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Pesticide Mixtures Induce lmmunotoxicity:
Potentiation of Apoptosis and Oxidative Stress
Chrigtine L. Rabideau

ABSTRACT

The three insecticides of interet were lindane (an organochloring), maahion (an
organophosphate) and piperonyl butoxide (PBO; a synergis). Based on minimum
cytotoxicity (> LCys), the following concentrations were chosen for the pedticide mixture
dudies. 70uM lindane (Lind), 50uM mdathion (Md) and 55uM PBO. In the AlamarBlue
cytotoxicity assay, individual pedicide and mixtures of maathio/PBO (MP) and
madathion/lindane (ML) prompted cytotoxicity with vaying intendgties (Md 18.8%, Lind
20.4%, PBO 235%, ML 53.6% and MP 64.9%). Cytopathologicad analyss reveded
gpoptotic features in treated cells and the DNA Ladder Assay confirmed the presence of
DNA fragments. The specific mode of cdl death was examined via the Zaminoactinomycin
D (7-AAD) Staining Assay. Apoptosis was detected in each treatment (Ma 6.5%, Lind
12.0%, PBO 13.2%, ML 19.3% and MP 23.4%). Furthermore, 7-AAD daning in
combination with fluorescent-labeled monoclond  antibodies, PE-CD45RB/220 and FITC-
CD90, was performed. B-cdls were more susceptible to Ma and PBO trestments than were
T-cdls.  The pro-oxidant activity of the pesticides was monitored via the Dichlorofluorescin
Diacetate assay. Exposure to pesticides for 15 minutes increased HO- production above the
controls, Mal 21.1%; Lind 10.8%; PBO 25.9%; ML 26.8%; MP 37.8%. The activities of
antioxidant enzymes, glutathione peroxidase (GSH-Px) and glutathione reductase (GR) were
dtered by these tretments. GR was dgnificantly reduced for the pegticide mixtures only
(control: 51.7; Md: 48.2; Lind: 50; PBO: 52.3; ML: 405; MP. 42 Unit¥mg). GSH-Px

activity was severdy reduced for al the pedticide treatments (control: 44.9; Md: 30.2; Lind:



30.6; PBO: 324; ML: 21.1; MP. 21.1 Unitmg). These results indicate that exposure to

these pegticide and pesticide mixtures induces gpoptosis and oxidative stress.
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Chapter | INTRODUCTION

Pedticides are used in every redm of the environment to control undesired pests, such as
insects, weeds, fungus and rodents. The pedicide industry is estimated a being a $30
billion 2.6 million ton-ayear globd industry (Repetto and Bdiga 1996; Pretty et a. 1998).
In 1997, it was edimated that the average American spent $44 and used 17 pounds of
pesticide-rdated products in one year (Aspdin 1998). An estimated 85-90% of pegticides
never even reach ther target organisms (Repetto and Bdiga 1996). It is very likdy that
many nontarget organisms ae exposed to multiple pedticides thouroughout their lifetimes,

ether sequentialy or concurrently.

Following the onset of the Gulf War Syndrome and a report suggesting synergism between
edrogenic environmental  contaminants, the issue of multiple chemica exposures became an
urgent topic for toxicology and public hedth officids (Arnold et a. 1996; USEPA 1998).
The idea that the effect of a chemica mixture could be more or less potent than exposure to
the individud compounds arose.  Until recently, about 95% of al chemica <udies were
performed on individua chemicds (Groten et a. 1999). Today, however, more studies are
examining the extent to which chemicd mixtures impact organ sysems. In paticular, the
effect of these mixtures on the immune sysgem is of interest, especidly due to risng

occupationa and public health concerns (Simmons 1995).

Certain compounds are capable of chemicdly interacting when combined in mixture. It is
hypothesized that exposure to pedicide mixtures can result in additive, synergidic or

antagonidic effects to immune cdls, manly because the metabolism of one pedicide can



affect the metabolism the other (Eaton and Klaassen 1996). This study was designed to
examine the oxidaive and immunotoxic effects of lindane, an organochlorine insecticide,
piperonyl butoxide (PBO), a pedicide synergist, and maahion, an organophosphate
insecticide individudly and in smple mixtures on murine splenocytes in vitro. Lindane is a
mixed function oxidase (MFO) inducer, PBO is a MFO inhibitor and maathion is an

acetylcholinesterase inhibitor (Dikshith 1991).

