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Abstract
WAN-YUN CHENG: An Integrated Imaging Approach tetBtudy of the Oxidant

Effects of Air Pollutants on Human Lung Cells
(Under the direction of Dr. James M. Samet)

Air pollution is one of the most common environnarxposures imposed on
humans in urban areas on a daily basis. Molecalacalogy studies of the inflammatory
effects of ambient air pollutants typically focus the activation of signaling events that
lead to the transcriptional activation of releverfitammatory genes. While there is a
growing body of evidence that oxidative stress plagritical role in adverse responses
induced by a broad array of environmental agemtsntegration of the study of oxidant
effects in mechanistic studies is hampered by nustlogical shortcomings and
limitations such as sensitivity and specificity.eTtausative relationship between
signaling pathways and adverse outcomes stimulatesgpecific ambient contaminants
has been described. In addition, the generatiaxiofative stress has been implicated as
an initiating event that leads to adverse respoingggered by exposure to environmental
toxicants. However, due to their transient nattgactivity, and low abundance, detection
of reactive oxygen species (ROS) is methodologiadibllenging. The application of
new genetically encoded reporters provides the ppiby to interface real-time
measurement of oxidative stress into mechanisidies with increased temporal and
spatial resolution. The studies herein are aimedtegrating imaging analyses of

oxidative stress endpoints in molecular signalifithe inflammatory effects of



environmental oxidants. We conducted a study ugimgand 1,2-naphthoquinone as
model toxicants to (1) develop an integrated imggnethod for measurement of redox
potential, ROS levels, and mitochondrial dysfuncti(2) examine the role of oxidative
stress in the initiation of signaling events tlegtd to inflammatory gene expression; and
(3) create an advanced imaging method to perfonmlsaineous measurements of redox

changes and ROS production.
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Chapter |. Background and significance

1-A. Air pollution induced adver se health effects

Air pollution is one of the most common daily hunervironmental
exposures in urban areas. It is currently estimtitatimore than 160 million
Americans live in areas that exceed federal ailugoh standards (EPA 2007).
Air pollution is associated with multiple adversealth effects including
pulmonary inflammation, decreased lung functiord exacerbation of pulmonary
and cardiovascular disease, which lead to incremsstence of morbidity and
mortality (Ruckerl et al. 2011). Many componentswfpollution fall into 1 of 2
categories: particulate matter and gases. Theyamane from natural or man-
made sources with the potential to have numerdesactions. Currently, the
United States Environmental Protection Agency (E2@A7) regulates 6
“Criteria” Air Pollutants: particulate matter (PM)zone, carbon monoxide,
nitrogen oxides, sulfur dioxide and lead. Of thesabient levels of PM and
ozone most frequently exceed air pollution stansi@edumbach 2010). While
there are a variety of sources of air pollution different forms of air pollutants,

most air pollutants, other than CO and lead, amngtoxidants and therefore



oxidative stress is a common feature of the toxigftmany air pollutants (Pope

2010).

Many epidemiological studies have pointed out Bt especially
combustion-derived particles in urban areas, isrgoortant risk factor for
cardiopulmonary disease and mortality (Ruckerl.e2@L1). PM has multiple
sources, including vehicle exhaust, wild fires,ustlial emissions and road dust
which pose different health risks based on the amkchemical composition of
the particles. EPA has set national standardsategragainst adverse health
effects associated with exposures to fine (partieles than or equal to 2un in
diameter, PM2.5) and coarse patrticles (particles fean or equal to 10m in
diameter, PM10). A positive correlation has besgported between mortality
rates and PM10/PM2.5 exposures (Ruckerl et al. R®rticle size is a critical
factor regarding PM induced health issues duestodtrelation with particle
deposition. Particle deposition is dependent otigharsize in that large particles
deposit primarily in the nasopharyngeal and trabhaachial region, while nano
sized particles deposit preferentially in the alaeoegion (Nel et al. 1998; Samet

et al. 2000).

The lung and the cardiovascular system are the taggets of PM-
induced adverse health effects. Small airway inflation is the major type of
pulmonary injury induced by PM, which leads to syomps such as exacerbation
of asthma, airway obstruction, and reduced gasasg (Zelikoff et al. 2003).

An association between PM exposure and elevated adtrespiratory tract



infection is observed, as well as dysfunction saglimpaired lung clearance
(Brook et al. 2004). Exposure to PM is also a fesitor for cardiovascular
injuries including stroke, heart attack, and suddeath (Brook et al. 2004).
Systemic circulation of proinflammatory mediatorgl@nhancements in
atherogenesis are attributed to PM-induced cardmyar effects (Li et al. 2003;
Nel 2005). Furthermore, PM-induced inflammatiosuggested as the general

mechanism in pulmonary and cardiovascular injuries.

It has been established that the organic and reetaponents in PM can
induce proinflammatory effects mediated througldakive stress (Chang et al.
2000; Claiborn et al. 2002). Zinc is one of the tradimuindant soluble metals
associated with ambient PM (Nemery 1990; Bland.et393). Inhalation of
elevated levels of zinc oxide has been linked taaute flu-like symptom called
metal fume fever which induces airway inflammat#nd increased production of
TNF-o and IL-6 (Kodavanti et al. 2002; Riley et al. 2D03nder experimental
settings, zinc exposure results in production Bdmmatory related chemokines

and cytokines (Pautke et al. 2005).

As a component of air pollution, diesel exhaustiplas (Sagai et al.
1993; Bai et al. 2001) are present in ambientsa enajor contributor to PM in
urban areas. DEP are complex mixtures that contanme than 40 toxic air
contaminants. Structurally, DEP contain a carbae @ath metals and many
adsorbed organic compounds such as polycyclic aroimgdrocarbon quinines.

DEP exhibits toxicity consistent with the effectgyainones (Li et al. 2003).



Quinones found in PM can generate reactive oxygeniss (ROS) directly,
through redox cycling (the process of catalyzingirang oxidation and reduction
reactions), or as a byproduct of the covalent mecatibn of important cellular

enzymes such as cytochrome P450 (Finkelstein amusfan 2004).

1-B. Oxidative stress

Oxidative stress is a common feature in the meshasof cellular injury
induced by a broad range of environmental agen&sn(iserg et al. 1990). Such
environmental oxidative stress can result direfctyn the effects of oxidizers,
electrophiles, free radical-generating compounds s1$ ozone (Santa-Maria et
al. 2005), quinones (Valko et al. 2005) and reddia transition metal ions
(Ercal et al. 2001). Environmental oxidative streas also involve the depletion
of cellular antioxidant defense mechanisms or dislaion of oxidative

metabolism processes in the cell (Kelly et al. 2998

Oxygen metabolism is the major source of ROS imabiphysiology,
whereas oxidizing enzymes and xenobiotics can@isduce significant amounts
of ROS (Kelly et al. 1998). Cells have well estabéd defense systems with
antioxidant enzymes such as superoxide dismut&@B) and catalase to
scavenge ROS. However, elevated levels of ROS diugéhe ability of the
cellular antioxidant defenses to detoxify oxidassgault results in oxidative stress

and may cause lipid peroxidation, protein alterajcand DNA damage



(Kowaltowski et al. 2009). Adverse health effeatstsas aging, obesity, and

inflammation are related to signaling events itétiaby ROS.

Among the ROS species, hydrogen peroxide has kighhdhted for its
fulfillment of all the chemical and biological pregiies required of a “second
messenger” (Kowaltowski et al. 2009),®4 has a tightly regulated enzymatic
production and degradation system. Important)tHeacts with specific target
cysteine residues in dedicated environments andagr&ble of initiating various
signaling cascades at low-levels in the cell (Formtal. 2010). Posttranslational
modification such as the creation of glutathiongthsignaling proteins and
intramolecular disulfides are critical fon,8,-modulated redox signaling (Jones
2008). Other than ROS, there is a growing awareofeselical-free oxidant
insults which focuses on the disruption of thiaa® circuits. Thiol containing
proteins have been recognized for redox regulatioough reversible structural
modifications. Cellular signaling, structural, amgjulatory proteins are
modulated through sulfur switches such as cystexmation. Cysteine also
participates in macromolecular interactions inahgdDNA binding, membrane

binding, and tethering to the cytoskeleton (Fasad Didion 2004).

The cellular ROS defense systems contain enzyraaticmonenzymatic
antioxidants. SOD are a major class of enzymatiioxidants that catalyze the
dismutation of superoxide to hydrogen peroxide. S@B be found in many
cellular compartments including cytoplasm, mitoath@a, nucleus, lysosomes,

and extra cellular matrix (Valko et al. 2006). Alnet enzymatic antioxidant,



catalase, provides further and rapid conversiomyoirogen peroxide into water
and oxygen (Pastore et al. 2001; Nakamura et 8l7)1&lso, glutathione is

critical for hydrogen peroxide breakdown by whielduced glutathione (GSH)
converts hydrogen peroxide into oxygen with caialipy glutathione peroxidase
(GPX). The concentration of reduced glutathionearmal cells is 1- 5 mM

which is responsible for maintaining the celluladox status, direct scavenging of
singlet oxygen, and regenerating antioxidants ssschitamin C and E (Pinchuk et

al. 1998; Awasthi et al. 2003; Trachootham et @08).

While cells are maintaining a normal physiologistte, the presence of
ROS can modify macromolecule structure in a rebérgashion as well as
regulate cellular function. However, elevated okidastress with excessive ROS
generation would lead to irreversible damage bgcétng lipids, proteins and
DNA. Lipids are highly susceptible to oxidation.€eltadical oxidation of
polyunsaturated fatty acids would generate permagiicals and be followed by
cyclization reactions to produce reactive alkylicats and aldehydes such as
malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE)ese lipid
peroxidation products can further interact with DNRproteins and alter
signaling pathways (Trachootham et al. 2008). Faurttore, ROS such as
hydroxyl radical and peroxynitrite are known forgating proteins to create
reversible or irreversible oxidative damage (Vatkal. 2006). Several amino
acid residues are sensitive to oxidation includysgne, arginine, histidine,
proline, threonine, cysteine and methionine (Stadit@004; Radi et al. 2001).

Sulfur containing amino acids can undergo oxidaimeluding reversible protein

6



cross-linkages and irreversible nitrosylation (Tr@atham et al. 2008). These
thiol-based redox switches have been regarded ps nalular regulators by
participating in gene regulation under oxidant ItsstAs for DNA, it is subject to
oxidant damage in nearly all of its components sagpurine, pyrimidine, and
sugar backbone (Haghdoost et al. 2005). DNA adduatk as 8-hydroxy, 2-
deoxyguanosine (8-OHDG) are popular markers for DiXAlation
(Trachootham et al. 2008). Physiological procegssdading differentiation,
maturation, and trafficking of vesicles are inflaed by lipid, protein, or DNA
oxidant modification (Irani 2000). On the other Hannbalanced generation of
ROS may lead to aberrant prolonged cell survivalisease with excessive cell
death (Rahman and MacNee 2000). Therefore, theatimuof redox balance is

critical for maintaining cellular homeostasis.

The relationship between oxidative stress andnmitation is well
established (Rahman and MacNee 2000). ROS generat®imulated by
oxidants or oxidative damage of target organeliesfallowed by activation of
nuclear factoneB (NF-«B) and activator protein-1 (AP-1) (Rahman and MaeNe
2000). The NFeB inhibitor (IkB) binds and inactivates NiEB within the
cytoplasm. The presence of ROS initiates phospatoyl, ubiquitination, and
degradation ofdB by altering the ratio of GSH/GSSG (Tak and Feas2001).
The free NF<B complex translocates into the nucleus and regsilgéne
expression involved in inflammation (Roebuck 1999-1 activation involves
phosphorylation of the c-Jun N-terminal proteindga (JNK) targeting to c-

Jun/c-Jun (homodimer) or c-Fos/c-Jun (heterodinidr®. activation of Nk<B

7



and AP-1 can regulate antioxidant (MnSOD, HO-1) pradinflammatory (IL-8,

TNF-0a, COX-2) gene expression (Andreyev et al. 2005).

1-C. Magjor cellular sourcesof ROS

The generation of ROS can come from both exogeandsndogenous
sources. There is a variety of exogenous ROS ssgrgeh as environmental
pollutants, irradiations, and chemicals. Many ershmgis ROS sources have been
studied including mitochondria, microsomes, peroxies, NADPH oxidase,

cytochrome c oxidase, and xanthine oxidase.

Mitochondria are the site of oxidative conversidmanic carbon into
cellular energy, thereby making ROS an inevitalgtgptoduct during the
respiratory reaction for this organelle. Therearkast seven enzymes
responsible for ROS production in mammalian miteah@ including
cytochrome b5 reductase, monoamine oxidases, dibyotate dehydrogenase,
dehydrogenase of alpha-glycerophosphate, sucdieditgdrogenase, aconitase,
and alpha-ketoglutarate dehydrogenase complexk(®@008). Many factors,
including genetic defects or environmental fact{oasliation or toxins), could
trigger oxidative stress in mitochondria. Therefantochondria are frequently
named as a major source of ROS in cells (Stark@8Rd@he mitochondrial ROS
defense systems are important for scavenging sxiperand HO, present in

cells (Starkov 2008). Being a source/sink/targeROIS, mitochondrial redox



signaling can activate several pathways withidfis& well as the cytosol and

different organelles such as nucleus (Murphy 2009).

There are several factors that determine the fagaperoxide generation

in mitochondria which can be expressed as theviartig:

d[O,"]

a ). kel O, ] Pr[E]

[E] is the concentration of the enzyme or protéit itontains electron
carriers for the reduction of Qo superoxide. gis the ratio of the redox form of
the enzyme that can react with. O] represents the local oxygen concentration
andke is the second-order rate constant between thexenand Qin order to

form superoxide (Murphy 2009).

The major location for mitochondrial ROS productisrtomplex |
(Kussmaul and Hirst 2006; Hirst et al. 2008). Tinilbition of the respiratory
chain can lead to superoxide formation through A0MP production and elevated
concentration of nicotinamide adenine dinucleo{fidADH). Studies in isolated
mitochondria demonstrate that superoxide produétionodulated by reduced
flavin mononucleotide (FMN), and the status of FidNontrolled by the
NADH/NAD *-ratio (Hinkle et al. 1967). Another mechanismRDS production
in complex | is through reverse electron transflRET). RET involves a series of

reactions that allow electrons to be transferredresg the gradient, from reduced



coenzyme Q to NADinstead of oxygen (Lambert and Brand 2004) ancefhee
increases the NADH/NADratio. Studies of complex | inhibitors, for exampl
rotenone, indicate the ROS generation sequendedsltowing: reduced Co®

rotenone binding sit&» ROS generation sit¢® NAD+ (Murphy 2009).

10



MODE 1: high NADH/NAD*

Ap: HIGH or LOW

4 naoHmao: OF ?
&

H.O------5uek-1 » H.0, efflux:
HIGH
ATP production: resfiration:
Low ow
matrix
tochandria inner membran®

MODE 2: high Ap and high CoQH,/CoQ

ATP production: respiration:
LOW ow

MODE 3: normal mitochondrial function

» H.O, efflux:
LOwW

ATP production: L respiration:
HIGH HIGH

Figure 1- A. Modes of mitochondrial operation thestd to superoxide
production. (Zhang et al. 1998).
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Another major source of mitochondrial superoxideduction is complex
[ll. Complex lll is functionalized as the site fG0Q oxidation by using
Cytochrome C as an electron acceptor. The inhibiocomplex 111 with
antimycin, which interrupts the electron transtettte @Q-site, can result in robust
superoxide production (Murphy 2009). However, thpesoxide production in
complex Il under normal physiological conditiossfar lower than complex |

and therefore negligible (Murphy 2009).

In addition to the electron transfer chain, theeeraany other sources of
superoxide production in mitochondria which cargbeerally categorized as
sites that are related to the NADH and CoQ podiarksv et al. 2004). As
mentioned earlier, high NADH/NADratio contribute to superoxide production.
This observation is not only true for complex | ligo applies to other enzymes
linked to the NADH pool such asketoglutarate dehydrogenasé&kGDH).

Under normal mitochondrial function with high resion rate and ATP
production, the contribution of superoxide prodoictis more significant from
sites likeaKGDH rather than complex | (Nel et al. 1998; Lima&t1998).
Overall, the production of ROS from mitochondriaisnajor contributor of

cellular oxidative stress from metabolic sources.

1-D. Mechanisms underlying elevated levels of oxidative stressinduced by

environmental exposures

Oxidative stress is believed to play an importate m PM-mediated

toxicity in the respiratory tract. The mechanistomnection between DEP
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exposure and inflammatory responses is held toehomgthe elevated level of
oxidant stress and presence of ROS (Li et al. 2R0&agai et al. 1997).
Although DEP is a complicated mixture with thousanflcomponents, the
transition metals and organic chemical componenBEP have been shown to
induce the generation of ROS including superoxatkcal and hydrogen

peroxide, as well as, nitric oxide (1995).

Quinones are fully conjugated cyclic dione struesuderived from
aromatic compounds by conversion of an even numibeCH= groups into —
C(=0)- groups (Bolton et al. 2000). While there magurally occurring quinones
such as vitamins K1 and K2, xenobiotic quinonesHhasen of toxicological
interest for their ability to induce DNA adduct feation which leads to
mutagenesis (Bai et al. 2001; Rodriguez et al. pO®4ariety of quinone species
are found in DEP which implies a significant huneaposure to these
compounds (Endo et al. 2007; Miura et al. 2011 a@tverse effects caused by
guinones range from acute cytotoxicity and immurigity to carcinogenesis.
Quinone toxicities can be summarized into two primaitiating mechanisms:
first, a 1,4-Michael addition reaction leading tovalent modification of cellular
targets (Rodriguez et al. 2004) and, second, R@8rg&on through redox
cycling (Penning et al. 1999). Different quinomesild undergo either or both
pathways to initiate signaling events. The conjisgateaction for quinones has
been extensively studied for its highly reactivegarties and the addition of
various nucleophiles (Penning et al. 1999). Thagtien can form stable DNA

adducts through 1,4-Michael addition, which is aagenic process (Nel et al.
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1998). Other than the mutagenetic effects posddN¥x adducts, quinones can
undergo enzymatic or non-enzymatic redox cyclingR@S generation (Jaspers
et al. 2009); however, little is known about thelbgical consequences in this

process related to inflammation.

