome, and activation of caspase-9, or 3.) mitochondrial

independent regulation of caspase-3 by bcl-2 proteins.
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The consequence of caspase inhibition seems to be very cell type specific

and involves either the maintenance of viability or a switch to death exhibiting

apoptosis-independent characteristics, i.e. oncosis/ necrosis.  For example,

treatment with tumor necrosis factor and/ or stimulation of its related ligands

induces apoptosis via receptor-mediated caspase activation in a number of cell

lines.  Pretreatment with a peptide caspase inhibitor (zAsp-cmk) allows necrotic

morphology to replace apoptosis in intestinal epithelial, fibrosarcoma, colon

adenocarcinoma, and non-small cell lung cancer cells (Ruemmele et al., 1999;

Vercammen et al., 1998; Ozoren et al., 2000).  In contrast, the same pretreatment

inhibited both death pathways and maintained viability in colon cancer and

embryonic kidney cells (Ozoren et al., 2000).  In murine B lymphocytes, the

caspase inhibitors zAsp-cmk or zVAD-fmk prevented dexamethasone-induced

apoptosis, although cells deviated to necrosis (Lemaire et al., 1999; Lemaire et al.,

1998).  As mentioned above, the consequence of caspase’s inhibition is cell line

specific, although understanding of this pathway is important in terms of

characterizing, as well as preventing toxicity.

All of the caspases contain a conserved sequence in their catalytic site,

containing amino acids –Gln-Ala-Cys-(Arg or Gln)-Gly- that once altered, can

effectively modulate caspase activity.  These amino acids, in particular cysteine

(cys), may be direct targets for acrolein and its subsequent inhibition, thus

inactivating a primary apoptotic response and allowing a secondary oncotic

pathway to dominate.
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1.4 GLUTATHIONE

Glutathione (GSH) is important because its main function is to protect the

cell against damage induced by electrophiles, reactive oxidant species,

antineoplastic agents, and a variety of other stress-initiated conditions (Sies, 1999;

Arrick and Nathan, 1984; Voehringer, 1999).   GSH is g-L-glutamyl-L-cysteinyl

glycine, comprised of the three amino acids in its name through a two-step de

novo synthesis (Figure 3). It is present in low mM (0.5-10 mM) concentrations in

cells, its abundance signifying the overall importance of it in a cell.  In response

to a redox imbalance, GSH can be converted to an oxidative state, glutathione

disulfide (GSSG), which can regenerate reduced GSH by glutathione reductase

and NADPH.

GSH is normally present 98-99% in its reduced form.  Although in the

extracellular environment it is mainly found in the disulfide state, small variations

in the mostly reductive intracellular state maintained by GSH can cause profound

effects on redox-dependent cell signaling.  While maintaining a reductive

cytosolic environment, GSH also aids in toxicant removal through GST-mediated

conjugation and subsequent elimination of the conjugate via export pumps

(Keppler, 1999).  Endogenous moieties such as glucuronic acid, sulfate, and GSH

form an even more hydrophilic detoxification metabolite, allowing easier export

out of a cell by multidrug-resistance protein pathways or from the body through

bile or kidney excretion.

Overall, GSH serves many roles in defending a cell against adverse

insults. Therefore, a loss of GSH, such as seen following an electrophilic insult,
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may permit toxicant interaction with other important and less abundant cell

entities, thus allowing cell damaging effects and death to occur.  Other than GSH,

acrolein may interact with macromolecules containing cysteine, lysine or histidine

residues, such as those found on NF-kB, AP-1, p53, caspases, thioredoxin, and

others.
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        ATP

ADP + Pi

        ATP

ADP + Pi

                                           L-glutamate +  L-cysteine

                                                                    g-Glutamyl-cysteine Synthetase

                                  g-L-glutamyl-L-cysteine + Glycine

                                                                     Glutathione Synthetase

                                  g-L-glutamyl-L-cysteinyl-glycine

                                                  (or Glutathione)

Figure 3 Glutathione Synthesis Pathway

Glutathione is synthesized de novo in a two-step pathway requiring energy (ATP).

Glutamate and cysteine are condensed by g-glutamate cysteine synthetase and

glycine is added to the complex via glutathione synthetase, forming the end

product, g-L-glutamyl-L-cysteinyl-glycine or glutathione.
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1.5 THIOREDOXIN AND THIOREDOXIN REDUCTASE

Cells contain an abundance of reducing components in their cytosol in

order to maintain normal cell growth.  GSH’s ubiquitous nature is to protect the

cell from imbalances in the redox environment.  While GSH is present within the

cell in mM concentration, thioredoxin (Trx) is present in µM concentrations.  It is

important to note that although Trx is in lower concentrations within the cell, it

plays more explicit roles in cell redox regulation.  Trx was originally discovered

in E. coli in 1964 by Laurent et al. (1964), and was later identified as being

identical to redox proteins identified in plant chloroplasts (Wolosiuk and

Buchanan, 1978), human T-cell Novikoff hepatoma (Herrmann and Moore,

1973), interleukin-2 receptor inducing factor derived from Epstein Barr virus

(Wakasugi et al., 1987), and early pregnancy serum factor (Clarke et al., 1991).

In the 1980-90s, it was discovered that Trx was identical to adult T-cell leukemia

derived factor (Tagaya et al., 1988; Wakasugi et al., 1990; Gasdaska et al., 1994).

It is fascinating that Trx is evolutionarily conserved from E. coli to plants to

humans, demonstrating its importance in all forms of life, prokaryotic and

eukaryotic.

The thioredoxin family is comprised of multi-length proteins functioning

in various locations inside and out of the cell.  The multiple members of the

thioredoxin family include cytosolic/ nuclear thioredoxin-1 (Trx-1 or Trx as it

will be described throughout this dissertation), amino terminal extended

mitochondrial thioredoxin-2 (Trx-2), a thioredoxin-like protein called p32Trx,

carboxy terminal truncated Trx-1 which localizes to the membrane and functions
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as a secretory cytokine, and a recently found sperm-specific thioredoxin (SpTrx)

found in round and elongated sperm (Miranda-Vizuete et al., 2001).  Trx has also

been noted to serve as an electron donor in the endoplasmic reticulum to aid in the

rearrangement of intra- and inter-chain disulfide linkages until proteins reach their

native conformation that enables protein disulfide isomerase (PDI) to complete

the folding process.  In actuality, PDI is a homodimer consisting of a component

that is homologous to and contains a cysteine disulfide linkage similarly to Trx

(Voet and Voet, 1995), although it has not been named a Trx family member at

this time (Lundstrom and Holmgren, 1990).  The above information suggests that

a thioredoxin or thioredoxin-like protein exists in some shape or function in

nearly every portion of the cell.
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Family Members Localization Size

Thioredoxin-1 (Trx)

Thioredoxin-2 (Trx-2)

p32-Trx-like protein (p32Trx)

Truncated Trx

Sperm-specific Trx (SpTrx)

Cytosol, some nuclear

Mitochondria

Cytosol

Membrane and Secretory

Round, elongating sperm

12 kDa

18 kDa

32 kDa

8-10 kDa

~90 kDa

Table 2 Thioredoxin Family Members, Location and Protein Size

Thioredoxin family members include thioredoxin-1, thioredoxin-2, p32-Trx-like

protein, a truncated Trx, and sperm-specific thioredoxin. Their localization and

approximate molecular size are shown above.
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The active site of Trx family members contains a conserved catalytic

sequence comprised of -Cys-Gly-Pro-Cys-Lys- (–Cysteine-Glycine-Proline-

Cysteine-Lysine-). The two cysteines in the catalytic domain are responsible for

Trx’s oxido-reduction capacity, along with thioredoxin reductase (TR) and

NADPH (Luthman and Holmgren, 1984). Thioredoxin contains many other

potential acrolein reactive sites, including a total of 5 cysteines (cys) and 12

lysines  (lys) (underlined in Figure 4).  There are two major cysteines and one

lysine in the catalytic region of Trx (thioredoxin-1), as well as three other

cysteines outside the catalytic domain.  Cys 73 is responsible for the structural

formation of Trx as an inactive homodimer, demonstrated by crystal structure

(Weischel et al., 1996), and is likely a highly reactive site due to it position facing

the outside of the protein.
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1 met val lys gln iso glu ser lys thr ala

11 phe gln glu ala leu asp ala ala gly asp

21 lys leu val val val asp phe ser ala thr

31 trp cys gly pro cys lys met iso lys pro

41 phe phe hist ser leu ser glu lys tyr ser

51 asn val iso phe leu glu val asp val asp

61 asp cys gln asp val ala ser glu cys glu

71 val lys cys met pro thr phe gln phe phe

81 lys lys gly gln lys val gly glu phe ser

91 gly ala asn lys glu lys leu glu ala thr

101 iso asn glu leu val

Figure 4 The Amino Acid Sequence of Human Thioredoxin-1

The amino acid sequence of human thioredoxin-1 (Trx) was derived from the

NCBI protein database.  The italicized amino acids are the catalytic domain of

Trx, while the underlined amino acids include potential acrolein reactive sites

[cysteine (cys) or lysine (lys)].
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Thioredoxin reductase converts oxidized Trx (with the assistance of

FADH2 and NADPH, Figure 5) to reduced Trx and is a selenium dependent

flavoprotein, endogenously found as a homodimer.  Like the thioredoxin family,

TR family members are distributed in various locations throughout the cell.

Thioredoxin reductase-1 (TR) serves mainly in the cytosol (and potentially in the

nucleus), while thioredoxin reductase-2 (TR-2) primarily functions in the

mitochondria.  Like Trx-2, TR-2 has an amino terminal extension, localizing it to

the mitochondria.  A recent finding in the testis has identified a novel thioredoxin

reductase capable of reducing both oxidized Trx and GSSG.  It is known as

thioredoxin and glutathione reductase (TGR) and is made up of an extended N-

terminal monothiol glutaredoxin domain as well as the selenocysteine-containing

center (Sun et al., 2001).  Not only are TRs responsible for reducing oxidized Trx,

but they also serve as substrates for ribonucleotide reductase, selenite, vitamin C,

hydroperoxides, and other cellular disulfides (Arnér and Holmgren, 2000).
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Figure 5 Thioredoxin Mediated Oxidation/ Reduction Cycle

b-Nicotinamide adenine dinucleotide phosphate (NADPH) and flavin adenine

dinucleotide FADH2 serve as concomitant substrates for thioredoxin reductase’s

reduction of oxidized Trx, which conversely reduces an oxidized substrate

(proteins or other enzymes).  Regeneration of reduced Trx continues as long as

there is available NADPH and FADH2.

Trxred

Trxox Targetox

Targetred

Thioredoxin Reductase

NADPH

NADP+

FADH2

FAD+
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Trx was first noted for its electron donating properties to ribonucleotide

reductase, reducing ribonucleotide to deoxyribonucleotide (Laurent et al., 1964)

for use in DNA synthesis and subsequently cell proliferation (Holmgren, 1977).

Following this, Trx was identified as being an integral redox component in

prokaryotes and eukaryotes. In eukaryotes, Trx functions in a mainly parallel

pathway to GSH, but specifically regulates reduction of NF-kB, redox factor-1

(Ref-1), p53, glucocorticoid receptors, hypoxia inducible factor 1a (HIF-1a), and

activation of other physiologically important transcription factors (Welsh et al.,

2002; Powis and Montfort review, 2001). Trx also serves as an inhibitory protein

of apoptosis signaling kinase-1 (ASK-1) to inhibit c-jun N terminal kinase (JNK)

and p38 kinase pathways and their subsequent induction of apoptosis (Ichijo et al.,

1997). Once activated (when there is a loss in functional Trx), ASK-1 is able to

activate the above stress related kinases and proceed to apoptosis.

The Trx family does appear to have some overlapping functions with

GSH, as suggested above in regards to TGR (thioredoxin and glutathione

reductase) in sperm cells.  Trx serves as an electron donor for peroxiredoxins,

leading to a reduction in peroxide-induced oxidative stress (Chae et al., 1999).

Glutaredoxins serves as GSSG oxidoreductases, using NADPH electrons and

glutathione reductase to reduce GSSG (Arner and Holmgren review, 2000).  In

vitro, GSH also recently has been shown to directly conjugate to Cys-73 of Trx

(Casagrande et al., 2002), although their interaction in a cell remains to be seen.

Trx is clearly an important protein, evident by its involvement in

widespread physiological functions (Table 3).  Trx acts as an immunomodulatory
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protein in that its truncated form is released from the cell via an unknown

pathway and acts as a cytokine to promote surrounding cell growth (Nakamura et

al., 1997).  During pregnancy, Trx is released to aid in implantation and growth of

the embryo (Matsui et al., 1996). Trx is involved in protecting neuronal cells from

injury by ischaemia/ reperfusion and oxidative stress (Hori et al., 1994).  The

essential inclusion of Trx in a biological system is further confirmed by the fact

that it is embryonic lethal when completely abolished from an in vivo murine

system (Matsui et al., 1996) and enhances sensitivity of cells to toxicants when

down regulated in WEHI lymphoma cells (Freemerman and Powis, 2000).  Trx

plays many different proliferative, as well as anti-apoptotic roles in vitro and in

vivo, outlined below in Table 3 (Arner and Holmgren review, 2000).  Trx

overexpression has also been noted in disease states such as AIDS (Nakamura et

al., 1996, Nakamura et al., 2001), rheumatoid arthritis (Yoshida et al., 1999),

hypoxic tumors (Welsh et al., 2002) and others.

Overall, Trx is an important mechanism in the regulation of NF-kB and

AP-1 DNA binding (transcription factors that will be introduced next).  The

presence of cysteine (and lysine) residues in Trx’s catalytic domain, and

throughout the protein, makes it a prime target for acrolein-mediated conjugation

and conversely, its inactivation.
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Growth

DNA Synthesis

Trx Peroxidase

Pregnancy

Ribonucleotides to Deoxyribonucleotides

Reduces Hydrogen Peroxide

Blood Stream Protectant

Aids in Embryo Implantation

Hyperoxia Protectant at Birth

Anti-apoptotic

Transcriptional Regulation

Secretory Protein

NF-kB

p53

Redox factor-1

Glucocorticoid Receptor

HIF-1a

ASK-1 Inhibitor

Cytokine or Chemokine

Immunomodulation

Cell Survival Stimulant (neurons)

Table 3 Differential Roles of Trx

The wide range of Trx functions span from its role in growth to anti-apoptotic

characteristics.
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1.6 NUCLEAR FACTOR kB AND ACTIVATOR PROTEIN-1

Many transcription factors are affected by cellular redox imbalances.

Influential factors particularly altered by any cellular disparity are nuclear factor

kappa B (NF-kB) and activator protein-1 (AP-1). Both are key components in

maintaining cell growth and proliferation, as well as regulating a cell’s protective

defenses against pathogens, reactive oxygen species, cytokines, inflammation,

receptor mediated signaling, radiation, and immunological responses (Baeuerle,

1994; Dalton et al., 1999).  NF-kB is particularly susceptible to alkylation related

injury since it contains an essential cysteine (i.e. Cys62 of its p50 subunit) in its

DNA binding domain.

NF-kB is a dimeric protein mainly comprised of Rel proteins (including

p65), p50, and p52 homo- and heterodimers.  NF-kB commonly consists of a p50/

p65 dimer that is endogenously found in an inactive form in the cytosol (Figure

6).  It is bound by inhibitor kappa B (IkB) proteins, which are phosphorylated

upon stimulation, ubiquitinated, and subsequently degraded. Trx’s endogenous

role in NF-kB regulation is to block the degradation of IkB in the cytosol, while

offering a reducing component to the p50 subunit in the nucleus, thus allowing it

to bind DNA (Hirota et al., 1999, Glineur et al., 2000). Trx’s nuclear translocation

mechanism is unclear, but it is thought to bind to a groove in NF-kB’s p50

subunit and translocate with p50 as it moves into the nucleus (Qin et al., 1995 and

1996).  Subcellular co-localization of Trx and p50 agreeing with this phenomena

has been demonstrated following UVB irradiation, confirming this mechanism

(Hirota et al., 1999).
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Figure 6 Regulation of NF-kB by Trx

Trx regulates NF-kB both in the cytosol and in the nucleus.  In the cytosol, Trx

inhibits the release of IkB, its oxidative phosphorylation, ubiquitination, and

degradation in the cytosol.  Upon stimulation, IkB releases NF-kB, which

translocates to the nucleus, where Trx reduces required DNA binding cysteines to

aid in the DNA binding capacity of NF-kB.  Oxidized Trx can be reduced back to

its reduced form in the cytosol.
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Activator protein-1 (AP-1) is another transcription factor immediately

affected by stress-related conditions in a cell.  AP-1 is mainly comprised of homo-

and heterodimers of c-fos and c-jun.  Similar to NF-kB, AP-1’s reduction status is

dependent on Trx’s reducing capacity, but through reduction of Redox factor-1

(Ref-1), which proceeds to reduce the c-jun component of AP-1 (Figure 7).  AP-1

translocation into the nucleus is also affected by the stress-activated signaling

pathway, particularly the phosphorylation of c-jun by c-jun N-terminal kinases

(JNK).

Stimulation of these transcription factors and subsequent nuclear

translocation can occur by a variety of oxidant inducers, including superoxide,

hydrogen peroxide, and hydroxyl radicals.  These radicals serve as ROS that can

give rise to secondary reactive compounds, such as hypochloric acid,

peroxynitrite, or lipid peroxides (Muller et al., 1997).  Antioxidants may prevent

ROS-mediated toxicity by maintaining a mainly reduced environment.  More

specifically, NF-kB can be activated by H2O2, an effect that can be prevented by

pretreatment with dithiocarbamates or N-acetylcysteine (an antioxidant that aids

in the synthesis of GSH).  NF-kB can also be affected by signaling cascades that

are initiated through receptors and stress activated kinases (Cross et al., 1999).
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Figure 7 Trx Regulation of AP-1

Reduction of AP-1’s critical cysteine residues, on c-fos and c-jun subunits, takes

place through Trx’s reduction of Ref-1.  AP-1 signaling can also be mediated

through JNK stress regulated pathways, which will not be discussed here in detail.
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1.7 BIOLOGICAL SIGNIFICANCE

Clearly acrolein is a very harmful agent present in cigarette smoke and is

likely a factor in respiratory damage present in heavy smokers. Acrolein has been

implicated in biological processes such as a breakdown product of lipid

peroxidation, evident by acrolein-lysine adducts identified in cardiovascular

atherosclerotic and neuronal Alzheimer’s plaques (Uchida et al.,1998).  Acrolein

has mainly been associated with adduction to cysteine residues.  However, recent

investigations have identified a secondary mechanism of direct interaction with

protein lysine adducts (Uchida, 1999).

At low levels, acrolein causes distinct molecular effects on important

growth regulating transcription factors (Kehrer and Biswal, 2000).  Clearly, it has

a strong redox effect, lending an overall oxidative environment in cells.  Whether

acrolein’s effects are mediated by oxidative stress or alkylation of important

reducing equivalents in a cell is unclear.  Interestingly, pharmaceutical

corporations have recently identified caspase inhibition as a possible anti-

inflammatory therapeutic target.  Overall, acrolein causes many adverse effects,

the extent of which varies with the dose of acrolein used.

 As acrolein is an environmentally ubiquitous toxicant capable of

interaction with the previously mentioned cellular components (GSH, caspases,

NF-kB, AP-1, Trx, and TR), understanding its exact cellular targets is critical to

the prevention of acrolein-mediated toxicity (cancer, etc.).  The overall hypothesis

of my dissertation is that acrolein mediates cell death through an unconventional

oncotic/ necrotic mechanism, potentially due to its effects on redox-regulated
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pathways.  The main specific topics of these studies will: 1.) clarify the mode of

acrolein-mediated cell death and identify possible deciding factors in this

consequence, 2.) examine acrolein’s effect on redox regulated cell signaling

pathways, in particular GSH and Trx, and 3.) Measure modulation of signaling

pathways and sensitivity to cell death following antisense regulation of Trx in

cells.  In uncovering some of the molecular events being altered by acrolein, I

hope to clarify parts of acrolein’s complex mechanism of toxicity to make it more

understandable in terms of trying to prevent or treat its adverse effects.
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Chapter Two:  Materials and Methods

2.1 MATERIALS

RPMI-1640 medium, Dulbecco’s Modified Eagle’s Medium (DMEM),

Earl’s Balanced Salts Solution (EBSS), Trypan Blue exclusion dye, gentamicin,

geneticin (G418), and penicillin/streptomycin were obtained from Gibco BRL

(Grand Island, NY). Fetal bovine serum (FBS) was obtained from Summit

Biotechnology (Fort Collins, CO). Acrolein (90% pure, 10% dimers and water),

diamide, hydrogen peroxide (H2O2), etoposide (VP-16), mechlorethamine (HN2),

human thioredoxin, E. coli thioredoxin reductase, b-NADPH, b-NADH, L-

glutamine, and other molecular biology supplies were obtained from Sigma

Chemical Company (St. Louis, MO). E. coli thioredoxin was obtained from

American Diagnostica (Greenwich, CT).  Fluorogenic caspase substrates and

human caspase recombinant enzymes were obtained from Alexis Biochemicals

(San Diego, CA).  Caspases and goat anti-mouse-HRP secondary antibodies were

obtained from Stressgen Biotechnologies Corp. (Victoria, BC). Secondary

antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)

or Amersham Biosciences Corp. (Piscataway, NJ). Thioredoxin-1 primary

antibody was obtained from Medical and Biological Laboratories Co., Ltd.

(Nagoya, Japan).  Thioredoxin reductase-1 antibody was purchased from Upstate

Biotechnologies.  Propidium iodide (PI), DNA and RNA processing supplies, and

restriction enzymes were obtained from Roche Molecular Biochemicals
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(Indianapolis, IN).  Protein concentrations were measured using the BioRad DC

protein assay (BioRad Laboratories, Hercules, CA).

2.2 CELL CULTURE

2.2.1 FL5.12 Murine ProB Lymphocytic Cells

The interleukin-3 (IL-3) dependent, murine, wild type, suspension

progenitor B lymphocytic FL5.12 cells were chosen for their definitive

characteristics of cell death when exposed to a cytotoxic agent.  They were

maintained at 37°C / 5% CO2/ 95% ambient air and cultured in complete media

consisting of RPMI-1640 medium plus 10% (v/ v) fetal bovine serum (FBS), 10%

WEHI-3B cell conditioned media, 100 units/ ml penicillin, and 100 µg/ ml

streptomycin. WEHI-3B cells were grown under similar conditions (without IL-3

supplementation) to produce IL-3 enriched medium as described previously (Lee

et al., 1982).  FL5.12 cells were passaged every other day and refreshed with

complete media in a ratio of 106 cells to 6 ml media.  Cell counting was carried

out with a hemacytometer (VWR) and viability was assessed using the Trypan

Blue exclusion assay to ensure >95% viable cells prior to cell treatment.  Trypan

Blue is a cell-impermeable dye that enters cells with leaky plasma membranes

(i.e. dead cells).  Cells were plated 106/ ml in sterile 6, 12, or 24 well sterile plates

(Falcon, Corning, or Costar).  During treatments, cells were incubated in EBSS

supplemented with 0.6 mg/ ml L-glutamine ± treatment and replenished with

complete RPMI media after 0.5 h.  The exposure time of 0.5 h was chosen
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because cells are adversely affected by longer or continuous treatment times while

in salts solution rather than the normal cellular media.  Glutamine

supplementation maintained cell viability while cells were without serum, while

EBSS use prevented the binding of acrolein or mechlorethamine (HN2) to serum

components. Acrolein treatments were performed in a fmol/ cell concentration

based on previous studies demonstrating this method of treatment to be more

accurate than treatment with an overall concentration without regard for cell

number (Horton et al., 1997).  In order to compare its concentration to other

chemical agents, cells were treated in the same ratio of cell number to media

volume.  An acrolein treatment of 5 fmol/ cell with 106 cells/ ml was therefore an

overall concentration of 5 µM acrolein.  Cell treatments with VP-16 or cytokine

(IL-3) withdrawal were continuous treatments in media rather than in EBSS.