Immunotoxicity is a chdlenging area of toxicology because the immune sysem is regulated
by many externa factors and feedback mechanisms (Descortes 2000; Voccia et a. 1999).
Xenobiotics, such as certain pedicides, can be toxic to the immune sysem. Many have the
potential to induce cytotoxicity via apoptoss or necross (Corcoran et d. 1994). These two
modes of cdl desth have unique biochemica, morphologicd and physologic properties
(Wyllie et d. 1980; Darzykiewicz et a. 1997). Although it was once thought mature immune
cels were resstant to gpoptoss, this appears not to be the case (Perandones et a. 1993; Illera
et d. 1993). Splenic immune cdls are a mixture of mature immune cdl types and are useful
in asessng cetan aspects of chemicd toxicity (Li e d. 1999). The ability of many
xenobiotics to induce apoptosis or necross can have severe implications on immune cel
regulations, as wel as regulation of other organ systems, such as the nervous or endocrine
(Descortes 2000). The heightened sengtivity of the immune system, to even low levels of
xenobiotics, make it an gppeding sysem to sudy the effects of chemicd toxicity (Sharma

and Reddy 1987).



Xenobiotics aso induce oxidative stress.  Oxidative stress acurs when there is an imbaance
in free radicd generation or oxidants and antioxidant defense capability (Marks et d. 1996).

Exposure to xenobiotics can often lead to excessve free radicd generation and disrupt
cdlular processes, such as drug metabolism and ion homeostasis (Reed 1995; Younes 1999).

Excessve free radicd or reactive oxygen species (ROS) generation has been implicated as an
initiator of apoptosis (McConkey et a. 1994; Corcoran et d. 1994). ROS and free radicals
have been linked to a number of events associated with immune cell regulaion or gpoptosis,
such as respiratory burst and intracdlular cacium regulation.  Also, apoptosis has been
inhibited by the addition of antioxidants (Stoain e d. 1996; Knight 2000). The current
literature supports the possibility that xenobiotic exposure results in increased ROS or free

radical generation, and therefore mediates the induction of gpoptossin splenicimmune cells.

1.1 Study Goals
The overdl god is to examine the rdationship of pesticide mixtures and immunotoxic risk in

vitro, asit pertains to oxidative stress.

1.2 Study Hypothesis

The hypothess is that ROS and/or other free radicd intermediates, generated during the
metabolisnm of various pedicides, mediate the immunotoxic effects of environmenta
xenobioticsin mixture.

1.3 Study Rational

We predict that two or more pedticides may result in an additive, synergigtic or antagonistic

hedth effects, manly because the metabolism of one will affect that of the other. Free



radicas have been suggested to enhance immune cell dysfunction and exposure to certan
insecticides has resulted in immunotoxicity. It is reasonable to assume that these two events

areinterre ated.

1.4 Study Objective
The objective of this study is to broaden our understanding of the mechanisms by which
smultaneous exposure to multiple chemicads causes splenocyte dysfunction in a mammdian

modd.

1.5 Specific Aims

There are two gpecific ams involved in the pursuit of this objective. The fird specific am is
to identify if certan pedticide and pesticide mixtures induce gpoptoss in murine splenocytes
in vitro and if S0 is this induction additive, synergisic or antagonistic for the pedicide

mixtures as compared to the individua pegticide.

The second specific am is to determine the oxidaive Status of the treated splenocytes in

terms of their pro-oxidant and antioxidant levels.



Chapter 11 LITERATURE REVIEW

Pedticides are agents used to kill or control undesired pests, such as insects, weeds, rodents,
fungi, bacteria or other organisms. The term “pedticide’ includes insecticides, herbicides,
rodenticides, as well as dignfectants, fumigants and wood preservatives. These compounds
have a vitd role in controlling agricultura, indudrid, home/garden and public hedth pests
globaly. Because they have the ability to reduce the leve of vector born diseases and have
offered lower cod, better quality goods and services to society, the public has been tolerant
of their use (Aspelin 1998).  However, these economic and hedlth benefits are not achieved
without potentid risk and possble adverse hedth effects to humans, domedticated animds
and the environment. It has been edtimated that 85-90% of the pedicides applied in
agriculture never reach their target organisms, but instead are dispersed in the air, water and
s0il (Repetto and Bdiga 1996). Based upon such estimates, pesticide exposure is likely for

non-target organisms.