As mentioned above, ROS can initiate signaling essand inflammatory
gene expression. Evidence indicates that DEP nducainflammatory
responses (Jakober et al. 2007). DEP is the majoponent of fine PM derived
from incomplete combustion (Donaldson et al. 20@x}ensive studies in human,
animal, and cellular models have pointed out tHBPDmost likely the organic
content, induces inflammation by elevating oxidatress (Donaldson et al.
2005). The activation of pro-inflammatory mediatbysDEP is believed to relate
to classical redox sensitive signaling pathways MAPK, and transcription
factors, such as NkB and AP-1 (Jakober et al. 2007). Benzoquinone and
naphthoquinone are two of the most abundant quispeeies in diesel emissions
(Bai et al. 2001; Rodriguez et al. 2004). Thesesplations lead to the hypothesis
that quinones may induce inflammatory gene expoadsirough oxidant-

dependent signaling.

1-2 naphthoquinone (1,2-NQ) is a reactive electite@ssociated with
diesel exhaust particles (Monks et al. 1992) tlaagtltreen shown to have
cytotoxic, mutagenic and immunotoxic effects (Kikuet al. 2006; lwamoto et al.
2007). 1,2-NQ is believed to inactivate proteirogine phosphatases (PTP) that

act as negative regulators for EGFR (Kikuno e2@06; lwamoto et al. 2007).
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This reaction induces potent contraction of guipigetracheal rings by activation
of receptor tyrosine kinases (Sun et al. 2006)o Atgtric oxide synthase in
endothelial cells is inactivated by 1,2-NQ expoqltewahara et al. 2006;
Tsatsanis et al. 2006). Although it can undergih beactions, the toxicity posed
by 1,2-NQ is most likely initiated by covalent bind, which has been associated
with the activation of signaling pathways that é@ad to the expression of pro-
inflammatory proteins such as IL-8 and COX-2 (Kwuaad al. 2010) and the

adaptive protein HO-1 (Valko et al. 2005).

Zinc, a redox inert transition metal, is found ubiqusly in plants and
animals. The literature ascribes contradictoryatéfen regards to zinc-induced
oxidative stress. Zinc is viewed as an antioxidantter deficiency conditions
(Schwarzlander et al. 2009). However, elevated$eseZr?* induce cellular
damage with production of ROS (Donaldson et al5200ccupational and
environmental exposures to elevated concentratafia? " have resulted in
adverse health effects such as metal fume feveriaft@mmatory responses
(Samet et al. 1998; Wu et al. 1999). It is suggkstat the underlying mechanism
of cellular injuries caused by zinc exposure octuyr¢he triggering of signaling
pathways involving Cd, MAPK, and PI3K (Link and von Jagow 1995; Lohman
and Remington 2008). Previous studies point to-Zduced inhibition of
mitochondrial respiration by binding to complexdihd bcl complex (Abraham
M. Brown et al. 2000). Furthermore, mitochondriaéegy metabolism is
inhibited throughu—ketoglutarate dehydrogenase complexing witfi ZBossy-

Wetzel et al. 2004a). In addition, it has been shivat treatment with soluble
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Zn** results in substantial respiration blockage, ntitowrial structural
alterations, mitochondrial permeability transitidmnges, and ROS production in

isolated mitochondria (Donaldson et al. 2005).

As the model toxicants in this study,Zmnd quinones are known for
their correlation with inflammation and classicgraling pathways (Nemery
1990; Blanc et al. 1993). Elevated levels of inflaatory mediators such as
interlukin 8 (IL-8), interleukin 6 (IL-6), and Tumdecrosis Factor-alpha (TNF-
o) are associated with Zhexposure (Samet et al. 1998; Wu et al. 1999; Jagpe
al. 2000; Kim et al. 2006; Samet et al. 2003; Wale2004). Our research group
has demonstrated that Zrinitiates several signaling events, including \atibn
of epidermal growth factor receptor (EGFR), Ras;k#; AP-1, JNK, ERK and
Mitogen-Activated Protein Kinase (MAPK), which ak upstream signaling
events for inflammatory responses (Cao et al. 2000@9; Cao et al. 2007b;
Pourazar et al. 2005; Tal et al. 2008). In addjtiva have reported that diesel
exhaust can activate EGFR, Src, and STAT3 with ecdd COX-2 and IL-8
expression all of which lead to inflammatory respes (Esterbauer 1996). Thus,
evidence shows that Zhand quinones can stimulate inflammatory mediator

expression via several signaling pathways.

1-E. Limitations of current analytical methods

A variety of biochemical and analytical methods @enmonly used for

the study of oxidative stress in living cells. Titaamhal methods have relied on
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indirect evidence such as deficiency of antioxidamtthe measurements of
damaged DNA, protein, and lipid by-products. Fatamce, a thiobarbituric acid
reactive substance (TBARS) is a well-establishe@xfor lipid peroxidation.
Colorimetric, fluorimetric and chromatographic assaan be utilized for the
detection of MDA, the bi-product of lipid oxidatigiPalmieri and Sblendorio
2007).Spin trapping with electron spin resonance (ESREspscopy is a way to
detect free radicals by measuring the formatioradical adducts. Normally,
there are two groups of compounds, nitroso andmetrused for trapping. The
application of spin trapping ESR demonstrates Bmhsitivity for ROS detection;
however, the stability of spin trapping, interfecerof the probe with biological
systems, and artifacts are concerns regarding dms®aches (Crow 1991h
general, the detection of ROS by means of the @gpes mentioned above
involve the disruption of cells, which may intedesith the results. It could
generate oxidation artifacts, limit dynamic intexfation and impair subcellular
compartment detection during cell lyses procesghEtmore, physiological
production of oxidants by non-phagocytic cells iives the generation of
relatively low levels of ROS, making the detectmrROS generation by relevant

cellular targets of inhaled pollutants such ashegiil cells especially difficult.

Fluorescence microscopy can perform measuremeattaté focused on
individual living cells over a prolonged periodtohe. 2,7-
dichlorodihydrofluorescein diacetate (H2DCF-DA) atwdvariants are widely
used for HO, detection when imaging live cells. However, DCFa$ thow

specificity and is oxidized by different oxidantesjees including peroxynitrite,
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nitric oxide, and HO,in various experimental conditions (Ohashi et 8D2).
Furthermore, DCFH can not only be activated by RQ&also by heme and
hemoproteins, which reduces the credibility ofoxsdative stress detection
(Marchesi et al. 1999). Photoreduction is anotimeitation for DCFH as

oxidation occurs when the dye is incubated withuoity agents and stimulated
with visible light irradiation (Miller et al. 2007 hese fluorescent dyes are noted
for their drawbacks including low specificity, noaversibility, and limited

organelle targeting potential.

1-F. The advantages of new probesfor ROS and redox statusin living cells

Peroxy Green 1 (PG-1) was the first fluorescensetandicator
developed specifically for ¥D, detection, with the sensitivity forJ@,
production from non-phagocytic cells respondinghgsiological signals (Miller
et al. 2007). PG-1 consists of fluorescein coreddo a chemoselective
boronate switch that responds tgdd with high specificity (Rhee 2007). As a
chemical based ROS sensor, PG-1 represents aicagmiimprovement over
DCFH in that it offers superior specificity, semnstly, and stability (Dickinson et
al. 2011; Lippert et al. 2011a; Chung et al. 2Qifpert et al. 2011b). Although
PG-1 is not specifically targeted to any intradalfilcompartments, when used in
combination with classical inhibitors, as presentedhapter I, it can be used to
infer an intracellular source of,B, production. Furthermore, Dr. Chang, who
first engineered PG-1, is working on improving chheahtools for studying ROS

biology. The Chang research group developed bteayraup based-fluorescence
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indicators with characterizations such as diffeRR@S detection, subcellular
compartment targeting capability, and two photompetences (Dickinson and
Chang 2011) (Reers et al. 1991). These newly exgghakdemical tools allow

advanced ROS detection under reaction-based ap@®ac

Reagents also exist for the evaluation of mitochi@héunction by
imaging methods. The mitochondrial membrane paémtdicator, 5,5',6,6'-
tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcaryanine iodide (JC-1), has been
used since the 1990s (Li et al. 1999). It is araétric dye with two distinct
emissions (maximum at 527 nm and 590 nm) that salépending on its
concentration. Under normal conditions, mitochocaagtively pump the dye
against its concentration gradient, resulting imgh JC-1 concentration (J-
aggregates with red color), while disruption ofautiondrial membrane potential
results in the release of JC-1 into the cytosoh@homer with green color). In
other words, the changes of JC-1 color representitibility of the mitochondria.
Loss of mitochondrial membrane potential indicatelular dysfunction and

initiates signaling events that lead to ROS pradadBelousov et al. 2006).

In addition to chemical based fluorescence proaesther strategy for
ROS measurement is through the use of protein-lfasadphores. Generally,
fluorescent proteins are fused/engineered withxeabive domains such as
transcription factors or antioxidants to achievecsjic ROS detection or sense
changes in redox balance in a cellular system. GGitaerescent protein (GFP)

based redox/ROS probes have been developed sifea@ have received a lot
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of attention due to several advantages includingnsbility, stability, sensitivity
and specificity regarding their detection of physgically relevant oxidant event.
Additionally, there are two excitation maxima oh&est in GFP based on the
protonation state of the chromophore. Ratiomeluorbphores exhibit two
excitation maxima that can be monitored sequentialteal-time. Typically, the
emission at one of the excitation peaks is constaintensity relative to the other
and can be used to control for variations in sigm&nsity caused by differences
in extraneous factors. It can minimize errors aiséed with differences in protein
expression level, cell thickness, and uneven ilhaton as well as

photobleaching.

The genetically encoded sensor, HyPer, was develfmpdnydrogen
peroxide detection by Belousov et al. This sensar fusion of YFP and the
regulatory domain of OxyR (OxyR-RD) and was geretdiy the insertion of
circularly permutated YFP into OxyR coding sequeft@aoi et al. 2001). OxyR
is anE. coli transcription factor that is specifically senstito HO,. Hydrogen
peroxide reacts with the critical cysteine in OXR-protein to create a cysteine
sulfenic acid followed by the formation of an intralecular disulfide bridge
(Belousov et al. 2006). cpYFP is inserted nearleyctiitical OxyR hydrogen
peroxide sensing domain (C199 and C208) betweeltigpo205 and 206 (Meyer
and Dick 2010). HyPer can be used directly forret®metric measurement of
intracellular hydrogen peroxide with no exogenousrgical compounds.
According to the manufacturer, the HyPer proteis ianomolar affinity to bO,,

and our laboratory has observed micro molar ajfifut HyPer in BEAS-2B
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cells. HyPer has been shown to express a 3 taldfolamic rangen vitro
(Belousov et al. 2006). The high sensitivity andaficity of HyPer makes it very
useful for its application in signaling studies.t&ion of physiological levels of
H,0, was performed by using HyPer in HelLa cells and foard to be expressed
in different sub-cellular compartments including ttytosol, mitochondria and

nucleus (Ostergaard et al. 2001).

Sensitive reporters for redox potential have bessigihed based on
variants of green fluorescent protein (roGFP ankFi). These genetically
encoded reporters were presented by two indepenelesdrch groups as redox
sensors with two fluorescence excitation maximactviaillow ratiometric analysis
(George T Hanson et al. 2004) (Shimomura et al21@8mo et al. 1996). Wild-
type GFP (WtGFP) isolated from jelly fish has anstrhnded beta barrel
shielding an internal alpha helix (Bjornberg et24l06). The chromophore of
WtGFP consists of three amino acids (S65/Y66/GB&)a strands 7 and 10
extend into the core of wtGFP adjacent to the clommore. Therefore, the
engineering strategy for redox fluorescence indicdevelopment is targeted to
the amino acids with the potential to distort/attex chromophore and, therefore,
fluorescence emission intensity through a reveesibaction such as a disulfide
bond formation (Dooley et al. 2004). The redox-geresGFP (roGFP) developed
by Dr. Remington’s group has two surface-expodad|-tontaining, cysteines
placed at positions 147 and 204 on beta strandsl 2@ in both wtGFP and
enhanced GFP (eGFP), close to the chromophore (Baard James Remington

2009). Disulfide formation between the cysteineugopromotes protonation of
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the chromophore and alters emission intensity. dfoeg, oxidizing conditions
induce the formation of a disulfide bridge betwésgse 2 cysteines, which
ultimately alters the emission intensity dependipgn the excitation wavelength
(Meyer and Dick 2010). roGFP2 uses eGFP as a baekhdhich is preferable
due to enhanced intensity, better compatibilitynvgeneral laser excitation (404
and 488 nm), and better resistance to photoswict@@eorge T Hanson et al.

2004).
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Figure 1- B. Structural features of roGFP2 (Gedrd¢anson et al. 2004).

A. The key structure of roGFP including the chrom@pand engineered cysteine.
B. the critical cysteine, Cys147 and Cys204, urdédized (top panel) and
reduced (bottom panel) environments.
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These roGFP variants are engineered for the detecfiintracellular
thiol-disulfide equilibria (Lohman and Remington(&) Dooley et al. 2004;
Cannon and Remington 2006), and therefore provitenainvasive method for
the measurement of cellular redox potential witpbrioved response rate,
selectivity of midpoint potential, and specific lcdhr compartment expression
(Valko et al. 2005; Schwarzlander et al. 2009).sEhgensors have been used for
monitoring redox status in plant cells and ischen@aronal cells under various

conditions (Ostergaard et al. 2001; George T Haesah 2004).

The midpoint potential of roGFP2 is approximatély2 mV which makes
it suitable for detection in reducing compartmesush as the cytosol,
mitochondria and chloroplast stroma (Austin eR805). However, since roGFP
is fully oxidized in environments such as endopligsmticulum or lysosome, it is
desirable to also have roGFP variants with highieipoint potential (Lohman
and Remington 2008). A second generation of roGFR&-P1-R12 and roGFP1-
iX were established by Lohman and Remington thdtehhigher midpoint
potential, -230mV (Meyer and Dick 2010). Validatiohthe dynamic range of the
second generation roGFP in oxidizing compartmentsquired (Dooley et al.

2004).

The measurement of redox potential reflects thie sthoxidant stress
present in the cytosol. Although there are multiglgox pairs in the cell,

GSH/GSSG is the dominant redox pair in the cytoSiudies conducted with the
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use of specific inhibitorsreveal that roGFP largedynses the balance of the
glutathione redox pool (Cobbett et al. 1998; Mesteal. 2007; Vernoux et al.
2000; Vesce et al. 2005), specifically the conediin of GSSG, which is
typically very small in resting physiological cotidns. Several experimental
lines of evidence confirm that roGFP communicatéh the glutathione redox
couple through the intervention of glutaredoxinX}3iMeyer and Dick 2010).
The rate limiting step for roGFP to equilibratemihe glutathione pool
2GSH/GSSG is the availability of endogenous Grxy&teand Dick 2010). In
other words, the kinetics of roGFP2 is restrictgdi®e abundance and activity of
Grx which varies in species, cell types, and catlldcations. Therefore, the
development of next generation roGFP focuses oploguredox-sensitive
reporters to Grx. Grx1-roGFP fusion protein is tihied generation of redox-
sensitive fluorescent protein with better sendifiagnd faster response time

(Dickinson et al. 2001).

Taken together, the combination of ratiometric fescent probes and
confocal microscopy offers considerable improvem@ver existing methods for
the detection of oxidative stress, specificallyregard to temporal and spatial
resolution as well as sensitivity. As mentionedwaaetection of ROS and
oxidative stress is challenging due to the trarisiature of the events and the
sensitivity required for the detection. Althouglveral parameters should be
taken into consideration while acquiring data, imggnalysis can achieve deci-
second detection, effectively providing near réalet measurements. Equally

important is the ability to observe the locatiofshe oxidative events of interest
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with subcellular resolution (e.g., redox changesiitochondria). This is valuable
in tracking the origin and propagation of signalengents and understanding the
etiology of oxidative stress. Lastly, the use obfgmultiplier and advanced
camera-based detectors provides improved sengitiad quantitative resolution
for the detection of low concentrations of ROS #rm&ldevelopment of small
changes in redox status. In the current study, tgetly encoded probes can
detect ROS concentrations in the micro molar rang®nphagocytic cells. The
combined application of an imaging approach basethese new sensors of ROS
and redox status is a major innovation in the eurseries of studies, as it is used
to integrate oxidative stress into the existingecalar toxicology paradigm for

the study of the effects of inhaled pollutants

1-G. Development of Dynamic Spectral Unmixing Microscopy methodology

for the study of toxicant-induced oxidative stress.

Spectral unmixing refers to the protocol by whiblh measured spectrum
of a mixed pixel is decomposed into a collectiomafstituent spectra (Dickinson
et al. 2001; Berg 2004; Ecker et al. 2004; Larsob62 Zimmermann et al. 2003;
Zucker and Lerner 2005; Zucker et al. 2007). Spéammixing techniques have
been used in the physical sciences for the anadysatellite-based imaging for
several decades. This technique was introduced fitanetary systems to cellular
systems in the recent decade (Monks et al. 1982hd biological application,
spectral unmixing is used for discriminating betwée fluorescence signals

emitted by multiple fluorophores with overlappingestra. Most filter methods
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for either widefield or confocal microscopy onlyaal separation of distinct
channels, such as blue, green and red. The develdhthe confocal spectral
imaging (CSI) microscope permits simultaneous stfdyultiple probes with
overlapping emission spectra (Finkelstein and Joimn2004) (Steinberg et al.
1990). The CSI instruments achieve spectral unrgikyacquiring emission
spectra from different probes and comparing theaigith reference spectra.
The distance between the peaks in the individuattsa, the resolution of the
instrument and the relative intensity of the endifle@orescence from each probe

are critical determinants of the accuracy of s@ctmmixing.

In this dissertation work, a novel dynamic speatirahixing approach was
developed, validated and applied for the monitoohgl,O, levels and redox
changes induced in real time in living cells unaéng exposure to environmental

oxidants.