2.2.2 A549 Human Lung Adenocarcinoma Cells

A549 human, lung adenocarcinoma cells were used as a biologically

relevant model of cells that could potentially be exposed to acrolein.  These

adherent cells were incubated at 37°C/ 5% CO2/ 95% ambient air and cultured in

complete media including DMEM with 10% FBS (v/ v) and 0.1 mg/ ml

gentamicin. Cells were split on confluency (approximately every 3 days) using

trypsinization and refreshed with complete media in a ratio of 0.5 X 106 cells to

12 ml media).  Cell counting was carried out with a hemacytometer prior to

treatment.  Cells were plated (0.1 x 106 cells/ ml), allowed to adhere for 24 h, and

treated in EBSS ± acrolein or diamide for 0.5 h followed by addition of complete
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media to enable cell recovery.   A549 cells are larger in size and require more

plate space to grow than FL5.12 cells, therefore, they were treated in twice the

volume of EBSS.  So, in A549 cells 50 fmol/ cell acrolein corresponded to 25 µM

concentrations (for 106 cells in 2 ml EBSS).  EBSS was used during treatment to

prevent binding of media components to acrolein or diamide. No glutamine

supplementation was necessary to maintain viability with this cell type.  Acrolein

and diamide were acute treatments performed in EBSS, while VP-16 and H2O2

treatments (in media) remained on the cells throughout the incubation time.

2.3 CELL PROLIFERATION

Cellular proliferation was monitored using AlamarBlue (a nontoxic dye),

which detects cell growth through the ability of living cells to actively reduce

AlamarBlue dye, which is measured fluorometrically.  Cells that are nonviable

and not growing are unable to reduce this dye (therefore maintaining the redox

environment of a cell in a less reductive state) and lead to no increase in

fluorescence, whereas actively growing cells will reduce the dye and increase

fluorescence. Following toxicant treatments, culture media containing

AlamarBlue (10% final concentration) was added to the cells. At varying

timepoints during growth, fluorescence was measured at ex. 560 and em. 590

using a plate reader.  The fluorescence from a well containing media and

AlamarBlue alone was subtracted from sample readings as background

fluorescence and samples were compared to untreated control and expressed as a

percent control.
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2.4 CELL DEATH

2.4.1 Morphology

Following treatments cells were microscopically inspected for cell death

morphology changes and images were captured using a Nikon Eclipse E300

inverted microscope, differential interference contrast (DIC) condenser, and Plan

Fluor 40X/0.75 objective.  Digital images were captured using Metamorph 4.1

software (Universal Imaging Corp., Downingtown, PA).  Morphology was

defined according to descriptions from Duke and Cohen (1992) for general

apoptotic vs. oncotic/ necrotic characteristics, e.g. shrunken vs. swollen cells,

nuclear and plasma membrane changes etc.

2.4.2 ATP

2.4.2.1 HPLC

Evaluation of ATP changes were performed to aid in the differentiation of

cells that were apoptosing and maintained their ATP levels vs. cells that were

going through oncosis/ necrosis where ATP was lost.  ATP was quantitated using

an ultraviolet-high performance liquid chromatography (UV-HPLC) methodology

described by Sellevold et al. (1986).  The stationary phase contained a 7 µm guard

column (Alltech) and a 5 µm, 25 cm long C18 Dynamax column (Varian).  The

mobile phase consisted of 0.2 µm filtered and degassed 215 mM KH2PO4, 2.3

mM tetrabutylammonium hydrogen sulfate that was mixed with 3.5% acetonitrile
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at pH 6.25 (adjusted with KOH) during running of samples.  The system was

rinsed daily with 3.5% acetonitrile in H2O to remove salt build-up on the column.

Cells (2 x 106) were incubated in 200 µl perchloric acid with shaking for 10 min,

neutralized with 100 µl KOH, and centrifuged at 16,000 X g for 4 min. The

supernatant was injected in the UV-HPLC for detection of nucleotides at 254 nm

with a retention time of 7-8 min for ATP.  ATP concentration was quantitated

according to peak area integrations of pure ATP samples and normalized to

protein concentrations.

2.4.2.2 Luminescence

Due to ATP’s importance in deciphering modes of cell death, ATP

detection methods were modified to a more efficient means of quantitating its

changes by using a luminescent assay.  An added advantage to this assay was that

it gave comparable results to UV-HPLC, so no loss in detection efficiency was

gained by speeding up the measurement time.  One million cells were lysed in

250 µl 10 mM KH2PO4/ 4 mM MgSO4 and collected with scraping.  Lysate was

boiled for 4 min to inhibit endogenous ATPases, followed by cooling on ice.  To

measure ATP, 50 µl lysate was mixed with 100 µl 50 mM NaAsO2/ 20 mM

MgSO4 and 80 µg (8 µl 10 mg/ ml solution made fresh with sterile H2O)

luciferase/ luciferin (Sigma).  The light generated by the conversion of luciferase

to luciferin was measured using a Turner Designs 20/ 20 luminometer, with a 2

sec lag time and 10 sec light integration.  Cellular ATP was compared to
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luminescence formed by 0-100 pmol pure ATP (made fresh in H2O) and

normalized to protein.

2.4.3 Lactate Dehydrogenase Assay

The lactate dehydrogenase (LDH) assay measures the release of LDH

from a cell into the supernatant, indicative of plasma membrane leakage in

oncotic/ necrotic cell death.  The assay was based on techniques from Kehrer et

al. (1987) and Wolfgang et al. (1989).  One million cells were centrifuged at 200

X g for 10 min at 4°C and lysed in 1 ml 0.1% Triton/ PBS.  Eighty µl supernatant

were combined with 920 µl reaction mixture.  Reaction mixture was a premade

solution containing: 2 ml 1 M Tris HCl (pH 7.4), 50 µl 0.1 M sodium pyruvate,

freshly added 1.75 mg b-NADH, and was diluted to 10 ml total volume with H2O.

The cell lysate: reaction mixture was immediately read on a spectrophotometer to

measure the conversion of NADH to NAD+ as a ∆Abs at 340 nm over 5 min.

Media or Triton/ PBS alone was subtracted as background.  Samples were

normalized to protein and the LDH release was expressed as a percentage of total

by dividing ∆Abs in the media by total ∆Abs  (supernatant plus lysate).

2.4.4 Propidium Iodide Uptake

Propidium iodide (PI) uptake was used as a measure of plasma membrane

integrity, negative staining meaning percentage of total cells with intact

membranes and vice versa for positive PI staining.  Cells (106) were centrifuged at

200 X g for 10 min at 4°C and rinsed once with PBS.  Cells were resuspended in
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2.5 µg PI and 1 ml PBS.  PI fluorescence in 20,000 cells per sample was

immediately measured using an argon laser at ex. 488 and em. 620 (FL 3, log

scale) in a Coulter EPICS XL MCL flow cytometer (Coulter Corp., Miami, FL).

Cells that stained positively for PI were gated and quantitated as a percent of total

cells.

2.4.5 DNA Fragmentation Ladder

The DNA fragmentation assay was used to qualitatively assess DNA

breakage in the form of apoptosis, in 180 base pair fragments, vs. oncosis/

necrosis, where DNA breakage is nonspecific and shows up as a smear rather than

organized fragmention.  Three million cells were pelleted at 300 X g for 5 min at

4°C.  Cells were lysed with 250 µl lysis buffer (5 mM Tris HCl (pH 8.0), 20 mM

EDTA, 0.1% Triton X-100), followed by addition of 250 µl DNA precipitation

buffer (2.5% polyethylene glycol, 1 M NaCl) and incubated on ice for 10 min.

Lysate was centrifuged at 16,000 X g for 15 min at 4°C and the supernatant was

retained.  Two volumes (1 ml) of 100% ice-cold ethanol were added to the

supernatant and the DNA was precipitated overnight at -80°C.  Following

precipitation, DNA was centrifuged at 16,000 X g for 15 min at 4°C and the

supernatant was removed.  The pellet was air dried in a 50°C heating block for

approximately 30 min or until liquid was not longer present in tube and the pellet

appeared dry (white in color).  DNA was resuspended in 10-20 µl sterile H2O and

mixed with 5 µl 6X DNA loading buffer (5 mM EDTA, 300 mM NaOH, 18%

Ficoll, 0.25% bromophenol blue, 0.25% xylene cyanol). DNA was loaded in a 2%
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agarose-TBE gel and run at 80 V for 3 h.  A positive control consisted of FL5.12

cells with IL-3 removed from its media for 12 h (samples prepared as described

above). DNA bands were analyzed using a MultiImage Light Cabinet and

ChemiImager v.5.5 software (Alpha Innotech Corp., San Leandro, CA).

2.4.6 Acridine Orange/ Ethidium Bromide

2.4.6.1 Microscopy

The purpose of the acridine orange/ ethidium bromide assay was to

differentiate cells dying through apoptosis vs. those dying through oncosis/

necrosis.  Cells that stained with the cell permeable acridine orange (bright green)

were evaluated for the compactness of its nucleus vs. fragmenting in the case of

apoptosis.  Ethidium bromide was used as a cell impermeable counterstain that

stained the cells bright orange when their plasma membrane integrity was

compromised, indicative of oncosis/ necrosis.  Cells (106) were centrifuged at 200

X g for 10 min at 4°C and all but approximately 50 µl media was removed.  Two

µl each 100 µg/ ml acridine orange and ethidium bromide (prepared in PBS) were

added to the cell suspension.  Cells were immediately viewed on a slide using a

Nikon Eclipse E800 microscope, PlanFluor 20X objective, and filter cube B-2A

that incorporates ex. 450-490 nm, dichroic mirror at 500 nm, and barrier filter at

515 nm to separate the green from orange-red fluorescence.  Digital images were

captured using Metamorph 4.1 software (Universal Imaging Corp., Downingtown,

PA).  Morphology was defined according to descriptions from Duke and Cohen

(1992) for general apoptotic vs. oncotic/necrotic characteristics.
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2.4.6.2 Flow Cytometry

The acridine orange/ ethidium bromide assay was adapted for quantitative

assessment of cells in each mode of cell death by flow cytometry.  Cells (106)

were centrifuged at 200 X g for 10 min at 4°C and supernatant was removed

completely.  Cells were resuspended in 1 ml PBS with 2 µl each 100 µg/ ml

acridine orange and ethidium bromide (prepared in PBS).  Fluorescence in 20,000

cells per sample was measured using an argon laser at ex. 488 and log scale em.

525 (FL1) for green fluorescence of acridine orange and 620 (FL 3) for red

fluorescence of ethidium bromide in a Coulter EPICS XL MCL flow cytometer.

Measurement and differentiation of cell populations were based on published

descriptions and diagrams by Leigler et al. (1995).

2.5 CASPASE MEASUREMENTS

2.5.1 Caspase Activity in Cells

Caspase activity was used to identify possible mechanisms of cell death

through alterations in caspases-3, -8, and –9.  Activity was assayed using

relatively specific fluorogenic substrates, as described by Stennicke and Salvesen

(1997).  Cells (106) were centrifuged at 200 X g for 10 min at 4°C and lysed in

100 µl lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 0.5%

(v/v) Nonidet P-40).  Fifty µl lysate were added to 140 µl reaction buffer (10 mM

HEPES (pH 7.5), 50 mM NaCl, 2.5 mM DTT), and 10 µl 800 µM Ac-DEVD-amc
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(for caspase-3), Ac-IEHD-amc (for caspase-8) or Ac-LEHD-amc (for caspase-9)

in a black walled 96 well plate and incubated in the dark at 37°C for 2 h.  Excess

lysate was subject to a protein assay.  Fluorescence of the cleaved

aminomethylcoumarin (amc) was measured in a FL600 Biotek microplate reader

at ex. 360 nm and em. 450 nm.  Caspase activity was normalized to protein

concentrations and calculated as a percentage of untreated control.

2.5.2 Caspase Activity of Recombinant Caspase

The quantitation of recombinant caspase activity was based on methods

used in cell lysate with modifications from Alexis Biochemicals.  In a 96 well,

black walled plate, 0, 2.5, 5, 10, 20, or 40 µM acrolein in PBS was directly added

to 50 ng recombinant caspase-3 or –8, or 1 unit caspase-9 and incubated for 15

min at 37°C.  185 µl recombinant reaction buffer (20 mM HEPES, 100 mM

sodium chloride, 10 mM DTT, 1 mM EDTA, 0.1% (w/v) Nonidet P-40, 10%

sucrose, pH 7.2) and 5 µl 800 µM caspase-3, -8, or -9 fluorogenic substrate (same

as stated above) were added to the acrolein/ enzyme solution and incubated for 1

h at 37°C.  Fluorescence was measured as described above and compared to the 0

µM acrolein/ untreated control sample.
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2.6 SDS-PAGE AND WESTERN BLOT

2.6.1 General Procedure

Western blots were performed to qualitatively assess changes in protein

levels at varying times and treatments.  One million cells were centrifuged at 200

X g for 10 min at 4°C.  The pellet was resuspended in 50-100 µl lysis buffer (10

mM Tris, 10 mM NaCl, 3 mM MgCl2, 1 mM EDTA, and 0.1% NP-40, pH 7.4

plus freshly added complete mini protease inhibitor cocktail (Roche Molecular

Biochemicals, Indianapolis, IN)).  The lysate was incubated on ice for 15 min and

centrifuged at 16,000 X g for 10 min at 4°C.  The supernatant was collected,

assayed for protein via BioRad DC protein assay (BioRad, Hercules, CA) and

immediately used or stored at -20°C. Protein lysate was mixed with 4X sample

loading buffer (0.05 M Tris HCl, pH 6.8; 0.1 M DTT; 2% SDS; 0.1%

bromophenol blue; and 10% glycerol) and boiled at 100°C for 4 min.  Samples

were run on 12-18% SDS-PAGE gels [29:1 acrylamide: bisacrylamide mix; 1.5 M

Tris, pH 8.8; 10% SDS; 10% freshly made ammonium persulfate; and N,N,N’,N’-

tetramethylethylenediamine (TEMED)] with a 5% stacking gel (29:1

acrylamide:bisacrylamide mix; 1.0 M Tris, pH 6.8; 10% SDS; 10% ammonium

persulfate; and TEMED).  The samples were run for 5 min at 5 mA per gel,

followed by 2 h at 100V on ice in 1X running buffer (25 mM Tris, 2.5 M glycine,

0.1% SDS, pH 8.3).  Proteins were transferred from the gel to an Immobilon-P

0.45 µm polyvinylidene fluoride (PVDF) membrane for 2.5 h at 40 mA each in a

semi-dry transfer unit.  Once the transfer was complete, the gel was stained with

Coomassie Blue (0.05% brilliant blue dissolved in 50% methanol, 10% acetic
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acid, 40% dH2O) and destained in Coomassie Blue destain (40: 50: 10 of

methanol: H2O: acetic acid) to visually assess protein loading efficiency.  The

membrane was incubated overnight at 4°C or 1 h at RT in 5% nonfat milk in

TBS-T (25 mM Tris HCl, 0.2 M NaCl, 0.15% Tween 20) followed by 1 h

incubation in primary antibody in TBS-T containing 0 to 2% milk.  The

membrane was rinsed with TBS-T for 15, 5, and 5 min.  The membrane was then

incubated in secondary antibody conjugated to horseradish peroxidase (HRP) in

TBS-T with 0 to 2% milk for 1 h, followed by 15, 5, and 5 min rinses in TBS-T.

Once the rinses were complete, the membrane was incubated in enhanced

chemiluminescence (ECL) solution for 1 min followed by exposure to Hyperfilm

ECL (Amersham) for 30 s to 20 min. Densitometry of bands were analyzed using

UN-SCAN-IT v. 4 (Silk Scientific, Inc.).

2.6.2 Caspases

For detection of caspases, 40 µg protein lysate was run on a 12% SDS-

PAGE. Primary antibody was diluted 1:500-2000 caspase rabbit polyclonal

(Stressgen Biotechnologies) in TBS-T with 2.5% milk and secondary antibody

was 1:3000 donkey anti-rabbit HRP (Amersham) in TBS-T with 2.5% milk.

2.6.3 Thioredoxin-1 (12 kDa)

For detection of Trx, 100 µg protein lysate was separated on a 15 or 18%

SDS-PAGE.  The antibody specifications consisted of 1:2500 mouse thioredoxin
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antibody (MBL) in TBS-T with 1% milk and 1:10,000 goat anti-mouse HRP

antibody (Stressgen) in TBS-T with 1% milk for 1 h.

2.6.4 Thioredoxin Reductase-1 (58 kDa)

For detection of TR-1, 50 µg protein lysate was separated on a 12% SDS-

PAGE.  The antibody specifications consisted of 1:2000 rabbit polyclonal

thioredoxin reductase-1 primary antibody (Upstate Biotechnology) in TBS-T and

1:5000 donkey anti-rabbit-HRP secondary antibody (Amersham) in TBS-T, each

for 1 h.

2.6.5 Actin (42 kDa)

For verification of even protein loading when confirmation of protein

changes was desired, membranes were stripped and reprobed for actin with

1:10,000 mouse monoclonal anti-actin antibody (Oncogene) in TBS-T with 1%

milk and 1:10,000 goat anti-mouse HRP secondary antibody (Oncogene) in TBS-

T with 1% milk, each for 1 h.

2.7 GLUTATHIONE

2.7.1 Fluorescence HPLC

Total glutathione was quantitated to assess its changes following acrolein

treatment (procedure from Neuschwander-Tetri and Roll, 1989 and modified by

Bojes et al., 1997).  Three million cells were treated, collected, and centrifuged at
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200 X g at 4°C for 10 min.  The cell pellet was rinsed with 1 ml PBS, snap frozen

in liquid nitrogen and stored at –80°C or resuspended in 500 µl 0.02 M EDTA.

The cells were incubated at RT for 5 min, followed by sonication for 2 min to

complete the lysing process. Cell lysate (250 µl) was combined with 83.3 µl 25

mM NaH2PO4, whereas the rest of the lysate was subject to a BioRad DC protein

assay.  Two hundred µl of the mixture was combined with 200 µl 25 mM DTT,

100 µl 100 mM Tris buffer and incubated on ice for 30 min.  An aliquot of 500 µl

2.5% sulfosalicylic acid was added to each sample and the mixture was

centrifuged for 10 min at 5000 X g at 4°C.  Two hundred µl supernatant was

combined with 200 µl o-phthalaldehyde for 2 min at RT and 200 µl 250 mM

NaH2PO4 was added to stop the reaction.  The sample was either stored at –80°C

(in the dark) at this point or 200 µl was injected in the HPLC for analysis at ex.

340/ 10 and em. 420/ 10.  The peak area under each curve was quantitated using a

Class VP 4.2 HPLC analysis program (Shimadzu) and compared to the untreated

control peak area, as well as to 0 to 20 nmol reduced GSH (made fresh and

processed like the cell samples).  A positive control for GSH depletion was

treating A549 cells with 1 mM diethyl maleate (DEM) for 1 h.  Based on previous

studies in our lab, this dose depletes GSH within 0.5 h after treatment by ~80%.

2.7.2 UV/ Visible Spectrophotometry

Total glutathione was also measured spectrophotometrically based on

methods by Griffith (1980).  Although some sensitivity was lost (from pmol

detection to nmol) in changing to the spectrophotometry method, cellular GSH
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levels and changes in it were abundant enough to be detected well.  Cells (3 X

106) were collected, rinsed with PBS and lysed with 300 µl 0.1%Triton X-100/

PBS.   Cell lysate (200 µl) was combined with 700 µl 0.3 M NADPH, 100 µl 6 M

dithio-bis-2-nitrobenzoic acid, and 0.05 U glutathione reductase.  An average

∆Abs/ min at 412 nm was measured every 30 sec over 5 min.  Samples were

normalized to protein concentrations and compared to vehicle control, as well as

to a 0 to 50 nmol reduced GSH standard curve.

2.8 5-CHLOROMETHYL FLUORESCEIN DIACETATE

5-Chloromethyl fluorescein diacetate (CMFDA) is a cell permeable,

fluorescent dye that conjugates to reduced intracellular thiols via a GST-mediated

mechanism.  Fluorescence gives an indication of the concentration of reduced

thiols available in the cells.  One million cells were treated for 0.5 h with EBSS ±

acrolein or diamide (positive oxidizing control).  Cells were then incubated for 15

min in 2 µM CMFDA in EBSS for conjugation with reduced cellular thiols.  Cells

were rinsed and resuspended in 1 ml PBS and fluorescence was measured by flow

cytometry.  The cell count vs. log CMFDA histograms were overlaid for

visualization of changing fluorescence, indicative of changing intracellular

reduced thiol levels.  Mean fluorescence intensity was compared between

treatments for a semi-quantitative assessment of fluorescence (reduced thiol)

alterations.
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2.9 THIOREDOXIN AND THIOREDOXIN REDUCTASE

Thioredoxin (Trx) and thioredoxin reductase (TR) activities were

measured to determine changes in their functionality following treatment.

Activity was measured enzymatically based on the assay described by Sasada et

al. (1999).  One million cells were freeze-thawed in liquid nitrogen followed by 5

min at 37°C and placement on ice.  Cells were thoroughly lysed by addition of 50

µl 0.1% Triton/ PBS and subjected to a BioRad Dc protein assay using 0-10 mg/

ml BSA in 0.1% Triton/ PBS as protein standards.  Two hundred µg protein lysate

(with each sample concentration required to have at least a 5 mg/ ml protein

concentration) were mixed with 150 µl of freshly made reaction buffer [0.1 M

Tris Cl (pH 7.5), 2 mM EDTA, 0.2 mM b-NADPH, 140 µM insulin (made in Tris

Cl pH 7.5, pH’d to 2 with 1 M HCl, followed by readjustment of pH to 7.5 with 1

M NaOH and dilution to final concentration with H2O)], and either 0.4 U/ ml E.

coli TR or 100 µM E. coli Trx in a quartz 300 µl cuvette.  E. coli TR or Trx were

used in place of human originated enzymes due to E. coli’s ability to cross react

with human proteins and decreased expense in comparison with the human forms

available commercially.  Following inversion of the cuvette to mix reaction

components, a DAbs at 340 nm per min was measured over 5 min, reading at 20

sec intervals.  Sample readings were compared to pure Trx (0.1-2 nmol) or TR

(0.5-5 pmol) standards and normalized to protein.
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2.10 TRANSFECTION OF A549 CELLS AND CHARACTERIZATION OF CLONES

2.10.1 E. coli Transformation

Plasmid DNA (pDNA) was inserted into E. coli where it was isolated and

amplified in ampicillin containing media.  TOP10 E. coli cells were transformed

with 1 µg pDNA-NT-GFP (Invitrogen Corp., 6160 bp).  Cells and DNA were

mixed by flicking, incubated on ice for 30 min, heat shocked at 42°C for 30 sec,

and returned to the ice for 2 min.  Cells were then mixed with 250 µl SOC broth

(2% Tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10

mM MgSO4, and 20 mM glucose) and incubated at 37°C for 45 min.  Cells were

smeared on plates containing Luria-Bertani media with 100 µg/ ml ampicillin

(LB/ amp). Transformed cells continued to grow overnight and single colonies

were picked for amplification in 5 ml LB containing 5µl 100µg/ ml amp broth and

incubated overnight at 37°C with shaking.  Plasmid DNA was purified from E.

coli using Qiaprep Spin Miniprep kit (QIAGEN Inc., Valencia, CA). Bluescript

DNA (3364 bp) containing a human thioredoxin insert (pBlue-hTrx) was a

generous gift from Dr. Garth Powis of the Arizona Cancer Center (Oblong J.E. et

al., 1994).  E. coli was transformed with pBlue-hTrx DNA followed by isolation,

amplification, and purification similarly to pDNA-NT-GFP, with the exception of

transformation and amplification in DH5a E. coli cells.