2.1 Pesticide Usage

In 1995, the pedticide industry was estimated at being a $30 billionr 2.6 million ton-a-year
globa industry (Repetto and Baliga 1996; Pretty et a. 1998). It is edtimated that two-thirds
of this use occurs in the United States, Canada and Japan (Repetto and Baliga, 1996). In the
US, as of 1997, there were about 890 registered active ingredients consdered pedticides. A
magority of these are conventionad pedticides, which are chemicas produced exclusvely or
primarily for use as pedicides. There is aso a dass cdled “other” pedticide chemicals, such

as petroleum or sulfur, which are made primarily for other purposes but are used as



pesticides, as well. Conventiond pesticides and “other” pesticide chemicas account for 1.23
billion pounds of the pedticides used in the United States annudly. Sitill yet, there are other
compounds classfied as pedicides and when these consgdered, this 1.23 billion pounds
actualy represents only one-fourth of the total US annud usage of dl registered pedticide
products. Based upon these figures, Americans per capita use is 4.6 pounds of conventiona
pesticide and “other” pedticide chemicds per year. If all compounds registered as pesticide
and pedticide related products are taken into account, such as those described above as well
as wood preservatives, biocides and chlorineshypochlorines, then an edtimated 4.63 hillion
pounds of pesticide and pegticide related products are applied per year in the United States
done. This is equivdent to 17 pounds of pedicide per year being used by the average
American. On a dollar bass, we can etimate the US spent $11.9 billion, in 1997, on
conventiond pedticides and “other” pegticide compounds. In other words, in the US aone,
an edtimated $44 per capita per year is spent on conventional pesticide chemicas (Aspein
1998). Furthermore in 1995, about 966 million pounds of just pedticide active ingredients
were gpplied to agriculturd crops in the US a a cost of about $7.7 billion. Despite the ten
fold increase in insecticide use from 1945-1989, tota crop losses from insects have nearly
doubled from 7% to 13% (USDA, 1996; Benbrook et d. 1996; Pimental et a. 1991, Pimenta
and Greiner 1997). This pedticide treadmill effect is partly due to dedtruction of beneficid
organisms by pedticides that otherwise would have contributed to pest biocontrol (Croft

1990; Van Den Bosh and Messenger 1973).

The above edimates shed light on the dependence the world, and particularly the United

States, has on pedticides and pesticide-related chemicals. From the hedth perspective, the



potential for occupational and public exposure to multiple chemicds, ether concurrently or
sequentidly, is very likdy over the course of an organigm's lifeime.  As awareness of
chemicd usage grows, S0 does interest in what type of effects these chemica exposures are
having on an organism’'s hedth. The hedth effects of many pedticides have recently begun
to be examined and more investigation is needed. In particular, the affect pesticides have on
the immune sysdem, both individudly and in mixtures, must be examined more closely. The
immune sysgem is an excdlent indicaor of the ovedl hedth of an organism. The
functioning of the immune system is delicately bdanced to a complex aray of cdl-to-cdl
interactions, feedback mechanisms and amplification processes within  other  biologica
gysems. If dterations in the immune system occur it is likely there will dso be dterations in
other systems as wdl (Sharma and Reddy 1987). In addition, very low levels of xenobiotic
can induce immunotoxicity, often a concentrations much lower than those necessary to
achieve target organ toxicity, meking it a very sendtive indicator of toxicity (Burns et d.
1996). In light of these points, this sudy was designed to further investigate multiple
pesticide exposure on immune cdls in vitro and identify if any rdaionship between
immunotoxicity and the oxiddive datus of these mature immune cdls exig. The three

chemicals chosen for the mixture sudy were maathion, lindane and piperonyl butoxide.



2.2 Malathion

Madathion  ([(Dimethylphosphinothioyl)thio]  butanedoic  acid  diegthyl eder; OO
dimethylphosphorodithioate  of  diethyl  merceptosuccinate; Carbophos, Maldison;
Mercaptothion; and Sumitox) is a nonsystemic, wide spectrum organophosphate insecticide
(Figure 2.1, Immig 1998a Dikshith 1991; USEPA 2000). Madathion is gpplied in million
pound quantities worldwide because of its potent insecticide activity and rdatively low

mammaian toxicity. It isconsdered a generd use pedticide and is often utilized in Stugtions

where large urban populations or domedticated animas may be exposed (Rodgers and
Ellefson 1992). Madathion's common uses are in commercid agriculture and in households
to eradicate fruit flies and other household insects. In addition, malathion is often employed
to protect domesticated animals from internd parasites (such as grubs and worms) or externa
pests (such as lice, ticks and mites), as well as for mosquito eradication in areas of high

malaria outbreak (Barnett and Rodgers 1994; ExToxNet 1998; Immig 1998a).
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Figure 21. The chemicd dructure of maathion, an organophosphate insecticide (adapted
from Dikshith 1991).