1.H Conclusions

Molecular toxicology studies of the inflammatoryestts of ambient air
pollutant exposure typically focus on the activatad signaling events that lead to
the transcriptional activation of relevant inflamorg genes. While there is a
growing body of evidence that oxidative stress plaritical role in adverse
responses induced by a broad array of environmagtaits, an integration of the
study of oxidant effects in mechanistic studiesampered by methodological

shortcomings and limitations such as sensitivity gpecificity. The causative
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relationship between signaling pathways and advautmomes stimulated by
specific ambient contaminants has been descritmdqusly. Studies conducted
in this laboratory and elsewhere have implicatedgdneration of oxidative stress
as an initiating event that leads to adverse resgmtriggered by exposure to
environmental toxicants. However, due to their ¢rant nature, reactivity and
low concentration, the detection of ROS and oxidaaponses has been
methodologically challenging. This dissertationdmeiis aimed at integrating
imaging analyses of oxidative stress endpoints ahittmical and genetic
indicators in molecular signaling studies. Alsothe current study, we utilized
transition metal and organic components found ifP@E our model toxicants to
elucidate the role of oxidative stress as a meshiarink between exposure to

environmental electrophiles and the expressionftdmmatory proteins.

1.1 Hypothesisand specific aims of thisdoctoral research

One of the major mechanisms by which ubiquitousmaments of
ambient air pollution, such as quinones and'Zinduce toxicity is by the
generation of exogenous or endogenous ROS. Whilg geration is involved
in inflammatory processes, the link between expwsind inflammation has not
been examined. The lack of reliable quantitativéhoes is a major impediment
in the integration of the role of oxidant stressuced inflammation in molecular
toxicology studies. The application of new gendlycancoded reporters provides
the opportunity to interface real time measurenoémixidative stress into

mechanistic studies with increased temporal antdapasolution. The studies
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herein are aimed at integrating imaging analysesmwfative stress endpoints in
molecular signaling studies of the inflammatoryeets of environmental
oxidants. The overall hypothesis of this researchepgt is that imaging
approaches can facilitate examination of the rblexalative stress in

mechanistic studies of the inflammatory effectsrfrair pollution exposures

The hypothesis is addressed in three specific airtigs dissertation. We
conducted a study using zinc and quinone as mogigants to (1) develop an
integrated imaging method for measurement of rguagntial, ROS levels, and
mitochondrial dysfunction; (2) examine the roleogfdative stress in the
initiation of signaling events that lead to inflaratory gene expression; and (3)
create an advanced imaging method to perform samettus measurements of

redox changes and ROS production.
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Environmental agents
Zinc, Quinone I

Toxic impairment of organelle :

Mitochondria

Figure 1- C. The paradigm of chemical compoundsded inflammation that is
mediated by oxidative stress.

Environmental agents induced toxic impairmentsrganelles which lead to
elevation of oxidative stress. The oxidant everdsiid then change redox
homeostasis and activate signaling pathways folibleinflammatory and
adaptive gene expression.
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Chapter I1. An Integrated Imaging approach to the study of oxidative stress
generation by mitochondrial dysfunction in living cells

2-A. Introduction

Oxidative stress is a common feature of the meshawif injury induced
by a broad range of environmental agents (Valkal.e2005). Such environmental
oxidative stress can result directly from the efeaf oxidizers, electrophiles, or
free radical-generating compounds such as ozoweal(&fral. 2001), quinones
(Kinter 1995), and redox-active transition metals¢Kelly and Mudway 2003).
Environmental oxidative stress can also involvedepletion of cellular
antioxidant defense mechanisms or dysregulatiamxiofative metabolism

processes in the cell (Aust and Eveleigh 1999).

Analytical methods used to study oxidative strétsnofocus on the
detection of oxidized biomolecules such as oxidigads (Monks et al. 1992),
proteins (Crow 1997), and DNA (Marchesi et al. ;9%6ta et al. 1999). Direct

detection of reactive oxygen species (AndreyeV.é2095) involved in cellular

! The main findings of Specific Aim 1 were publistiedWan-Yun Cheng,
Haiyan Tong, Evan W. Miller, Christopher J. Chah@mnes Remington, Robert
M. Zucker, Philip A. Bromberg, James M. Samet, &hdmas P.J. Hofer (2010).
An Integrated Imaging approach to the study of attié® stress generation by
mitochondrial dysfunction in living cells. Envirdtealth Perspect 118:902-908.”



oxidative stress in living cells has relied heawatythe use of the fluorescent
indicator 2,7-dichlorodihydrofluorescein diaceté2DCF-DA) (Lam et al.
2001). Unfortunately, the interpretation of dataamted with this indicator has
been limited by its lack of specificity and by exp@ental artifacts that include

photoinstability, autoxidation, and photoconvers{Benft et al. 2002).

Mitochondria are a known source of partially rediiogygen species
generated as a by-product of oxidative metabolisthe cell (Valko et al. 2005).
Dysregulation of mitochondrial function with metadilbanhibitors has been
shown to induce the release of ROS and associatddtive stress (Ouhabi et al.
1998; Smiley et al. 1991). Toxicologically, a widariety of environmental
contaminants ranging from aromatic hydrocarbon®fR2007; Cannon and
Remington 2008) to heavy metal ions (Kim et al.00al et al. 2006) have been
shown to impair mitochondrial respiration, with eimgy production of ROS. A
number of assays measure indices of mitochondmadtfon, such as ATP
concentration, citrate synthase activity, and memémpotential (Tang et al.
2001), but the methodologies used to measure natabial redox potential are

limited.

In the present study, we used an integrated imaappgoach to the
investigation of environmental oxidative stresautisg from mitochondrial
dysfunction. By applying established and recenttyoduced indicators, this
integrated approach allows real-time measurememitoichondrial membrane

potential, hydrogen peroxide £8,) levels, and redox status in living cells
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(Zucker and Lerner 2005; Zucker et al. 2007; Learet Zucker 2004; Zucker
20064, b). A431 skin carcinoma cells were usee@pesentative of rapidly
growing cells with high metabolic rate and energg that could be inferred to
have a correspondingly high mitochondrial activfinc sulfate (ZnSg) was

used as a soluble form of the zinc ion{Zrhat is also environmentally relevant,
because sulfate salts are known to predominate gsauoble metal salts released
by combustion processes. In addition, we usedymithione, which is used as a
mildewcide in outdoor paints, making skin cellskevant cell type to study with

this agent.

We report that exposure to Zna ubiquitous ambient contaminant that
has been shown to induce inflammatory (Miller e2&I07) and cytotoxic
responses (Riganti et al. 2004), results in amadaifular accumulation of 4@,
that is associated with a decrease of mitochonddcing redox potential and
depolarization of the mitochondrial membrane. THeg#ings demonstrate the
utility of an integrated application of imaging exiques for the study of
mechanisms of environmental oxidative stress indj\cells with improved

spatial and temporal resolution as well as spetific

2-B. Materialsand Methods

2-B-1. Cell culture and experimental settings.

A431 human skin carcinoma cells (no. CRL-1555; Anzer Type Culture

Collection, Manassas, VA, USA) were used for liedl onaging experiments.
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The cells were cultured in Dulbecco’s modified Eagimedium (DMEM; catalog
no. 11995, GIBCO, Grand Island, NY, USA) and suppated with 10% fetal
bovine serum (FBS) and 5 pg/mL gentamicin at 35%,C0O2. Cells were
seeded on round glass cover slips (22 mm in diapntéiekness #1) in six-well
culture plates at 150,000-250,000 cells per welltu€es were deprived of
growth factors overnight prior to study. The A43lls were preloaded with
Peroxy Green 1 (PG1) or 5,5,6,6"-tetrachloro-B, 3 ;tetraethy-
Ibenzimidazolylcarbocyanine iodide [JC-1 (T3168;ifrogen, Carlsbad, CA,
USA)], and the cover slip cultures were fitted iatoustom-made stainless-steel
chamber filled with 500 pL phosphate-buffered sal(RBS), which was
supplemented with 1 g/L glucose and kept at 37°(h wistage heater.
Conventional and spectral confocal microscopy aeaswere conducted using a
Nikon Eclipse C1Si confocal microscope (Nikon lnstents Inc., Melville, NY,
USA) that was equipped with TE 2000 microscopeht.igas delivered to the
sample with a 60 x Plan Apo 1.4 numerical apertiNi) objective; the system
also uses diode lasers of 404 nm, 488 nm, 561 ndh6a3 nm. Prior to each
experiment, the confocal microscope was testedfldlat illumination alignment,
optical efficiency, colocalization, and axial rasidn (Bogeski et al. 2006); and
the lens was inspected and cleaned before use. Wele exposed sequentially to
ZnSQ, (catalog no. Z-0251; Sigma, St. Louis, MO, USAtahcentrations
between 10 pM and 100 pM with or without 4 pM af #rf*-specific ionophore
pyrithione, given at 5 min. The inhibitors apocy(®0 uM) (Tal et al. 2006),

wortmannin (10 uM), diphenyleneiodonium (DPI; 25 uf@hutes et al. 2007),
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carbonyl cyanide 3-chlorophenylhydrazone (CCCPy i) (Miller et al. 2007),
and Ly294002 (10 puM; all inhibitors were obtaineahi Sigma), plus compound
56 (C56, 10 uM; Calbiochem, San Diego, CA, USA)AE®O07) and EHT 1864
(5 uM; provided by C.J. Der, University of North Glna—Chapel Hill) (George
T Hanson et al. 2004) were applied 30 min pricadding Z3*. H,O, (1 mM),
CCCP (10 uM), or dithiothreitol (DTT; Sigma; 10 mMas added at the end of

experiments as positive controls.

2-B-2. Measurement of 4@,.

H,O, production was monitored using the fluoresceie-Beroxy Green 1
(PG1) dye (Tal et al. 2006). PGL1 is a boronate @reibh high specificity for
H,0,. A431 cells grown on glass cover slips were ladbéles uM PGL1 for 15
min at 37°C in PBS glucose solution prior to meamant. PG1 fluorescence was
excited using an argon laser fat 488 nm), and the emission spectrum was
monitored in a range @f= 490 nm to 570 nm over 32 channels with 2.5 nndba

pass. Signal intensity was quantified at the PGiksion peak at 523 nm.

2-B-3. Measurement of mitochondrial membrane paiént

The mitochondrial membrane potential was monitargdg the
fluorescent indicator JC-1. In the presence of hggical mitochondrial
membrane potentials, JC-1 forms aggregates thatefbige with an emission peak
at 588 nm. Loss of membrane potential favors theameeric form of JC-1,
which has an emission peak at 530 nm. Cells wéedd with 5 uM JC-1 in
DMEM supplemented with 10% FBS and 1 pg/mL gentamat 37°C. After 15
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min incubation, cells were washed with PBS twicd placed in the chamber
with 500 pL PBS glucose. JC-1 fluorescence intgnvgés monitored with dual
excitation at 488 nm and 561 nm and an emissiom istege of 490-650 nm (32
channels, 5 nm per channel). Mitochondrial membpatential was inferred
from the ratio of fluorescence intensity of emissinaximum at 593 nm and 538

nm, which represented the J-aggregate and monofoems, respectively.

2-B-4. Cardiac mitochondrial swelling assay.

Adult pathogen-free female CD-1 mice, which werechased from
Charles River (Raleigh, NC, USA), were used assthece of the cardiac
mitochondria. Animals were housed at the U.S. Emritental Protection Agency
(Miller et al. 2007) animal care facility (accrestitby the Association for
Assessment and Accreditation of Laboratory Animate} and given ad libitum
access to both water and food. Animal care wasgivaccordance with
institutional guidelines, and animals were tredtathanely, with regard to
alleviating suffering. The studies were conductétth approval by the EPA
Institutional Animal Care and Use Committee. Miceraveuthanized with an
intraperitoneal injection of sodium pentobarbi@&d (ng/kg body weight), and
hearts were excised and weighed. Freshly isolatemthondria were prepared
from the ventricles by differential centrifugatiddriefly, heart tissues were
homogenized with three strokes of a polytron homag in ice-cold
homogenization buffer containing 225 mM mannit&@,niM sucrose, 5 mM

morpholinepropanesulfonic acid, and 2 mM tauringh ®.2% bovine serum
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albumin (BSA; pH 7.4). The homogenate was transteto a glass homogenizer
and homogenized for five strokes on ice. After gaugation at 2,500 rpm for 5
min at 4°C, the supernatant was removed and cegédf at 8,000 rpm for 5 min.
The pellet was sequentially washed with homogeiuzdiuffer three times and
resuspended in homogenization buffer plus 5 mM KB2PThe protein

concentration was determined with BSA as a stanblaia Bradford assay.

The mitochondria (50 pg) were incubated in buffamtaining 120 mM
KCI, 10 mM Tris HCI, and 5 mM KH2PO4 at room temgteire. After adding 10
mM glutamate and 2 mM malate, the light scatteahgitochondria was
measured at 540 nm for 40 min with a 96-well pidectrophotometer
(POLARSstar Optima; BMG, Alexandria, VA, USA). Weitiated calcium- or
zinc-induced mitochondrial swelling by adding 29@ galcium or 100 uM zinc
and measured for another 20 min. The absorbanceoevasalized to the initial

absorbance.

2-B-5. Measurement of redox potential in mitochasdr

The genetically encoded mitochondria-targeted fofitine genetically
encoded fluorescent reporter redox-sensitive gii@enescent protein
(MTroGFP1) was used for the measurement of redtenpi@l in mitochondria
(Riganti et al. 2004; Bogeski et al. 2006; Shutes.€2007; Vanhaesebroeck et al.
2001). Fugene 6 (catalog no. 11815091001; Rochanh&Em, Germany) was
used for transfection according to the manufactsiotocol. The MTroGFP1

plasmid was mixed with Fugene 6 for 30 min at raemperature and applied to
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the A431 cells for 48 hr. Tetramethyl rhodamine mgkéester (TMRM; catalog
no. T-668, Invitrogen), a mitochondria-specific dwas used to validate the
transfection by incubating 500 nM TMRM with transtked cells for 15 min and
by visualizing with excitation at 561 nm and witimigsion filter of 605/75 nm
(Chroma Technology Corp, Rockingham, VT, USA). Gréaorescence was
derived from excitation at both 404 nm and 488 nith an emission detected
using a band-pass filter of 525/50 nm (Chroma). fesellts were calculated by

ratioing the emissions excited by 488 nm and 404as@r sequentially.

2-B-6. Statistical analysis.

Imaging data were collected with Nikon EZ-C1 softevand quantified by
EZ-C1 and Nikon Elements. Figures were plotted widan + SE, with three
repeat experiments. An average of 5-10 cells witarént fluorescence
intensities were collected as regions of intergstach experiment and quantified
with Nikon EZ-C1 and Nikon Elements software (Nikostruments). Pairwise
comparisons were carried out using Student’s t-geptvalue of < 0.05 was

considered statistically significant.

2-C. Results

2-C-1. Zinc-induced kD, production visualized by PG1 in living cells.

As a model toxicant for these studies, we used,znnon-redox-active
metal that is ubiquitously found associated withipalate matter in ambient air

and occupational settings. Addition of noncytotaxonicentrations (Guthrie and
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Welch 2008) of ZA" and pyrithione (10—100 pM ZnSO4 plus 4 uM pyritiepto
A431 cells resulted in a time-dependent elevatiomtracellular concentrations
of H,O, as detected by an increase in PG1 fluoresceneesity (Figure 2-A).
H,0O, added as positive control resulted in a markerkase (550%) in PG1
fluorescence (Figure 2-A). Spectral analysis of FlGdrescence excited with 488
nm revealed an emission peak at 523 nm (Figure, Zd&sistent with published
reports (George T Hanson et al. 2004). Sequentiagjes were captured at 30-sec
intervals and plotted as the relative fluorescentansity normalized to initial
intensity. Cells exposed to 100 pM?%1fior 10 min showed a 64% increase in
PG1 fluorescence intensity relative to startingelsvPG1-loaded resting cells not
exposed to Zfi observed during the same testing period showe¥ ndrease in
fluorescence intensity (Figure 2-A). Similar totneg cells, A431 cells incubated
in 4 uM pyrithione alone did not show an increas@G1 fluorescence intensity

(data not shown).
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Figure 2- A. Visualization of zinc-induced,@, production by PG1 fluorescence
in A431 cells.

A431 cells were incubated with vehicle alone fonis (a), 100 uM zinc sulfate
for 30 min (b), or 1 mM KO, given at 45 min (c). (d) Emission spectra
confirmation of PG1 fluorescence with peak at 588 mtensity is shown in
arbitrary units (AU). (e) Time course o%8, production detected by PG1
fluorescence in resting cells and in cells stimadatith 10 uM Zn plus 4 uM
pyrithione at 5 min, 20 UM Zn at 15 min, or 70 uM & 25 min; HO, (1 mM)
was added at 35 min as a positive control for lestrerimental conditions.
Triplicate observations were made for control atm@dated cells with an
average of 10 cells in each run. Data are mean.+ SE
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2-C-2. Identification of the source of Zrinduced HO,.

As shown in Figure 2-A, Zi-stimulated HO, production was visualized
as an increase in fluorescence disseminated thoogine cytosol. To identify
the intracellular source ofJJ,, cells were pretreated with the nicotinamide
adenine dinucleotide phosphate oxidase inhibitpognin or DPI, the epidermal
growth factor receptor kinase activity inhibitor &%he phosphoinositide 3-
kinase activity inhibitors wortmannin or Ly2940Q@Be Rac GTPase kinase
inhibitor EHT 1864, or the mitochondrial uncoup®&ECCP, prior to exposure to
Zn** (George T Hanson et al. 2004). With the exceptibBCCP, the application
of these inhibitors did not have statistically sfigant effects on Zfi-induced
H,O, production in A431 cells (Table 2-A). Pretreatmesth CCCP induced a
statistically significant 32% inhibition in PG1 itescence intensity relative to
Zn** alone. Treatment with other reagents resultedsa than 10—20% inhibition
of the HO,-dependent PG1 fluorescence production inducedl/(Zable 2-

A). These findings implicate mitochondria as tharse of Zri*-induced HO,

production.
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Table 2-A. The effect of inhibitors on Zhinduced HO, production.