2.10.2 Restriction Digestion

Restriction enzyme digestion was used for multiple functions. Purity and

overall DNA size of pDNA-NT-GFP and pBlue-hTrx plasmids were verified
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using Sca I restriction enzyme to cleave once in the ampicillin region of the

DNAs.  Not I enzyme was used to remove the Trx-containing insert (403 bp) from

pBlue-hTrx and to linearize the pDNA-NT-GFP plasmid.  DNA (200 ng) was

mixed with 1 U Not I or Sca I, 10X enzyme specific buffer and sterile H2O and

incubated for 2 h in a 37°C water bath.  In order to prevent self ligation of pDNA-

NT-GFP, the ends of the linearized DNA were dephosphorylated by adding 1 µl

(1 U) alkaline phosphatase to the restriction digestion mixture after digestion was

complete and further incubation of the DNA mixture for 1 h at 37°C.  Digests

were mixed with either 6X loading buffer or glycerol (to prevent interference of

dye front with visualization of the ≤ 500 bp fragments) and run alongside 1 kb

and/ or a 100 bp DNA ladder in a 1% agarose-TBE gel containing 0.2 µg/ ml

ethidium bromide for 2-4h at 100V.  DNA bands were analyzed using a

MultiImage Light Cabinet and ChemiImager v.5.5 software (Alpha Innotech

Corp., San Leandro, CA).

2.10.3 Ligation

Ligation was used to join portions of a prokaryotic vector to a mammalian

vector to form the desired control or Trx-containing mammalian vector.

Linearized and dephosphorylated pDNA-NT-GFP and excised Trx DNA from

pBlue-hTrx were cut from an agarose gel and purified using QIAquick gel

extraction kit (QIAGEN Inc., Valencia, CA).  Non-dephosphorylated pDNA-NT-

GFP was used as a ligation control.  Vector pDNA-NT-GFP to Trx insert [1:1

(yielded clone #2,3), 1:2 (yielded clones #4, 5, 6), 1:3 (yielded clones #7, 8) , 2:1
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(yielded clones #9, 10, 11), or 3:1 (yielded clones #12, 13)] were mixed with 1 U

T4 DNA ligase (Roche Diagnostics Corp., Indianapolis, IN), 10X ligation buffer

and sterile H2O and incubated at RT for 3 h.  DH5a E. coli was transformed with

each ligation reaction (similarly to above) and colonies were grown overnight on

LB/ amp plates at 37°C.  Colonies were selected and amplified in LB/ amp broth

at 37°C overnight with shaking.  Following purification of DNA with Qiaprep

Spin Miniprep kit (QIAGEN Inc., Valencia, CA), each clone was enzyme

digested with Sca I to identify correct plasmid sizes.  Correct sized clones were

digested with Not I to confirm insertion of the Trx insert.

2.10.4 DNA Sequencing

DNA sequencing was performed to confirm the insertion and lack of

modification of the inserted Trx DNA.  Following confirmation of correct sized

pDNA-NT-GFP ± Trx (6160 or 6563 bp), the plasmid DNA was sequenced to

identify orientation of Trx.  Due to the ends of the insert being cut with the same

enzyme as the vector, the insert was able to ligate with the vector in either the

sense or antisense directions.  DNA (200 µg) was precipitated with 10% 3 M

sodium acetate, pH 5.2, and 2 volumes 100% EtOH overnight at -20°C.  DNA

was centrifuged at 14,000 X g for 30 min at 4°C and the supernatant was

removed.  The DNA was washed with 500 µl 70% EtOH, vortexed briefly and

centrifuged at 14,000 X g for 30 min at 4°C.  Following removal of the

supernatant, the pelleted DNA was air-dried with the tube upright and sequenced

using 5 pmol of one of the following primers:
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T7 forward 5’-TAA TAC GAC TCA CTA TAG G-3’

T3 reverse 5’-AAT TAA CCC TCA CTA AAG GA-3’

BGH/ bovine growth hormone reverse

5’-TAG AAG GCA CAG TCG AGG-3’

that were obtained from Integrated DNA Technologies, Inc. (Coralville, IA).

Sequencing was performed by the University of Texas Molecular Biology core

facility using an ABI377A automated sequencer (Applied Biosystems, Foster

City, CA).  Sequences were compared on the National Center for Biotechnology

Information (NCBI) website  (http://www.ncbi.nlm.nih.gov:80/BLAST/) to Trx

sequences previously solved and compared “pairwise” to one another for

verification of insert orientation.

2.10.5 Stable Transfection

Stable transfection was performed to insert the desired modifications of

Trx into A549 mammalian cells.  Three µl FuGENETM 6 (Roche Diagnostics

Corp., Indianapolis, IN) were mixed with 100 µl serum-free DMEM, followed by

addition of 2 µg pDNA-NT-GFP ± Trx and subsequent incubation of the mixture

at RT for 30 min to form the liposome-DNA complex.  A549 cells (100,000 per

well of 6 well plate) were plated in 2 ml complete media and allowed to adhere

for 24 h.  Prior to addition of the liposome-DNA complex, fresh media (2 ml) was

added to the cells.  Liposome-DNA was added drop wise to each well with gentle

swirling to mix.  Cells were incubated with the liposome-DNA complex for 24 h

whereupon fresh media replaced the DNA-containing media.  After 48 h, cells
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were passaged by trypsinization and DMEM containing 800 µg/ ml G418 (the

plasmid selection antibiotic) was added to begin selecting for stably transfected

cells.  Following two weeks of selection, the cells that survived were maintained

in 200 µg/ ml G418-containing media.

2.10.6 RNA Extraction, RT-PCR, PCR

These assays were performed to ensure that plasmid DNA was

incorporated into the mammalian DNA.  RNA was extracted from untransfected

and transfected A549 cells to measure the nucleic acid incorporation of the

transfected DNA.  A549 cells (5x106) were collected by trypsinization, snap

frozen, and stored at –80°C.  RNA was extracted from A549 cells using a Qiagen

RNeasy Miniprep kit (Qiagen). Following elution of the RNA from the column

with RNase-free water, RNA concentration (µg/ ml = 40* A260* dilution factor of

150) and purity (A260/ A280, desired ratio of ≥ 1.8) were measured

spectrophotometrically in quartz cuvettes.

Purified RNA was reverse transcribed to form the cDNA necessary for the

following polymerase chain reaction (PCR).  RNA (2 µg) was mixed with 1 µl

500 µg/ ml oligo (dT)12-18, 2 µl 5 mM dNTPs (Roche), and RNase free water (12

µl minus the volume of RNA) and incubated at 65°C for 5 min.  The tube contents

were mixed with 4 µl First-Strand buffer (250 mM Tris HCl, pH 8.3, 375 mM

KCl, 15 mM MgCl2) and 2 µl 0.1 M DTT and incubated at 42°C for 2 min.

SuperScript II H- reverse transcriptase (1 µl or 200 U) (Invitrogen Corp.,

Carlsbad, CA) was added to the mixture and incubated at 42°C for 50 min,
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followed by enzyme inactivation at 70°C for 15 min. The cDNA was now

prepared for the following PCR.  It was not necessary to remove excess RNA due

to our target DNA piece being approximately 1 kb in size.  If target DNA is much

larger than 1 kb, then RNA must be removed with RNase to prevent interference

of extraneous RNA.

The following were mixed for PCR: 5 µl 10X PCR buffer (200 mM Tris

HCl, pH 8.4, 500 mM KCl, 50 mM MgCl2), 37.6 µl sterile water, 1 µl 10 mM

dNTPs, 2 µl 5 µM T7 forward primer, 2 µl 5 µM BGH reverse primer, 2 µl cDNA

(10% of the mixture generated in RT-PCR), and 0.4 µl (2 U) Taq DNA

polymerase (Invitrogen Corp, Carlsbad, CA).  (Primer sequences are listed on p.

54.)  The amplification took place in a T Gradient Thermocycler (Whatman

Biometra, Göttingen) using the following cycles to denature (at 94°C), anneal (at

45°C) and extend (at 72°C) the target cDNA: 94°C for 2 min, (94°C for 30 s,

45°C for 45 s, 72°C for 1 min, 30 sec)30, and 72°C for 7 min.  Following

amplification, DNA was mixed with 6X loading buffer or glycerol and loaded on

a 1% agarose gel containing ethidium bromide, which was run at 80 V for 3 h.

DNA bands were analyzed using a MultiImage Light Cabinet and ChemiImager

v.5.5 software (Alpha Innotech Corp., San Leandro, CA).

2.10.7 Northern Blot

In order to assess the mRNA levels of Trx and TR in transfected cells, a

Northern blot was performed.  RNA was purified from 5X106 A549 cells using

Qiagen RNeasy Miniprep kit (Qiagen), as described above.  Trx, TR, and
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GAPDH cDNA probes for membrane hybridization were amplified from

untreated A549 cells using the following primers (Trx and TR primer sequences

derived from Soini et al., 2001) and PCR reactions as described above:

Trx Forward   5’-TGA AGC AGA TCG AGA GCA AGA C-3’

Trx Reverse  5’-TTC ATT AAT GGT GGC TTC AAG C-3’

TR Forward   5’-GAA GAT CTT CCC AAG TCC TAT GAC-3’

TR Reverse   5’-ATT TGT TGC CTT AAT CCT GTG AGG-3’

GAPDH Forward    5’-TGA GCT TGA CAA AGT GGT CG-3’

GAPDH Reverse    5’-AGA TCA TCA GCA ATG CCT CC-3’

Generated cDNAs for hybridization were verifies for the appropriates size

in a 1% agarose-TBE gel, followed by purity using a QIAEX II gel extraction kit

(Qiagen).  For hybridization to Northern blot mRNA membranes, cDNA was

radiolabeled by mixing the following: 25 ng PCR generated cDNA; 2µl each

0.5mM dATP, dGTP, and dTTP (stored in 1 mM Tris-HCl, pH 7.5); 15 µl

Random Primers Buffer Mix (0.67 M HEPES, 0.17 M Tris-HCl, 17mM MgCl2,

33 mM 2-mercaptoethanol, 1.33 mg/ ml bovine serum albumin, 18 OD260 U/ ml

oligodeoxyribonucleotide primers (hexamers), pH 6.8); 49 µl minus x (the

volume of DNA) sterile H2O; 5 µl (50 µCi) 32P-CTP (NEN Life Science Products,

Boston, MA); and 1 µl (3 U) Klenow fragment (DNA polymerase I large
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fragment).  All mixture components, but the DNA and radiolabel, were purchased

from Invitrogen in the form of a Random Primers DNA labeling kit.  This mixture

was incubated for 1 h at RT.  Five µl 0.5 M EDTA (pH 8.0) were added to stop

the reaction and the mixture was filtered through a G-25 Sephadex column

(Roche Biochemicals) to remove unincorporated 32P-CTP and purify labeled

cDNA.  The eluant was collected and 2 µl were mixed with 5 ml scintillation

cocktail to measure radiolabel activity (cpm) per µl probe by scintillation

counting (Beckman LS5000TD scintillation counter, Beckman Coulter Corp.).

Sample RNA was purified from 5X106 cells using Qiagen RNeasy

Miniprep kit (Qiagen), as described above. Following elution of the RNA from

the column with RNase-free water, RNA concentration (µg/ml = 40*A260*dilution

factor of 150) and purity (A260/A280) were measured spectrophotometrically.  RNA

(25 µg) was mixed with loading buffer (Sigma) and loaded on a 1% agarose-

formaldehyde-MOPS gel.  The gel was made by melting 0.5 g agarose in 43.9 ml

H2O.  Once cooled to 70°C, 5 ml 10X 3-morpholinopropanesulfonic acid (MOPS)

buffer and 1.1 ml formaldehyde were thoroughly mixed in and the gel was poured

and allowed to harden for at least 30 min.  Sample RNA was loaded in the gel and

run in 1X MOPS for 2 h at 100 V.  Following running, the gel was soaked in 5

volumes H2O 4X 5 min to remove formaldehyde from the gel.  The gel containing

RNA was transferred overnight to a Nytran nylon membrane [pre-rinsed in H2O

followed by 15 min in 20X SSC (0.3 M sodium citrate (pH 7.0), 3 M NaCl, 0.2

µm sterile filtered)] using a capillary blot containing 20X SSC buffer.  Following

transfer, the membrane was briefly rinsed in 2X SSC to remove residual agarose
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and then air dried.  The RNA was fixed to the membrane by UV cross linking

(1200 µJoules for ~30 sec).  The membrane was then stained with a methylene

blue solution (0.5 M sodium acetate (pH 5.2), 0.04% methylene blue) for 10 min

at RT.  The membrane was destained with several rinses of H2O and the 28S and

18S bands were visually inspected for assessment of even loading.

The membrane was then hybridized for the mRNA of interest.  The

membrane was pre-hybridized with 6 ml QuikHyb solution (Stratagene) rotating

in a roller bottle at 68°C for ≥ 30 min.  Labeled cDNA (≥ 250,000 cpm) was

mixed with 100 µl 10 mg/ ml salmon sperm DNA and incubated at 100°C for 2

min.   Following pre-hybridization, DNA was mixed with 1 ml (very viscous) pre-

hybridization solution to ensure the solutions mixed properly, added to the roller

bottle containing the membrane, and hybridized overnight at 68°C.  Following

hybridization, the membrane was rinsed 2X 15 min/ RT with 2X SSC buffer and

0.1% (w/v) SDS wash solution and once for 30 min/ 55°C with 0.1X SSC buffer

and 0.1% (w/v) SDS wash solution.  Following washes, the membrane was briefly

air dried, wrapped in plastic wrap, and exposed with intensify screens to Kodak

MR film overnight at –80°C.

For subsequent hybridizations, the membrane was stripped in boiling

0.01X SSC buffer and 0.01% (w/v) SDS solution for 15 min. Once stripped, the

membrane hybridization began again with the pre-hybridization step, followed by

hybridization with alternate probes.  Once complete, the membrane was stored in

plastic wrap at -20°C for future use.
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2.11 ELECTROPHORETIC MOBILITY SHIFT ASSAYS FOR NF-kB AND AP-1

An electrophoretic mobility shift assay (EMSA) was used to assess the

DNA binding capacity of specific transcription factors.  Three million cells were

collected, rinsed once with PBS and lysed with 200 µl lysis buffer (10 mM

HEPES, pH 7.9, 0.1 mM EDTA, 1.5 mM MgCl2, 10 mM KCl, 0.25% Nonidet P-

40, freshly added 1 mM DTT, and 0.1 mM PMSF).  Cell lysate was centrifuged

for 2 min/ 2000 X g/ 4°C and the pellet was resuspended in 50 µl nuclear

extraction buffer (20 mM HEPES, pH 7.9, 0.1 mM EDTA, 1.5 mM MgCl2, 420

mM NaCl, 25% glycerol, freshly added 1 mM DTT, and 0.5 mM PMSF).  The

nuclear extract mixture was rotated for 30 min at 4°C, centrifuged 5 min/ 2000 X

g/ 4°C, and the supernatant was collected as the extracted nuclei and stored in

aliquots at –80°C until use.  The 32P labeled probe was prepared by mixing sterile

H2O, 10X T4 polynucleotide kinase, 3.5 pmol oligo (Promega, listed below), and

4 µCi 32P-ATP (NEN Life Sciences, Boston, MA.) and incubated at 37°C for 30

min.

NF-kB 5'-AGT TGA GGG GAC TTT CCC AGG C-3'

AP-1 5'-CGC TTG ATG ACT CAG CCG GAA-3'

Following incubation the 32P-oligo was mixed with an equal volume of sterile

H2O and purified using a G-25 Sephadex column (Roche Biochemicals).  Purified
32P-oligo was mixed 1:1 with H2O and stored at –20°C.  Twenty µg nuclear

extract was mixed with 2 µl poly (deoxyinosinic-deoxycytidylic)/ poly d(I-C) for

15 min at RT to minimize nonspecific binding, followed by incubation with

100,000 cpm (quantitated by scintillation counting) 32P-oligo for 15 min at RT.



61

Loading buffer (6X: 025% bromophenol blue, 0.25% xylene cyanol, and 25%

Ficoll) was added to the mixture and loaded on a 5% acrylamide-TBE gel that

was run for 2.5 h in 1X TBE at 120 V.  The gel was then vacuum dried for 1-1.5 h

at 75°C, followed by exposure to Biomax XAR or MR film overnight at –80°C.

2.12 NF-kB AND AP-1 ACTIVITY

2.12.1 Plasmid Preparation

To assess NF-kB or AP-1 activation in A549 cells, cells were transiently

transfected with a transcription factor specific GreatEscape SEAP Reporter vector

(Clontech).  The SEAP vector contains a SEcreted form of human placental

Alkaline Phosphatase, absent of its membrane anchoring domain, resistant to L-

homoarginine (an alkaline phosphatase inhibitor), and thermostable to heat

inactivation.  Activation of the respective transcription factor leads to comparable

secretion of SEAP into the media, which can be measured fluorometrically.

DH5a E. coli were transformed (as described above in the transfection section)

with DNAs pSEAP-kB and pSEAP-AP1 and plated on LB/ amp plates and

incubated overnight at 37°C.  Colonies were selected and amplified in LB/ amp

broth overnight at 37°C with shaking.  DNAs were purified using a Qiagen

Miniprep kit and plasmid size was confirmed by restriction digestion with Not I,

which cleaves at a single site in either vector.  A 1% agarose gel was run with

prepared DNA alongside pure, unadulterated SEAP DNA to verify plasmid had

amplified without alteration.  Transfections were performed in duplicates.  A549

cells were plated 24 h in advance of transfection at a density of 100,000 cells per
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well in a 6 well plate with 2 ml DMEM complete media. Three µl FuGENETM 6

(Roche Diagnostics Corp., Indianapolis, IN) was mixed with 100 µl serum-free

DMEM, followed by addition of 1 µg gWIZ-bGAL (Gene Therapy Systems) and

1.5 µg pSEAP-kB or pSEAP-AP1 (Invitrogen) and subsequent incubation of the

mixture at RT for 30 min to form the liposome-DNA complex. Prior to addition

of the liposome-DNA complex fresh media (2 ml) was added to the cells.

Liposome-DNA was added drop wise to each well with gentle swirling to mix.

Cells were incubated with the liposome-DNA complex for 24 h whereupon

treatments were begun. At select timepoints, 100 µl media was collected and snap

frozen at -20°C for SEAP measurements.

2.12.2 b-Gal Measurements

At the latest timepoint when media collected, cells were lysed with 200 µl

0.1% Triton/ PBS for measurement of transfection efficiency and normalization to

b-gal.  Cell lysate (100 µl) was mixed with 3 µl 100X Mg solution (freshly made

0.1 M MgCl2, 4.5 M b -mercaptoethanol), 66 µl 1X o-nitrophenyl-b-D-

galactopyranoside (ONPG; 4 mg/ ml in 0.1 M sodium phosphate, pH7.5), and 81

µl 0.1 M sodium phosphate (pH 7.5).  The mixture was incubated for ≥ 30 min at

37°C.  An endpoint absorbance of 420 nm was measured using a microplate

reader. b-gal concentration, according to Abs420, was used to normalize SEAP

measurements.
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2.12.3 SEAP Measurements

SEAP activity was measured by mixing 25 µl media with 25 µl 1X

dilution buffer (diluted with H2O from a 5X dilution buffer stock: 0.75 M NaCl,

0.2 M Tris-HCl, pH 7.2) for 30 min at 65°C to inactivate endogenous

phosphatases.  Samples were cooled on ice and 97 µl assay buffer [2 M

diethanolamine, 1 mM MgCl2, 20 mM L-homoarginine (a phosphatase inhibitor),

pH 9.8)] was added for 5 min at RT.  For fluorescent measurements, 3 µl 1 mM 4-

methylumbelliferyl phosphate (MUP, made in 1X dilution buffer) was added to

each sample and incubated for 60 min at RT in the dark.  Fluorescent

measurements were taken in a FL600 Biotek microplate reader at ex. 360 nm and

em. 450 nm.  Fluorescence was normalized to b-gal.  A kit supplied alkaline

phosphatase (2 µl of 1.5X10-4 U/ ml in 50% glycerol and 200 mM Na2HPO4, pH

7.2) was run alongside samples as a positive control.

2.13 MASS SPECTROMETRY

2.13.1. Electrospray Ionization-Tandem Mass Spectrometry (ESI-MS/ MS)

Acrolein was mixed 1:1 with GSH or amino acids in sterile H2O for 15

min/ RT.  Samples were injected in a Finnigan MAT LCQ (San Jose, CA) and

analyzed by mass spectrometry for desired peaks ± acrolein conjugates followed

by tandem mass spectrometry to further analyze conjugate peaks for their make-

up.
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2.13.2. Immunoprecipitation and MALDI-TOF

Five million cells were collected, rinsed in 1 ml PBS and lysed in 500 µl

RIPA buffer containing protease inhibitors, as described above for the western

blot.  Lysing continued for 15 min on ice and lysates were centrifuged for 10 min

at 16,000 X g/  4°C.  The supernatant was collected and pre-cleared by addition of

2 µl (1 µg) normal mouse IgG (for Trx) or normal rabbit IgG (for TR) and 20 µl

protein A/G plus-agarose (Sigma) for 30 min/ 4°C with rotating.  The mixture

was centrifuged 1000 X g/ 5 min/ 4°C and the supernatant was retained. To the

supernatant was added 1 µl (1 µg) mouse a-Trx or rabbit a-TR antibody and

incubated 1 h/ 4°C/ with shaking.  Following incubation, 20 µl protein A/ G plus-

agarose was added and incubated overnight/ 4°C/ with rotating.  The mixture was

centrifuged 1000 X g/ 5 min/ 4°C and the translucent pellet was retained and

rinsed 4X 1 ml PBS with 1000 X g/ 5 min/ 4°C centrifugations in between rinses.

Twenty µl 4X loading dye was added to the sample pellets, boiled for 4 min and

loaded onto a 12% SDS-PAGE gel and run at 100 V for 2h, similarly to the above

described SDS-PAGE and western blot.  Following gel running, the acrylamide

gel was stained with Coomassie Blue for identification of Trx or TR

immunoprecipitated bands.

Preparation of samples for Matrix-Assisted Laser Desorption/ Ionization-

Time of Flight (MALDI-TOF) mass spectrometry were based on procedures from

Shevchenko et al. (1996).  Following overnight Coomassie blue staining, gels

were destained  with  50: 45: 5 methanol: H2O: acetic acid to remove extraneous

background blue stain and digital images of the gels were captured using an
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IMAX scanner and Adobe Photoshop.  Bands that stained blue with Coomassie

were considered concentrated enough for subsequent mass spectrometry

preparation.  Bands were excised with a clean razor blade and destained

individually in ethanol rinsed centrifuge tubes overnight with rotating.  Destain

was changed several times to remove as much stain as possible.  Following

destain, the gel slices were dehydrated in 300 µl acetonitrile.  Acetonitrile was

removed using a Centrivap concentrator with cold trap (Labconco, Kansas City,

MO) for 3 min.  Gel slices were reduced with 100 µl 10 mM DTT for 1h/ RT.