In the US done it an edimated 16.7 million pounds of madathion are applied annudly.
Approximately 12.5 million pounds are used in agriculture, mosily for cotton thourough the
USDA Boll Weevil Eradication Program, and 3.4 million pounds are gpplied to nor:
agricultural uses, such as for the med fly quarantine, mosguito abatement, golf courses and
home owner outdoor control (USEPA 2000). In 1999, mdathion was dso utilized in the

West Nile Virus eradication effort (USEPA 2000b, 2001).

Madathion's low mammadian toxicity is atributed to its rapid detoxification by mammadian
carboxylesterases present in the liver and other tissues (Barnett and Rodgers, 1994).
Maathion is biotranformed to maaoxon and is degraded repidly in the body. Madathion's
acute effects depend mostly on the product’s purity, vehicle of adminidration and dose

(EXToxNet 1998).

Mdathion's man biochemicd action is on the nervous system. It is a known
acetylcholinesterase (AChE) inhibitor, as are most organophosphorous compounds (Dikshith
1991; Chambers 1992; Barnett and Rodgers 1994; ExToxNet 1998). Under normal in vivo
conditions the AChE enzyme binds acetylcholine (ACh), a neurotransmitter in the
sympathetic and parasympathetic fibers, a neuromuscular junctions and some syngpses of
the central nervous system (Barnett and Rodgers 1994). Upon ACh binding to AChE, a
ggnd is trangmitted and ACh is immediaidy released to conclude the reaction (Chambers
1992). However, when an organophosphorate compound is present it mimics ACh and

irreversbly phosphorylates the AChE active ste. AChE loses cataytic activity and ACh



accumulatess.  When this occurs there is continued neurosgnding and hyperexcitability of

neurons at these junctions.

This is followed by a number of neurotoxic effects proceed to cause deregulation in many

other systems (Chambers 1992; Barneit and Rodgers 1994).

One sysem greetly influenced by neurotoxic effects of organophosphates, particulaly in
regard to the inhibition of esterase activity, is the immune system. Esterases, such as AChE,
are vita membrane bound proteins that aid the immune system to interact with and destroy
foreign organisms. For ingance, neutrophils, a type of phagocytic leukocyte, require
esterases to move about by chemotaxis. When organophosphates are present, there can be
suppresson of these edterases and, therefore, suppresson of the chemotactic sgnds
necessary for phagocytic cdls (Pruett, 1992). This deregulation of the immune response
results in a variety of events depending on the specific organophosphate, the dose exposed to,
the species being studied, the nutritional and hormona datus of the organism, as wel as the

age and gender of the organism (Repetto and Baliga, 1996).

Although maathion provides a multitude of benefits to society, its high rate of usage ds0
poses some concern for increased risk of exposure resulting in environmenta or persond
contamination. It is this increased risk of exposure and immune-esterase interactions,
paticulaly to immuno-compromised individuds such as children and the dderly, which
make the possble hedth risk due to maahion exposure of interest. In addition, very little

has been studied about the effects of maathion when in chemicd mixtures.
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2.3 Lindane

Lindane (1,2,3/4,5,6-hexachlorocyclohexane gamma HCH; gamma-BHC; in KWELL,
Agrocide, Ambrocide, Benesan) is an organochlorine insecticide and fumigant (Figure 2.2;
Dikshith, 1991). Lindane is commonly found in the technicad grade hexachlorocyclohexane

at 14-15% and it is the only isomer known to have insecticidd activity (Barros et d. 1991).

Cl
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Figure 22. The chemicd dructure of lindane, the gamma isomer of hexachlorocyclohexane
(HCH) (adapted from Dikshith 1991).