Inhibitor * Conc. % Inhibition
Apocynin 100 pM 21
DPI 25 UM 7
C56 10 pM 3
Wortmannin 10 uM 10
Ly294002 10 uM 0
EHT 1864 5uM 5
CCCP 10 uM 32

a. Cells incubated with inhibitors in various comtzations 30 min prior to 100
UM Zr?* exposure. Inhibition effects were calculated byparison of ZA*
induced PGL1 fluorescence after 30 min exposure evithithout prior inhibitor
treatment.

* denotes statistically significant difference frarghicle control, p < 0.05
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2-C-3. Zinc-induced mitochondrial dysfunction.

The maintenance of the electron transport chaitoprgradient by
functional mitochondria establishes a transmembedaerical potential that can
be monitored using the fluorescence indicator J@Htinsically a green indicator
with an emission maximum at 529 nm in monomeriafadC-1 accumulates in
functional mitochondria in concentrations suffidiém form J-aggregates, which
leads to a shift of the emission maximum to 588(Rigure 2-B). Zinc-induced
mitochondrial depolarization led to a change inghailibrium of JC-1 observed
as a shift of the JC-1 emission maximum to a sharéeelength (Figure 2-B),
corresponding to an emission peak shift from 588mBB88 nm (Figure 2-B).
The ratio of the fluorescence emission at 538 &&lrin represents the degree of
Zn**-induced mitochondrial depolarization (Valko et2005). Loss of
mitochondrial membrane potential was observed I0Oafier cells were exposed
to 100 pM ZA" and 4 pM pyrithione, and continued to rise fom3@ (Figure 2-
B). CCCP was added at the end of each experimemnpasitive control. As
shown in Figure 2-B, the addition of CCCP did maiuce a further increase in
fluorescent intensity in cells exposed t&Zrsuggesting a complete

depolarization of mitochondrial potential inducedzn®* in A431 cells.
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Figure 2- B. Measurement of mitochondrial membnaoiential visualized by JC-
1 in A431 cells treated with zinc.
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A431 cells treated with vehicle alone (A) or witbGluM zinc before (B) and
after addition of 10 uM CCCP (C) as a positive oan{D) The spectrum of JC-1
is shown under 2 different conditions; control s€#olid line) and depolarized
cells (dashed line). Intensity is shown in arbitranits (AU). (E) Measurement of
JC-1 fluorescence intensity (taken as the ratigreén to red) in control and Zn
exposed A431 cells; 100 uM zinc plus 4 uM pyritl@omere added at 5 min, and
10 uM CCCP was added to both groups at 35 min. énagere obtained with
simultaneous excitation of 488 nm and 561 nm lasdremission scan range
between 490 nm and 650 nm using a 5 nm band papBcdie observations
were made for control and stimulated cells witraaarage of 10 cells in each run.
Data are mean + SE.
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As an independent measurement of mitochondrialtioimcwe next
examined the effect of Zhexposure on the mitochondrial membrane transition
pore using the mitochondrial swelling assay inased cardiac mouse
mitochondria. This particular assay requires adangmber of isolated
mitochondria that would be impractical to obtaionfr cultured cells. Therefore,
mouse heart mitochondria were used for this purpsse model suitable for
toxicological testing. Treatment with Znand pyrithione resulted in significant
swelling of isolated mitochondria. The additioncaicium (positive control)
induced spontaneous swelling, indicated by a 17étedse in absorbance at 4
min, whereas the addition of zinc induced a simeléect, with a 15% decrease in
absorbance (Figure 2-C). These results independeutfirmed that Zfi" directly

affects mitochondrial function.
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Figure 2- C. Zinc-induced mitochondrial dysfunctimeasured using the swelling
assay.

A suspension of isolated cardiac mitochondria wasitored for absorbance at
550 nm after the addition of 100 pMZror 250 pM calcium ion. Absorbance
values were normalized to the initial reading. Dafaresent three independent
experiments.
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2-C-4. Visualization of Zfi-induced oxidative stress in mitochondria.

The data presented above indicate that the mitakfwnis a target of
Zn**-mediated toxicity and a potential source of RO8 axidative stress. To
examine the effect of Zfiexposure on mitochondrial redox potential, we used
MTroGFP1 (Crow 1997). This genetically encoded regraesponds to changes
in redox status with changes in the relative intgref fluorescence at 510 nm
upon excitation with its two excitation maxima, 484d 488 nm. Cells transfected
with MTroGFP1 displayed the expected green fluaese in a pattern that was
exclusively associated with mitochondria (FigurBR-Confirming the
localization of the sensor, the MTroGFP1 fluoreseecolocalized with a
validated mitochondrial indicator, TMRM (Figure 2:[Exposure of these cells to
100 pM Zrf* and 4 pM pyrithione induced a rapid increase erttio of
fluorescence at 404/488, indicating a less redueddx state (Figure 2-D). This
Zn**-induced change corresponded to a loss of mitoafeeducing potential,
from a value previously reported to be —288 mV (&ha&t al. 2002), toward a
more positive redox potential, starting within 2nnaind reaching a plateau by 10
min (Figure 2-D). Subsequent addition of 10 mM Dasla positive control

restored a negative mitochondrial redox potential.

49



DTT 10mM

o 1.10+

<

= Pyrithione 4uM

a

- 1.059 zn 100pM Py
3

<

= 1.00

£

©

X

< 095 T T T T T J

Time (min)

Figure 2- D. Zinc-induced oxidative stress in mitondria.

(A) A431 cells transfected with MTroGFP1 demonstrgteen fluorescence
associated with mitochondria. (B) Cells incubatetihwhe mitochondrial
indicator TMRM, shown as red fluorescence. (C) Calzation of the two
images. (D) Mitochondrial redox potential was mored as the ratio of
fluorescence intensity under 404/488 excitatiomradized to the value at O min;
vehicle or 100 uM Zf plus 4 pM pyrithione was added at 5 min. DTT (1@)m
was added at 20 min as a positive control. Dat&\gsevuped from 20 cells
studied over three separate experiments, expressedan + SE.

50



2-D. Discussion

Oxidative stress is increasingly recognized asrgyortant feature of the
mechanism of toxic action that is common to manycstirally disparate
environmental contaminants (Marchesi et al. 198@)wvever, a significant
limitation in the investigation of oxidative stresstoxicology has been the
availability of an integrated methodological apmio#or real-time detection of
reactive oxidant species and oxidative damagevindicells. Compared with
conventional biochemical assays, live-cell imagpffgrs superior temporal and
spatial resolution of intracellular processes hia present study, we have
employed an integrated imaging approach to studyabixe stress associated
with mitochondrial dysfunction in cells exposedtie environmental air pollutant
Zn**. The detection of specific ROS is an importantfesof this approach. The
indicator H2DCF-DA and its variants have been usitkly for ROS detection
by imaging of living cells. However, several lintitans are associated with
H2DCF-DA, including a lack of ROS specificity artd susceptibility to
oxidation by different species such as peroxyeitmitric oxide, superoxide, and
H,0, under various experimental conditions (Miller e2907). In addition,
H2DCF-DA can also be oxidized by heme and hemoproi@iiller et al. 2007)
and is subject to photoreduction (Rhee 2007), &urtbducing the reliability of

ROS detection with this indicator.

Using PG1, we visualized Zhstimulated HO, production in living cells.

Although PG1 is not specifically targeted to amanellular compartment, when
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used in combination with classical inhibitors, asavd in this study, it can be
used to infer an intracellular source of®4 within the cell. PG1 consists of a
fluorescein-like dye conjugated to a chemoseledim®nate switch that responds
to H,O, with high specificity (Miller et al. 2007). PG1tie first fluorescence-
based molecular indicator for the specific detectbH,O, with sufficient
sensitivity to detect low concentrations of per@xslich as those produced by
nonphagocytes responding to physiological signaeofge T Hanson et al.
2004). Thus, as an ROS sensor, PG1 representsificsigt improvement over
H2DCF-DA in that it offers superior specificity,rsgtivity, and stability (Lohman
and Remington 2008; Dooley et al. 2004; CannonRemiington 2006). Miller et
al. (Schwarzlander et al. 2009; Vesce et al. 2806ed that PG1 has high
specificity for HO; relative to a wide range of other oxygen, nitraggorine,

and organic oxidant species. Lending credenceesetfindings, in the present
study we showed that Zf a transition metal incapable of producing ROS by
redox cycling, induces #D, production detected by PG1 fluorescence, which we
independently show to be the result of mitochondiyafunction induced by Z#

exposure.

A critical element of the approach applied in ttisdy is monitoring
redox potential using redox-sensitive variantsreig fluorescent protein
(roGFPs). These genetically encoded reporters fistalescribed by Hanson et
al. (Link and von Jagow 1995; Lohman and Remin@@d8) as redox potential
sensors with two fluorescence excitation maximas fpermitting ratiometric

analysis that minimizes errors associated withatems in indicator
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concentration (roGFP expression), illumination msi€y, and cell thickness. The
roGFP sensors were genetically engineered to rélsfpochanges in intracellular
thiol-disulfide equilibria (Hanson et al. 2004) atherefore provide a noninvasive
method for measuring cellular redox potential. T®@FP sensors feature fast
response rates and selectivity for midpoint po&mind for subcellular
compartment targeting (A. M. Brown et al. 2000)eythave been used for
monitoring redox status in plant cells and ischen@aronal cells under various
conditions (Bossy-Wetzel et al. 2004b). Here, wedus mitochondria-targeted
version, MTroGFP1, to monitor the effect of’Zinduced oxidative stress. The
reporter responded as expected to treatment wdbexous oxidants @d,) and
reducing agents (DTT) within 2 min. Our findingoshthat Z#* induces a rapid
decrease of mitochondrial reducing potential, cgtesit with the independent
measurements of reduced mitochondrial membranei@itand opening of the

mitochondrial permeability pore.

Previous studies point to Zhinduced inhibition of mitochondrial
respiration by binding to the bcl complex (Kim et2906; Tal et al. 2006).
Furthermore, mitochondrial energy metabolism isvikimao be inhibited through
a-ketoglutarate dehydrogenase complexation kj Franklin and Costello
2009). In addition, it has been shown that treatméih soluble ZA* has resulted
in substantial respiration block, mitochondriaustural alterations along with
mitochondrial permeability transition changes, &W@S production in isolated
mitochondria (Tang et al. 2001). Exposure t6'Zs also associated with

dysregulation of signaling leading to increasedreggion of inflammatory
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mediators (Link and von Jagow 1995), as well aptgi (Pautke et al. 2005)
and necrotic cell death (Monks et al. 1992). Basedurrent understanding, the
impairment of mitochondrial function observed irstetudy can be seen as an
underlying mechanism through which the oxidant oesps are caused by?Zn
exposure, or interpreted to represent a secondi@gt ef the oxidant stress
induced by ZA". Additional studies will be required to elucid&ée complex

mechanisms that underlie the oxidative stress &tsdowith Zif* toxicity.

As our findings with ZA" in this study demonstrate, by integrating the
MTroGFP redox sensor and the JC-1 sensor of mitaiied membrane potential
with conventional methods to determine mitochonduaction (the swelling
assay and metabolic inhibitors), it is possiblelteidate the mechanism of
oxidative stress induced by exposure to environat@gents. The conclusion that
oxidative stress induced by Zroriginates in the mitochondria is supported by
the following findings in the present study: a) feetial inhibition of ZA*-
stimulated HO, production in the cytosol by the mitochondrialpieation
uncoupler CCCP, b) the observation thatZxposure induces mitochondrial
depolarization, c) the finding that Zrinduces mitochondrial swelling (in isolated
cardiac mitochondria), and d) the decrease of iaguedox potential induced by

Zn** exposure.

The methodologies used in this study are broadbiegble to other
oxidative stressors such as redox active transitietals and organic oxidants.

Using BEAS 2B cells as a model of the human airegiyhelium, we have
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observed that the diesel exhaust organic constgue-napthoquinone ando-
benzoquinone induce B, production and a change in redox potential in both
cytosolic and mitochondrial compartments (Cheng &él., unpublished

observations).

The timeline of events measured with the integrafgaroach using real-
time imaging of living cells in this study seemsstgoport a sequence in which
exposure to Zfi results in mitochondrial dysfunction, possiblyaarest of
electron transport (Kelly et al. 1998), causingaaoumulation and release of
partially reduced oxygen species, which givestasthe increase in cytoplasmic
H,O, detected as increased PG1 fluorescence subseaquartbchondrial

depolarization and redox changes.

The change in redox potential detected by the MA®Gsensor appears
to precede Zfi-induced depolarization of mitochondria reportectmy color shift
in JC-1 fluorescence. However, it is likely that tielative timing of the changes
in fluorescence reported by the sensors and ira€atsed in this study is also
influenced by differences between their individiedponse rates. Thus, it is not
currently possible to precisely establish the seqa®f events based on changes
in the fluorescence intensity of different sensérgure studies will focus on
refining this integrated approach to factor in sge rates in a dynamic system
and thus more accurately reflect the temporal sezpief cellular events
involving mitochondrial dysfunction and ROS genenmateading to oxidative

stress induced by ambient toxicants.
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Chapter 111. Linking oxidative eventsto inflammatory and adaptive gene
expression induced by exposureto an organic PM component?

3-A. Introduction

Oxidant stress is a commonly described mechariesitire of the toxicity
of environmental contaminants (Pautke et al. 200Ritiple pathophysiological
effects of environmental exposures, including carfderosis and inflammation,
have been associated with oxidant damage to mad¢eoaies such as such as
lipids, proteins and DNA (Monks et al. 1992). Oxitlatress induced by a
toxicant is invariably a multifaceted process imnoy exogenous and endogenous
reactions between xenobiotic and cellular macrooués. Toxic exposures often
elicit cellular responses that are intrinsicallydant in that they involve
production of ROS and/or the loss of intracellutducing potential. Oxidative
cellular responses to exposure to oxidizing ageamsalso occur and thus the
elucidation of the events involved and the ordewlvich they occur presents

significant analytical challenges (Li et al. 206&imagai et al. 1997).

% The main findings of Specific Aim 2 were publishedWan-Yun Cheng; Jenna
Currier; Philip A. Bromberg; Robert Silbajoris; 86 O. Simmons; and James
M. Samet (2011). Linking oxidative events to inflaatory and adaptive gene
expression induced by exposure to an organic PMpooent. Environmental
Health Perspective.”



Oxidant stress is believed to play an importare rolair pollutant-
mediated toxicity in the respiratory tract. Traimitmetals and organic chemical
components of diesel exhaust particles (RahmarMawiNee 2000; Becker et al.
2005) have been shown to induce the generatioarafus ROS (Cheng et al.
2010), including superoxide radical,®b, and nitric oxide (Bai et al. 2001,
Rodriguez et al. 2004). The relationship betweadaiwe stress and altered
expression of inflammatory and adaptive genes kans lvell established for a

variety of air pollutants (Monks et al. 1992).

While established methods for the measurement idox damage to
cells and tissues exist, they are relatively ingmesand often provide only
inferential mechanistic information. On the othand, detection of primary
oxidative events resulting from environmental expes is inherently challenging
due to the transient nature of the events invobsedell as the relatively low
levels of oxidant reactants that are generatedgiimgaapproaches offer the
distinct advantages of providing high temporal apdtial resolution, as well as
the high sensitivity necessary to detect earlycattirs of oxidative stress in cells
exposed to environmental agents. Recently, we ibegstan integrated imaging
approach for the real-time measurement of redogniiati changes and,B,
generation resulting from mitochondrial dysfunctiodiving cells exposed to the
non-redox active transition metal Z{Endo et al. 2007; Miura et al. 2011). In
the present study, we expand this approach todechn investigation of the

relationship between specific oxidant events inaytesol and mitochondria and
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altered gene expression induced by the redox-aatihventaminant, 1,2-

naphthoquinone (1,2-NQ).

1,2-NQ is a reactive electrophile associated widisel exhaust particles
(Rodriguez et al. 2004) that has been shown to bgettoxic, mutagenic and
immunotoxic effects (Kikuno et al. 2006; lwamotca&t2007; Sun et al. 2006).
Quinone toxicity has been found to involve two miminitiating mechanisms:
first, a 1,4-Michael addition reaction leading tavalent modification of cellular
targets (Kuwahara et al. 2006; Tsatsanis et a680d, second, ROS generation
through redox cycling (Kuroda et al. 2010). Pregigtudies have shown thatl,2-
NQ attacks protein-tyrosine phosphatases (G. Tsblaet al. 2004), which has
been associated with the activation of signalintpways that can lead to the
expression of pro-inflammatory proteins such a8 lhrd COX-2 (EPA 2007)
and the adaptive protein HO-1 (Simmons et al. 200/)ile multiple studies have
suggested a role for ROS generation and inflammatarcesses, the link
between oxidant stress and inflammatory and adageéne expression has not

been examined following exposure to environmer&dteophiles.

Here we report that exposure to 1,2-NQ resultsragpal loss of
intracellular reducing potential and increased pobidn of HO, of
mitochondrial origin, and that these endpoints eisse differentially with the

induction of inflammatory and adaptive gene expoess
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3-B. Materialsand Methods

3-B-1. Reagents

Tissue culture media and supplements were obtdinedlLonza
(Walkersville, MD). Adenoviral vectors were procdrieom the Gene Therapy
Center Virus Vector Core Facility (University of Ni€ Chapel Hill, NC).
Common laboratory reagents were obtained from Sighemical Co. (St. Louis,
MO). Basic laboratory supplies were purchased frasher Scientific (Raleigh,

NC).

3-B-2. Synthesis of fluorescent reporter genesgimiviral vector

The genetically encoded fluorescent reporter roGER2redox sensitive
ratiometric probe established for detection of aiie stress in the cytosol and
mitochondria (Reddel et al. 1988). The plasmidtiias protein was a generous
gift from Dr. S. James Remington (University of Qoa, Eugene, OR). HyPer is
a genetically encoded probe specific foOxd detection and was purchased from
Evrogen (Axxora, San Diego, CA). The two gene§KB2 and HyPer, were
isolated from pEGFP-N1 and pQE30 vector by BamHil dimdlll digest and
cloned into the lentiviral transfer vector pTLREDa( et al. 2010). HEK293T
cells were co-transfected with purified transfectee plasmids and lentiviral
packing mix (Open Biosystems, Huntsville, AL). Titesulting supernatants from
the individual transfections were concentrated dnckw-speed centrifugation
through an Amicon Ultra 100kD centrifuge filter titMillipore; Billerica, MA),

and the retentates were aliquoted and stored a€-8dral titers were determined
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in HEK293T cells stably expressing the rTTA3 trartsator (E10 cells) by
transduction with serially diluted vector stockspasviously described (Livak and

Schmittgen 2001).