DTT was removed by centrifugation and slices were alkylated with 100 µl 50 mM

iodoacetamide for 1 h/ RT.  Tubes were centrifuged and slices were washed with

200 µl 100 mM ammonium bicarbonate for 10 min.  Following centrifugation,

slices were dehydrated twice in 300 µl acetonitrile for 5 min.  Slices were

rehydrated 2X in 200 µl 100 mM ammonium bicarbonate for 10 min followed by

centrifugation.  Slices were dried with a concentrator for 3 min.  Gel containing

peptides were cleaved (at mainly serine residues) with 100 µl 20 ng sequencing

grade chymotrypsin (Roche Biochemicals)/ µl ice cold 50 mM ammonium

bicarbonate for 15 min on ice.  Following incubation, 20 µl 50 mM ammonium

bicarbonate was added and digestion proceeded overnight at 37°C.  Tubes were

centrifuged and digested peptides were extracted using 20 µl acid extraction

solution (5% formic acid in H2O) for 10 min/ RT.  Following two centrifugations,

peptide extract was collected and evaporated using a concentrator for ~1 h to <20

µl volume.
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Samples (1 µl each) were spotted and dried on a matrix of a-cyano-4-

hydroxycinnamic acid followed by analysis of peptides using a Proteomic

Solution I system including a Voyager DE PRO MALDI-TOF (PerSeptive

Biosystems, Framingham, MA).  Peptide analysis settings were adjusted

accordingly by the College of Pharmacy’s Center for Molecular and Cellular

Toxicology core facility members that run this system.

2.14 STATISTICS

Multiple group comparisons were performed using an Analysis of

Variance (ANOVA) followed by Tukey-Kramer multiple comparison statistics to

determine a mean ± SE and a p value (GB-STAT 6.5 program).  Samples with a p

< 0.05 were considered statistically significantly different from control values.
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Chapter Three:  Cell Death and Caspase Results

3.1 CELL DEATH: APOPTOSIS VS. ONCOSIS/ NECROSIS

Cell death proceeds through mainly apoptotic or oncotic/ necrotic

pathways.  Each mode of death has unique morphological and biochemical

features (as described in detail in the Introduction).  While acrolein is clearly a

harmful chemical, inducing damage in many types of cells and tissues, its

mechanism of death is not clearly defined.  Murine FL5.12 proB lymphocytic

cells were used to elucidate the form of acrolein-mediated death in these studies.

They were chosen because they are a cell model that shows very distinct features

of cell death (apoptosis in particular), such as phosphatidylserine (PS)

externalization, membrane blebbing, DNA fragmentation in 180 base pair

fragments, etc.

3.1.1 Measurement of Apoptosis Following Acrolein

Following toxicant treatment, the relative percentage of cells dying

through apoptosis vs. necrosis is commonly measured using flow cytometric

quantitation of Annexin V-FITC binding to PS and propidium iodide’s (PI)

entrance into cells with permeable membranes.  In the presence of calcium and

magnesium, Annexin binds to phosphatidylserine (PS), which is externalized in

apoptotic cells.  Annexin is coupled with PI staining, which measures the loss of

plasma membrane integrity, indicative of late apoptosis of oncotic/ necrotic cells.

Initial studies with acrolein using this assay indicated the induction of minimal
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amounts of Annexin staining alone, suggesting that apoptosis was not present

(data not shown).  When cells began dying, they stained both for Annexin and PI,

indicative of either very late apoptosis or oncotic/ necrotic cell death.  Because

early apoptosis was never present, further investigation into acrolein’s possible

effect on PS revealed two reasons for utilizing other techniques to determine

acrolein’s mode of cell death:

1. Annexin could interact with PS on the inside of cells with leaky

plasma membranes (a typical feature of oncotic/necrotic cells), leading

to a false positive result.

2. Acrolein may react with lipid components of the plasma membrane,

i.e. PS, giving false negative Annexin readings when this assay is

used.

The second possibility was recently confirmed to be likely.  A study by

Balasubramanian et al. (2001) showed that malondialdehyde (a similar aldehyde

to acrolein) directly modified PS in red blood cells. Thus, the use of Annexin was

determined to inaccurately assess acrolein (and other aldehydes)-mediated

apoptosis.  Therefore, alternative assays were used to measure apoptosis.

A “Cell Death Detection ELISA” kit (Roche Biochemicals) was used to

measure mono- and oligonucleosomal fragmentation, a common characteristic of

apoptosis.  This assay did not reveal DNA fragmentation typical of apoptosis

(data not shown), consistent with the absence of PS externalization demonstrated

by Annexin V-FITC/ PI.
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3.1.2 Acrolein’s Effect on Caspase-3 Activity

Thus far, acrolein had no significant induction of apoptosis based on

assays employed.  To determine if it was causing apoptosis through a means

independent of PS externalization and DNA fragmentation, the activation of

caspase-3 activity (a strong executioner of apoptosis) was measured. As

mentioned in the Introduction, caspases are endogenously found in the form of an

inactive pro-enzyme.  When activated, they are cleaved into smaller active

subunits that function to activate other cell signaling processes that lead to

apoptosis.  Caspase activity is detected through the cleavage of a caspase specific

tetrapeptide, i.e. Ac-DEVD*-amc.  DEVD is a relatively specific caspase-3

tetrapeptide that is cleaved between the D* and -amc to allow the free -amc to be

measured fluorometrically.

Surprisingly, acrolein decreased caspase-3 activity ~40% (below normally

low basal levels) with 2.5 and 5 µM acrolein at 12 h (Figure 8).  A moderate

increase in activity (2-fold) was present 12 h following 10 µM acrolein, but a

statistically significant inhibition of activity, by ~80%, resulted with the highest

doses of acrolein, 20 and 40 µM, at 12 h.  When measured at 24 h, caspase

activity returned to control levels with 2.5 µM acrolein, increased 1.6-fold with 5

and 20 µM acrolein, and increased 2.3-fold with 10 µM acrolein.  The highest

dose of acrolein perpetuated statistically significant caspase inhibition at 24 h by

75%.  Although some doses of acrolein caused an increase in activity, the changes

were statistically insignificant compared to acrolein’s inhibition of caspase-3 at

the highest doses.  It is important to note that changes in caspase-3 activity were
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compared to EBSS/ vehicle treated cells, with only minimal caspase-3 active

endogenously.  This is important because when toxicants induce caspase-3

activity and apoptosis, caspase-3 activity can be induced up to ten fold higher than

untreated control levels of activity.  Cells treated with 20 and 40 µM acrolein

maintained low caspase-3 activity, possibly because of low ATP levels (a

requirement for apoptotic processes) and low cell viability at these doses

(demonstrated in the following data).
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Figure 8 Acrolein’s Effect on Caspase-3 Activity in FL5.12 Cells at 12 and 24 h

Caspase-3 activity was measured in lysate of one million FL5.12 cells at 12 h

(black bars) and 24 h (gray bars) recovery in complete media after acrolein

treatment (0.5 h). Cells were lysed and incubated with Ac-DEVD-amc substrate

that is relatively specific for active caspase-3. Caspase-3 activity was normalized

to protein and compared to 100% control.  Data are expressed as the mean of

three individual experiments ± SE. *Significantly different from 0 µM acrolein (p

< 0.05).
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3.1.3 Acrolein Induced Primarily Oncosis/ Necrosis

Since many common characteristics of apoptosis were ambiguous in

FL5.12 cells treated with acrolein, characteristics of oncosis/ necrosis were

investigated as an alternative cell death pathway.  Plasma membrane integrity was

quantitated by flow cytometry with PI staining.  At 12 h, positive PI staining

(indicative of leaky membranes) was statistically significant (p < 0.05) compared

to untreated cells only with the 40 µM acrolein-treated cells (data not shown) at

~47% leakage.  However, by 24 h there was a significant loss of plasma

membrane integrity with concentrations of ≥10 µM acrolein (Figure 9).  At 24 h

PI positive cells accounted for 43, 48 and 77% of total cells after 10, 20, and 40

µM acrolein, respectively.

ATP is an important component in the pathways used in the execution of

apoptosis (Nicotera et al., 199) and its absence may predispose cells to undergo

oncosis/ necrosis (Walisser and Thies, 1999).  The concentration of ATP was

measured using HPLC separation of nucleotides and is expressed graphically as

inversely correlating with loss in plasma membrane integrity (Figure 9: bars

represent PI positive cells, line represents ATP concentration).  At 24 h after

acrolein, ATP intracellular concentrations were decreased in a dose-dependent

manner, reaching 0% of control following 40 µM acrolein.  Insignificant

decreases in ATP concentration by 35% with ≤5 µM acrolein did not increase

oncosis/ necrosis compared to untreated cells, while concentrations of ≥ 10 µM

acrolein led to the reduction of ATP (≥ 45%), strongly correlating with an

increase in oncosis/ necrosis.
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Figure 9: Acrolein’s Effect on Plasma Membrane Integrity Measured by PI and
Cellular ATP in FL5.12 cells at 24 h

FL5.12 cells were treated for 0.5h in EBSS ± acrolein, followed by 24 h recovery

in complete media.  Oncosis/ necrosis was quantitated as the percentage of 20,000

cells positively stained with PI, measured by flow cytometry (bars).  ATP (line)

was measured by UV-HPLC detection of nucleotides and expressed as a

percentage of control.  Control ATP levels were 722 pmol/ µg protein with a

retention time of 7-8 min.  Data are expressed as the mean of three individual

experiments ± SE.  *Significantly different from 0 µM acrolein (p < 0.05).
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Plasma membrane integrity changes were confirmed by measurement of

lactate dehydrogenase (LDH) release in the media.  LDH is normally present in

the cytosol of cells, but can be released into the media upon permeabilization of

the plasma membrane.  The LDH release data (Table 4) at 24 h were consistent

with the above PI findings (Figure 9), confirming a loss in membrane integrity

caused by acrolein.  Acrolein (≤ 5 µM) demonstrated similar changes in LDH

release compared to the 0 µM acrolein control, with < 15% loss in membrane

integrity.  Ten µM acrolein demonstrated an increase in LDH release by 24%,

albeit a statistically insignificant increase according to the Tukey-Kramer multiple

comparisons ANOVA.  Significant changes were present after 20 and 40 µM

acrolein, showing 30 and 53% LDH release into the supernatant, respectively.

The differences in overall percentages obtained by the LDH and PI

methods can be accounted for by differences in the nature of the assays

themselves.  PI is a fluorescent dye that can infuse easily into cells with leaky

membranes.  Fluorescence in itself is generally much more sensitive than

spectrophotometric readings.  The most likely reason for the differences in the

two assays lies in the overall size of PI (MW = 668.4) vs. LDH (MW = 35,000).

LDH is much bigger, requiring a larger opening in the plasma membrane to be

detectable outside a cell.
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µM Acrolein
% LDH released into media

at 24h

0

2.5
5

10

20
40

     12.5 ± 2

13.5 ± 2
11.1 ± 2

 23.8 ± 3

    30.1 ± 4 *
    52.7 ± 2 *

Table 4  Acrolein’s Effect on LDH Release in FL5.12 Cells at 24 h

LDH release into the supernatant is a measure of plasma membrane integrity and

was measured spectrophotometrically by the conversion of NADH to NAD+ at

340nm per min (DAbs340) over 5 min.   LDH was measured in one million cells at

24 h after an initial 0.5 h acrolein treatment.  The average DAbs340/ min was

normalized to protein concentrations and the percent LDH released was calculated

by dividing LDH in media/ total LDH (media plus lysate). Data are expressed as a

mean of four individual experiments ± SE. *Significantly different from 0 µM

acrolein (p < 0.05).
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In confirmation of oncosis/ necrosis shown by PI, LDH and ATP, a

qualitative assessment of cell death and morphology was completed using

fluorescent microscopic analyses of acridine orange and ethidium bromide

staining (Figure 10).  Live cells stain only with acridine orange, which fluoresces

bright green, with a yellow-green circular, compact nucleolus inside the cell.

Apoptotic cells shrink and induce fragmentation of the yellow nucleolus, while

oncotic cells are mainly characterized by their overall cellular swelling, but may

demonstrate degradation of intracellular organelles or nucleic acids.  Necrotic

cells stain for both acridine orange and the cell impermeant ethidium bromide and

are detected by their orange color.  The images in Figure 10 show that control and

2.5 µM acrolein induced no observable changes in cellular staining or shape at 24

h following an initial 0.5 h treatment.  With 5 µM acrolein, cells began showing

increased size/ swelling coupled with organelle disintegration (fragmenting

yellow-green nucleolus).  At 10 µM acrolein, an increased number of necrotic

cells (orange cells) were apparent.  At this dose, the plasma membrane also began

to become less smooth and cells stretched out compared to their normally round

shape.  With 20 µM acrolein there was a further increase in necrotic cells and at

40 µM acrolein, almost all of the cells were a diffuse orange, depicting severe

necrotic injury.
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Figure 10 Acridine Orange/ Ethidium Bromide Microscopic Images of Acrolein
Treated FL5.12 Cells at 24 h.

One million cells/ ml were incubated for 0.5 h in EBSS ± acrolein followed by 24

h in complete media.  Cells were pelleted and resuspended in 2 µl each 100 µg/

ml acridine orange and ethidium bromide.  Cell death and morphology were

immediately assessed using a Nikon Eclipse E800 microscope, PlanFluor 20X

objective, and filter cube B-2A that incorporates ex. 450-490 nm, dichroic mirror

at 500 nm, and barrier filter at 515 nm to separate the green from orange-red

fluorescence.  Digital images were captured using Metamorph 4.1 software and

cell populations were differentiated according to death characteristics and staining

differences as described by Duke and Cohen (1992).
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The microscopic images were excellent qualitative assessments of cell

death.  However, the number of cells in each mode of death was difficult to

directly compare due to changes in cell proliferation and death following

treatment.  Therefore, the assay was converted for use in a flow cytometer to more

clearly quantitate the percentages of live, apoptotic, and necrotic cells (Liegler et

al., 1995) and compare each sample with an equivalent number of cells.  Cells

were processed in the same way as the microscopic images, except that cells were

rinsed and resuspended in PBS.  Similarly to the above descriptions, live cells

(oval I) stained brightly for the cell permeable acridine orange (green), with low

cell impermeant ethidium bromide influx (orange-red).  Apoptotic cells (oval J)

stained with a lower concentration of acridine orange and low ethidium bromide.

Apoptotic cells were distinguished from live cells due to apoptosis-induced DNA

fragmentation, cell shrinkage, and/ or formation of apoptotic bodies, all of which

will reduce cellular fluorescence (Figure 11).  Necrotic cells (oval K) stained both

low and high with acridine orange and high for ethidium bromide, indicative of

deteriorating cells with permeable plasma membranes.  As shown in Figure 11A

(A), the viability of control cells (EBSS/ 0 µM acrolein) is very high (97%), with

significant apoptosis (56%) evident after the positive apoptosis control treatment

for 24 h with 10 µM etoposide/ VP-16.  The results show extensive necrosis

(31%) but only minimal apoptosis (13%) with 40 µM acrolein alone at 24 h,

indicated by a significant portion of the cells staining double positive for acridine

orange and ethidium bromide.
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As seen in the microscopic images above (Figure 10), acrolein induces

intracellular nuclear fragmentation, which was detected by the flow cytometer

with reduced acridine orange fluorescence (Figure 11B).  Acrolein (< 5 µM)

resulted in < 10 % of the population of cells shifting to the apoptotic region of the

histogram.  With 10 and 20 µM acrolein, cells in the apoptotic region were

insignificant at 22 and 11%, respectively.  Acrolein at the highest dose of 40 µM

resulted in 12% apoptotic fluorescence and 31% oncotic/ necrotic fluorescence

(positive double staining for acridine orange and ethidium bromide).  Although

acrolein-treated cells showed a portion of the population in the apoptotic region, it

was insignificant in comparison to the percentage of oncosis/ necrosis caused by

this agent.  Due to acridine orange’s interaction with nucleic acids, these results

also suggested that, along with ATP depletion, DNA damage might add to the

complexities of acrolein-induced death.  Although acrolein treated cells appeared

to become apoptotic to a small extent, acrolein’s induction of oncosis/ necrosis

was more statistically significant.
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Figure 11 Acridine Orange/ Ethidium Bromide Flow Cytometry Histograms of
FL5.12 Cells

One million cells/ ml were treated for 0.5 h with EBSS ± 0-40 µM acrolein

followed by 24 h recovery in media ± 10 µM etoposide (VP-16).  Cells were

collected and resuspended in 1 ml PBS and 2 µl each 100 µg/ ml ethidium

bromide and acridine orange.  Flow cytometric readings were measured

immediately and 20,000 cells per treatment were counted.  The populations were

differentiated, using linear scales, according to their staining capabilities as

previously described: live cells (I), apoptotic cells (J), and necrotic cells (K).

Demonstrated in A. is a comparison of 40 µM acrolein treated cells to VP-16

treated cells to show the difference in an oncotic/ necrotic response compared to

an apoptotic response, respectively.  In B. are histograms captured with increasing

doses of acrolein (0-40 µM).
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3.2. ACROLEIN’S EFFECT ON SECONDARY TREATMENTS

As shown above in Figure 8, lethal doses of acrolein have an inhibitory

effect on cellular caspase-3 activity, potentially contributing to its increased cell

death in the form of oncosis/ necrosis.  Due to caspase’s role in execution of

apoptosis following a number of toxicants and acrolein’s presence in combination

with a number of other agents, i.e. in cigarette smoke or with phosphoramide

mustard during metabolism of cyclophosphamide, we wondered if acrolein

pretreatment could alter apoptosis induced by secondary treatments.  Three agents

were chosen for this investigation: interleukin-3 withdrawal (IL-3), etoposide

(VP-16), and mechlorethamine (HN2).  IL-3 is a cytokine that FL5.12 cells rely

on for normal growth processes and it is supplemented in the cell’s media to

maintain steady growth (Nunez et al., 1990; Bojes et al., 1999).  VP-16 is a

topoisomerase II disruptor that leads to DNA damage and subsequent apoptosis

(Kaufmann, 1998; Robertson et al., 2000).  Both activate caspase-3 prior to

execution of apoptosis.  HN2 is a basic nitrogen mustard used as a model for

phosphoramide mustard, which is a co-metabolite with acrolein upon the

breakdown of cyclophosphamide (Beauchamp et al., 1985). HN2 induces

apoptosis following alkylation and oxidative stress in cells (Holl et al., 2000),

although many of its effects on PS and plasma membrane integrity suggest it

causes features of both apoptosis and oncosis/.  It was chosen as a secondary

agent due to its similar alkylation properties compared to acrolein.

The effect of acrolein on the toxicity of secondary treatments was

examined using the acridine orange/ ethidium bromide flow cytometry assay (as
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shown in Figure 11).  Acrolein (10 µM) alone induced insignificant DNA

fragmentation at 22%, while 10 µM acrolein combined with HN2 (7% apoptosis)

led to significantly increased apoptosis (34%) (Table 5).  The increase in acrolein-

induced fragmentation can be explained by its potential to induced DNA damage

independent of apoptosis mediated pathways.  Investigation of potential acrolein

mediated oligonucleosomal fragmentation and an agarose gel for DNA laddering

both gave negative results in terms of acrolein’s induction of apoptosis (data not

shown). Pretreatment with 10 µM acrolein led to a slight 15 % increase in IL-3

withdrawal-induced apoptosis, but no change in VP-16-induced apoptosis.

Surprisingly, with 20 µM acrolein exposure prior to IL-3 withdrawal (67%

apoptosis) or VP-16 treatment (56% apoptosis), there was substantially less

apoptotic cell death (18% and 10%, respectively), with a respective increase in

overall cell viability.  As demonstrated earlier, this alteration in cell death may

correlate with the 80% inhibition of caspase-3 activity seen at 12 h by 20 µM

acrolein (Figure 8).

Acrolein (40 µM) also led to a decrease in apoptotic cell death induced by

IL-3 withdrawal and VP-16, but altered to an oncotic/ necrotic form of death

instead of recovery in viability shown with 20 µM acrolein pretreatment.  This is

presumably due to the toxicity seen with 40 µM acrolein alone.  Interestingly, 40

µM acrolein (31% oncosis/ necrosis) significantly enhanced HN2-induced

oncosis/ necrosis, from 15% alone to 76% in combination with acrolein.

Acrolein’s role in inhibiting caspases may be responsible for its

preventative effect seen against induction of apoptosis by IL-3 withdrawal and
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VP-16, although replacement of acrolein with the general caspase inhibitor boc-

asp.fmk had little to no effect on cytokine withdrawal or VP-16-induced apoptosis

in this cell line (data not shown).
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A. Live cells

B. Apoptotic cells

C. Necrotic cells

Acrolein alone Acrolein Plus

µM Acrolein EBSS/Acrolein -IL3 10µM VP-16 250nM HN2

0

10

20

40

 97 ± 1

  74 ± 11

83 ± 1

        59 ± 4*

26 ± 3*

13 ± 2*

75 ± 4†

47 ± 6*

 35 ± 4*

  47 ± 2*

  86 ± 1†

    62 ± 2*†

87 ± 4

  57 ± 3*

65 ± 9

    17 ± 4*†

Acrolein alone Acrolein Plus

µM Acrolein EBSS/Acrolein -IL3 10µM VP-16 250nM HN2

0

10

20

40

    2 ± 0.3

22 ± 9

11 ± 1

13 ± 2

67 ± 2*

82 ± 5*

18 ± 4†

16 ± 3†

  56 ± 2*

   44 ± 3*

   10 ± 1†

   13 ± 1†

   7 ± 2

      34 ± 2*†

  19 ± 3

   11 ± 4

Acrolein alone Acrolein Plus

µM Acrolein EBSS/Acrolein -IL3 10µM VP-16 250nM HN2

0

10

20

40

 0.5 ± 0.1

 5 ± 2

 7 ± 1

 31 ± 3*

14 ± 1

11 ± 5

11 ± 1

    42 ± 4*†

18 ± 2*

20 ± 1*

 7 ± 1†

  29 ± 2*†

15 ± 4

22 ± 2

  23 ± 7*

    76 ± 5*†
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Table 5 Acrolein’s Effect on Secondary Treatments: IL-3 withdrawal, VP-16, or
HN2

One million cells were treated for 0.5 h with EBSS ± acrolein.  Secondary

treatments included 0.5 h with 250 nM HN2 in EBSS followed by 24 h recovery

in media, 24 h with IL-3 withdrawn media (-IL3), or 24 h with 10 µM VP-16 in

media.  Cells were collected and resuspended in 1 ml PBS and 2 µl each 100 µg/

ml ethidium bromide and acridine orange.  Flow cytometric readings were

measured immediately and 20,000 cells per treatment were counted.  The

populations were differentiated as a percentage of total cells according to their

staining capabilities.  Live cells (A) only incorporated the cell permeable acridine

orange, fluorescing brightly green.  Apoptotic cells (B) fluoresced a dimmer green

without loss of plasma membrane integrity, while necrotic cells (C) took up both

dyes and fluoresced orange-red.  Results are expressed as a mean of three

individual experiments ± SE.  * Significantly different from 0 µM acrolein (p <

0.05).  † Significantly different from –IL3, VP-16, or HN2 treatment alone (p <

0.05).
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3.3. INHIBITION OF CASPASES

3.3.1. Cellular Caspases

Due to acrolein’s potential to directly affect caspases through electrophilic

interaction, caspase-3 protein levels were measured for detection of the pro-

enzyme vs. active cleavage products (Figure 12).  At 12 and 24 h, acrolein

treatments (0-40 µM doses) resulted in no notable changes in pro-caspase-3 (the

topmost band at 32 kDa) or detectable caspase cleavage products (18 and 20

kDa).  There was a decrease in pro-caspase-3  protein with 20 and 40 µM acrolein

at 24 h.  This was likely due to the toxicity and possible protein degradation at

these doses of acrolein at 24 h.  10 µM Etoposide treatment (VP-16) in human T

lymphocytic Jurkat cells (for 12 or 24 h continuous treatments) demonstrated the

antibody’s ability to pick up cleavage products.  Therefore, it was confirmed that

a lack of cleavage products was due to unchanged pro-enzyme protein levels

following acrolein treatment.
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Figure 12 Acrolein’s Effect on Caspase-3 Protein at 12 and 24 h

FL5.12 cells were treated with 0-40 µM acrolein or positive controls IL-3

withdrawal (-IL3) or in Jurkat cells, 10 µM etoposide (VP-16) for 12 or 24 h.