Since 1949, lindane has been marketed to trest againgt a wide range of soil-dweling and
plant-eating insects (Oesch et d. 1982; ExToxNet 1998; Safe2use 2000). From 1940 to the
1960's, lindane was used for al aspects of forestry and agriculture as well as in medica
goplications to diminate mites and flees. However, in 1975 the FDA issued an dert to the
medicad community regarding the potentid harmful effects of lindane. In 1977, lindane was
no longer commercidly produced in the United States, however it is dill being imported and

formulated in the United States (ATSDR 1995). Today certain formulations of lindane are
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classfied as “Redricted Use Pedicides’ and only certified applicators can handle them
(ATSDR 1995, USEPA 2001). Mog agricultura and the dary industry uses have been
cancelled by the USEPA because of its potentid to bioaccumlate and promote carcinogenesis
(Perocco, P et al. 1995; ExToxNet 1998; Safe2use 2000). The USEPA’s Great Waters
Program ligts lindane as a pollutant of concern, due in part to these chemica properties and

aswell asits persstence in the environment (US EPA 2001c¢).

In 1983, most registered uses of lindane were banned in the US. Today, though, it is 4ill
legdly regigtered as an insecticidd treatment for certain fruit and vegetable crops, in forestry
and seed grains, as well as for use in dips, lotions, creams, and shampoos (1% solutions) to
control fleas, ticks, lice, scabies and mites in humans, livestock and dogs (ExToxNet 1998;
Safe2use 2000; USEPA 2001b). However, like many of the organochlorine insecticides,
lindan€é's perdsence in the environment and its biomagnification potentid, as well as its
ability to act as a potent centrd nervous sysem dimulant, particularly in children, continue
to make it a hedth concern in many countries of the world (ExToxNet 1998). For this
reason, lindane has dready been banned in 18 countries and has restricted uses in 10 other
nations. From 1987 to 1993, the USEPA’s Toxic Reease Inventory estimated that lindane
releases to land and water were 1115 pounds (USEPA 2001c). The United States has a many
advocates who would like to see its use banned completely, but the FDA has continued to
dlow it's use until “a safe, more effective dterndive is avalable’ to trest mites and lice
(ExToxNet 1998; Safe2use 2000). In the United States, lindane is currently on the FIFRA’s

(Federd Insecticide, Fungicide, Rodenticide Act) Reregidration Eligibility Decisons lig for
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fiscd year 2001 (USEPA 2000c). Lindane is dill used in ton quantities in India and is a

magjor environmental contaminant in that country (Koner et d. 1998).

Lindan€s man biochemicd action, like other organochlorine insecticides, is as an inducer of
the Mixed Function Oxidase sysem (MFO) (Konat and Clausen 1973; Sinvasan and
Radhakrishnamurty 1983; Murdia et a. 1985; Junqueira et a. 1997; Barros 1991). The MFO
sysem is a drug metabolizing sysem located in the smooth endoplasmic reticulum (SER) of
mogt cdls. It is dso often cdled the monoxygenase sysem. The MFO system is essentid to
removing lipophilic xenobiotics from the body (Figure 2.3; Popov and Blaauboer 1991). The
MFO dilizes cytochrome P450 (cyt P450) to interact with the toxicant. The genera reaction

catalyzed by cyt PA50 isasfollows:.

NADPH +H*+0,+RH =  NADP'+H,0 + ROH

Where the subdtrate (RH) is a steroid, faity acid, drug or other chemicd that has an dkane,
adkene, aromatic ring or heterocydlic ring. Thourough this process of events, the MFO

eventually yields a more hydrophilic compound that can be readily excreted (ROH).

Lindane induces the MFO system by acting as a substrate molecule with a very low rate of
biotrandformetion.  Spedificdly, lindane will form an “enzyme-substrate complex” that last
for rdatively long periods of time and results in a decreased amount of enzyme avalable for
other reections.  Such a decrease in enzyme availability is normdly followed (within 1-12
hours of exposure) by an incressed rate of enzyme synthesis. This event is cdled a

“subgtrate-type’ induction and results in increased levels of NADPH-cyt P450 reductase,
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liver weight and levels of smooth endoplasmic reticulum (Popov and Blaauboer 1991;
Junqueira et d. 1997). In addition, such induction potentid has been shown to promote
oxidative dress and membrane dysfunction in animas and cells exposed to lindane (Roux et
a. 1979; Vidda et d. 1990; Bagchi and Stohs 1993; Koner et a. 1998; Sahoo and Chainy

1998).