3-B-3. Cell culture and viral transduction

Transformed human airway epithelial cells (BEAS-2Bastore et al.
2001) were maintained in serum-free keratinocytavtin medium (KGM-Gold,
Lonza). For imaging purposes, BEAS-2B cells growb@% confluency were
transduced with lentiviral vectors carrying roGF&tHyPer genes targeting them
to either the cytosol or mitochondria under thetiplitity of infection of 5 as
previously described (Cheng et al. 2010). For ea@bverexpression, BEAS-2B
cells were transduced with an adenoviral vectoodimg humarcatalase
(AdCAT), green fluorescent protein (AdGFP), or empty vector for 4 h using an
MOI of 100. The adenoviral constructs were remoaker transduction and the

cells were passaged in KGM-Gold.

3-B-4. Cell Exposure

Growth factor-deprived BEAS-2B cells were exposed@-150uM 1,2-
NQ for the 0-4 h. Cells expressing roGFP2 or Hylere treated under
observation with a Nikon Eclipse C1Si confocal inmggsystem (Nikon
Instruments Inc., Melville, NY). In separate expeents, cells were analyzed
using a PolarStar Optima microplate reader (BMGtéeln, Durham, NC) prior to
and during treatment with 1,2-NQ. For gene expogsanalyses, BEAS-2B cells
were exposed to 1-1M 1,2-NQ for 4 h and changes in the levels of dpeci
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transcripts were analyzed using RT-PCR. In somemxgnts, cells were
pretreated 30 min prior to exposure with the inoits diphenyleneiodonium
(DPI; 25uM), CCCP (10uM), rotenone (1@uM), sodium azide (Nah 2 mM),

potassium cyanide (KCN; 1iM) and cyclosporine A (CyA; 1aM).

3-B-5. Measurement of redox potential and hydragoemoxide

Confocal microscopy analyses were conducted usfdy2i system that
was equipped with an Eclipse Ti microscope. Grésréscence was derived
from excitations at 404 and 488 nm while emissi@s wetected using a band-
pass filter of 525/50 nm (Chroma, Bellows Falls,)VThe results were calculated
by ratioing the emissions excited by 488 nm and@®dasers sequentially with a
scanning frequency of 60s. The optical settinggHerplate reader were similar to
those used in the microscope, with excitation & 43 and 400/10 and emission

at 520/30 (Chroma).

3-B-6. RT-PCR

Subconfluent BEAS-2B cells were exposed to vargiogcentrations of
1,2-NQ for 0-4 h. Relative gene expression in BE&Seells was quantified
using the real-time PCR, ABI Prism 7500 Sequendeden System (Applied
Biosystems, Foster City, CA). Total RNA was isothtsing an RNeasy kit
(Qiagen, Valencia, CA) and reverse transcribecettegate cDNA using a High
Capacity cDNA Reverse Transcription kit (AppliecbBystems) .
Oligonucleotide primer pairs and dual-labeled fesment probes fdi.-8, COX-
2, HO-1, p-Actin, andCatalase were obtained from Applied Biosystems. The

61



relative abundance of mRNA levels was determin@agubie 2-AACT method
(Jakober et al. 2007; Inoue et al. 2007a; Cho.&(f4).5-Actin mRNA was

used to normalize levels of the mMRNAs of interest.

3-B-7. Statistical Analysis

Imaging data were collected with Nikon EZ-C1 softevéNikon). An
average of 5-10 cells was collected as regionstefests in each experiment and
guantified using Nikon Elements software (Nikonat®are expressed as mean
values and standard error of the mean of threeategeexperiments. The linear
regression of plate reader results was calculated®@raphPad Prism (La Jolla,
CA) and the slope of the regression line was pdodigainst 1,2-NQ
concentrations. Pairwise comparisons were carnigadising Student’s t-test

P<0.05 was taken as statistically significant.

3-C. Results

3-C-1. 1,2-NQ induces rapid oxidant changes.

The genetically encoded fluorescent probes roGRe-ayd HyPer-cyto
were used to monitor changes in redox potentiallu@} production,
respectively, in BEAS-2B cells exposed to 1,2-N@e Tells were observed for 5
min to establish a baseline signal prior to treatiwath either vehicle (control) or
10QuM 1,2-NQ for 15 min. As shown in Figure 3-A, trean with 10QM 1,2-
NQ induced a rapid increase in the ratiometricri#isgence intensity of cytosolic

roGFP2, corresponding to a marked loss of intratalireducing potential that
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peaked and stabilized at 20 min (Figure 3-A). ifecellular redox potential in
cells exposed to vehicle alone remained stablenduhie same time period
(Figure 3-A). Similarly, cells expressing HyPerayesponded with an increase
in fluorescence ratio intensity, indicating elewhatevels of HO, following

exposure to 1,2-NQ, relative to control cells (Fgg-A).
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Figure 3- A Measurement of redox change ar,O; production visualized b
roGFPe¢yto and HyPe-cyto in BEAS-2B cells with 1,NQ treatment
BEAS-2B cells expressing roGl-cyto were imaged underging conditions (A
C) or treatment with either DMSO as vehicle con{&)l or 10QuM 1,2-NQ (D).
Pseudocolor images correspond to a ratiometric calcuhatibtained by dividing
fluorescence intensities acquired at 404 nm lasetagion over that obtaed
under 488 nm illumination. Time course of redoxrades monitored by roGl-
cyto ratios in cells stimulated with 0 or 100 1,2-NQ (E). Cells expressir
HyPer¢yto were visualized before (F, H) and after tresita with 0 (G) o
10QuM 1,2-NQ (I). Pseud-color images were generated from the ratio of
emission intensity under 488 nm over 404 nm exoitat Measurements
HyPercyto ratios were expressed in (J) with control &/8-NQ-exposed BEA-
2B cells. The arrows mark the time of addition &8O ¢ 10uM 1,2-NQ.
Shown are mean +BE (n=3). The scale bar indicates 20
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3-C-2. Overexpression of catalase blunts 1,2-N@aed BO, production.

In order to explore the interaction between chamgesdox potential and
H,O, generation, we studied the effect of 1,2-NQ in EE=2B cells
overexpressing catalase. Preliminary experimen#bkshed that catalase mRNA
levels were 4-fold higher in BEAS-2B cells transddiavith AACAT relative to
controls (data not shown). Treatment of catalasexpressing BEAS-2B cells
with 100uM 1,2-NQ induced a loss of reducing potential thas not
significantly different from that observed in BEA® cells transduced with an
empty vector (Figure 3-B). In contrast, 1,2-NQuodd BO, production was

effectively ablated in BEAS-2B cells overexpressuagalase (Figure 3-B).
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Figure 3- B Catalase overexpression bluntec-NQ-induced hydrogen peroxic
signals but not redox chang:

Stably transduceBEAS-2B cells expressing roGFP-cyto (3) or HyPe-cyto
(F-I) received either an empty vector (A, B, F, Gadenoviral vector encodir
catalase (AdCAT) (C, D, H, I) were exposed to A0uM 1,2-NQ. Time
courses of roGFRyto ratios (E) or HyP+-cyto (J) were plotted for cell
receiving empty vector (dashed line) or AACAT i@dihe). Arrows mark the
addition of DMSO or 100M 1,2-NQ. Shown are mean +%E (n=3). The scal
bar indicates 20pum.
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3-C-3. Overexpression of catalase differentiallilnits 1,2-NO-induced gene

expression.

We next examined the effect of 1,2-NQ exposurehereipression of the
pro-inflammatory geneld -8 andCOX-2 and the adaptive, oxidant responsive
geneHO-1. Exposure of BEAS-2B cells to 1-1M 1,2-NQ or vehicle for 0-4 h
resulted in dose- and time-dependent inductionk-8, COX-2 andHO-1 mRNA
(Figure 3-C), with maximal respective increase5-0#-, and 30-fold relative to
vehicle controls observed at 4 h of exposure. tleoto test the mechanistic link
between gene expression and oxidant responsestemrined the effect of 1,2-
NQ exposure on the induction kif-8, COX-2 andHO-1 transcripts in BEAS-2B
cells overexpressing catalase. Relative to conglié transduced with AAGFP,
overexpression of catalase blunted the increasks8randCOX-2 mRNA
induced by treatment with 1M 1,2-NQ for 4 h (Figure 3-C). However, the
induction ofHO-1 gene expression by 1,2-NQ was significantly augetem
BEAS-2B cells that overexpressed catalase (Figt€¢, hdicating a differential

role for HO, in 1,2-NQ-induced inflammatory and adaptive gexgression.
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Figure 3- C. Doseand tim«dependent 1,2-N@duced inflammatory an
adaptive gene expression were differentially irtlebiby catalase overexpressic
Levels oflL-8 (A,D,G), COX-2 (B,E,H), andHO-1 (C,F,I) mRNA were measure
using TagMarbased R-PCR, normalized to levels gfActin mRNA, ard
expressed as fold increases over vehicle contooltie data shown in panel-C
and G# cells were exposed for 4 h. The -NQ concentration used to expc
cells in the experiments shown ir-F was 10 uM. Transcript levels af
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treatment with 1,2-NQ in BEAS-2B cells transducathvAdCAT or AAGFP
(G,H,]).. *p<0.05, **p<0.01, n=3.
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3-C-4. 1,2-NQ induces intracellular production of34

To identify the source of ¥D, production shown in Figure3-A, we
investigated possible mechanisms through whichiNlQ2exposure of BEAS-2B
cells could result in the generation of®4. Considering the possibility that 1,2-
NQ generates ¥D, extracellularly, we employed a plate reader agsayonitor
fluorescence changes in BEAS-2B cells expressi@j-FR>-cyto or HyPer-cyto
with various 1,2-NQ concentrations (10-10d) in the presence or absence of
exogenous catalase. As shown in Figure 3-D, tHasian of extracellular
catalase did not significantly affect the magnitedéime of onset of 1,2-NQ-
induced HO, generation in BEAS-2B cells as detected by HyBgw-dHowever,
in agreement with the microscopy findings showkigure 3-B, adenoviral
mediated overexpression of catalase in BEAS-2B edilated KO, production
induced by 1,2-NQ treatment (Figure 3-D). Neithdracellular catalase nor
overexpression of catalase had any effect on tedbcytoplasmic reducing
potential observed in roGFP-cyto expressing BEAS:EIB treated with 1,2-NQ

(Figure 3-D).
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Figure 3- D. 1,2-NQnduces mitochondrial hydrogen peroxide product
Redox potential and hydrogen peroxide levels wesaitared in roGF-cyto-
(panels A,C,E,G) or HyP-cyto- (panels B,D,F,H) expressing BE-2B cells
exposed to A50uM 1,2-NQ. Shown are resporsée 1,2 NQ in ADCAT BEA-
2B cells relative to wild type BEA-2B cells (CT), and in wild type BE/-2B
cells exposed in the presence or absence of exageatalas(Inoue et al
2007a;lnoue et al. 2007) (panels A, B). BEARB cells were pretreated wi
vehicle or the NADPH oxidase inhibitor DPI (3, panels, panels C, D), or .
uM of the mitochondal inhibitors CCCP, KCN, CyA or rotenone (paneldE
G, H), or 2 mM azide (panels E,F). Shown are m¢an3) slopes of linee

71



regression analyses of fluorescence intensity rntbr bars omitted for clarity.
The scale bar indicates 20um.
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3-C-5. Identification of the mitochondrion as tlesce of 1,2-NQ-induced 4.

The data shown in Figure 3-D indicated that 1,2-®Qosure elevates the
intracellular concentration of J@,, suggesting the involvement of a cellular
process. We therefore examined potential celldarces of HO, generation in
1,2-NQ-treated cells. We first tested the involeatnof HO, generation at the
cell membrane by pretreating the cells with thecpeNADPH oxidoreductase
inhibitor DPI 30 min prior to the addition of 10AfM 1,2-NQ. As shown in
Figure 3-D, there were no significant differenaeshe production of kD, in
cells exposed to 1,2-NQ in the presence of DPtiveldo cells pretreated with
vehicle alone. We therefore turned our attentiopdssible mitochondrial
sources of KO, with the use of the mitochondrial inhibitors CCQRN;, KCN,
cyclosporine A and rotenone. Of these inhibitorsOPCa mitochondrial
membrane potential uncoupler, and rotenone, a htadrial complex | inhibitor,
showed an effect on 1,2-NQ-induceg in BEAS-2B cells (Figure 3-D). None
of the inhibitors showed significant effects on-N@-induced redox changes
(Figure 3-D).These findings implicated the mitoctinal respiratory chain as the

source of 1,2-NQ-induced,B, production.

We then examined BEAS-2B cells expressing Hypeonaitversion of
the HO, sensor that is targeted to the mitochondrial itTnembrane. Exposure to
100uM 1,2-NQ resulted in an elevation of ratiometricR¢y-mito fluorescence
signal intensity, indicating elevated concentragioh HO- in the mitochondria

(Figure 3-E). 1,2-NQ-induced production of mitoctaal H,O, was effectively
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suppressed by pretreatment of the cells withMIOCCCCP (Figure 3-E). These
data showed 1,2-NQ-induced generation gdHn the mitochondrion and further

established mitochondrial respiration as the soafd¢&0O, production.

74



|“ ||
I
2

(4]
]

[
= =z = T
el == s
m _ D
; - NN\
o
=
A
=
o
=
=
-
0 T T 1
0 5 10 15

Time (min)

Figure 3- E Confocal imaging of 1-NQ-induced hydrogen peroxide producti
in mitochondria.

Mitochondrial hydrgen peroxide was monitored as the ratio of H-mito
fluorescence emission intensunder 488/404 excitation in BEAZB cells
expressing HyPemito pre-incubated with vehicle (A,B) or oM CCCP (C,D)
prior (A,C) and following (B,D) exposure to 10 1,2-NQ. Plot of F,0,
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production in BEAS-2B cells expressing HyPer-mital gretreated with vehicle
(CT) or 10uM CCCP prior to the addition of 1M 1,2-NQ (E). Data are mean
+/- SE (n=3). The scale bar indicates 20um.
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3-C-6. 1,2-NO-induced gene expression is diffesdigtiinked to mitochondrial

activity and HO, availability.

The role of mitochondrial metabolism in 1,2-NQ-ilceéd inflammatory
and adaptive gene expression was examined by atiegecells with rotenone for
30 min prior to 1QuM 1,2-NQ exposure. Rotenone inhibited the inductdh_-8
andCOX-2 expression by 1,2-NQ (Figure 3-F). In marked cast{rthe induction
of HO-1 mRNA by 1,2-NQ was potentiated by rotenone prétneat (Figure 3-
F). This finding, combined with the earlier obsediwa that catalase
overexpression also enhanced the inductidd@f1 mRNA by 1,2-NQ, led us to
hypothesize that }D, limits 1,2-NQ-induced increasesttO-1 mRNA. We
therefore tested this hypothesis directly withdkdeition of 30uM H,0,
immediately prior to 1,2-NQ treatment of BEAS-2BlseAs shown in Figure 3-
F, the addition of exogenous®, significantly blunted the induction éfO-1
expression by 1,2-NQ (Figure 3-F),®} pretreatment had no effect on 1,2-NQ-

induced IL-8 and COX-2 expression (Figure 3-F).
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Figure 3- F Differential role of mitochondrial ;0. in 1,2-NQ+nduced gen
expression.

BEAS-2B cells were pretreated with vehicle, the mitoadr@al complex |
inhibitor rotenone (1M, 30 min) or F,O, (30 uM, 10 seconds) prior to tf
addition of 1@M 1,2-NQ for 4 h. mRNA levels offL-8(A,D), COX-2(B,E), and
HO-1(C,F) were measured using TagMbased RTPCR, normalized to levels
S-Actin mRNA, and expressed as fold increases over vetaeigol. Shown are
means +/- SE*p<0.01, n=3
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3-D. Discussion

Oxidant effects are a commonly reported mechaniséiture of the
toxicity of environmental agents. In the presentgt we have expanded our
previously described integrated imaging approadhedanvestigation of
mitochondrial dysfunction (Kikuno et al. 2006) teiude inflammatory and
adaptive gene expression changes induced by aroemental electrophile
capable of inducing multiple types of oxidant sstdshis study presents a
mechanistic link between early oxidant events tegyifrom exposure to 1,2-NQ
and downstream toxicological effects, specificallgrations in the expression of
genes involved in inflammatory and adaptive respsms a human bronchial
epithelial cell line. In preliminary studies we leaebserved similar oxidant
responses and changes in gene expression in proukinyes of human airway

epithelium (Cheng, unpublished).

As one of the organic components of the ubiquitniusontaminant DEP
(Endo et al. 2007), 1,2-NQ has been shown to indiureeay inflammation and to
initiate deleterious effects through covalent mgdtion or ROS generation
(Sumi et al. 2010). Both activating and inhibit@ffyects of 1,2-NQ have been
reported. For instance, recent studies have reptha 1,2-NQ induces vanilloid
receptor and epidermal growth factor receptor diggdeading to guinea pig
tracheal contraction (Lame et al. 2003). Inhibitsiynaling effects associated
with 1,2-NQ include impairment of CAMP responsengdat-binding protein

(CREB) (Groeger et al. 2009) and LPS-induced NFRBAbinding activities
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(Miura et al. 2011) and NF. In addition, the cytph, endoplasmic reticulum,
nucleus, and mitochondrion are all major targets fa-NQ-induced toxicity
through protein modification in lung epithelial Iss{Fourquet et al. 2010). Thus,
the high reactivity of 1,2-NQ can result in a dsigr of molecular effects that are

likely dependent on concentration and show cek typecificity.