Western blots were run as described in the Materials and Methods section.  Pro-

caspase-3 is the top band at 32 kDa, while the cleaved caspase-3 fragments are the

bottom two bands at 18 and 20 kDa.  These blots are representative of three

individual experiments.

               Acrolein (µM)                            Jurkat
 0      2.5      5      10     20     40     -IL3   Ctl  VP-16

                Acrolein (µM)                            Jurkat
  0      2.5      5     10      20      40            Ctl  VP-16

32 kDa

20 kDa
18 kDa

32 kDa

20 kDa
18 kDa

12 h

24 h
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Caspase-8 and caspase-9 activities were investigated to identify their roles

in affecting caspase-3 and altering acrolein’s preference for oncosis/ necrosis over

apoptosis.  Caspases-8 and –9 are well-known activators of caspase-3 via the

receptor-mediated death domains and mitochondrial release of cytochrome c,

respectively.  Figures 13 and 14 depict the activities of caspases-8 and –9 in cell

lysate after cells recovered for 12 or 24 h from an initial 0.5 h treatment with 0-40

µM acrolein. Acrolein decreased the activities of caspases-8 and -9 in a more

consistent dose-dependent manner than with caspase-3 (Figure 8), declining to

less than 10% of control with the 40 µM dose at 12 h.  Statistically significant

decreases were evident with ≥ 5 µM acrolein at 12 h.  At 24 h, caspase-8 and

caspase-9 activities remained decreased at 10 and 20 µM, but recovered to control

levels at doses < 10 µM acrolein.  It is noteworthy that acrolein treatments never

significantly increased caspase activity and thus these decreases were reduced

from the already low basal levels of activity, further confirming that apoptosis

was not occurring through these pathways.  A lack of caspase-8 and –9 pro-

enzyme protein changes was confirmed by SDS-PAGE and western blots (Figures

15).  Again, the doses of 20 and 40 µM acrolein resulted in slightly decreased pro-

enzyme band density, likely due to the toxicity of these doses at 24 h.
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Figure 13 The Effect of Acrolein on Caspase-8 Activity in FL5.12 Cell Lysate.

Caspase activity was measured in cell lysate at 12 h (black bars) and 24 h (gray

bars) after acrolein treatment (0.5 h). One million cells were lysed and incubated

with Ac-IETD-amc substrate that fluoresces when cleaved by active caspase-8.

Treated cells were normalized to protein and compared to 100% control.  Data are

expressed as the mean of three individual experiments ± SE. *Significantly

different from 0 µM acrolein (p < 0.05).
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Figure 14 The Effect of Acrolein on Caspase-9 Activity in FL5.12 Cell Lysate.

Caspase-9 activity was measured in cell lysate at 12 h (black bars) and 24 h (gray

bars) after acrolein treatment (0.5 h). One million cells were lysed and incubated

with Ac-LEHD-amc substrate that fluoresces when cleaved by active caspase–9.

Treated cells were normalized to protein and compared to 100% control.  Data are

expressed as the mean of three individual experiments ± SE. *Significantly

different from 0 µM acrolein (p < 0.05).
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Figure 15 Acrolein’s Effects on Caspase-8 and –9 Proenzyme Proteins by SDS-
PAGE and Western Blot

FL5.12 cells were treated with EBSS ± 0-40 µM acrolein for 0.5 with recovery in

media for 12 or 24 h.  SDS-PAGE and western blots were run as described in the

Materials and Methods section.  Acrolein had no effect on pro-caspase-8 (A: 55-

57 kDa) or pro-caspase-9 (B: 46 kDa) at 12 or 24 h following the initial 0.5 h

acrolein treatment.
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3.3.2. Recombinant Caspases

Acrolein’s high reactivity suggested it could affect caspase activity in

intact cells via both direct and indirect mechanism(s).  To assess its direct effect,

the activities of human recombinant caspase-3, -8, and -9 enzymes were

determined after 15 min/ RT incubations with 2.5 to 40 µM acrolein (Figure 16).

Through fluorometric quantitation of specific substrate cleavage, acrolein was

shown to decrease the activity of all recombinant caspases at concentrations of ≥

5 µM. A 20% increased in caspase-3 activity with 2.5 µM acrolein was the only

increase in activity measured.  All of the other treatments and caspases were

decreased. Statistically significant decreases in caspase activity were obtained

with ≥ 10 µM acrolein for caspase-8 and –9, while caspase-3 required ≥ 20µM

acrolein prior to significant inhibition.  Caspase-3 activity was decreased by 20

and 40 µM acrolein 66 and 70%, respectively.  Caspase-8 activity was decreased

significantly with 10, 20, and 40 µM acrolein by 63, 76, and 81%, respectively.

Caspase-9 activity was decreased by acrolein similarly to caspase-3.  Ten, 20, and

40 µM acrolein decreased caspase-9 activity by 50, 57, and 55%, respectively.

These results suggested that the electrophilicity of acrolein has the potential to

interact with important catalytic sites on caspases, thus decreasing caspase

activities directly.
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Figure 16 Acrolein’s Effect on Recombinant Caspases-3, -8, and –9 Activities.

The direct effect of acrolein on recombinant caspase enzyme activity was

measured by directly incubating 50 ng recombinant caspase-3 or -8, or 1 U

caspase–9 enzyme with 0 to 40 µM acrolein for 15 min/ RT.  The enzyme/

acrolein mixture was incubated with reaction buffer and caspase-specific

substrate. Fluorescence was detected with a microplate reader at ex. 360 nm and

em. 450 nm. Data are expressed as the mean of three individual experiments ±

SE.  *Significantly different compared to 100% control/ 0 µM acrolein (p < 0.05).
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Chapter Four:  Redox Regulation Results

Following my studies on the mode of acrolein-mediate cell death and its

effects on caspases, it was apparent that acrolein’s alteration of redox regulating

pathways was playing a major role in acrolein’s effects.  Therefore, I chose to

examine acrolein’s early effects on important redox pathways and their effects on

death mechanisms.  Previous work in the Kehrer laboratory revealed that, as a

very strong electrophile, acrolein reacts with numerous cellular components,

particularly molecules containing cysteines.  Horton et al. (1997) demonstrated

that acrolein decreased GSH (with no change in GSSG) within 0.5 h.  In strong

correlation with decreased GSH, NF-kB DNA binding was decreased within 0.5 h

up to 8 h following non-lethal doses of acrolein treatment, in an IkB independent

manner (Horton et al., 1999).  AP-1 DNA binding was also decreased by acrolein

similarly to NF-kB and the c-jun component of AP-1 was directly conjugated by

acrolein, forming a lysine adduct detectable with an acrolein-lysine antibody

(Biswal et al., 2002).  Similar effects were also seen with p53, where acrolein

decreased p53 DNA binding activity and an increase in acrolein-lysine adducts

were observed (Biswal et al., unpublished data).  Therefore, prior to beginning

these studies it was established that acrolein was a highly reactive compound with

nucleophilic attraction to transcription factors that respond quickly to stress,

including NF-kB, AP-1, and p53.
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4.1 ACROLEIN’S EFFECT ON GSH IN CELLS VS. DIRECTLY

To confirm that acrolein affected thiols similarly in FL5.12 cells compared

to A549 cells (shown by Horton et al., 1997), changes in GSH levels were

investigated in a time and dose-response using 0-40 µM acrolein at varying

timepoints (Figure 17).  Total GSH was measured by HPLC fluorescent detection

of GSH derivatized by o-phthalaldehyde. Glutathione disulfide was not measured

separately due acrolein’s lack of formation of oxidized GSH (Horton et al., 1997).

Therefore, changes in total GSH reflected changes in reduced GSH.

GSH levels were significantly decreased in FL5.12 cells in a dose-

dependent manner at 0.5 h with increasing concentrations of acrolein.  Acrolein at

concentrations of 2.5, 5, and 10 µM significantly decreased GSH by 60, 72, and

83 % at 0.5 h.  Acrolein ≥ 20µM reduced GSH more than 95% at 0.5 h.  GSH

levels returned to or above control levels within 2 h at ≤ 10 µM acrolein

treatments.  With ≥ 20 µM acrolein, lethal doses, GSH levels remained below

control levels through 4 h and recovery to about control levels was much slower,

returning to 96 % control at 8 h.  The highest dose of acrolein, 40 µM, did not

recover to control levels throughout the time course and likely did not after 8 h

due to the toxicity seen with this dose of acrolein.  It is typical of cells treated

with non-lethal doses of acrolein to have GSH rebound above control levels due

to the importance of GSH in countering stress-related effects in the cell.  Similar

decreases in GSH were seen in A549 cells treated with acrolein, except that the

concentration of acrolein was approximately ten-fold higher than that used in

FL5.12 cells (Horton et al., 1997), attesting to the sensitivity of FL5.12 cells to
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toxicants. A549 cells are also comparatively larger in size and contain more

overall reducing equivalents, such as GSH, to protect the cells from stress.
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Figure 17 Dose and Time Course of Total GSH in FL5.12 Cells Treated with
Acrolein

Following treatment with 2.5-40 µM acrolein for 0.5 h and collection or recovery

of cells in media until desired timepoint, three million FL5.12 cells were

processed for total GSH detection by HPLC as described in the Materials and

Methods. Control GSH concentrations were ~30 pmol/ mg protein. Data are

expressed as the mean of three individual experiments ± SE.  *Significantly

different compared to 100% control/ 0 µM acrolein with p < 0.05.
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  *

  *
 *

*
 *

*

 *
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A secondary measure of cellular thiol changes was performed with

CellTracker green 5-chloromethyl fluorescein diacetate (CMFDA, from

Molecular Probes) to assess the overall abundance of cellular reduced thiols

following acrolein treatment.  CMFDA is a cell permeable dye that is cleaved by

cytosolic esterases and conjugates (via a GST-mediated mechanism) to

intracellular reduced thiols, mainly (but not solely) to GSH due to its high

intracellular concentration.  Once bound inside the cell, CMFDA is no longer cell

permeable. Fluorescence was measured semi-quantitatively by flow cytometry.

In the histogram overlay (Figure 18) is shown a significant reduction of CMFDA

fluorescence with 20 and 40 µM acrolein by 31 and 47% respectively, as well as

with 1 mM diamide (positive control to oxidize thiols) by 57% compared to

control at 0.5 h.

Similar studies were performed with A549 cells, but with higher doses of

acrolein due to the cell’s increased hardiness in comparison to FL5.12 cells. At

0.5 h, 0-400 µM acrolein decreased CMFDA fluorescence in a dose-related

manner, with 2 mM diamide acting as a positive control.  Acrolein, 25 and 50µM,

decreased CMFDA fluorescence by 6 and 19% respectively.  Lethal doses of 100

and 200 µM acrolein decreased fluorescence by 28 and 47% respectively.  The

positive control, 2 mM diamide diminished fluorescence by 65%.  Although these

gave an indication of the overall reduced thiols in the cell, the fluorescence

changes were much smaller than those seen when measuring alterations in GSH

alone.  This indicated that CMFDA was a good qualitative measure of the

abundance of reduced protein thiols rather than soluble thiols like GSH.



103

Figure 18 Flow Cytometry Histogram of CMFDA in FL5.12 Cells at 0.5 h

One million FL5.12 cells were treated for 0.5 h with EBSS ± 20 or 40 µM

acrolein or 1 mM diamide.  Cells were then incubated for 15 min in 2 µM

CMFDA for detection of overall reduced cellular thiols.  Cells were rinsed and

resuspended in PBS and fluorescence was measured by flow cytometry.  The cell

count vs. log CMFDA histograms were overlaid for comparison of changing

fluorescence among samples, indicative of changing intracellular reduced thiol

levels.  This is a representative histogram of five experiments.
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Figure 19 Flow Cytometry Histogram of CMFDA in A549 Cells at 0.5 h

One million A549 cells were treated for 0.5 h with EBSS ± 0-400 µM acrolein or

2 mM diamide.  Cells were then incubated for 15 min in 2 µM CMFDA for

detection of overall reduced cellular thiols.  Cells were then fixed in 2%

formaldehyde and resuspended in PBS for fluorescence measurements by flow

cytometry.  The cell count vs. log CMFDA histograms were overlaid for

comparison of changing fluorescence among samples, indicative of changing

intracellular reduced thiol levels.  The EBSS control cells were identical to cells

treated with up to 100 µM acrolein and are expressed as ≤ 100µM in the

histogram.  This is a representative histogram of three independent experiments.
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Acrolein alters the concentration of GSH within 0.5 h in cells.  To identify

if acrolein was directly affecting GSH rather than indirectly reducing its

intracellular concentration, analytical techniques were employed.  Mass

spectrometry was utilized to determine acrolein’s direct effect on GSH and on its

individual amino acid components.  Molecular weights (MW) of individual

components and potential acrolein conjugate changes in size are listed in Table 6.

Acrolein and GSH were incubated in H2O a 1:1 ratio for 15 min/ RT and then

injected into an Electrospray Ionization - tandem Mass Spectrometer (ESI-

MS/MS) for analysis of mass changes.  GSH (MW: 307.3), as mentioned in the

Introduction, is a tripeptide comprised of glycine (MW: 75.1), cysteine (MW:

121.2), and glutamate (MW: 111).  Acrolein is a small molecule with a MW of

56.06.  In addition to the detected molecule’s MW, ESI adds a positive charge

(+1) to each measurable peptide’s weight.

The topmost spectrum in Figure 20A shows a charged GSH peak at 308

on the leftmost side of the spectrum.  To the right of 308 is a smaller 363.9 peak,

which is the size of one GSH plus one acrolein.  This spectrum also demonstrates

multiples of GSH, i.e. 614.7 for two GSH molecules, 921.6 for three GSH and so

on.

The middle spectrum (B) zoomed in on the 364 peak (GSH + acrolein)

and a tandem MS/MS (MS2) further analyzed the composition of that peak.  The

MS2 bombards a selected peak with energized ions in order to break apart any

unstable linkages and allow analysis of peptide components.  The lower spectrum

(Figure 20C) shows that acrolein most tightly binds to the cysteine component of
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GSH.  Peak 217 is a combination of glycine (75), cysteine (121), and acrolein

(56) [minus a water molecule (16) and an amine (18)].  A breakdown product of

the 217 peak is 178.9, which is a combination of cysteine and acrolein.  This

suggested that acrolein binds preferentially to the cysteine component of GSH, as

opposed to glycine or glutamate.

Acrolein’s attraction for cysteine individually rather than as a complex,

such as in GSH, demonstrated that acrolein tightly binds with cysteine (Figure

21). Figure 21 demonstrates that when acrolein is incubated with cysteine alone,

an adduct results. The full spectrum (A) shows cysteine at 122.0 and its acrolein

(57) adduct at 178.0.  A larger conjugate of two cysteines and one acrolein (minus

water) is also detectable at 280.9.  A zoom scan of the 178 peak is shown is B,

while a MS2 of 178 demonstrated the stability of the cysteine and acrolein

complex, removing only water from the conjugate (160.0) seen in Figure 21C.  A

very small peak at 122.0 was likely the cysteine molecule by itself.
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Table 6 Table of Possible Mass Sizes Present During Mass Spectrometry Analysis
of GSH or Amino Acids ± Acrolein

The above molecules were processed for ESI-MS/ MS analysis in search of

potential acrolein adducts (method described in the Materials & Methods section).

This Table demonstrates possible sizes of molecules alone or with acrolein.

Listed are the MW of each molecule, plus one ion from the ESI-MS/MS, plus

acrolein, and potential crosslinks with acrolein: 2 amino acids (a.a.) or GSH/ 1

acrolein vs. 1 a.a./ GSH + 2 acrolein molecules.  The numbers that are in bold

demonstrate detectable adducts by mass spectrometry shown in the following

Figures.

MW + H+ + Acrolein

Acrolein Crosslinks

2 a.a./ GSH        1 a.a./ GSH

1 Acrolein           2 Acrolein

Acrolein

GSH

Glycine

Cysteine

56.06

307.3

75.1

121.2

57

308

76

122

-

364

132

178

-                     -

671               420

207               188

299               234
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A. Full spectrum of GSH plus acrolein

B. Zoom scan of 364 (GSH plus acrolein)
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C. MS2 of 364 (GSH plus acrolein)

Figure 20 Mass Spectrometry Spectrums of GSH ± Acrolein

GSH was directly incubated with acrolein in a 1:1 ratio in H2O and analyzed by

ESI-MS/ MS for stability of adducts.  Tandem mass spectrometry revealed that

acrolein (MW: 56.06) stably interacted with the cysteine (MW: 121.2) portion of

GSH (MW: 307.3). Panel A is a full spectrum of GSH (MW: 307 and multiple of

GSH) plus acrolein (MW: 364 is GSH plus acrolein).  Panel B is a zoom scan of

peak 364 (GSH plus acrolein).  Panel C is a MS2 of peak 364 (GSH plus

acrolein), showing breakdown products of cysteine ± glycine plus acrolein (MW:

217 and 178 respectively).
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A. Full spectrum of cysteine plus acrolein

B.  Zoom scan of 178 peak
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C. MS2 of 178 peak

Figure 21 Mass Spectrometry Spectrums of Cysteine ± Acrolein

Cysteine was directly incubated with acrolein in a 1:1 ratio in H2O and analyzed

by ESI-MS/ MS for stability of adducts.  Tandem mass spectrometry revealed that

acrolein (MW: 56.06) stably interacted with cysteine (MW: 121.2) showing a

conjugate peak at MW: 178.  Panel A is a full spectrum of cysteine (MW: 122)

plus acrolein (MW: 178 is cysteine plus acrolein).  Panel B is a zoom scan of peak

178 (cysteine plus acrolein).  Panel C is a MS2 of peak 178 (cysteine plus

acrolein), showing cysteine plus acrolein minus water (MW: 160).
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4.2 ACROLEIN’S EFFECT ON PURE THIOREDOXIN

As confirmed above, acrolein is a chemical that is very reactive with

nucleophilic sites, particularly with GSH since it plays such a ubiquitous role in

maintaining cell growth and preventing death.  Although GSH is a very important

cellular component, its reducing action functions widely throughout the cell rather

than explicitly regulating certain cell pathways. At non-lethal doses, acrolein

appears to have distinct effects on cell signaling pathways, in particular

decreasing NF-kB and AP-1 DNA binding in A549 cells (Horton et al., 1999;

Biswal et al., 2002).  The effects on GSH lend an overall reducing atmosphere for

these transcription factors, but do not specifically regulate their activity.

However, another less concentrated reducing equivalent does affect these

transcription factors, thioredoxin (Trx).  Trx was therefore chosen for further

investigation into acrolein’s mechanism of action for several reasons:

1. Trx specifically regulates the reduction of NF-kB and AP-1 (through

Redox factor-1) to enable them to bind DNA. Acrolein has already been

shown to decrease the DNA binding of both transcription factors within

0.5 h (Horton et al, 1999; Biswal et al., 2002).

2. Trx is a redox regulating protein with other more specific cellular

functions and thus far has been shown to work in parallel to GSH.

3. The effect of reactive aldehydes, such as acrolein, on Trx is yet to be

shown.
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Initial studies to determine acrolein’s affect on Trx raised basic

experimental questions for accurate analysis of acrolein’s effect. The first

question was: If acrolein is as reactive as it appears to be, can it block the

immunoreactive Trx protein sites from being detected by Trx antibody or would a

change in protein levels be due to a loss of cellular Trx protein? Preliminary

studies were performed with pure human Trx to answer the former part of this

question (Figure 22).  Human recombinant Trx (0.5 nmol) was incubated with

0.5-5 nmol acrolein for 15 min at RT, mixed with SDS-PAGE loading buffer

(with and without the reducing component DTT), followed by processing for

SDS-PAGE and western blot.  Even loading of the gel was confirmed by staining

the gel with Coomassie blue (representative staining shown below the Trx probed

membrane).  Probing of the membrane with anti-Trx antibody demonstrated a loss

in immunoreactivity of the Trx monomer (12 kDa) and dimer (24 kDa) bands

with ≥ 1-fold acrolein dosing.  Trx immunoreactivity was partially recovered by

addition of DTT to the loading buffer.  Interestingly, a repeatable slight shift in

band MW was also noticed in the Trx monomer band when acrolein (MW: 56.06)

was combined with Trx (MW: 12,000), resulting in a slightly higher/ slower

running of Trx protein.  Due to the small size of acrolein in comparison to Trx,

this suggested a potential direct interaction of acrolein on multiple sites of Trx

protein.

To complete the antibody studies, the mouse polyclonal Trx antibody was

tested for its cross-reactivity with Trx from other species.  This antibody was non-

reactive with FL5.12 murine cells (Trx completely undetectable, data not shown)
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or E. coli forms of thioredoxin (Figure 23). The pure human Trx samples were

concentrated enough for the Trx antibody to recognize the monomer (12 kDa),

dimer (24 kDa), and trimer (36 kDa) species, with acrolein diminishing antibody

immunoreactivity (as already shown in Figure 22), first with the multimeric

species.
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                         Coomassie staining of identical gel- shown below

Figure 22 Acrolein’s Effect on Pure Human Trx Immunoreactivity

Pure human Trx (0.5 nmol) was incubated ± 0.5-5 nmol (1X-10X) acrolein for 15

min/ RT. SDS-PAGE loading buffer ± DTT was added to the samples which were

run on an 18% SDS-PAGE, transferred to a PVDF membrane, and probed with

anti-Trx antibody. Monomer Trx (12 kDa) and dimer Trx (24 kDa) are

demonstrated on the membrane.  Note a loss in immunoreactivity of Trx with

increasing acrolein and a slight shift in monomer molecular weight (MW) size

when Trx (MW: 12,000) was combined with acrolein (MW: 56.06).  The photo

below demonstrates a Coomassie stained gel following identical running

conditions of the gel transferred to probe for Trx.

Acrolein (nmol)     0      0.5      2.5      5       0        0.5       2.5       5
fold Acrolein                 1x        5x    10x               1x        5x      10x
DTT         -         -         -         -       +         +         +        +

Trx

Trx (dimer)
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Figure 23 Species Specificity of Trx Antibody.

Murine Trx antibody was tested for its cross-reactivity with E. coli specific

thioredoxin. Human or E. coli Trx (1 nmol) was incubated with 0-2 nmol acrolein,

loaded on an 18% SDS-PAGE, transferred to a PVDF membrane and probed for

Trx.  Due to the concentrated and the ability of Trx to auto-oxidize, the pure

human Trx, monomer (12 kDa), dimer (24 kDa), and trimer (36 kDa) Trx were

detectable.

Pure Trx (1 nmol)           Human                        E. coli   
Acrolein (nmol)   0         1         2                 0         1

14 kDa

21 kDa

30 kDa
46 kDa



117

Not only was immunoreactivity diminished when Trx was incubated with

acrolein, but functionality was also completely lost.  Measurement of Trx activity

using an insulin reduction assay (described in Materials and Methods)

demonstrated that acrolein completely inhibited Trx activity, below vehicle

control levels (data not shown).  The decrease below control was likely due to

acrolein’s ability to interact not only with Trx, but also with other reaction

components, such as TR and insulin.

4.3 ACROLEIN’S EFFECT ON THIOREDOXIN AND THIOREDOXIN REDUCTASE
IN A549 CELLS

Investigation of acrolein’s effect on cellular Trx was performed at early

timepoints (0.5, 2, and 4 h) to determine how Trx-related changes occurred in

comparison to decreased GSH.  In Figure 24, at 0.5 h following EBSS ± acrolein

treatment, there were low levels of basal Trx in control cells incubated only in

EBSS.  A small increase in Trx protein at 0.5 h was detected with 25 µM acrolein,

whereas doses > 50 µM acrolein, there was a loss in immunoreactive Trx.  By 2 h,

Trx protein levels in cells treated with ≤ 37.5 µM acrolein recover to control

levels.  Greater than 50 µM acrolein treatments maintained low Trx levels that

remained less than control to at least 4 h, potentially due to the toxicity of this

dose.