Immune dysfunction may be rdaed to changes in the regulation of drug metabolizing
enzymes, such as certain cyt P450's  (Albright 1993). This dysfunction seems likely, since
the immune systlem is respongble for interacting with xenobiotics and protecting againg their
noxious effects. It has been proposed that when certain receptors (such as aryl hydrocarbon
receptors, Ahour) are activated, a cascade of events results and series of genes are activated,
one of which is a family of cytochrome P450's (Albright 1993). Since immune cdls have
Ah receptors and cyt P450 enzymes, it is possible that gene activation could result. If such a
scenario exigts, then it is dso possble that induction of certain isoforms of cyt P450's, such
as with lindane exposure, could lead to dterations in the immune response. There are, in
fact, a number of sudies that suggest lindane exhibits immunotoxic effects (Roux et a. 1978;
Roux et a. 1979; Meade et a. 1984; Das et al. 1990; Barros et a. 1991; Meera et a. 1992
Meera et a, 1993; Dunier et a. 1994; Banerjee et a. 1996; Junqueira 1997; Sweet et d.

1998).

There is a dgnificant amount of literature on lindan€'s target organ toxicity and the

immunologicd effects it imposes in vivo and in vitro. However, there are areas regarding

lindan€'s toxicity which must be explored, such as lindan€'s ability to induce gpoptoss in
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Figure 23. A schematic of the Mixed Function Oxidase sysem (MFO). The subdtrate
(RH), such as a xenobiotic, combines with the oxidized form of cytochrome P450 (cyt P450)
to form a complex that is reduced by an dectron yielded by the NADPH-flavoprotein (FPy)
chan. This reduced RH-cyt P450 complex reacts with molecular oxygen and forms an
oxygenated complex. This complex accepts another eectron from the NADH-flavoprotein
(FP2) or cytochrome bs chain (or in some ingances from the NADPH-FP; chan). The
donation of this second eectron activates the oxygen. Upon activation, one aom of
“activated oxygen” is reduced to water, while the other is available to oxidize the subdrate
(RH) and form an intermediate complex (O»-cyt P450-RH). This complex is ungtable and
quickly bresks up generating oxidized substrate (ROH) and releesing the cyt P450 for
another cycle.

It is important to note that in some cases, if the MFO system is overwhelmed by subdirate or
other dressors, the activated oxygen can “leak” from the MFO system as superoxide anion
(O2). This especidly occurs if there is a breakdown of the oxygenated cyt P450 substrate
(O2 -cyt P450-RH) complex. Thus G can be dismutated to hydrogen peroxide (H2O,) and
H20O2, upon reaction with meta ions, can generate hydroxyl radicds ((OH). .OH is highly
destructive and can cause membrane disruption.  If these events occur for prolonged periods
of time, the MFO sysem cannot adequatdly biotransform xenobiotics and the metabolic
processis disrupted (Adapted from Popov and Blaauboer 1991).
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mature immune cdls a low concentrations and it's toxicity to the immune sysem when in

chemica mixtures.

2.4 Piperonyl Butoxide (PBO)

Piperonyl butoxide (PBO) (5-[[2-(2-Butoxyethoxy)ethoxy] methyl] 6-propyl-1,3-
benzodioxole), a methylenedioxyphenyl compound, is a synergis used in combinaion with
a wide variety of insecticides (Figure 2.4; Immig 1998b; Rose e a. 1999; USEPA 2000).
Synergists are chemicas that lack pedicidd effects of ther own but enhance the toxic
properties of certain pesticide compounds (Franklin, 1976; USEPA 2000). PBO is most
commonly used in combination with pyrethourins, pyrethouroids, rotenones and carbamates
(USEPA 2000). PBO was first developed in 1947 using naturally occurring safrole as a key
raw materid. PBO is in Anvil, an insecticide mixture, which is used to control mosquitoes in
outdoor resdentia or recregtion arees. It is adso in other pesticide products used indoors on
plants and on pets to control insects such as fless, tick and ants. PBO is gable to light and
resst hydrolyss. Currertly, PBO is under review by the US EPA for the FIFRA’s (Federa
Insecticide, Fungicide, Rodenticide Act) Reregidration Eligibility Decisons lig for the fisca
year 2001 (USEPA 2000c; USEPA 2000d). Also, in July 2000, PBO was placed on the