In this study, we employed the genetically encotiearescence reporters
roGFP2 and HyPer for the detection of redox chaageshO, production,
respectively. The exposure of 1,2-NQ induced rapgponses in both roGFP2
and HyPer in the cytosol of BEAS-2B cells indicgtan acute oxidative burden
stimulated by this compound. The generation of R@& changes in redox
balance can be seen as related events. Howevahseevation that catalase
overexpression blunted the 1,2-NQ-induced incr@aseO, production without
affecting the changes in redox potential suggésisib,O, production is not the
cause of the redox changes. Furthermore, overesipresf catalase also
protected against 1,2-NQ-induckd8 andCOX-2 expression, indicating that 1,2-
NQ-stimulated HO, production is involved in the induction of inflanahory
responses. This is in agreement with the reportseoinvolvement of kD, in the
activation of signaling pathways that regulate pritemmatory genes, such as
NF-kB, p38 and JNK (Samet and Tal 2010). However,addition of 3@M
H,0O, did not induce a statistically significant increas|L-8 or COX-2
expression in response to 1,2-NQ exposure. Thisredson may reflect a
requirement for KO, acting as a second messenger at specific subcellula
compartments in order to initiate inflammatory gemeression.
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An unexpected finding is that 1,2-NQ-indude@-1 expression in BEAS-
2B cells was not mediated by®. On the contrary, the magnitudetd®-1
induction by 1,2-NQ was enhanced by removal g®H Specifically, catalase
expression and impairment of mitochondrial electransport, which effectively
decrease D, concentrations and production, respectively, Ipatientiated 1,2-
NQ-induced increases HO-1 mRNA. Furthermore, direct evidence for the
suppressive effect of #, on 1,2-NQ-inducetHO-1 expression was also
obtained using exogenous®}. A similar finding was reported by Miuet al.,
who showed that pretreatment with catalase digppratect against 1,2-NQ-
induced activation of Nrf2, which is a regulatort®-1 gene expression (Mason
and Liebler 2000). This is a seemingly paradoxicaling, as HO; is a known
inducer of the Nrf2 pathway that regulaté®-1 expression (Miura et al. 2011).
One explanation for these observations may beltRalNQ-inducedHO-1
expression requires electrophilic attack on a quiide regulatory target, possibly

a protein thiol, that is rendered unreactive teN( when oxidized by bO..

A parallel for HO,-mediated inactivation of protein thiols is foumd i
redox regulation of protein tyrosine phosphatageshich the cysteine thiolate in
the catalytic center of the enzyme is reversibligiaed by HBO, (Lame et al.

2003). Using benzoquinone as the model toxicamsteaye has been reported as a
preferred target for quinone-induced toxicity (Iwatmet al. 2007). Recently,
Miura et al. reported that Nrf2 activation by 1,2NQ was medidig covalent
modification and subsequent degradation of Keagleflal. 2007). These studies

point to cellular cysteine thiol groups as primtasgets of electrophilic
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naphthoquinone attack by covalent modification (&fiet al. 2010). From this
perspective, it is intriguing that 1,2-NQ has bebown to attack and inactivate
the protein tyrosine phosphatase PTP1B, alben allasteric site (Xia et al.
2004). These observations lead us to speculatéitraiolecular covalent
modifications by 1,2-NQ are involved HO-1 gene expression induced by
electrophilic attack. Detailed studies will be needo elucidate the signaling

mechanisms that underlie 1,2-NQ-induced gene esiomes

A variety of metabolic processes are potentialderdor xenobiotic-
induced ROS production. While quinone speciesuhdergo redox cycling can
generate ROS in cell-free agueous environments €€hb 2004; Valavanidis et
al. 2006), the lack of an effect of extracellulatatase in suppressing the 1,2-NQ-
induced HyPer signal excluded an extracellular xgutocess as a source of the
H.O,. The presence of exogenous catalase would alegp®xted to scavenge
H,O, generated by membrane oxidoreductases, since NADRIdses generate
H,0O; in the extracellular space (Cho et al. 2004; Vatadis et al. 2006). The
failure of the oxidoreductase activity inhibitor DB suppress HyPer signals is
consistent with this notion and thus helped shitfoocus to the mitochondria as a

source of 1,2-NQ-induced,B, in this study.

The observation of ¥D,-dependent fluorescence in the mitochondria
confirmed that the mitochondrion is the site @O production in BEAS-2B cells
exposed to 1,2-NQ. Of the variety of mitochondmdiibitors used in this study,

targeting membrane potential (CCCP), complex | @ronhe), complex IV (KCN
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and NaN), and the permeability transition pore (cyclosperA), only CCCP and
rotenone blunted 1,2-NQ-induced HyPer signals ciatttlig that the molecular
target for 1,2-NQ-stimulated 9, is associated with components of the upstream
mitochondrial respiratory chain. A similar mitochial dysfunction was

observed by exposing a mouse macrophage celldiaggtiinone-enriched polar
fraction of DEP (Benedetti et al. 1992). Furtherey@retreatment with rotenone
diminished 1,2-NQ-inducel -8 andCOX-2 gene expression, further establishing
the functional link between the formation of mitocklrial HO, and

inflammatory gene expression.

The ambient concentration of 1,2-NQ has been tegdo range from 13-
53 ug/g of DEP (Dickinson et al. 2001; Berg 200&jven the ubiquitous nature
of DEP as a constituent of ambient PM, plausibéd-veorld scenarios are
estimated to result in exposure of airway epitthekdis to deposited doses of 1,2-
NQ during a 3 hr inhalational exposure that areuai®-fold lower than those
used in this study (see supporting calculationsaastimptions in Supplemental
Material). Moreover, 1,2-NQ is representative alass of organic constituents of
ambient PM that includes other quinones as weblagaromatic hydrocarbons

that may be metabolized to redox active quinonesl{@hd Schubler 2005).

Most studies on environmental electrophiles such,29NQ have focused
on the highly reactive electrophilic propertiedlzése compounds. Here we were
able to measure early oxidative events in real ame correlate them

mechanistically to gene expression changes asedaiath adverse responses to
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electrophilic exposure. In this study, we demortetthat 1,2-NQ induces
mitochondrial HO, production that leads to inflammatory gene expogsbut not
the accompanying loss of reducing potential obgkmvehe cytosol. 1,2-NQ also
inducesHO-1 expression; however, our data show that it dogkrenigh a
mechanism that is actually opposed by the avaitgluf H,O,. Thus, these
findings reveal dissociation betweep®4 production and the loss of reducing
potential induced by a frank electrophile (Figur&B Ascertaining whether the
loss of reducing potential is a consequence ouaecan the induction of HO-1 by
1,2-NQ requires further investigation. Taken ashale, the experimental strategy
conducted in this study represents an integratpdoaph for the systematic study
of oxidative events that underlie adverse celltdaponses to xenobiotic
exposure. From a public health perspective, tHanmhatory and adaptive
responses induced by 1,2-NQ are consistent witinfrenmatory and
immunotoxic effects that are associated with huegrosure to DEP and

ambient PM.
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Chapter 1V. Live cell detection of redox changes and hydrogen peroxide
production using dynamic spectral unmixing microscopy (DynSUM)

4-A. Introduction

In recent years, there has been a proliferatiarog€tl imaging approaches
that employ chemical or genetically-encoded sensaitable to answer questions
related to dynamic changes of molecular events gh temporal and spatial
resolution. Reporter molecules based on greendig@nce protein or fluorescein
have been developed over the years to detect adhgficellular events in living
cells. However, there is a rising interest imgdive-cell imaging to monitor
not just individual intracellular endpoints, butitwestigate the interplay between
multiple molecular events as they unfold in readeiwithin the cell. Advances in
multispectral imaging instrumentation and analgdg®rithms have provided an
opportunity for the development of novel approadiehe resolution of
fluorescence captured from two or more fluorophaesved from the same
parent molecule and, therefore, emitting in theesaagion of the visible

spectrum, with emission maxima that are only afewometers apart.

The first application of spectral unmixing in mescopy was reported in
the 1990s (Pautke et al. 2005). The interfacingooffocal microscopy and
spectral imaging created opportunities for simwdtars detection of indicators

with closely overlapping emission spectra. Thidhitegue has been applied to a



variety of experimental models including humansgdlant cells, and bacteria
(Ecker et al. 2004). Successful spectral unmixiitt) wp to eight different
indicators ranging between 410 to 645 nm has begorted in fixed bone
specimens (G. T. Hanson et al. 2004). Spectral xinghhas been pursued in
applications based on fluorescence resonance etrargpfer (FRET), a technique
that monitors energy transfer between two molecatesis commonly utilized to
describe protein-protein interactions. The donat acceptor pair, such as cyan
fluorescent protein (CFP) and yellow fluorescemtt@in (YFP), in a FRET
system requires a strong spectral overlap. Spaatraixing is widely utilized as

an adjunct to FRET analysis (Belousov et al. 2006).

Oxidative stress is a common feature in the meshasof cellular injury
induced by a broad range of toxic agents (Reddal 4988). The dynamics of
redox events in cells has been assessed usingngagils for fundamental
intracellular processes such as signal transdudtdowever, ROS detection in
non-phagocytic cells is fraught with challenged thalude the transient nature,
distinct subcellular compartmental localizationd aglatively small magnitude
that characterize oxidative events. In princighese challenges can be addressed
using the high sensitivity and spatial-temporabheson approaches used by
fluorescence-based confocal laser scanning micpys@LSM). The advent of
the newly developed genetically-encoded sensorthéomeasurement of redox
changes and ROS has recently been presented apanumity to gain some

ground in addressing these technical difficulties.
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The genetically encoded fluorescent reporter roGER2redox sensitive
ratiometric probe established for the detectionyaflative stress by sensing
glutathione pools with two surface exposed cystpries (Larson 2006). HyPer is
a genetically encoded probe specific foOd detection with the structure of
OxyR and YFP fusion proteins (Jaspers et al. 2068@EFP and HyPer monitor
the related oxidant events of changes in redoxnpialeand hydrogen peroxide
production, respectively. Therefore, using realetiime-cell imaging to monitor
the time sequence of these two related eventsswithbltaneous detection is
desirable when answering mechanistic questions asievent etiology. However,
methodological limitations hamper the separatioro®@FP and HyPer signals
when using conventional filter-based light micrgses. roGFP has an emission
peak around 512 nm whereas HyPer’s emission pg&d8 nm. Although close,
the emission maxima for the 2 probes are greager Bhnm apart. In order to
perform the measurement for roGFP and HyPer atdhee time, we developed
the dynamic spectral umixing microscopy (DynSUMgteyn with a spectral
confocal microscope for simultaneous detectioneHee demonstrate the
feasibility of this method with genetically encodeghsors to characterize cellular

responses to oxidative challenges in a human edspyrepithelial cell line.
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4-B. Materialsand Methods

4-B-1. Reagents

Tissue culture media and supplements were obtdinedlLonza
(Walkersville, MD, USA). Costar tissue culture gistwere purchased from
Corning (Corning, NY, USA). Common laboratory reatgewere obtained from
Sigma Chemical Co. (St. Louis, MO, USA). Basic latory supplies were

purchased from Fisher Scientific (Raleigh, NC, USA)

4-B-2. Cell culture and viral transduction

Transformed human airway epithelial cells (BEAS-2@heng et al.
2011) were obtained from the Environmental Pubkakh Division, NHEERL,
U.S. EPA, and maintained in serum-free keratinogytevth medium (KGM-
gold, Lonza). For imaging purposes, BEAS-2B celtsan to 50% confluency
were transfected with Fugene 6 reagent (Roche, N&Enm Germany) according
to the manufacturer’s protocol. roGFP plasmid wgsrmerous gift from Dr. S.
James Remington (University of Oregon, Eugene, GRPer is a genetically
encoded probe specific for,8, detection and was purchased from Evrogen
(Axxora, San Diego, CA). The two plasmids were @dixvith Fugene 6 for 30

min at room temperature and applied to the BEAS ¢et 48 hr.

4-B-3. Measurement of redox potential and hydraoemoxide

Confocal microscopy analyses were conducted usMigg@n Eclipse

C1Si confocal imaging system (Nikon Instruments,IMelville, NY) that was
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equipped with an Eclipse Ti microscope. Light wabwéred to the sample with a
63 x Plan Apo, 1.4 numerical aperture (NA) objeetiens. The microscope can
acquire an emission spectrum by separating thesemisignal into 32 channels.
Green fluorescence was derived from excitatior®)dtand 488 nm while
emission was scanned between 490 to 570 nm with ar@ band pass filter. The
results were calculated by ratioing the emissidensity elicited by excitation of
488 nm and 404 nm lasers sequentially with a scgninequency of 60 s. The
spectral data was then fed into Nikon Elementsasot for spectral unmixing
calculation. Although the algorithm is proprietanjormation, the principle of

spectral unmixing involves linear regression wehdt squares fitting.

4-B-4. Statistical Analysis

Imaging data were collected with Nikon EZ-C1 softevéiNikon
Instruments Inc.). Cells with different fluorescenntensities were collected as
regions of interests in each experiment and quadtwith Nikon Elements

software (Nikon Instruments Inc.).

4-C. Results and Discussion

4-C-1. The optical properties of roGFP and HyPer

HyPer and roGFP are both ratiometric sensors witiia excitation
maxima which are compatible with conventional CL&lgers, 404 and 488 nm.
These reporters are GFP variants and thereforedianar emission spectra,

with close emission maxima at 518 and 512 nm rdsdg (Figure 4-A).
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However, the responses for the two probes arendtatinder oxidizing and
reducing conditions. For cells that expressed Hyeytosol, the fluorescence
intensity increases with 488 nm laser excitatiott dacreases under 404 nm laser
excitation when the cells are exposed t@HFigure 4-A). When exposed to the
reducing agent DTT, the response of HyPer is redensith fluorescence
intensity decreasing under 488 nm laser excitaiwhincreased with 404 nm
laser excitation. Furthermore, the response of &dpressing roGFP under
different conditions is opposite from that showndajls expressing Hyper. Under
oxidizing conditions, roGFP fluorescence intensiégreases under 488 nm laser
excitation and increases with 404 nm laser exomatOn the contrary, the
fluorescence intensity increased from 488 nm lageitation and decreased from
404 nm laser excitation for roGFP under reducingd@mns (Figure 4-A). The
time sequence data for cells expressing HyPer@FRounder different excitation
wavelengths are shown in Figure 4-A to demonstredehavior of these two
probes, while the spectra of the two indicatorspdogied in Figure 4-A as well.
When cells were co-transfected with HyPer and roGRé€combined spectrum

was similar to the two indicators with emission maxm at 513 nm.

The unmixing algorithm applied in the Nikon Elemegrbftware is
derived from the least squares method with linegression (Meyer and Dick
2010). Noise and negative values are taken intouatdn the software. The error
associated with the unmixing calculation is sulgddb several parameters
including spectral pattern, difference of emissittensity, and signal-to-noise

ratio. The spectral profiles of cells that wereesgressing roGFP and HyPer are
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shown in Figure 4-A. Distinguishing roGFP from HyRenals from the
combined spectrum is difficult. In principle, therror behaviors of the roGFP
and HyPer facilitate their distinction when co-exgsed in cells using dynamic
spectral unmixing microscopy (DynSUM), However, #oeuracy of unmixing
algorithm decreases in proportion to the proximityhe individual fluorophores
emission peaks as well as the absolute magnitutteedifference in their
fluorescence intensity at the peak wavelengths.prorimity in their emission
peaks and the opposing behavior of roGFP and Hypl@oximates a worse-case
scenario in spectal unmixing. The opposing behawbthese fluorophores offer
a great advantage as it affords experimental aoafion of fluorophore identity.
However, they also introduce difficulty given thiaé emission maxima for
roGFP and HyPer are quite close. This is becausadburacy of the unmixing
process decreases with peak proximity and withrtagnitude of the difference in
signal strength that each fluorophores contribtdd¢ble overall (combined)
spectrum. . Overall, having two probes moving tah@pposite directions,

therefore, increases the challenge of successtuiximg.
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Figure 4- A Demonstration of HyPer and roP under oxidizing and reducit

treatments.

BEAS-2B cells were transfected with either HyPer or réG@Bnstructs targete
to the cytosol and exposed to oxidizing or redu@ggnts under the excitation
488 (first row) or 404 (second row) nm lasers. lime sequence data for ec
probe was demonstrated on the third row. The eonisgpectra were plotted «
the bottom.
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4-C-2. The application of DynSUM on roGFP and HyPer

BEAS-2B cells were transfected with HyPer and roGFRultaneously.
Shown in Figure 4-B, left panel, first three rowstrespond to cells that were
excited at 488 nm and treated sequentially wig@+and DTT. The right panel
in the same figure shows cells that were excitdd thie 404 nm laser. The first
row of each panel shows the raw, unprocessed in@dghsrescence signals
obtained at each excitation wavelength, with tinéssion spectra collected
between 490 and 570 nm using a 2.5 nm band p&es Raw fluorescence
intensities were comparable following treatmenthef cells with HO, and DTT.
The second and third rows display the results @iutimixing analysis of the raw
fluorescence data, using reference spectra for HyferoGFP. The unmixing
process used a least square fit analysis to apsigls from the combined
fluorescence signal into channels correspondingarwP roGFP. As expected,
HyPer fluorescence intensity increased with thatemdof H,O, and decreased
with DTT exposure under the excitation of 488 ngela Conversely, roGFP
fluorescence intensity decreased undgdtthallenge and increased with the
addition of DTT. Excitation at 404 nm induced ae®se response for both HyPer
and roGFP. The energy absorbance under the 404umination is weaker for
both probes, especially so for roGFP. We therefisesl pixel intensities obtained
from 404 nm excitation to normalize for the signalduced by 488 nm excitation.
Thus, providing ratiometric data. The images inftheth row display the
ratiometric view for unmixed HyPer and roGFP , destoating the viability of
ratiometry in spectral unmixing.
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Having demonstrated that the behavior of the caesged roGFP and
HyPer under oxidizing and reducing treatment ofdbks is qualitatively as
expected, we next assessed quantitative accurabg oésolving algorithm under
basal, oxidant and reducing conditions. Based orunderstanding of the
unmixing algorithm in the Elements software, spgaiata were calculated based
on a linear regression model with least squaradithnd assigned to either HyPer
or roGFP channels. The unmixing process also gtsteszgnal that could not be
assigned to either the roGFP or the HyPer chanaetsare therefore categorized
as falling into a “remainder” channel by the Eletsesoftware. These data are
displayed in the fifth row of Figure 4-B. Table 4phesents the distribution of
signal between HyPer, roGFP and remainder chaasedspercentage of the total.
In general, approximately 20% of the signal intgngias assigned to the
remainder channel under 488 nm laser excitationd@&36 was assigned for the
signal excited at 404 nm. The noise level is exgetd be higher for the 404
excitation given the low energy absorbance for HydPel roGFP. Thus,the
successful application of DymSUM system for unmgxao-expressed HyPer and
roGFP fluorescence under basal, oxidant and reguahular stimuli is

presented in Figure 4-B.
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Figure 4- B The application of DynSUM on roGFP and Hy.