TR protein changes were also evaluated at the same timepoints (Figure

25).  At 0.5 h, 25 and 37.5 µM acrolein induced approximately a 1.5-fold increase

in TR protein, while 50 µM acrolein increased TR ~1.2 fold and 75 µM acrolein

reduced TR protein by 50%.  At 2 h, there was a dose-related decrease in TR
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protein by 37, 43, and 47% with 25, 37.5, and 50 µM acrolein, respectively.  With

acrolein doses ≤ 50 µM, TR recovered to or above control levels by 4 h.  Cells

treated with 75 µM acrolein maintained low levels of TR (~60% control) through

4 h, potentially due to the toxicity of this dose.
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Figure 24 Acrolein’s Effect on Immunoreactive Trx Protein in A549 Cells

A549 cells were treated with 0-200 µM acrolein for 0.5 h, followed by recovery

in complete media through 2 or 4 h. One hundred µg cell lysate was run on a 15

or 18% SDS-PAGE and transferred to a PVDF membrane for western blotting

with anti-Trx antibody.  Trx protein is 12 kDa.   These blots are representative of

three blots.

                              µM Acrolein                          o                                       
     0             25             50            100         200

2h

4h

                            µM Acrolein                             o
 0             25        37.5         50           75        100

0.5h
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A. Western blots

B. Densitometry of Bands
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Figure 25 Effect of Acrolein on TR Protein in A549 Cells at 0.5, 2, and 4 h

Cells were treated with 0-75 µM acrolein for 0.5 h, followed by recovery in

complete media through 2 or 4 h. Fifty µg cell lysate was run on a 12% SDS-

PAGE and transferred to a PVDF membrane for TR antibody probing.  TR

protein is 58 kDa.  Blots were reprobed with actin to normalize the bands and

calculate densitometry (B).  These blots are representative of three independent

experiments.
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Acrolein’s effect on the activities of Trx and TR were evaluated using an

insulin reduction assay (described in detail in the Materials and Methods section).

This assay measures the activity of Trx or TR through a continuously cycling

reaction detected spectrophotometrically through the oxidation of NADPH

(Figure 26).  Adding exogenous TR or Trx to the assay mixture allowed

measurement of the opposing enzyme concentration/ activity.

The activities of Trx and TR were measured after an initial 0.5 h treatment

with 0-100 µM acrolein or cells were allowed to recover in complete media

through 2 or 4 h. (Figures 27 and 28). Incubating the cells in EBSS counters the

effect of acrolein interacting with media components, however it also appears to

slightly enhance Trx and TR control levels to maintain cell homeostasis.  An

acrolein dose of 25 µM caused a decrease in Trx and TR, respectively, 90 and 75

% at 0.5 h, with recovery to control levels by 2 h for Trx and 4 h for TR

respectively.  Acrolein doses below 50 µM recovered to control levels of Trx

within 2 h, while TR recovery required 4 h to return to normal levels of activity.

Doses of 75 and 100 µM acrolein maintained low levels of TR throughout 4 h.
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             Trx-SH2 + Insulin-S2             Trx-S2 + Insulin-SH2

             TR

             Trx-S2 + NADPH                   Trx-SH2 + NADP+

Figure 26 Cycling Reaction in the Trx/ TR Insulin Reduction Assay

The insulin reduction assay is a continuous cycling reaction that measures the

activity of Trx or TR through the oxidation of NADPH to NADP+ at 340 nm.

Adding Trx or TR to the reaction mixture allows measurement of the

concentration/ activity of the opposing agent (TR or Trx, respectively).
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Figure 27 Acrolein’s Effect on Trx Activity at 0.5, 2, and 4 h

One million A549 cells were treated with EBSS ± acrolein for 0.5 h followed by

recovery in complete media through 2 or 4 h.  Cells were freeze-thawed and

completely lysed in 0.1% Triton/ PBS followed by mixing with reaction

components. An insulin reduction assay was used to measure [Trx]

spectrophotometrically to detect a ∆Abs/ min at 340 nm over 5 min, measuring

the oxidation of NADPH to NADP+.  Sample results were compared to pure

standards and normalized to protein. Data are expressed as the mean nmol Trx/

mg protein/ min of five individual experiments ± SE.  *Significantly different

from 0 µM acrolein (p < 0.05).
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Figure 28  Acrolein’s Effect on TR Activity in A549 Cells at 0.5, 2, and 4 h.

One million A549 cells were treated with EBSS ± acrolein for 0.5 h followed by

recovery in complete media through 2 or 4 h.  Cells were freeze-thawed and

completely lysed in 0.1% Triton/ PBS followed by mixing with reaction

components. An insulin reduction assay was used to measure [TR]

spectrophotometrically to detect a ∆Abs/ min at 340 nm over 5 min, measuring

the oxidation of NADPH to NADP+.  Sample results were compared to pure

standards and normalized to protein. Data are expressed as the mean pmol TR/ mg

protein/ min of five individual experiments ± SE.  *Significantly different from 0

µM acrolein (p < 0.05).
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4.4 TRANSFECTION OF A549 CELLS TO ALTER TRX LEVELS

4.4.1 Preparation For and Transfection of A549 Cells

Since acrolein appeared to be affecting the Trx pathway, we wanted to

alter intracellular Trx levels to determine the importance of this pathway in

enhancing or preventing acrolein-mediated cytotoxicity.  This was investigated by

developing DNA with sense vs. antisense Trx and stably transfecting A549 cells

with the vectors to determine if a reduction in Trx levels would affect signaling

pathways or enhance acrolein-mediated cytotoxicity.

A mammalian vector was built from components of a bacterial vector and

a commercially available mammalian plasmid.  The pBluescript KS+ hTrx

bacterial vector containing a human Trx (hTrx) insert (Figure 29) was a generous

gift to our lab from Dr. Garth Powis (Arizona Cancer Center). T3 and T7

promoters were used as priming regions for sequencing of the DNA. Sca I

restriction enzyme cleaved at one site in the ampicillin (amp) resistance region of

the plasmid and was used to verify plasmid size.  The hTrx insert was excised

from the plasmid using Not I restriction enzyme at both ends of the insert.

Insert DNA (hTrx) DNA was incorporated into a plasmid DNA 3.1-N

terminal-green fluorescent protein (pDNA-NT-GFP) eukaryotic vector (Figure 30,

from Invitrogen Corp.) for transfection into A549 cells to form pDNA-NT-GFP-

Trx (Figure 31).  The vector contained a cytomegalovirus (CMV) promoter,

neomycin resistance, and T7 promoter and bovine growth hormone (BGH)

priming regions for sequencing.  Trx was cloned into the Not I restriction site in

the multiple cloning site (MCS) region of the vector.
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Figure 29 pBluescript KS+hTrx Bacterial Vector Containing the Human
Thioredoxin  (hTrx) Insert

pBluescript KS+ hTrx DNA bacterial vector containing the human Trx insert

(hTrx) was obtained from Dr. Garth Powis for manipulation of hTrx to be inserted

into a eukaryotic vector. The hTrx fragment was removed from the vector on

either end using the Not I restriction enzyme.  Sca I restriction site was used to

linearize the vector once in the ampicillin region for verification of plasmid size.

T3 and T7 promoter sites were used for sequencing of the vector at either end of

the plasmid.
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Figure 30 Plasmid Map of cDNA3.1-NT-GFP/ Neo Control Mammalian Vector

pDNA-NT-GFP was used as a mammalian vector for insertion of the hTrx

fragment and transfection into A549 cells.  The vector contains CMV promoter,

neomycin resistance, and BGH priming region used for sequencing.  hTrx was

cloned into the Not I restriction site in the multiple cloning site (MCS) of the

vector.
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Figure 31 Plasmid Map of cDNA3.1-NT-GFP-hTrx with Trx in the Antisense
Conformation

pDNA-NT-GFP-Trx was formed by ligating pDNA-NT-GFP with the Trx

component of pBlue-hTrx, with the Trx insert in the antisense orientation. The

vector contains the same components as mentioned in Figure 30, except for the

addition of the hTrx insert. The sense conformation of the Trx containing plasmid

would consist of the Trx insert oriented in the opposite direction of that shown, in

alignment with GFP.
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Vectors were transformed in E. coli as described in the Materials and

Methods section, isolated and amplified in LB-amp media, and purified for

assessment of DNA concentration and overall purity.  The bacterial (pBlue-hTrx)

and mammalian vectors (pDNA-NT-GFP) were cut by restriction enzyme Not I or

Sca I and run on a 1% agarose-TBE gel for verification of plasmid size and purity

(Figure 32). Uncut DNAs were run alongside the digested DNAs to visually

assess purity of the amplified plasmids.  When uncut, DNAs run at varying length

due to its overall conformation, supercoiled DNA running the fastest (the lower

band) and circular DNA running slower (the topmost band). The pBlue-hTrx

plasmid cut once with Sca I in the ampicillin region and twice in the MCS with

Not I around the hTrx insert (403 basepairs/ bp), leaving plasmid sizes of 3364

and 2961 bp, respectively.  The pDNA-NT-GFP vector cut once with both

restriction enzymes, demonstrating a size of 6160 bp with both enzymes.

Digested DNAs ran at the appropriate length and were processed for further

manipulation.
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Figure 32 Restriction Digestion of pBlue-hTrx and pDNA-NT-GFP

pBlue-hTrx and pDNA-NT-GFP plasmids (200 ng) were digested with Not I or

Sca I restriction enzymes for 2 h at 37°C.  Following digestion, DNAs were

mixed with 6X loading buffer and loaded on a 1% agarose/ ethidium bromide gel

and run alongside a 1 kb ladder in TBE for ~4 h at 100 V.  Visualization of DNA/

ethidium bromide bands was captured using a MultiImage Light Cabinet and

ChemiImager v.5.5 software (Alpha Innotech Corp., San Leandro, CA).

            pBlue-hTrx                    pcDNA-NT-GFP
     Not I   Sca I   none   1 kb   Not I   Sca I    none

kb

10
8
6
5
4

3

2

1.5

1
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Following verification of the DNA sizes and purity, pBlue-hTrx DNA was

digested with Not I restriction enzyme to cleave the hTrx insert for ligation into

the pcDNA-NT-GFP vector.  Following gel extraction and purification, the insert

DNA (hTrx) was ligated to the mammalian vector at the Not I site in varying

ratios of insert to vector DNA to allow the insert to orient itself in either the sense

or antisense position.  Following ligation, 11 plasmids were evaluated for study

and further selection was based on their size following Sca I restriction digestion

(Figure 33).  Those containing the insert were 403 bp larger than the mammalian

vector by itself: 6160 bp without the insert or 6563 bp containing the insert.

DNAs that did not have the correct plasmid length following digestion (numbers

2, 3, 8, 10, and 11) were removed from further use.  DNAs (numbers 1, 4, 5, 6, 7,

and 9) that were the correct length were processed for sequencing using a BGH

primer.  To compare sequences, the pBlue-Trx vector was also sequenced from

either side of the hTrx insert, using the T3 and T7 promoter sites as priming sites

(Figure 34).  DNA #1 was a self-ligation of pcDNA-NT-GFP to serve as a Neo

vector and its sequence was confirmed against the Invitrogen reported sequence

of the plasmid (sequence not shown).  Resulting sequences of ligations performed

with the insert are listed below in Figures 35 (for Trx sense orientation) and 36

(for Trx antisense orientation).  The DNA position where the BGH primer loaded

on the DNA was close to the Not I cleavage site and therefore the DNA sequence

prior to the Trx insert (underlined region) was loosely interpreted by the

sequencer.  The important part of the sequence, the portion containing the Trx
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reading frame (the underlined portion), was identical among all of the DNAs

analyzed.
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Figure 33 Agarose Gel Analysis of pcDNA-NT-GFP ± Trx Ligations Digested
with Sca I Restriction Enzyme

pDNA-NT-GFP ± hTrx insert ligation DNA numbers 1 through 11 (6160 or 6563

bp) were digested with Sca I restriction enzymes for 2 h at 37°C.  Following

digestion, DNAs were mixed with 6X loading buffer and loaded on a 1% agarose/

ethidium bromide gel and run alongside a 1 kb ladder in TBE for ~4 h at 100 V.

Visualization of DNA/ ethidium bromide bands was captured using a MultiImage

Light Cabinet and ChemiImager v.5.5 software. Lane numbers are defined by

their vector pDNA-NT-GFP to Trx insert  as follows: 1:0 (yielded clone 1/ Neo

vector),1:1 (yielded clones #2,3), 1:2 (yielded clones #4, 5, 6), 1:3 (yielded clones

#7, 8) , 2:1 (yielded clones #9, 10, 11), and 3:1 (yielded clones #12, 13).

 1       2       3       4       5       6      1kb    7       8       9     10      111kb

10

8

6
5

4

3
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Figure 34 Priming Locations Used for Sequencing of DNAs

DNAs were sequenced, as described in the Materials and Methods section, to

determine the orientation of the Trx insert in the mammalian vector.  The bacterial

plasmid, pBlue-hTrx, was sequenced using primers at the T3 and T7 promoter

regions to demonstrate forward vs. reverse DNA sequences, respectively.  pDNA-

NT-GFP ligated with the Trx insert was sequenced using a BGH reverse primer.

The orientation of the insert in pDNA-NT-GFP was compared to the sequences

determined from the pBlue-hTrx bacterial vector.
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GCGGCGCGCCAATGCGCTGGTTATGTTTTCAGAAAACATGATTAGACT
GCGGTCGCGCCACTGGATGGTTATGTTTTCAGAAAACTCGATTAGACT
Not I cleavage     Stop

AATTCATTAATGGTGGCTTCAAGCTTTTCCTTATTGGCTCCAGAAAATT
AATTCATTAATGGTGGCTTCAAGCTTTTCCTTATTGGCTCCAGAAAATT

CACCCACCTTTTGTCCCTTCTTAAAAAACTGGAATGTTGGCATGCATTT
CACCCACCTTTTGTCCCTTCTTAAAAAACTGGAATGTTGGCATGCATTT

GACTTCACACTCTGAAGCAACATCCTGACAGTCATCCACATCTACTTC
GACTTCACACTCTGAAGCAACATCCTGACAGTCATCCACATCTACTTC

AAGGAATATCACGTTGGAATACTTTTCAGAGAGGGAATGAAAGAAAG
AAGGAATATCACGTTGGAATACTTTTCAGAGAGGGAATGAAAGAAAG

GCTTGATCATTTTGCAAGGCCCACACCACGTGGCTGAGAAGTCAACTA
GCTTGATCATTTTGCAAGGCCCACACCACGTGGCTGAGAAGTCAACTA

CTACAAGTTTATCACCTGCAGCGTCCAAGGCTTCCTGAAAAGCAGTCT
CTACAAGTTTATCACCTGCAGCGTCCAAGGCTTCCTGAAAAGCAGTCT

TGCTCTCGATCTGCTTCACCATCTTGGCTGCTGAAAACTGACGAGCGG
TGCTCTCGATCTGCTTCACCATCTTGGCTGCTGAAAACTGACGAGCGG

       Start

CGCGACCGCACTGCAGTGCGGCCGC
CGCGACCGCACTGCAGTGCGGCCGC

Not I cleavage
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Figure 35 DNA Sequences of pBlue-hTrx and pDNA-NT-GFP-hTrx Plasmids
with Trx in the Sense Orientation

DNAs pBlue-hTrx and pDNA3.1-NT-GFP-hTrx were sequenced as described in

the Materials and Methods section using a T3 forward or BGH reverse primer,

respectively.  The T3 and BGH primers sequenced the plasmid beginning at the

Not I cleavage sites through the stop codon of Trx insert, start codon of the Trx

and to the opposing Not I cleavage site. The top series of bases is the sequence

derived from pBlue-hTrx, while the lower set of bases is from pDNA3.1-NT-

GFP-Trx ligation #9 (Trx-9).  The sequences are aligned beginning with the end

of the BGH priming site of pDNA3.1-NT-GFP-Trx backward towards the GFP

coding region.
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CGGCCGCACTGCAGTGCGGTCGCGCCGCTCGTCAGTTTTCAGCAGCCA
CGTTTGCACTGCAGAGCGGTCGCGCCGCTCGTCATCTTTCAGCAGCCA
CCCTCTAGACTCGAGCGGCCGCGCCGCTCGACAGACTCGAGCAGCCA
CCCTCTAGACTCGAGCGGTCGCGCCGCTCGACAGACTCGAGCAGCCA
CTGCCGCACTGCAGTGCGGTCGCGCCGCTCGTCAGTTTTCAGCAGCCA
Not I Cleavage

AGATGGTGAAGCAGATCGAGAGCAAGACTGCTTTTCAGGAAGCCTTG
AGATGGTGAAGCAGATCGAGAGCAAGACTGCTTTTCAGGAAGCCTTG
AGATGGTGAAGCAGATCGAGAGCAAGACTGCTTTTCAGGAAGCCTTG
AGATGGTGAAGCAGATCGAGAGCAAGACTGCTTTTCAGGAAGCCTTG
AGATGGTGAAGCAGATCGAGAGCAAGACTGCTTTTCAGGAAGCCTTG
       Start

GACGCTGCAGGTGATAAACTTGTAGTAGTTGACTTCTCAGCCACGTGG
GACGCTGCAGGTGATAAACTTGTAGTAGTTGACTTCTCAGCCACGTGG
GACGCTGCAGGTGATAAACTTGTAGTAGTTGACTTCTCAGCCACGTGG
GACGCTGCAGGTGATAAACTTGTAGTAGTTGACTTCTCAGCCACGTGG
GACGCTGCAGGTGATAAACTTGTAGTAGTTGACTTCTCAGCCACGTGG

TGTGGGCCTTGCAAAATGATCAAGCCTTTCTTTCATTCCCTCTCTGAAA
TGTGGGCCTTGCAAAATGATCAAGCCTTTCTTTCATTCCCTCTCTGAAA
TGTGGGCCTTGCAAAATGATCAAGCCTTTCTTTCATTCCCTCTCTGAAA
TGTGGGCCTTGCAAAATGATCAAGCCTTTCTTTCATTCCCTCTCTGAAA
TGTGGGCCTTGCAAAATGATCAAGCCTTTCTTTCATTCCCTCTCTGAAA

AGTATTCCAACGTGATATTCCTTGAAGTAGATGTGGATGACTGTCAGG
AGTATTCCAACGTGATATTCCTTGAAGTAGATGTGGATGACTGTCAGG
AGTATTCCAACGTGATATTCCTTGAAGTAGATGTGGATGACTGTCAGG
AGTATTCCAACGTGATATTCCTTGAAGTAGATGTGGATGACTGTCAGG
AGTATTCCAACGTGATATTCCTTGAAGTAGATGTGGATGACTGTCAGG

ATGTTGCTTCAGAGTGTGAAGTCAAATGCATGCCAACATTCCAGTTTTT
ATGTTGCTTCAGAGTGTGAAGTCAAATGCATGCCAACATTCCAGTTTTT
ATGTTGCTTCAGAGTGTGAAGTCAAATGCATGCCAACATTCCAGTTTTT
ATGTTGCTTCAGAGTGTGAAGTCAAATGCATGCCAACATTCCAGTTTTT
ATGTTGCTTCAGAGTGTGAAGTCAAATGCATGCCAACATTCCAGTTTTT
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TAAGAAGGGACAAAAGGTGGGTGAATTTTCTGGAGCCAATAAGGAAA
TAAGAAGGGACAAAAGGTGGGTGAATTTTCTGGAGCCAATAAGGAAA
TAAGAAGGGACAAAAGGTGGGTGAATTTTCTGGAGCCAATAAGGAAA
TAAGAAGGGACAAAAGGTGGGTGAATTTTCTGGAGCCAATAAGGAAA
TAAGAAGGGACAAAAGGTGGGTGAATTTTCTGGAGCCAATAAGGAAA   

AGCTTGAAGCCACCATTAATGAATTAGTCTAATCATGTTTTCTGAAAA
AGCTTGAAGCCACCATTAATGAATTAGTCTAATCATGTTTTCTGAAAA
AGCTTGAAGCCACCATTAATGAATTAGTCTAATCATGTTTTCTGAAAA
AGCTTGAAGCCACCATTAATGAATTAGTCTAATCATGTTTTCTGAAAA
AGCTTGAAGCCACCATTAATGAATTAGTCTAATCATGTTTTCTGAAAA

         Stop

CATAACCAGCGCATTGGCGCGCCGC
CATAACCAGCCATTGGCGCGGCCGC
CATAACCAGCCATTGGCGCGGCCGC
CATAACCAGCCATTGGCGCGGCCGC
CATAACCAGCCATTGGCGCGGCCGC

Not I Cleavage

Figure 36 DNA Sequences of pBlue-hTrx and pDNA-NT-GFP Plasmids with Trx
in the Antisense Orientation

DNAs pBlue-hTrx and pDNA3.1-NT-GFP-xrT (antisense) were sequenced using

a T7 or BGH reverse primer, respectively, to sequence the plasmid between Not I

restriction sites, from the start codon of the Trx insert backwards toward its stop

codon. The series of base sequences are as follows from top to bottom: pBlue-

hTrx bacterial vector, pDNA3.1-NT-GFP-with DNA #4 (xrT-4), pDNA3.1-NT-

GFP with DNA #5 (xrT-5), pDNA3.1-NT-GFP with DNA #6 (xrT-6), and

pDNA3.1-NT-GFP with DNA #7 (xrT-7). The sequences are aligned beginning

with the end of the BGH priming site of pDNA3.1-NT-GFP-Trx backward

towards the GFP coding region.
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4.4.2 Characterization of Transfected A549 Cells

The above DNAs containing pDNA-NT-GFP ± Trx were stably

transfected into A549 cells using Fugene lipofection/ liposome mediated

transfection, as described in the Materials and Methods section.  Following

transfection and selection for transfected cells by adding geneticin to the media,

cells were analyzed for incorporation of the transfected DNA by RNA extraction,

RT-PCR and PCR with DNA specific primers, T7 and BGH (Figure 37).  Positive

controls were made by amplifying pure ligation DNA [for the neo vector (1) and

Trx containing vector (9)] with the above primers.  Amplified DNAs were run on

a 1% agarose-TBE gel and visually analyzed for expected DNAs.  As shown on

the gel, DNAs were present in cells transfected with the vector 1 (Neo) and

antisense vectors 4 (xrT-4), 6 (xrT-6), and 7 (xrT-7).  Cells transfected with

DNAs 5 and 9 did not incorporate the transfected DNA, removing an antisense

transfection and the only sense transfection.  Antisense cells lines xrT-4, xrT-6,

and xrT-7 were analyzed for their Trx or TR activities and protein levels

compared to untransfected or Neo transfected cell lines.

The initial purpose of using a vector to form a GFP fused Trx was to

enable us to follow the distribution of transfected Trx following toxicant

exposure.  However, the GFP fluorescence contained in this vector was non-

functional and fluorescence was not detectable.  Characterization of the clones by

alterations in Trx activity confirmed that transfection caused a change in Trx

functionality, however the GFP component of it was ineffective.
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Figure 37  RNA Extraction, RT-PCR, and PCR of Transfected and Untransfected
A549 Cells

A549 and transfected cells were analyzed for incorporation of transfected DNA:

pDNA-NT-GFP (empty vector/ DNA) or pDNA-NT-GFP containing the Trx

insert (DNA plus Trx).  RNA was extracted from five million cells, reverse

transcribed, and amplified with T7 forward and BGH reverse primers.  Resultant

DNA was run in a 1% agarose-TBE gel.  cDNAs NT-GFP (1) and NT-GFP-Trx

(9) were amplified by PCR alongside cell-derived cDNAs to serve as positive

controls.  A 1 kb ladder was run along with samples for size comparisons. Lanes

are Neo (1) and pDNA-NT-GFP-Trx (9) positive controls, A549 cells, Neo (1),

xrT-4 (4), xrT-5 (5), xrT-6 (6), xrT-7 (7), and Trx-9 (9) transfected cells from the

left to right side of the gel

  1kb   (+) ctl                 Transfected Cells           _    
             1      9    A549  1       4        5       6        7       9

DNA

DNA+Trx

kb

1.5
1

0.5
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A549 cells (not untransfected) and transfected cells were analyzed for

alterations in Trx protein by western blot analysis (Figure 38).  Densitometric

analysis revealed decreased Trx protein in all transfected clones containing the

antisense Trx insert in comparison to untransfected A549 cells and Neo

transfected cells. xrT-5 had the lowest amount of Trx protein, although the cDNA

was detectable in the cellular DNA by RT-PCR and PCR.  Cell lines xrT-4 and

xrT-6 also had low levels of Trx protein, 60 and 40% respectively.

TR protein levels were unchanged in Neo or xrT-4 transfected cells,

however it was enhanced in xrT-5, xrT-6, and xrT-7 cell lines (Figure 39).  This

suggested that the transfection may have taken place in a region that alters TR

protein levels rather than or in addition to Trx protein, potentially as an effect on

the TR promoter.

The Trx and TR activities in the transfected cell were analyzed to assess

the functionality of cells transfected with antisense Trx (Figure 40).  Significantly

decreased levels of Trx activity were seen in cell lines xrT-4, xrT-5, and xrT-6.

Interestingly, xrT-6 cells had insignificantly reduced TR activity along with

reduced Trx and xrT-7 cells had only reduced TR activity.

Northern blot analysis revealed minimal changes in either Trx or TR

mRNA levels (Figure 41), suggesting that the antisense effect was a post-

translational alteration in activities of these two enzymes, meaning that antisense

Trx did not disrupt the generation of Trx but did disrupt its overall protein level

and activity.
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Figure 38 Western Blot of Trx Protein in Transfected vs. Untransfected A549
Cells

Cell lysate was collected from each clone during log phase growth.  Lysate (100

µg) was run on a 15 or 18% SDS-PAGE and transferred to a PVDF membrane for

western blotting with anti-Trx antibody (12 kDa).   These blots are representative

of three blots.
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Figure 39 Western Blot of Thioredoxin Reductase Protein in Transfected vs.
Untransfected A549 Cells

Cell lysate was collected from each clone during log phase growth.  Lysate (50 µg

protein) was run on a 12% SDS-PAGE and transferred to a PVDF membrane for

western blotting with anti-TR antibody.  Blots were normalized to actin and

expressed densitometrically.  These blots are representative of three blots.
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Figure 40 Trx and TR Activities in Transfected A549 Cells.

Trx (black bars) and TR (white bars) activities were measured in one million

A549 cells.  Cells were freeze-thawed and completely lysed in 0.1% Triton/ PBS

followed by mixture with reaction components. An insulin reduction assay was

used to measure [TR] spectrophotometrically to detect a ∆Abs/ min at 340 nm

over 5 min, measuring the oxidation of NADPH to NADP+.  Sample results were

compared to pure standards and normalized to protein. Control values were 60

nmol Trx/ mg protein/ min and 20 pmol TR/ mg protein/ min.  Data are expressed

as a mean percent A549 ± SE compared in four independent experiments.

*Significantly different from A549 control (p < 0.05).
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Figure 41 Northern Blot of Trx, TR, and GADPH mRNA in A549 vs. Transfected
Cells

RNA was extracted and purified from five million cells as described in the

Materials and Methods section.  RNA (25 µg) was run on a 1% agarose-

formaldehyde gel, transferred to a nylon membrane, and probed with a 32P-labeled

cDNA of interest.  Changes in mRNA were normalized to GAPDH.  Northern

blot bands are expressed in A while densitometry of those bands (normalized to

GAPDH) is expressed in B.
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Cell proliferation among cell lines was assessed using an AlamarBlue

proliferation assay (Figure 42).  Comparison of cell proliferation over 120 h

demonstrated that clone xrT-6 had significantly reduced proliferation (by > 50 %)

in comparison with untransfected and Neo/ xrT-4/ xrT-5 transfected cell lines.

Cell line xrT-4 was the only antisense cell line with the DNA construct

incorporated into A549 cells, maintained proliferation, and had changes in Trx

alone (rather than in both Trx and TR).  Further studies were therefore continued

in this cell line.  A general description of each clone’s characteristics is

summarized in Table 7.
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Figure 42 Alamar Blue Comparison of Clone Proliferation

Cellular proliferation was monitored using 10% AlamarBlue (a nontoxic dye),

which is added directly to cell media.  AlamarBlue is a dye that is reduced by

actively dividing cells and can be measured fluorometrically at ex. 560 and em.

590 using a plate reader. Samples were compared to untreated control and

expressed as a percent control.  Data represent a mean ± SE of three independent

experiments. * Signifies statistically significant differences in proliferation

compared to Neo or A549 (not transfected) cells.
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Clones
Cell

Proliferation
Trx TR ATP

xrT-4 - -
xrT-5 - - -
xrT-6

xrT-7 - - -
Trx-9 - - - -

Table 7 Features of Sense vs. Antisense Trx Clones

This table outlines alterations in plasmids created to evaluate Trx’s function in

acrolein-mediated toxicity.  Characteristics include changes noted in cell

proliferation, Trx, TR, and ATP.
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4.5 SENSITIVITY OF ANTISENSE TRX CELLS TO ACROLEIN-INDUCED DEATH

With Trx reduced in antisense cells, it was expected that these cells would

have an enhancement of acrolein-induced cell death in comparison to A549 or

Neo transfected cells.  The possibility also existed that by altering a prominent

redox pathway, Trx, the mode of cell death would shift from an oncotic/ necrotic

response to a more apoptotic mode.  Morphological assessment of cell death at 8

h following acrolein treatment showed that xrT-4 cells exhibited less cell

proliferation, indicated by less dense cell coverage in comparison to A549 and

Neo cells (Figure 43).  And more cell death was apparent in xrT-4 cells compared

to A549 or Neo transfected cells, demonstrated by the cells detaching from the

plate and their plasma membrane edges becoming less defined.

Caspase-3 activity was measured as a marker of apoptosis at 24 h

following acrolein treatment in A549, Neo and xrT-4 cells lines to determine if

reduced Trx in xrT-4 would enhance either the inhibition of caspase-3 activity by

acrolein or induce caspase activity due to the cell’s modification of the Trx

pathway (Figure 44).  As seen before in FL5.12 cells, the lowest dose of acrolein

(25 µM) had an insignificant increase in caspase-3 activity in all cell lines, while

the highest doses (50 and 75 µM) significantly decrease caspase-3 activity, also in

all cell lines.  A comparison of caspase-3 activity changes between cell lines, but

within a treatment demonstrated no significant difference among cell lines in their

response to acrolein-mediated caspase-3 inhibition.  The lack of caspase activity

differences in xrT-4 cells demonstrated that reduced Trx did not shift the cells to

an apoptotic mode of death, but enhanced the oncotic/ necrotic death commonly
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seen following acrolein treatment.  Therefore, a change in Trx is not responsible

for acrolein’s main mode of cell death.
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Figure 43 Morphological Detection of Cell Death in A549, Neo and xrT-4 Cells at
8h

Morphological changes in cell shape and size were examined microscopically as

described in the Materials and Methods section.  Changes in cell proliferation

were noted among cells.  Characteristics of death were based on descriptions from

Duke and Cohen (1992).
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Figure 44 Caspase-3 Activity in A549, Neo, and xrT-4 Cells at 24 h Following
Acrolein tTreatment

Caspase-3 activity was measured in A549, Neo, and xrT-4 cells after 24 h

recovery in complete media following an initial 0.5 h acrolein treatment.

Caspase-3 activity was measured in lysate of one million cells by the cleavage of

a caspase specific tetrapeptide, Ac-DEVD-amc.  Cleaved amc was measured

fluorometrically at ex. 360 and em. 450 in a microplate reader.  Samples are

represented as a mean percent control ± SE of three independent experiments.

*Signifies statistical significance compared to control with a p < 0.05.
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Another measure of cell death is cellular levels of ATP following toxicant

treatment. Acrolein-mediated oncosis/ necrosis can be measured through a

reduction in ATP levels following acrolein treatment.  However, it was noticed in

antisense clones xrT-4 and xrT-6 that endogenous ATP levels were significantly

higher than A549 untransfected or Neo transfected cells.  The increase in ATP is

likely due to a compensatory mechanism in the cells due to a depression of Trx

activity, thus giving the cells a partially protective effect against acrolein-

mediated toxicity.  It was interesting to note that the cell line xrT-7, which has

only depressed TR did not have an increase in ATP levels, suggesting that ATP

alterations were linked to modification of intracellular Trx.

This modulation in ATP (Figure 45) did not result in a recovery of

caspase-3 activity (Figure 44), signifying that acrolein’s mode of cell death is

likely due to either involvement of other pathways in the cell or a direct affect of

acrolein on multiple cellular components.  To identify potential proteins and

pathways involved, MALDI-TOF was used as a search engine for Trx and TR

immunoprecipitated proteins from A549 cells (Table 8).  Several proteins were

identified as potential Trx or TR interactive proteins, although confirmation of

their actual role in Trx and TR regulated pathways remains to been shown.
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Figure 45 Basal ATP Levels in A549, Neo, xrT-4, xrT-5, and xrT-7 Cells

Basal ATP levels were measured from one million cells collected during log

phase growth.  ATP was calculated by the conversion of luciferase to luciferin in

a luminometer. Luminescent readings were calculated compared to pure ATP

standards, normalized to protein and expressed as a percent control. Samples are

represented as a mean percent control ± SE of three independent experiments.

*Signifies statistical significance compared to A549 control with a p < 0.05.
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Immunoprecipitation Antibody Proteins from Digested Peptides

Thioredoxin N-Cadherin

Carboxypeptidase N

Sp110 Nuclear Body Protein/

      Interferon-Induced Protein 75

AMP Deaminase

Interleukin-13

ATP Binding Casette Transporter G1

Thioredoxin Reductase Histone 4 Protein

b-actin

Interferon-related Developmental

               Regulatory Protein –1

Importin-4/ Karyopherin

Ribosomal-like Protein

Integrin b8-like Protein

H-Cadherin
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Table 8 Identification of Trx or TR Interactive Proteins by MALDI-TOF

Trx and TR interactive proteins were processed from immunoprecipitation

of A549 cell lysate with the respective antibodies as described in the Materials

and Methods.  Following separation in an SDS-PAGE gel, protein bands were

excised and processed for chymotryptic digestion, followed by analysis by

MADLI-TOF.  Listed are proteins derived from digested peptides that may have a

relationship with Trx or TR.
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4.6 ANTISENSE THIOREDOXIN’S EFFECT ON TRANSCRIPTION FACTORS

4.6.1. Basal Levels of Transcription Factor DNA Binding in Transfected
Cells

The basal levels of DNA binding of transcription factors p53,

glucocorticoid receptor (GR), NF-kB and AP-1 were assessed by electrophoretic

mobility shift assay (EMSA) due to their regulation by Trx pathways and

functional importance in maintaining cell growth processes in response to changes

in cellular redox status.  Overall, there was no change in DNA binding of any of

the above transcription factors in transfected clones xrT-4 (4), xrT-5 (5), and xrT-

6 (6) compared to untransfected (A) or Neo (1) transfected A549 cells (Figures

46).  Neo transfected cells demonstrated decreased NF-kB DNA binding in this

Figure, although repetition of the experiment demonstrated no change in its

binding, suggesting an aberrant result from this experiment.  Band specificity was

determined by using unlabeled oligonucleotides to block DNA binding with 32P

labeled oligonucleotides (data not shown)
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B. NF-kB and GR EMSA

Figure 46 Basal DNA Binding of AP-1, p53, NF-kB, and GR

Analysis of basal DNA binding of AP-1 and p53 (A), NF-kB and GR (B) were

analyzed during log phase growth of three million cells: A549 (A), Neo (1), xrT-4

(4), xrT-5 (5), and xrT-6 (6). Nuclear extracts were prepared as described in the

Materials and Methods section.  Nuclear extract (20 µg) was mixed with 32P-

labeled oligonucleotides specific for each transcription factor, run on a 5 %

acrylamide-TBE gel, vacuum dried, and exposed to Biomax MR film for analysis

of DNA binding.

4.6.2. Acrolein’s Effect on NF-kB and AP-1 in Antisense Trx Cells

Following complete characterization of transfected cells, the antisense cell

line xrT-4 was selected for continuation of studies on acrolein molecular and

cytotoxic effects.  Cell line xrT-4 was selected for use in detailed studies for the

following reasons:

1. The cell line contained detectable levels of the transfected DNA construct

(measured by RT-PCR and PCR).

2. Trx activity and protein was decreased.

3. TR activity and protein were insignificantly changed.



165

4. Cell proliferation was maintained compared to A549 (not transfected) or

Neo transfected cells.

Since the DNA binding of transcription factors NF-kB and AP-1 were

decreased by acrolein (Horton et al., 1999, Biswal et al., 2002), their activities in

antisense xrT-4 cells compared to A549 untransfected and Neo transfected cells

were investigated. Figure 47 shows that AP-1 DNA binding is reduced at 2 h with

> 25 µM acrolein treatment, but returns to basal levels with < 37.5 µM acrolein

by 4 h.  Antisense xrT-4 cells had diminished recovery of AP-1 at 4 h in

comparison to A549 or Neo cells.

Figure 48 shows that increasing doses of acrolein effectively decreased

NF-kB DNA binding within 0.5 h.  DNA binding recovered to EBSS control

levels in < 37.5 µM acrolein treated cells by 4 h in A549 and Neo transfected

cells.  However, recovery of DNA binding at 2 and 4 h following ≥ 25 µM

acrolein was diminished in xrT-4 transfected cells. Since cytotoxicity does not

become apparent until at least 8 h, these data display molecular effects that are

likely involved in signaling the cell to die.
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Figure 47 AP-1 DNA Binding in Acrolein Treated A549, Neo, and xrT-4 Cells at
2 and 4 h.

Cells were treated with 0-75 µM acrolein or 1 mM diamide (D) for 0.5 h followed

by recovery in complete media through 2 or 4 h. Nuclear extracts were prepared

as described in the Materials and Methods section.  Nuclear extract (20 µg) was

mixed with 32P-labeled AP-1 oligonucleotide, run on a 5 % acrylamide-TBE gel,

vacuum dried, and exposed to Biomax MR film for analysis of DNA binding.

EMSAs are presented in an overlaid manner for comparison of AP-1 DNA

binding among cell types.
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Figure 48 NF-kB DNA Binding in Acrolein Treated A549, Neo, and xrT-4 Cells
at 0.5, 2 and 4 h.

Cells were treated with 0-75 µM acrolein or 1 mM diamide (D) for 0.5 h followed

by recovery in complete media through 2 or 4 h. Nuclear extracts were prepared

as described in the Materials and Methods section.  Nuclear extract (20 µg) was

mixed with 32P-labeled NF-kB oligonucleotide, run on a 5 % acrylamide-TBE gel,

vacuum dried, and exposed to Biomax MR film for analysis of DNA binding.

EMSAs are presented in an overlaid manner for comparison of NF-kB DNA

binding among cell types.
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4.7 THE EFFECT OF ANTISENSE TRX ON VARIOUS TOXICANT INDUCED
DEATH/ MOLECULAR CHANGES

Acrolein is the main toxicant in this dissertation, however depression of

Trx may lead to an enhancement of cell death by a variety of other chemicals. To

assess antisense cell line xrT-4 for changes in proliferation with various toxicants,

cells were treated with acrolein, diamide, hydrogen peroxide (H2O2), and TPA (an

activator of Trx) (Table 9).  At 24h following treatment, proliferation was

measured with AlamarBlue.  AlamarBlue is a measure of cell proliferation and

does not give a direct indication of how many cells are dying.  Compared to 100

% EBSS vehicle control, all of the cells treated with 75 µM acrolein and 100 µM

H2O2 had significant reductions in cell proliferation (p < 0.05, signified by a *).

Antisense cells treated with 100 ng/ ml TPA had significantly decreased cell

proliferation compared to A549 untransfected or Neo transfected cells (denoted

by †).  This suggested that activation of Trx by TPA was unable to respond

appropriately due to the lack of Trx activity in this cell line.

Changes in Trx or TR protein was measured with various GSH depletors

to determine if chemical affecting the GSH pathways would also alter Trx and TR

(Figure 49).  SDS-PAGE and western demonstrated that GSH depletors phorone

and diamide decreased Trx and TR similar to their decreasing effects on GSH.

TPA slightly induced Trx, while decreasing TR protein.  Acrolein’s effect was

similar to that shown above.  Interestingly, diethyl maleate, an inhibitor of GST,

increased Trx protein, while differentially altering TR.



171

Toxicant A549 Neo xrT-4

75 µM Acrolein
10 µM VP-16

100 µM Diamide
250 µM Diamide

10 µM H2O2

100 µM H2O2

200ng/ ml TPA

66 ± 7*
99 ± 0.5

99 ± 1
102 ± 1

98 ± 4

40 ± 1*
92 ± 3

65 ± 5*
98 ± 1

100 ± 0.7
100 ± 1

99 ± 0.3

45 ± 1*
96 ± 0.6

44 ± 8*†
94 ± 2

99 ± 2
104 ± 1

97 ± 0.2

31 ± 2*
72 ± 0.2*†

Table 9 Alamar Blue Proliferation of A549, Neo and xrT-4 Cells at 24 h
Following Treatment with Acrolein, VP-16, Diamide, H2O2, or TPA

Acrolein or diamide treatments were 0.5 h in EBSS followed by recovery in

media containing 10 % AlamarBlue through 24 h.  VP-16, H2O2, and TPA

treatments were continuous treatments through 24 h.  Fluorescence, indicative or

proliferating cells, was measured using a microplate reader at ex. 560 and em.

590. Data are expressed as a mean percent control ± SE of three individual

experiments. * Signifies statistical significance compared to vehicle control (p <

0.05).  † Signifies statistical significance compared to A549 untransfected cells

treated with respective toxicant (p < 0.05).
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Figure 49 The Effect of GSH Depletors on Trx and TR Protein

One million A549 cells were treated for 0.5 h with various GSH Depletors:

acrolein (Ac), phorone (Phor), diethyl maleate (DEM) or diamide (Di).  Cell

lysates were collected and run on a SDS-PAGE for detection of Trx or TR

protein.  Densitometry was performed following band normalization to actin.

Above blots are representative of two independently performed experiments.
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Chapter Five:  Discussion and Future Directions

5.1 RELATIONSHIP BETWEEN ACROLEIN-MEDIATED CELL DEATH AND
CASPASE INHIBITION

Acrolein is a very reactive aldehyde that interacts with many components

of a cell.  Its mechanism of toxicity has been unclearly defined due to differences

in cell and animal models used and varying doses of acrolein.  Along with this, in

vitro acrolein appears to have some effects on a per cell basis rather than as an

overall concentration (Horton et al., 1997).  In vivo effects are difficult to directly

compare with in vitro results due to acrolein’s effect on total nucleophiles in

animal models and the fact that environmental exposure to acrolein is measured in

parts per million (ppm) rather than as an overall concentration.  However, it is

clear that high doses of acrolein cause DNA damage, ATP depletion,

inflammation, and altered membrane composition (Nath et al., 1998, Monteil et

al., 1999).  Its molecular effects at low doses are less well defined, but mainly

appear to alter redox-regulated proteins and pathways (Kehrer and Biswal, 2000,

Monteil et al., 1999, Uchida et al., 1999, Tirumalai et al., 2002).

The preferred and most common mode of cell death following toxicant

exposure is apoptosis.  Therefore, initial studies on acrolein were performed to

identify the doses and times where and when acrolein was causing apoptosis.

During the course of our analyses, indicators normally associated with apoptosis,

such as increased nucleosomal DNA fragmentation, caspase-3 activation, cell
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shrinkage, and blebbing, were modestly affected or absent prior to cells appearing

very abnormal and necrotic.

Therefore, as an alternative, less preferred death pathway, oncosis was

investigated. Oncosis is followed by necrosis, which inflicts overall inflammatory

damage on the cells and surrounding tissue. Since characteristics of oncosis and

necrosis are difficult to differentiate, they are described together.  Common

features of oncosis/ necrosis were distinctly present following acrolein treatment:

ATP depletion, cell swelling and plasma membrane leakage.  When ATP was

depleted ~45 %, plasma membrane integrity was compromised in direct

relationship.  In apoptotic cells, maintenance of cellular ATP is a requirement for

most apoptosis-mediated processes.  Therefore, a loss of ATP could prevent or

completely bypass main apoptotic processes in a cell.  Acrolein clearly caused

cell membrane dysfunction, as demonstrated by PI staining (dye diffuses into a

cell with leaky membranes), LDH release (enzyme released from inside a cell to

the media upon permeable membranes), and acridine orange/ ethidium bromide

staining.  Visualization of cells after acridine orange/ ethidium bromide staining

also gave an indication of overall cell swelling and nuclear fragmentation.

As noted in the acridine orange/ ethidium bromide assay, DNA

fragmented with increasing doses of acrolein, probably contributing to acrolein-

mediated cell death.  DNA damage stimulated an increase in DNA repair enzymes

such as poly (ADP-ribose) polymerase (PARP) that could lead to acute decreases

in ATP for its use in regenerating PARP’s substrate b-nicotinamide adenine

dinucleotide.  A loss of energy for this purpose mediates necrotic cell death (Ha
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and Snyder, 1999), whereas inhibition of PARP with 3-aminobenzamide (a

specific inhibitor of PARP) can modulate oncosis to an apoptotic consequence

(Walisser and Thies, 1999). In a PARP-/- fibroblast model, the absence of PARP

prevented ATP depletion and the induction of necrosis following treatment with

N-methyl-N’-nitro-N-nitrosoguanidine, supporting this concept (Ha and Snyder,

1999).  So, in the absence of PARP, acrolein may result in decreased ATP loss

and cell death.  Preliminary studies by Shreya Mitra (Kehrer laboratory,

unpublished data) have demonstrated that acrolein’s depletion of ATP and NAD

within 2h can be partially attenuated with the PARP inhibitor, 3-aminobenzamide,

although its effect on modulation of overall cell death is unclear at the present

time.

Another notable contributor to the choice of acrolein-induced cell death is

its ability to inhibit initiator caspases-8 and –9 dose-dependently and also inhibit

caspase-3 activity at lethal doses.  Caspases can be modulated by numerous

cellular components, although it is thought that caspases-8 and –9 are the main

activators of caspase-3. The alteration of caspase activity by acrolein may also be

complicated by the fact that cells have endogenously low basal levels of active

enzyme. While acrolein’s inhibition of caspases-8 and –9 were related to

increasing doses of acrolein, acrolein’s effect on caspase-3’s activity was less

clear. In confirmation of our findings, acrolein was recently shown to reduce

caspase-3 activity in neutrophils at similar doses, although cell death displayed

mixed apoptotic and oncotic/ necrotic characteristics (Finkelstein et al., 2001).
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The lack of caspase activity after acrolein treatment and the presence of

cysteine in caspases’ conserved catalytic residue suggested to us that acrolein

directly interferes with caspase activity, potentially enough to inhibit apoptosis.