The left panel showsells that were excited with the 488 laser and sgddc
oxidizing or reducing agents while tpanelon the right shows cells that we
excited with the 404 laser. The images on the foat of each panel are the rg
unprocessed data resulting frore corresponding excitation wavelengths.
second and third rows are unmixed images for HaRdrroGFP. Furthermor
the signals from the remainder chanare plotted in the fourth row. The last rc
is the ratio views of HyPer and roGlI
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Table 4- A. The distribution of signal between HyReGFP and remainder channels as
a percentage of the total.

488 404
resting HO; DTT resting HO, DTT
HyPer 24% 60% 12% 52% 36% 45%
roGFP 60% 22% 67% 14% 18% 15%
remainder16% 17% 21% 34% 46% 40%
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4-C-3. DynSUM in mitochondria

We next investigated the feasibility of using Dyri@tb unmix
fluorescence signals in subcellular compartmeBt&AS-2B cells were
transfected with HyPer and roGFP targeted to theahondria. As shown in
Figure 4-C, HyPer and roGFP were successfully gressed in mitochondria.
The images in the first row correspond to cellsregping both sensors and
excited by 488 nm (left) and 404 nm (Cannon ande3aRemington 2009). The
unmixed images for HyPer under 488 nm excitatioowad the expected
responses to the addition 0§®, namely an increase in fluorescence intensity,
while the addition of DTT decreased HyPer signtnsity (Figure 4-C). The
behavior of mitochondrially-targeted roGFP, as deiteed by unmixing of the
combined emission spectrum under basal, oxidantesheting conditions were
similarly as expected, with the exposure eOlinduced a decrease of signal
under 488 excitation, while the addition of DTT ueeéd an increase in roGFP
fluorescence intensity. As seen in the cytosol piigern was reversed under 404
nm laser excitation (Figure 4-C). The 488/405 ntioréiew for HyPer and
roGFP was demonstrated in the third row of Figufe As a demonstration of
the dynamic capabilities of this analysis, timeusste data is presented in the
bottom of Figure 4-C, showing the kinetics of theofescence changes in the
mitochondrially targeted co-expressed HyPer and=@duced by treatment of

the cells with HO,, and DTT.
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Figure 4- CThe application of DynSUM in mitochondr

BEAS-2B cells were transfected with HyPer and roftargeted to mitochondri
Cells were excited with 488 and 404 nm lasers hacemission spectra we
monitored between 490 to 570 nm. The unmixed reare showron the secon
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(HyPer) and third (roGFP) raw images. Ratio viewslgPer and roGFP were
shown on the fourth row while time sequence dat@\péotted on the bottom
series of images.
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4-C-4. The application of DynSUM to the study ade® changes in human lung

cells exposed to an environmental electrophile.

As presented above, DynSUM was established in cljtoand
mitochondrial compartments by using the physiolaliycrelevant oxidant kD,
and the strong reducing agent DTT to effect maxisigrial displacements in cells
co-expressing roGFP and HyPer. To test the ublilpynSUM as a tool to
investigate the effects of environmentally relevagitular exposures that result in
oxidant stress, 1,2-naphthoquinone (1,2-NQ), aarmicgcomponent in diesel
exhaust particle was used as a model toxicant.afyerted previously that cells
exposed to 1,2-NQ undergo a rapid loss of redugatgntial and an increase in
H,O, concentrations for expressing either HyPer or l@e@elousov et al. 2006).
The ability to study the responses of roGFP andefys they unfold
simultaneously permits investigation of the dynamteraction between ROS
generation and redox changes induced by exposae ¢énvironmental

contaminant.

Exposure of BEAS cells co-expressing roGFP andddy® 1,2-NQ
induced a moderate decrease in the combined 488xeitation induced
fluorescence intensity spectrum collected betwe#hriim to 570 nm . Spectal
unmixing revealed an 80 % increase in HyPer sigrahsity and a 20 %
reduction in roGFP signal strength. Figure 4-D alsows the ratio corresponding
to these analyses. 1,2-NQ is a strong oxidant apahinduces rapid changes of

redox potential and #D, generation. By analyzing the kinetics of HyPer and
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roGFP responses, similar time and slopes were wbddor both sensors to reach
to plateau while small recovery was observed foPétysignal. DynSUM
demonstrates a better observation potential foritoiang relevant events

simultaneously in comparison with single sensorsusament.
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Figure 4- D. Utilizing DyisUM for the exposure to éenvironmentaklectrophile
BEAS-2B cells were transfected with HyPer and roGFPthed exposed to 1-
NQ. The unmixed images were shown in the secon®@dyand third (roGFF
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rows. Ratio views of HyPer and roGFP were listedhenfourth row followed by
time sequence data (bottom row).
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4-D. Summary

Oxidative stress is a major mechanistic researchsfan cell biology and
toxicology. The limitations regarding oxidant stesliare related to sensitivity,
specificity and artifacts. Taking advantage of ré@vances in reporter
development, imaging techniques can achieve higipéeal and spatial
resolution for oxidative measurements. Several tigally encoded fluorescence
sensors reported in the past decade have beereengpinfor the detection of
oxidative events and specific ROS species (Meydr2ink 2010). roGFP, which
responds to its redox environment, specificallyridgracting with the cellular
glutathione pool, has several advantages inclutdisgresponse time,
reversibility, ratiometric detection, and relatimsensitivity to pH changes (Valko
et al. 2005). HyPer is the fusion protein of yellibworescence protein arkl coli
transcription factor OxyR that is specific for segshydrogen peroxide (Rosen et
al. 1995). The changes of glutathione balance andugtion of HO, are two
independent events that are often thought to leerelated in biological and
toxicological contexts. The application of sengtand specific methodologies for
the intracellular measurement of ROS species atmkrpotential in toxicological
studies will improve our understanding of the role@xidant stress in the

mechanism of action of environmental contaminants.

Live cell imaging is a non-destructive method afdsting biological
events as they occur in real time. Fluorescencem®prove to be appropriate as

imaging indicators due to several advantages imatuithsensitivity to
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photobleaching, cellular compartment targeting pid and relative stability.
Green fluorescence protein was the fluorescendeiprto be widely applied as a
tool for spectroscopically-based microscopy in ibedls (Irani 2000). While
multiplexing of GFPs has been successfully apdbedhe development of
FRET-based methods, many useful GFP-based reperxtistshat are restricted to
individual use due to the fact that they sharereomaemission band spectrum.
By enabling simultaneous detection of closely eanmgtfluorophores, spectral
unmixing is a technique that broadens the numbexisting reporters that can be
studied in a multiplex manner and thereby greatpyaeds the range of interacting
intracellular events that can be studied. The agrakents of methods such as
spectral confocal microscopy, unmixing algorithmg @orresponding indicators
in the past decades are the fundamental elemamntsef®@ynSUM approach to
overcome the limitations mentioned above. Spectraying allows DynSUM to
interpret multisensory detection by scanning eraisspectra from fluorophores
present in the cell simultaneously. A limitationtbis method is the potential loss
of sensitivity that results from splitting emissiphotons into multiple-channels in
order to generate spectral profiles with sufficiémte resolution. The signal-to-
noise ratio may increase based on the scanningnetees used. Another
limitation is the increased possibility of photadd@ing of probes that may occur
with laser excitation due to prolonged scanningethequired in spectral

acquisition.

In this project, we demonstrated the validatiod application of a

dynamic spectral unmixing microscopy, DynSUM. Felisthat co-express
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HyPer and roGFP, we were able to unmix signals ftgtasol and mitochondria
under oxidizing and reducing conditions in a dymafashion. The scanning
interval can be as fast as 60 seconds. In addwiéfO, and DTT, the
environmentally relevant organic electrophile 1,@-Was also utilized in this
study for the validation of the DynSUM system. Emplication of DynSUM has
several practical benefits such as higher effigjeartd decreased material and
tissue requirements, especially for clinical sarmplgth limited availability.
However, individual experiments are still recommehdor verification purposes

when first attempting to setup a DynSUM systemsfoecific applications.
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Chapter V. Concluding Remarks

Oxidative stress is a common feature in xenobiofiry mechanisms
induced by different environmental contaminants.ilé/there is a growing body
of evidence that oxidative stress plays a critiodd in adverse health effects
induced by a broad array of air pollutants, angragéon of the study of oxidant
effects in mechanistic studies has been hampereaeliyodological
shortcomings and limitations. These studies havel@red imaging approaches
to facilitate mechanistic examinations of the roi@xidative stress in the

inflammatory effects induced by air pollution expoes

Firstly, the initial investigation (Chapter llethonstrated the feasibility of
using an imaging approach for studying the toxisiyuced by environmental air
pollutants. In this study, an integrated imagingrapch was developed and
implemented to examine oxidative stress associatidmitochondrial
dysfunction in cells exposed to ZnThe detection of specific ROS is an
important feature in this chapter of the presesselitation. Using PG-1, a highly
sensitive and specific 4, sensor, Zfi-stimulated HO, production was
visualized in real-time in living cells. With thee of established inhibitors,
mitochondria were identified as the major intradelt source of Zfi-induced
H,0,. Conventional detection methods were used as eidjim assess the extent

of mitochondrial dysfunction induced by Zrexposure, including the swelling



assay and metabolic inhibitors. Similarly, integma of the redox sensor roGFP
targeted to the mitochondria, and the use of th@éscent dye JC-1 to monitor
the mitochondrial membrane potential, enabled weitoidate the mechanism of

oxidative stress induced by exposure t6"amd other environmental agents.

Secondly, the findings presented in Chapter Meeded a mechanistic
link between early oxidant events of exposure BBNQ and downstream
toxicological effects involving alterations in te&pression of genes whose
products are responsible for inflammatory and adapesponses in human
bronchial epithelial cells. The genetically encofledrescence reporters roGFP2
and HyPer were employed for the detection of redianges and 1D,
production, respectively. Here we demonstrated 1{#aNQ induced
mitochondrial HO, production leads to inflammatory gene expressidrisonot
involved in the accompanying loss of reducing ptéombserved in the cytosol.
1,2-NQ was also found to induetD-1 expression; however, our data illustrate
that it did so through a mechanism that was agtumlinted by the availability of
H>0O.. In this chapter, we were able to measure eaiilyabixe events in real-time
and correlate them mechanistically to gene exprasgianges associated with

adverse responses to exposure to a prototypicamagntal electrophile.

Thirdly, a novel imaging methodology, called dynarspectral unmixing
microscopy (DynSUM), was developed for the simudtaus measurement of
H,O, production and redox status. The two indicatosg? &t and roGFP2,

measure closely related yet independent evenGhéapter 1V, we show the
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validation and application of the DynSUM methodr Eells that were co-
expressing HyPer and roGFP, we were able to sjlgairanix signals from the
cytosol and mitochondria under oxidizing and redgatonditions in a dynamic

fashion.

The general paradigm for xenobiotic-induced advlesdth effects that
has guided these studies is shown in Figure 1-GnMells are exposed to
environmental agents, there are toxic impairmehtsganelles which lead to an
elevation of oxidative stress characterized byldse of reducing potential and a
production of ROS. These oxidative events thermr aiteacellular redox
homeostasis which activates signaling pathwaymtimty changes in
inflammatory and adaptive gene expression. Enviemtal agents such as zinc
and 1,2 NQ are known to induce adverse healthtsffadiumans. This research
demonstrates the utility of an integrated apprdachinderstanding the
mechanisms involved in inducing inflammatory resgeminitiated by oxidative

stress.

5-A. Theimplication of oxidative stressin this study

Oxidative stress is increasingly recognized asrgrortant feature of the
mechanism of toxic action that is common to manycstrally disparate
environmental contaminants (Irani 2000). Therenandtiple phases in the cellular
response to oxidative stress. Cells are equippttdawariety of tools for

maintaining a reducing redox potential, such asalfteinzymes and non-
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enzymatic antioxidants. Glutathione is the mostalamt antioxidant that is
actively maintained in a reduced state in millimalancentrations apparently for
the purpose of protecting the cells against oxwgatisults. When the production
of ROS or oxidized thiol proteins exceeds the capat these defense systems,
oxidative stress begins to induce damage in celarganelles. The elevated level
of oxidative insults attacking macromolecules,dgiproteins, and DNA, leads to
dysfunction, disease development or cell deathpDethe potential for these
harmful effects, free radicals such as superoxidec oxide, and peroxynitrite
are synthesized in phagocytic cells by NADPH oxédasmyeloperoxidase for
immunological purposes, specifically to mediatetliefense (Forman et al.
2010). Also, small amounts of ROS are producedifgmaling purposes in order
to activate specific transduction cascades. In &sgential cellular functions,
such as growth, death and survival are suspectedhton oxidant signaling in
varying cell types (Forman et al. 2010). Furtherenitvere is evidence that
signaling molecules target major cellular sourcgsokidant production,

including mitochondria, cytochrome p450, NADPH @sd, and xanthine
oxidase. Signaling pathways such as MAP kinasekBlFand caspases are then
activated through the production of ROS (Formaal.€2010) which lead to the

transcription of corresponding genes.

Among the ROS species, hydrogen peroxide has kighhdhted for its
fulfillment of all the chemical and biological pregiies required of a “second
messenger” (Jones 200833 has a tightly regulated enzymatic production and

degradation system. The abundance of catalaseupedoxide dismutase (SOD)
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in different organelles allows a rapid break dowikgO, in a specific location
which is useful for signaling regulation. ImportignH,O, reacts with specific
target cysteine residues in dedicated environm@&iies lack of specificity for the
highly reactive hydroxyl radical and the short Heé#f of superoxide add to the
evidence that kD, is the ROS species that serves as the major secessenger
in cellular signaling systems (Jones 2006). Passtational modification such as
the creation of glutathionylated signaling proteams! intramolecular disulfides
are critical for HO,-modulated redox signaling (Meyer and Dick 201@he
2010). Therefore research in Chapter I, Ill, addMas centered on the
identification of HO, production using imaging methods in order to achieigh

temporal and spatial detection.

Other than ROS, there is a growing awareness afakfitee oxidant
insults which focuses on the disruption of thiaa® circuits. Despite the general
understanding of antioxidants, thiol containingtpnas have been recognized for
redox regulation through reversible structural rfiodtions. These thiol-based
redox switches regulate receptor activation (pétattivation), signal
transduction (PTP-1B), and transcription factoivation (Nrf-2 and NF-kB).
Cellular signaling, structural, and regulatory pios are modulated through
sulfur switches such as cysteine oxidation. Cygsteiso participates in
macromolecular interactions including DNA bindimgembrane binding, and
tethering to the cytoskeleton (Wamelink et al. 2008e cysteine has been noted
for engaging in different alternations dependingrufis redox state to regulate

physiological function in plasma. The oxidized eyse leads to cell adhesion or
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even apoptosis depending on the degree of oxiddflarthe other hand, cell
proliferation through enhanced EGFR signaling wasidated under a reduced
cysteine environment (Cobbett et al. 1998; Meye.€2007; Vernoux et al.
2000; Vesce et al. 2005). Although this informati®provided from extracellular
cysteine measurements, these observations claafgdtion that redox changes
induce adverse effects in a more qualitative fasinacomparison with the

description from ROS studies.

Protein thiol redox circuits in redox pathways directed through redox-
sensitive elements, typically involving glutathiosred thioredoxin. Glutathione is
the most abundant cellular thiol source availablmbdulate oxidant insults.
Oxidative agents can oxidize glutathione throughuke of glutathione
peroxidase (Gpx) and transiently increase thegethalar glutathione redox
potential. In response, oxidation-sensitive pradorm disulfide bonds through
glutathionylation with the glutathione cofactor gltedoxin (Grx). In a reducing
environment, GSH attacks the disulfide bonds iroxesknsitive proteins while
Grx catalyzes de-glutathionylation of the protginal et al. 2008; Tal et al.
2006)(Figure 5-A). Oxidized glutathione (GSSG)her reduced to 2 molecules
of GSH through glutathione reductase (GR) and NADP& generation of
NADPH via the pentose phosphate pathway, therefbags a pivotal role in
redox regulation as well (Kim et al. 2006). roGFi#hits two surface-exposed
cysteine residues senses glutathione redox chareyse mediation of Grx
(Rahman and MacNee 2000). Alterations in thiol-tfide equilibria represent the

beginning step of redox regulation and, therefare,studied in Chapters II, Ill,

113



and IV as an essential feature of the roGFP-bas#tads presented in this

dissertation.

An important aim of this dissertation is to cortelthe early production of
oxidant insult (HO, production and loss of reducing potential) withvdstream
events such as inflammatory and adaptive gene ssipre Distinct responses
between ROS production and redox potential elendiiol,2-NQ exposure
(Chapter Ill) reveal an interesting dissociatiarfldmmatory gene expressioit.{
8 andCOX-2) mediated by mitochondrial &, may activate classical redox-
sensitive transcription factors such as NF-kB, Aemil CEBB. On the other
hand, roGFP changes report an apparent ROS frealisig regulation induced by
1,2-NQ. This is suggested by the observation ttetenging HO, not only does
not prevent 1,2-NQ stimulated roGFP signals butalbt potentiates adaptive
gene expressiorHO-1). It is possible to speculate that a requirement{0;
acting as a second messenger in order to initidiEmmatory gene expression,
while, 1,2-NQ-inducedHO-1 expression requires electrophilic attack on a
susceptible regulatory target, possibly a proteioltthat is rendered unreactive

to 1,2-NQ when oxidized by 4D-.