Acrolein’s inhibition of recombinant caspase-3, -8, and -9 activities further

substantiated that caspases are a likely target for acrolein in cells. Although

acrolein is extremely reactive, if it is able to reach the cysteines in caspases’

catalytic domain in intact cells, it could prevent activation, or cause the

inactivation of activated caspases.  This, in turn, would inhibit a primary apoptotic

response and allow the secondary oncotic/ necrotic pathway to dominate,

consistent with the findings in the present study.

Although an uncommon therapeutic pathway, caspase inhibition is

receiving increasing attention due to its possible application in modulating

overactive apoptosis in disease states such as amyotrophic lateral sclerosis

(Jackson et al., 2002) and Huntington’s disease (Sanchez Mejia and Friedlander,

2001). While in some cell systems this approach seems to increase cell survival

(Ozoren et al., 2000), this is not necessarily true in all cases as increased death

and a switch to oncosis/ necrosis has also been observed (Ruemmele et al., 1999,

Vercammen et al., 1998, Ozoren et al., 2000, Lemaire et al., 1999, Lemaire et al.,

1998).  Therefore, caspase inhibition needs to be investigated further for a clear

understanding of its role in various cell-signaling pathways.
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5.2 ACROLEIN CAN MODULATE CELL DEATH INDUCED BY SECONDARY
AGENTS

Humans are typically exposed to acrolein as a part of a complex mixture

with other chemicals. For instance, acrolein is found in cigarette smoke along

with at least 3,000 other chemicals, including other reactive aldehydes (Phillips

and Waller, 1991).  As previously mentioned, it is a breakdown product of the

chemotherapeutic cyclophosphamide, in combination with phosphoramide

mustard which is the likely therapeutic component of this treatment (Ludeman,

1999, Beauchamp et al., 1985). The following studies were undertaken to

understand the potential effect that acrolein has when it is combined with

secondary treatments including: interleukin-3 (IL-3) withdrawal, etoposide (VP-

16) and mechlorethamine (HN2). In the previous studies, acrolein alone induced

modest levels of caspase-3 activation (two-fold) and apoptosis at non-lethal doses,

while causing caspase inhibition almost exclusively at lethal doses. In comparison

to IL-3 withdrawal, acrolein’s increase in caspase-3 activity was small compared

to IL-3 withdrawal’s seven-fold activation of caspase-3 and subsequent apoptosis

at 24 h (Bojes et al., 1999).

VP-16 is a topoisomerase II disruptor that functions by slowing the re-

ligation of cleaved DNA (Froelich-Ammon and Osheroff, 1995).  It is widely

used in chemotherapy to stimulate apoptosis via its DNA damaging, stress-

related, and caspase signaling pathways (Kaufmann, 1998).  In Jurkat T

lymphocytes, VP-16 stimulated apoptosis signaling pathways via caspase-

dependent and -independent mechanisms (Robertson et al., 2000, Sun et al.,

1999).
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While cyclophosphamide’s therapeutic effects are associated with

phosphoramide mustard, acrolein is associated with its toxic side effects.

However, interactions between these species are possible.  Therefore HN2’s

function as a basic alkylating nitrogen mustard was used as a model for

phosphoramide mustard.  HN2 induces apoptosis following alkylation and

oxidative stress in cells (Holl et al., 2000), although many of its effects on PS and

plasma membrane integrity suggest it causes features of both apoptosis and

oncosis/ necrosis.

Acrolein’s effects on the toxicity of secondary agents led to interesting

results.  At acrolein doses that resulted in intermediate toxicity itself, acrolein was

able to prevent IL-3 withdrawal and VP-16-induced apoptosis, making the cells

ultimately more viable.  The alteration of cell death by acrolein was suspected to

be due to its effect on caspases, although when replaced with a general caspase

inhibitor, Boc.asp, did not avert death.  Although caspase inhibitors decreased

caspase activity induced by these agents, they were unable to completely prevent

death, suggesting the mechanistic apoptosis caused by these secondary agents

does not solely rely on caspase activity (Robertson et al., 2000).

When combined with HN2, acrolein enhanced HN2-mediated oncosis/

necrosis, suggesting that these two agents were affecting similar pathways related

to their electrophilic nature.  These results suggested that when combined with a

second alkylating agent, acrolein could enhance an inflammatory response in cells

or tissue, thus leading to extensive damage rather than controlled suicide (as with

apoptosis). This is important because, for example, most chemotherapeutics
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function by inducing apoptosis.  In the event that acrolein was present through the

metabolism of cyclophosphamide, it could potentially alter the therapeutic effect

of apoptosis-inducing agents and cause further damage than help.

5.3 ACROLEIN DECREASES REDUCED GLUTATHIONE AND CELLULAR
THIOLS

GSH is a cysteine containing redox regulating protein that plays an

important role in protecting cells against damage induced by electrophiles,

reactive oxidant species, antineoplastic agents, and a variety of other stress-

initiated conditions (Sies, 1999; Arrick and Nathan, 1984; Voehringer, 1999).

Horton et al. (1997) previously demonstrated that acrolein decreased GSH (with

no change in GSSG) within 0.5 h with GSH recovery beginning at 1 h following

treatment with non-lethal doses of acrolein.

It is possible that acrolein could cause a change in the distribution of thiol

groups from mainly in the cytosol to becoming more concentrated in other areas

such as the nucleus or mitochondria, or even to be transported out of the cell after

treatment.  CMFDA was initially used to measure possible transport of reduced

thiols throughout the cell.  Microscopic assessment of CMFDA’s distribution,

however, gave ambiguous results, potentially due to acrolein’s reactivity with

numerous components in the cell.  Measurement of CMFDA fluorescence was

consequently altered to be more of a semi-quantitative technique, measuring

fluorescence changes by flow cytometry.  Results from CMFDA demonstrated a

reduction in total cellular reduced thiols with lethal doses of acrolein, however at

non-lethal doses, CMFDA changes were minimal.  Therefore, in comparison to
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the above GSH measurements, the results provided a general confirmation of

decreased cellular reduced thiols.

GSH itself is a very abundant nucleophile comprised of three amino acids:

cysteine, glycine, and glutamate.  Acrolein has the potential to directly conjugate

cysteine alone or within the GSH complex, thus blocking its protective effects (as

GSH) and de novo synthesis (blocking use of cysteine to make GSH) in a cell.  To

measure acrolein’s direct interaction with GSH or cysteine, the respective

components were incubated together for identification of potential acrolein

adducts by ESI-MS/ MS.  Acrolein clearly formed a stable bond with cysteine

alone and within GSH, demonstrating that acrolein has the potential to form a

stable conjugate with either of these species in a cell.  So, what happens to a

GSH-acrolein adduct when it forms inside a cell?  At this point, we are not

certain, although GSH export pumps likely efflux the conjugates outside the cell

and more GSH is formed de novo by a cell if cysteine is available (Keppler,

1999).  At lethal doses of acrolein, GSH conjugate export pumps are likely

inactive due to their requirement for ATP to function properly, although this

remains to be shown.

5.4 ACROLEIN REDUCES THIOREDOXIN IMMUNOREACTIVITY AND
FUNCTIONALITY

Although GSH is clearly an important reducing component in cells, its

role in a cell is ubiquitous.  Previous results in our lab established that low doses

of acrolein reduced NF-kB and AP-1 DNA binding within 0.5 h in A549 cells

(Horton et al., 1999, Biswal et al., 2002).  Both of these transcription factors bind
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DNA following Trx’s reduction of cysteines in their DNA binding domains.  For

these reasons, evaluation of acrolein’s effect on Trx as an upstream regulator of

these processes was undertaken.  At this point in the studies, we switched to A549

lung epithelial cells due to preliminary studies already accomplished on the above

mentioned transcription factors, but mainly because of the likelihood of acrolein

targeting epithelial cells like this in a physiological setting.

While GSH lends an overall reducing atmosphere for the above-mentioned

transcription factors, it does not specifically regulate their activity.  However,

another less concentrated reducing equivalent does directly regulate these

transcription factors, which is thioredoxin (Trx).  Therefore ensuing studies were

performed to identify Trx’s role in modulating acrolein-mediated stress. Because

studies on Trx were new to the lab, some basic questions needed to be answered

about acrolein’s direct effect on Trx prior to accurate assessment of its effects on

cellular Trx.  The main question was, as mentioned in the Redox Results section,

does acrolein block detectable immunoreactive sites of Trx, thus complicating

evaluation Trx protein changes measured by western blot.  The answer to that

question is yes; acrolein does block immunoreactive sites of pure human Trx.

The antibody used detects the full-length Trx protein, suggesting that acrolein

may interact with multiple sites of the protein.  Trx protein itself has 17 potential

cysteines (cys) and lysines (lys) (Figure 4 in the Introduction) that acrolein could

bind to if the protein conformation would allow it.

Pure Trx’s activity was also abolished when combined with acrolein

alone, further suggesting acrolein’s direct effect on Trx’s functional domain.  In
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addition to a loss in immunoreactivity and activity, acrolein also appeared to add

weight to the pure protein run on SDS-PAGE.  Trx is a 12 kDa protein, while

acrolein is 56 Da, much smaller in size comparatively.  When pure Trx was run in

a SDS-PAGE following acrolein treatment, there was a slight increase in band

molecular weight, further signifying acrolein’s potential to directly interact with

Trx protein and in multiple locations due to the visible change in size.

5.5 ACROLEIN ALTERS THE THIOREDOXIN PATHWAY IN A549 CELLS

Trx and TR are affected by a wide array of toxicants, particularly those

that alter the redox millieu in any way.  Cellular Trx is decreased following

ultraviolet-B irradiation (Hirota et al., 1999) and oxidative stress (Andoh et al.,

2002), both of which result in the translocation of Trx to the nucleus in

accordance with NF-kB’s p50 subunit.  Many chemical agents are also inhibitors

of Trx and TR, including arsenic metals in mice (Lin et al., 1999), iodoacetic acid

alkylation of selenocysteine and neighboring cysteine residues (Nordberg et al.,

1998), retinoic acid (Ma et al., 2001; Schallreuter and Wood, 1989), nitrosureas

(Schallreuter et al., 1990), cigarette smoke (Gebel and Müller, 2001), and

synthetic quinones (Powis et al., 1998; Mau and Powis, 1990, Mau and Powis,

1992).  Indirect mechanisms of inhibition have also been shown following

cisplatin treatment,  resulting in GSH adducts that lead to inhibition of TR and

glutaredoxins (Sasada et al., 1999).

Lethal doses of acrolein mediated a loss in immunoreactive Trx protein

and dose-dependent decreases in activity within 0.5 h.  Both protein and activity
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were recovered to approximately control levels by 2 h.  TR protein, the reducing

enzyme of Trx, was slightly enhanced with acrolein treatment at 0.5 h, although

its activity appeared to be reduced in accordance with Trx activity.  Both protein

and activity returned to approximately control levels within 2 h.  Overall, Trx and

TR activities were decreased in a similar manner to GSH, demonstrating that

acrolein acutely depresses more than one redox-regulating pathway.

5.6 TRANSFECTION OF A549 CELLS WITH ANTISENSE THIOREDOXIN AND ITS
EFFECT ON ACROLEIN-MEDIATED CELL DEATH

The overall goal of transfecting A549 cells with sense and antisense Trx

was to determine Trx’s role in modulating acrolein-induced toxicity and redox-

regulated signaling pathways. Following characterization of the transfected

clones, the clones with antisense Trx orientation were formed more successfully

as initially expected in comparison to the sense orientation, which demonstrated

no induction of Trx activity or protein.  Therefore, studies were continued with

the antisense line to determine its role in mechanistic pathways involved in

sensitizing the cells to acrolein.  (Studies to develop more effective

overexpressing Trx clones were undertaken by Xianmei Yang in our lab and are

currently under way.)

Initially, a mammalian plasmid was chosen in order to fuse Trx to a green

fluorescent protein (GFP) and be able to follow the translocation of Trx following

treatment.  Several researchers report that upon stressful conditions, Trx is

transported to the nucleus of cells, as mentioned above.  However, the plasmid’s

fluorescence was later determined to be nonfunctional and the transfected cell
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lines created were used without the added advantage of a fused fluorescent tag.  In

addition, the use of the fluorescent tag was to follow translocation of Trx, which

would not be as effective in an antisense cell line, with already depressed Trx.

The clones derived from the transfection process carried the following

distinct characteristics:  Three clones had significantly reduced Trx activity (xrT-

4, xrT-5, and xrT-6), one of which did not have its plasmid DNA fully

incorporated into the cellular DNA (xrT-5) as shown in Figure 37.  Clone xrT-6

also had reduced cell proliferation.  (This was not surprising because several

researchers (Freemerman, and Powis, 2000; Matsui et al., 1996; Powis et al.,

1998) have demonstrated that a loss of excessive Trx can be lethal to a cell and/ or

embryo.) Clone xrT-4, which showed significantly decreased Trx but no effects

on general cell viability or proliferation was chosen as the best model to

characterize if reduced Trx would affect acrolein-induced modification of Trx-

regulated pathways and cell proliferation.  Clone xrT-7 contained a DNA

construct in the cells and had a depression in TR rather than Trx.  Alteration of

TR protein (Figure 39) suggested that the plasmid was inserted into a TR

containing region of the DNA.  It could be used in future studies to investigate

toxicants that target this enzyme’s functioning over Trx.   The sense clone, Trx-9,

did not incorporate the DNA construct or demonstrate alterations in Trx or TR

and was therefore dropped from further study.

Interestingly, during the course of studying acrolein’s cytotoxic effects on

these cell lines, it was noted that xrT-4 and xrT-6 cells had a 30% increase in

endogenous levels of ATP.  The cell line with depressed TR, however, did not
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have any changes in ATP levels.  To date, there has been no direct association

between Trx and ATP.  This endogenous amplification of antisense cell’s ATP

likely compensated for the lack of Trx in the cells and allowed cells to maintain

growth processes, although the exact reason is likely more complex.

Antisense (xrT-4) cell sensitivity was noted with lethal doses of acrolein

(> 50 µM) suggesting Trx’s involvement in recovering from redox-regulated

stress and ensuing cell death.  Cells treated with acrolein had an increase in

membrane leakage and loss of caspase-3 activity following lethal doses of

acrolein.  The differences in these measures between control and xrT-4 cells were

insignificant.  The enhanced ATP levels did not however alter the cell death state

to a more apoptotic one, suggesting that acrolein’s mechanism of death does not

rely solely on ATP mediated depression.

A plausible role for ATP amplification in antisense Trx cells may be

through the loss of adenosine monophosphate deaminase (AMP deaminase),

which was identified as a potential Trx-interactive protein through Trx antibody

immunoprecipitation, protein digestion, and MALDI-TOF mass spectrometry

analysis (Table 8).  AMP deaminase functions in a cell to deaminate and

breakdown adenine nucleoside to inosine monophosphate (IMP) and ammonium

(Voet and Voet, 1995). In the absence of AMP deaminase, deoxyadenosine is

continually phosphorylated and there is a rapid increase in dATP levels.  This

amplification of dATP results in an inhibition of ribonucleotide reductase (who’s

reduction of ribonucleotide to deoxyribonucleotide is aided by Trx), and

inhibition of further DNA synthesis, and decreased cell proliferation.
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Interestingly, humans with dysfunctional AMP deaminase have a disease known

as severe combined immunodeficiency disease.  This disease is fatal in infants

due to a severe depression in T lymphocyte production, and thus

immunosuppression, caused by this state.  Treatments for this disease state are

currently through a therapeutic application with polyethylene glycol linked to

AMP deaminase or genetic manipulation of the patient’s blood lymphocytes to

insert a functional AMP deaminase gene.  At this time, there has been no reported

link between Trx and AMP deaminase in the literature and their inter-relationship

(should one exist) may therefore be of therapeutic importance.

5.7 ANTISENSE THIOREDOXIN CELLS REDUCE AP-1 AND NF-kB DNA
BINDING

The transcription factors NF-kB and AP-1 are commonly affected by

cellular redox imbalances. Both are key components in maintaining cell growth

and proliferation, as well as regulating a cell’s protective defenses against

pathogens, reactive oxygen species, cytokines, inflammation, receptor mediated

signaling, radiation, and immunological responses (Baeuerle, 1994; Dalton et al.,

1999).  Both are also susceptible to direct alkylation to cysteine residues in their

DNA binding domain.  Evaluation of the DNA binding of NF-kB and AP-1 in

antisense Trx (xrT-4) cells demonstrated reduced recovery of both following

acrolein treatment, suggesting that Trx is likely involved in regulating and

recovering from direct modification of these factors or stress to the pathways

regulating these two transcription factors.
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5.8 THE EFFECT OF ANTISENSE TRX ON VARIOUS TOXICANT-INDUCED
DEATH/ MOLECULAR CHANGES

As noted in section 5.5, Trx activity was decreased by acrolein, as well as

by numerous redox-regulating agents.  Preliminary studies on Trx protein

following a variety of agents demonstrate that it is involved in cell proliferation

following H2O2 or TPA treatment and is directly altered by several GSH depleting

agents including DEM, diamide, and phorone.  This further confirms Trx’s role in

regulating redox pathways following exposure to various toxicants.  More in

depth studies on the effects of the above toxicants on Trx, Trx-2 and TR are in

progress by Young eun Choi and Xuli Wu in the Kehrer laboratory.

5.9 FUTURE DIRECTIONS

As is common in science, the results of these studies raised more questions

along the way than were answered and an abundance of possible future studies

that could be performed have been identified.  In terms of the caspase inhibition

pathways, it would be interesting to identify acrolein’s direct targets of the

enzyme.  If acrolein’s targets a conserved region of the caspase family, it is likely

that it also blocks other caspase-regulated pathways in a cell.  Preliminary studies

with recombinant caspase enzymes are currently under way to try to identify some

potential alkylation sites by MALDI-TOF mass spectrometry.

Acrolein (at lethal doses) is a strong cross-linker of DNA (Kanuri et al.,

2002) and likely contributes to the nonspecific DNA damage following acrolein

treatment (data not shown).  As noted in the discussion of the caspase inhibition
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results, the potential exists for PARP activation to be an early cause of ATP and

NAD depletion following DNA damage.  Questions about this possible

mechanism led to the current studies by Shreya Mitra to demonstrate the potential

role of PARP activation immediately following acrolein treatment (Kehrer lab,

unpublished data).  Preliminary studies with the specific PARP inhibitor 3-

aminobenzamide to prevent PARP activation partially rescued the cells from this

early loss of ATP, however its effect on ensuing DNA damage and cytotoxicity is

unclear at this time.  Measurements of PARP’s inclusion in acrolein-induced

death are underway to detect changes in ATP and NAD, using luminescence

assays, and standard cell death detection methods.

ATP is extremely important in maintaining normal cell processes, as well

as combating stressful situations.  In terms of cell maintenance, ATP is mainly

generated in the mitochondria.  Disruption of oxidative phosphorylation in the

mitochondria could lead to a decreased ATP generation, thus leading to altered

cell energy levels and death.  ATP is also important in various pathways that

combat cell stress.  There are many potential mechanisms of ATP use: in

apoptotic pathways, DNA damaging mechanisms (e.g. PARP’s use of it to

generate more NAD), GSH regeneration, active transport of molecules, and many

others.

One particular process that may be involved in attenuating acrolein’s

conjugation of thiol-containing proteins could be through GSH efflux pathways

(reviewed by Keppler, 1999).  Multidrug-resistance proteins (MRP) function to

export GSH, glucuronate, and sulfate conjugates out of a cell, but require ATP to
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do it.  Upon depression of ATP in cells treated with lethal doses of acrolein, death

could be due to cells being unable to transport these adducts out of the cells, thus

stimulating oxidative stress, and cell death.  Detection of MRP proteins (including

p-glycoprotein) can be measured using standard western blot assay and time

course analyses using a flow cytometric fluorescent kit to measure active MRP.

Current studies are underway by Xianmei Yang to overexpress Trx in

A549 cells with a fluorescing GFP fusion protein (Kehrer lab, unpublished data).

A different GFP-containing plasmid was selected due to its multiple cloning site

allowing insertion of Trx on GFP’s carboxy terminal end rather than the amino

terminal end (as used in these studies).  This difference in plasmid types led to

enhanced GFP expression and fluorescence.  These studies will identify varying

pools of Trx and Trx’s potential translocation following toxicant treatment within

or out of cells.  These studies will be accomplished using fluorescence

microscopy and flow cytometry to evaluate fluorescence intensity changes.

Western blot with a GFP antibody can also be used to measure changes in

transfected Trx levels (along with the endogenous protein) following toxicant

exposure.  Overexpression of Trx will also be studied in terms of attempting to

prevent acrolein-mediated decreases in NF-kB and AP-1 DNA binding, as well as

to prevent overall cytotoxicity.

As mentioned above, a plausible role for ATP amplification in antisense

Trx cells may be through the loss of AMP deaminase and resultant decreased

DNA synthesis and cell proliferation.  If Trx does directly regulate AMP

deaminase expression, replacement of its function by adding Trx would be of
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extreme importance in creating a potential therapeutic for immunodeficiency

diseases.

5.10 OVERALL SUMMARY

Acrolein exposure may result from a wide array of environmental and

industrial processes (Beauchamp et al., 1985).  It is very important to note that

cigarette smokers willingly allow themselves to be repeatedly exposed to high

concentrations of acrolein, in excess of environmental levels of the chemical,

likely contributing to severe lung problems seen in heavy smokers or those

exposed to excessive amounts of secondhand smoke.  The included dissertation

results indicated that high doses of acrolein mediated cell death that was more

associated with oncosis/ necrosis than apoptosis. This may be due to the greater

overall reactivity of acrolein with components of the apoptotic pathway,

inhibition of caspases, or loss of ATP, however the exact reason is not known.

The data demonstrate that the latter possibilities are important components of cell

death since acrolein is able to diminish ATP and caspase activities that are needed

for apoptosis induction.

Acrolein also appears to have a cell death modulating effect when

combined with secondary agents.  When acrolein treatment was combined with

HN2 (an electrophilic nitrogen mustard similar to a metabolite found in

cyclophosphamide treatment), an increase in oncosis/necrosis occurred principally

due to an additive effect in toxicity.  In contrast, acrolein had a protective effect
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against the apoptosis induced by VP-16 or IL-3 withdrawal, potentially due to its

inhibition of caspases.

Acrolein’s induction of death at high doses is now more clearly

understood, however at lower, non-lethal doses its mechanism of stress is unclear.

Investigation of immediate effects on redox regulating elements in a cell

confirmed acrolein reduction in GSH and noted its reduction in Trx and TR

activities.  Pathways modulated by Trx included NF-kB and AP-1 transcription

factors that have been previously shown to be reduced by acrolein treatment

within 0.5 h.  By developing antisense Trx cell lines, we were able to study

sensitivity of cells to acrolein when Trx activity was greatly reduced.  Antisense

Trx resulted in decreased recovery of NF-kB and AP-1 DNA binding following

non-lethal doses of acrolein, suggesting Trx is a likely regulator of these two

pathways.  Antisense Trx not only led to a reduction in transcription factor

binding, but also led to an enhancement in cell sensitivity in terms of death.

However, this was probably due to the antisense cells’ upregulation of ATP,

potentially preventing the toxic depression of ATP commonly noted by acrolein.

Although Trx is likely a main target of acrolein-mediated toxicity, other factors

potentially contribute to the overall oncotic/ necrotic response.

Overall, we have demonstrated that lethal doses of acrolein induce mainly

an oncotic/ necrotic form of cell death rather than an apoptotic one.  At non-lethal

doses, it reduced Trx and TR activities, which likely play a role in modulation of

NF-kB and AP-1 DNA binding.  Acrolein also was shown to directly affect

numerous cellular nucleophiles, contributing to an overall oxidative environment
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to the cells. Although acrolein’s mechanism of action is very complex, all of these

factors are strong contributors in acrolein-mediated toxicity,
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