My predecessors in Dr. Samet’s lab investigatedathiwation of
signaling cascades and the expression of pro-imflatory cytokines in
xenobiotic-exposed airway cells. Environmental esqpes (zinc and DEP) induce
EGFR-dependent signaling through inhibition of EG#iRected protein tyrosine

phosphatase, PTP (Rahman and MacNee 2000). Subsédd and NF-kB
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activation leads to cytokine (IL-8) production (Mar and Gladyshev 2011).
Oxidative stress was proposed to play a majoriroieediating these signaling
events. In addition, air pollution exposures stiateloxidant release from
neutrophils, macrophages and epithelial cells (Maand Gladyshev 2011)
which alter the glutathione balance by increasii®$5G concentration. The
increase in glutathione redox potential has beewsHo trigger lung
inflammation via transcription of cytokine genesgiho and Gladyshev 2011).
In this dissertation, direct ROS measurement groesrete evidence about the
involvement of oxidant events (Chapters Il and Withough more studies are
required to elucidate detailed mechanisms for ¢le of oxidative stress in
signaling events, imaging detection of the secordsanger D, via PG-1 and
HyPer in this study following zinc and 1,2-NQ expuoes fit into the gap between
environmental exposure and activation of signatingnts studied in Dr. Samet’s

laboratory research.

How and where oxidant insults result in environmaéstimulus-induced
adverse effects are complex questions. Exogenalisraiogenous ROS are
intertwined in activating multiple cascades. Thesglies were able to identify
mitochondria as the origin of 8, following Zn?* and 1,2-NQ exposure. An
elevated level of ROS may lead to the inhibitiorP@iPase and activate relevant
signaling events such as AP-1 and NF-kB translonatito the nucleus or
transcription of cytokine genes. Also, the disraptof redox homeostasis may
stimulate ROS production from other major cellidaurces such as NADPH

oxidase and xanthine oxidase which can result ieffective amplification of the
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reaction. Although technically challenging, it ieetefore critical to locate the

source of the initiating event stimulated by xemticiexposure.

The recognition of the role of thiology in antioaitt defense and redox
regulation crates a new concept in metabolic reguils via redox reactions. The
elucidation of detailed mechanisms for redox regalaignaling events requires
more studies. General classifications accordindjfferent cellular cysteine
functions can be made including metal-binding, lgéita regulatory cysteine, and
structural disulfide switches. Computational tdudse been dedicated to
categorize and predict cysteine function (Meyer Biak 2010). Efficient
predictions of catalytic redox cysteine, metal-gdcysteine, and disulfide
bonds are examples of encouraging progress (Diockiaad Chang 2011).
Nonetheless, more efforts are required for reguyatgsteine calculation and
detection of redox switches in computational-baggoroaches (Chudakov et al.
2010). Extensive experimental datasets and the@@went of theoretical tools
can fill in the gap of system biology applicatianregards to thiology topics. It
would be beneficial to develop global computatigmr@dictions that are based on
the integration of specific local pathways on oxidsignaling studies. The
imaging approaches developed in this current spudyide high temporal spatial
resolution with flexible study design and demortsgotential for adaptation to
a higher throughput method that can generate lgugatities of data for

computational studies of redox regulation in tology.
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5-B. Toxicological applications of theimaging approach to oxidant detection

As discussed in the previous chapters, oxidatiresstis a critical hub
linking toxic exposures and adverse outcomes. Toexd is strategically
advantageous to invest in methodology for the assest of oxidant stress in
toxicology and environmental health. However, aanémitation for oxidant
studies in toxicology has been the availabilityaofintegrated approach for the
real-time detection of ROS production and oxidatiaenage in living cells. The
onset of oxidant events can be very rapid and tinatin is typically transient.
Moreover production of ROS can be highly localiz@@pecific compartments.
Compared with conventional biochemical assays;deieimaging methods offer

superior temporal and spatial resolution targedespecific cellular processes.

Modern imaging methods can be used to monitor ¢dxelstress by
visualizing immunohistochemical markers such as feglical modified
molecules, antioxidants, and translocation of ttepsion factors. These methods
can also be beneficial for monitoring the partitipa of ROS mediated signaling
events. However, samples for immunohistochemistahais require fixation
with formalin which limits method applications ateinporal resolution.
Therefore, chemical and genetic indicators for-tbed imaging are preferable in
oxidative studies. The small molecule probe apphe@hapter Il for ROS
detection is both reaction-based and highly spetifi H,O,. However,
membrane permeability is both the strength and neskfor PG-1. PG-1 can

easily cross the cytoplasm membrane driven by aesdration gradient;
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however, unlike other biosensors, PG-1 cannotdyptd intracellularly, which
restricts the interpretation of results obtainethwhis sensor. Recent efforts have
been made ensuring that the next generation ofamalis is enhanced by the
addition of cytosolic trapping groups and organtdlgeting capabilities (Meyer
and Dick 2010). As is the case with many fluoro@soiPG-1 also suffers from
issues such as photo bleaching and an irrevershtivity, which restricts
sensitivity and prohibits dynamic detection. On ¢tfeer hand, chemical sensors
have the advantage of ready application. Genenadlygpecific technique or
reagent is required for applying small molecularssgs as long as it is membrane
permeable. Therefore, it is recommended for idginif the presence of a specific

ROS in many situations.

Imaging detection with different strategies otheart small molecular
sensors was introduced in the subsequent profgbipters Il and V).
Genetically engineered sensors demonstrate goadgthbility and brightness,
especially for green and yellow fluorescence prteHowever, several
parameters should be taken into account such rsctiption and translational
efficiency, construct stability, and protein matioa rate (Meyer and Dick 2010).
High efficiency expression may result in cytotoaivhen cells are forced to
express these highly stable constructs. pH stalslianother strength of
fluorescence proteins, particularly for blue, radd far-red variants (Meyer and
Dick 2010). GFP variants used in the current sauylargely pH insensitive
under physiological conditions. However, due tcsessitivity to hydrogen ion

concentrations, monitoring pH is recommended wrenguYFP in live-cell
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experiments (Meyer and Dick 2010). A GFP basecdcatdr developed for pH
detection, pHIluorin, was tested in a pilot studgwéver, limited protein
expression was reported in BEAS-2B cells, whiclvenged its interpretation

under the conditions used in this experiment.

The GFP based probes utilized in this study for ibwong oxidative
stress were delivered through 2 different methoesgent transfection and lenti-
viral transduction. Reagent transfection is coneenhfor screening purposes.
Mixtures of plasmid DNA and transfection reagent ba directly applied to
different cell types. A minimum of 24-48 hrs inctiba is required for
transfection and a 20-40 % transfection efficierscgxpected. Another
application for transfection that should be notechanipulating the given amount
of plasmid DNA. This is a practical strategy fapeessing different constructs
simultaneously in order to optimize similar levefgperformance, such as
indicator brightness. On the other hand, lentiivir@nsduction to deliver target
DNA requires a longer incubation time to estabéisstably transduced cell line.
Theoretically, a high expression rate is expectedding a lenti virus. 50-60 % of
cells were successfully transduced with oxidantgim@ sensors in our study. In
theory, once the construct DNA is incorporated thitarget genome, no further
procedure is needed to maintain expression. Howesguced percentages of
transduced cells were observed for cells expredsyRer and roGFP
following10-15 cell passages. Storage and peribdesaval of early stage viral
transduced cells is recommended to ensure consiss&roONSES across
experiments over time.
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roGFP and HyPer utilize a similar principle to repzhanges in redox and
H,0,, respectively. Namely, the reactivity of thesesses is based on a structural
alteration by the formation or distortion of a @iae disulfide bridge to influence
chromophore emission intensity (Bolton et al. 200®)e surface exposed
cysteine pairs at position 147 and 204 are theatinodification for roGFP to
sense redox changes in its surroundings. As mesdiearlier, the enzymatic
catalyses with Gpx and Grx are crucial for the lfide bridge formation which is
the fundamental step for the modulation of roGki@ritscence intensity (Figure
5-A). However, by incubating roGFP protein in a-¢ede system, the addition of
H,0,, DTT, and 1,2-NQ can alter roGFP emission intgrsithe absence of
enzymatic proteins. One possibility underlying thisservation is that
overwhelming concentrations of oxidizing and redgaieagents overcome the
high pKa needed for cysteine dissociation, and pterthe formation or
dissociation of the disulfide crosslink. A strorigarophile like 1,2-NQ may
create a direct covalent modification with roGFBtpm to change fluorescence
intensity as well. Further validations are recomdezhwhen applying roGFP as a
sensor for the detection of redox status. Modiftcabf enzyme activity of Grx
and Gpx with inhibitors or genetically overexprekaock-down systems to alter
sensor responses in an exposure system is prefenatider to validate the
roGFP system. Protein analysis by mass spectrorfaetrgGFP and exposure
chemical co-incubated samples can be helpful iardenhing whether direct
attack is involved in the reaction. Another comailion in our detection system is

that roGFP is designed for responding to the chmengitio between oxidized and
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reduced glutathione; whereas HyPer is oxidizedhkypresence of D, and
reduced through the glutathione pool (Valko eR@D5). The communication
with different redox pairs (2$D/H,0, and 2GSH/GSSG) brings up a
complication of HyPer detection and should be takémaccount when
monitoring exposures that may not only indue®fproduction but also

modulate the reduced to oxidized glutathione baanc

The indicators discussed in previous paragraphagkcable with
different detection methods such as microscopyepkaders, and flow
cytometry. In the current study, we exploit instents such as the confocal
microscope and fluorescence plate reader for spgifposes. Microscopy
served as the more sensitive method, where addifia@ uM HO, is detectable
when using roGFP and HyPer as indicators in thesoyt A good signal-to-noise
ratio and stable signal output are the major b&nefiutilizing confocal
microscopes to monitor living cells throughout thgosure period. With the
combination of Perfect Focus system to maintaimmsicey focal plane and stable
temperature and humidity control, overnight measms have been performed
in our laboratory. However, the major limitationusgfing a microscope as a means
of detection is that the practical sample quargitymited. Only one specific
condition can be tested at a time. Therefore, weetliour attention to integrate a
plate reader into our detection system for higbulghput screening. The noise
level is increased in plate reader detection; fbeee multiple repeats are
suggested when implementing this type of detectias.both beneficial and

efficient to test different experimental parametgsigg 96 well plates.
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Verification is suggested by using independent wdtlsuch as a confocal
microscope or flow cytometry. Another limitatiorgeeding imaging detection
that should be mentioned is the difficulty to dertyuantitative values. In the
current study, we measured indicator responsesimparing fluorescence
intensity before and after exposure. Only relatlianges can be calculated and
plotted. Theoretically, it is possible to generatgtandard curve based on the
calibration of absolute redox value for a rationtelased sensor such as roGFP
(Quig 1998). Overall, it is desirable to have qitative microscopy detection, but
efforts are required to overcome certain practioatations such as cell-to-cell

variations that occur even within a uniform calidi

5-C. PM induced oxidant toxicity and its evaluation

PM is one of the air pollutants that most frequeettceeds federal
regulation standards. It is responsible for elevéteels of mortality and
morbidity in developed as well as developing caest(Guo et al.). The
inflammatory effects of PM are associated withgtreng oxidant potential from
various sources, such as DEP. DEP accounts ford@8@Pre total mass of PM10
in samples collected from urban areas (BeruBe. &08l7). The organic and
inorganic fractions of DEP components are beliewdoe the major cause for
ROS production. Therefore, we employed a poterargmelectrophile (1,2-NQ)
and a redox inert heavy metal (zinc) that are eelad DEP-induced oxidative

stress as our model toxicants.
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Quinone toxicity involves two major mechanisms: dgilition and redox
cycling. Reports of quinones’ adverse effects aoei$ed on carcinogenesis and
mutagenesis mediated through quinone adduct foom@VHO 2002). Quinones
are also known for undergoing redox cycling, whigimerates ROS by single
electron reduction of oxygen. While ROS productiatiuced by DEP is believed
to induce inflammatory responses (Rahman and Ma@968), few studies delve
into the mechanisms for 1,2-NQ-induced inflammationChapter l1ll, elevated
levels ofIL-8 andCOX-2 gene expression were observed after 1,2-NQ exposur
This verifies the hypothesis of inflammation as ohéhe end points for adverse

health effects resulting from quinone exposure.

The observation we made in Chapter Il by utilizihgPer and roGFP
reported that 1,2-NQ exposure stimulate®kproduction and redox changes in
an independent manner. Catalase over-expressiarotigtotect against 1,2-NQ-
induced roGFP signals indicative of a loss of reaypotential. Based on Figure
5-A, there are several potential targets for 1,2#N@igger roGFP changes
including attack on Gpx, GSH, or Grx. By-produatnfation that oxidizes Gpx

other than the generation of®% is a possibility as well.

Furthermore, activation of tH¢O-1 gene through 1,2-NQ exposure is
independent from inflammatory gene responses. §tetactrophiles like 1,2-NQ
may activate Nrf2 signaling pathways by promoting tlissociation of the Nrf2
repressor, Kelch-like ECH-associated protein (KédNiture et al.). It is possible

that phase Il enzymes and antioxidants are activdieng 1,2-NQ detoxification
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and excretion processes by the modulation of Nni2ead of potentiating gene
expression, the addition of,8, actually blunted 1,2-NQ-inducédO-1 gene
expression (Chapter lll), raising the possibilltat biomolecular covalent
modifications by 1,2-NQ are involved HO-1 gene expression induced by an

electrophilic attack.

Modifications of DNA bases and enhanced lipid petation are well-
known mechanisms for metal induced toxicity (Rutlkt¢al. 2011). The redox-
inert transition metal zinc induces cellular dam#geugh covalent modification
of critical sulfhydryl groups of cellular biomoleles . The observation made in
Chapter Il that zinc-stimulated,B., production through mitochondrial
dysfunction indicates that potential zinc-targetsitgs are associated with
maintaining mitochondrial membrane potential. Ais@ould be an underlying
mechanism for zinc-induced signaling dysregulateading to increased
expression of inflammatory mediators, as well agpamtic and necrotic cell death

(Kim et al. 2006; Tal et al. 2006; Tang et al. 20Bganklin and Costello 2009).

The model toxicants studied in this research pewidteresting contrasts
and similarities. They represent two major mechasifor PM/DEP induced
toxicity. The separation of electrophile attack &@S production produce
insights that are pertinent to the study for mptltutant models. PM exposure
could induce important gene-environment interadittmough oxidative stress, as

revealed in Chapter Ill. Although we studied singkposures, application of the
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system to multi-pollutants is desirable as represgra closer approximation to

the ambient environment.

5-D. From imaging oxidative stressin vitro to protecting the public health

from environmental exposures

Worldwide air pollution exposure is a major pubiiealth concern that
involves the death of more than 800,000 people @hnwaccording to the World
Health Report 2002 . Major strategies to limit #wecontaminants which impose
health burdens are engineering controls designdddrease pollutant
concentrations. However, it is unlikely that thegerventions can completely
remove polluting agents from the atmosphere. Tlasraness raises the urgency
with which efforts aimed at obtaining a better uistkending of air pollutant-
mediated adverse health effects should be purJiredefforts to decipher
toxicological mechanisms induced by contaminanibsxpe can assist in the
development of strategies to remove the most hitgidic components of air
pollutants and design strategies to protect sersifioups through targeted

interventions.

Air pollution is a complex mixture and its compa@sit varies according to
multiple parameters such as locations, seasonsandes. The deposition,
solubility, and intake of contaminants in the lumgsritical for initiating toxic
responses, since different physical propertiesded@rmine the susceptible cell
types ranging from ciliated epithelium and macra@sain bronchial branching to

alveolar epithelial cells in the alveoli region,exen endothelial cells in blood
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vessels. Although, diverse responses have beenveblsence pollutants reach the
cellular level, oxidative stress is involved toyiag degrees in almost all of the
exposures. Elevated levels of ROS in the lungbserred after exposure to PM,
ozone, nitrogen oxides, sulphur dioxide, and tobarnoke (Biswas and Rahman
2009). The exposure duration and dose determinedial responses. Based on
epidemiological studies, acute exposure to incikasacentrations of particulate
air pollution is associated with increased moryalitospitalization, and incidence
of respiratory symptoms (Pope et al. 1995). Oxidasitress stimulated by potent
oxidants reacts directly with cellular organellieserferes with physiological
functions, and mediates acute cell death (IranD2&ahman and MacNee 2000).
The observation that antioxidant supplements havaemated the effects of air
pollution on lung function from several case cohstadies also points to the
relevance of oxidant insults (Tashakkor et al.).tother hand, mortality risk
and chronic respiratory disease are associatedavitiiterm exposure to air
pollutants (Pope et al. 1995). Mechanisms of oxrdattress-induced chronic
responses are associated with inflammation. Figrasonchitis, and even

carcinogenesis are related to oxidant mediatednmfiation .

The commonality of oxidant insults in air pollutaxposure raises the
importance of reaching a fundamental understandiirexidative stress as a
pivotal toxic mechanism. Application of the latesfging tools to investigate the
transient nature and spatial specificity of ROSdpuation is perhaps the major
contribution of this dissertation. The improveded®ion methods developed here

allow rapid and accurate identification of oxidargults in a cellular system.
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These are fundamental steps for depicting the rmesnag of air pollutant
induced adverse health effects. The tools appfhigtis study can also utilize
different experimental models including animal itggor even biomarker
development. Furthermore, the model system devel&pen the oxidant
paradigm (Figure 1-C) can be employed in mechansstidies of multiple

components of air pollution.

There is a growing awareness of the role that refilsnegulations plays in
the adverse health effects induced by air pollugigposure. This dissertation
applies recently developed reporters of redox stateROS to interface real-time
measurement of oxidative stress with mechanigtidiss of the toxicity of
contaminants. Two structurally disparate environtalecontaminants (Zii and
1,2-NQ) were employed in this dissertation as meéabdtants. Distinct
mechanisms were observed for the inorganic anchargér pollutants, linking
adverse outcomes to the induction of oxidativesstra cells. The utilization of an
integrated imaging approach to study oxidativesstieas considerable potential to
continue providing insights into the adverse heaftlcts of air pollution

inhalation.
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