Restricted Use Products Report (USEPA 2001d).
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Figure 24. The chemica dructure of piperonyl butoxide, a pedicide synergis and
methylenedioxyphenyl compound (Adapted from Rose et d. 1999).
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PBO's biochemicad action is as an inhibitor of the MFO sysem and by doing o it can block
the biotransformation of pesticides by insects (Anders 1968; Jaffe et d. 1968; Matthews et dl.
1970; Conney et d. 1972; Goldstein et d. 1973; USEPA 2000). Specificdly, PBO is a
noncompetitive (irreversble) inhibitor because it covdently binds with the cyt PAS0 enzyme
(Figure 2.3). The process, by which this occurs, is that PBO is biotransformed to a carbene
compound and other reactive intermediates. The carbene interacts with the heme iron on cyt
P450 and forms a stable metabolite-inhibitory complex with cyt P450. PBO is, like other
pedicide synergits and methylenedioxyphenyl-derived compounds, a suicide substrate for
the cyt PA50 enzyme. The acute toxicity of PBO is redivey low, but by forming a sable
complex, PBO is able to block the metabolism of other MFO substrates (Franklin 1976;
Popov and Blaauboer 1991; Rose et d. 1999). This can be beneficia or detrimentdl
depending on what the other subdtrates are and if bioactivation is necessary for a compound

to induce toxicity (Franklin, 1976).

It has been indicated tha the magnitude of PBO toxicity and MFO inhibition varies with
mammaian species. This is an important concept when extrgpolating results across species.
Conney et d. (1972) showed that in vivo trestment of mice, rats and humans resulted in mice
being 33 to 100 fold more sendtive to PBO's MFO inhibitory effects than rais.  Also,
humans were fed a dose of PBO much greater than the expected daily exposure levels and
dill showed no change in MFO potentid suggesting it may be unlikdy tha humans are

affected by PBO’ sinhibition on microsomd function.

17



It is ds0 important to note that in mammas PBO is cgpable of both inhibition and induction
of cyt P450. Following an acute dose of PBO, inhibition of cyt P450 occurs, then activity
returns to norma and eventudly an increase in activity observed (Wagdtaff and Short 1971;
Goldgtein et d. 1973; USEPA 2000d). The inhibitory action occurs as described above, but
the induction is more complicated. It has been shown, as mentioned with lindane, that when
certain receptors on cells are chemicdly activated (such as AhR’s) that specific cytochrome
isoforms could dso be activated (Rose e d. 1999). In light of the fact that immune cels
have AhR's ther activation could possbly induce the delayed cyt PA50 activation seen with
PBO exposure, even though PBO is traditiondly an inhibitor of cyt P450 (Albright 1993). It
is aso very possble, as mentioned above, that cyt P450 regulation, due to PBO exposure,
could result in immune cdl dysfunction since the two events may be rdated. Examination of
PBO's ability to induce oxidative dress, immunotoxicity via agpoptoss and its effect in

multiple chemica exposures should be further investigated.

2.5 Pesticides, Reactive Oxygen Species and Oxidative Stress

2.5a Types of Free Radicals and Reactive Oxygen Species

Whenever discussing xenobiotic metabolism, the possble involvement of free radicd species
is of interest and should be considered. Free radicas are molecules which contain one or
more unpaired eectrons (Kehrer 1993; Younes 1999, Haliwdl 1996). A free radica species
may be highly reactive and can initite chain reactions by extracting an €ectron from a
neighboring molecule to complete its own orbital (Marks et a. 1996; Younes 1999). There

ae many forms of free radica species, such as oxygen-centered, carbon-centered (R,
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RCOO’) or nitrogen-centered (NO, ONOQO") (Kdyanaraman 1982; Kehrer 1993, Hdliwell
1996). Many of these free radicad species are formed when chemicals are metabolized to one
or more reective intermediates (Comporti and Pompella 1994). Typicaly, what often occurs
is the mitochontria dectron trangport system, which metabolizes molecular oxygen, can be
disrupted. Free radicds, cdled reactive oxygen species (ROS), can form (Yu 1994). These
include species such as superoxide anion (O» ), hydrogen peroxide (H20>), hydroxyl

radicals (| OH), hydroperoxyl radicals (HO.) and singlet oxygen (*O5).

Superoxide radica can be énded to the formation of many other reactive species, including
hydroxyl radicas, hydrogen peroxide and hydroperoxyl radicas. The hydroxyl radicd is the
potentialy most potent oxidant encountered in biologicd systems and can react readily with
a variety of molecules, such as lipids, DNA and proteins (Yu 1994). Hydroxyl radicds are

formed via the Fenton reaction:

1) FE'+ H,0, 2 Fe'+ OH+ OH

or by interaction with superoxide in the Haber-Weiss Reaction

2 O, + H,0, =2 O, + HO + OH
H+

Smilar to the Fenton reaction, other reduced trangtion metals, such as copper, interact with
hydrogen peroxide to generate “OH:

©) Cu'+ H,0, =2 CU¥'+ OH+ OH
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Hydrogen peroxide is not by definition an oxygen free radica but it is a nonradicad ROS. It

is asecondary product of one-electron reduction of O,

(4) Oy + O + 2H+ 9 H,O, + Oy

The reaction is cdled the dismutation of superoxide and is peformed by superoxide
dismutase (SOD) amost a diffuson-controlled rate (k = 3x10° Ms') (McCord and
Fridovich, 1969; Yu 1994; Younes 1999). Singlet oxygen is, like hydrogen peroxide, not a
free radica species but it is an ROS with oxidetive properties. It is very short-lived, and
dthough it's formation in biologicd systems has long been disputed, there is evidence that it

does exist during phagocytosis (Y ounes 1999).

In addition to the oxygencentered radicals, carbon-centered radicas can arise following
hydrogen extraction from unsaturated bonds in faity acids during lipid peroxidation or
metabolisn of certain xenobiotics (Kehrer 1993).  Ladtly, nitrogen-centered radicals occur
naturdly in mammadian organisms and are utilized in numerous physiologicd processes  For
ingance nitric oxide (NO") is a dgnding molecule for the immune sysem, it is important to
many metabolic processes and is a paracrine messenger (vasoregulator). An excess of NO',
however, can result in cytotoxicity and tissue injury, paticularly if it reacts with O, to form
peroxynitrite (ONOQO):

(5) NO + O, =  ONOO

Peroxynitrite, is a nonradical species that is very reactive and can induce a chain reaction of

events, such as direct biologicd damage by excessvey oxidizing —SH groups and adso
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leading to the production of nitric dioxide, which is a powerful initiator of lipid peroxidation

(Halliwell 1996; Schmidt and Water 1994; Muijsers et d. 1997).

2.5b Sources of and Damage by Free Radicals and Reactive Oxygen
Species

Under conditions of norma metabolism, the continud formation of ROS and other free
radicas is important for norma physologicd functions (i.e ATP genedion, metabolic
proceses) and cdlular redox reactions. However, excessve generation of free radicads can
occur due to endogenous hiologca or exogenous environmental factors, such as chemica
exposure, pollution or radiation (Figure 25). The man endogenous hiologica sources of
reective oxygen species ae via a Soluble cdl condituents (such as thiols, quinines,
trangtion metds, epinephrine, metdoproteins, hemeproteins and flavoproteins), which can
activate O, during autooxidation reactions and release ROS (Misra and Fridovich, 1972); b)
Soluble cytosolic enzymes (such as xanthine oxidase and dihydroorotate dehydrogenase),
which can generate ROS (O,, 'OH) via reduction of molecular oxygen in ther cataytic
cycless ¢) Membrane-bound enzymes (such as NADPH oxidase) and eectron transport
gysems (such as MFO), which can lesk free radica species; d) Xenobiotic metabolizing
enzymes in the endoplasmic reticulum or nudear membrane (such as cyt P-450-dependent
monooxygenase, cyt bs and NADPH-depend cytochrome reductases), which can activate
molecular oxygen or dlow superoxide to “lesk” out; € Phagocytic cdls involved in
inflammetion, respiratory burst (such as neutrophils, macrophages and monocytes) and toxic

agent removal, which can generate ROS (Y u 1994; Stoian et a.1996; Y ounes 1999);
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f.) Ischemiareperfuson following surgery or atey blockage, which can  ggnificantly
increese levels of ROS (Reed 1995); and g.) Inhibition/reduction of antioxidant enzymes or
molecules, which reduces the ability for an organism to handle incressed levels of free

radical’s (Reed 1995).

In spite of numerous biologicd defense systems, increased free radicd generation has the
potentia to result in oxidative dress.  Oxidative stress occurs when the body cannot balance
free radicd generation with the body’s defenses and often promotes cdlular injury and tissue
damage. This damage can range from DNA damage, membrane damage, mitochondrid
swvdling and lyses, cacium influx, proten damage and lipid peroxidation (Figure 2.6) (Reed

1995; Marks et a. 1996; Y ounes 1999).
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Figure 25. Sources of ROS and other free radicds. ROS and other free radicd
intermediates are formed during norma metabolic processes in oxygen respiring organisms.
The levels are augmented, however, by exposure to other physica and environmenta factors,
such as xenobiotic exposure, pollution, radiation and aging processes (adapted from Marks et
al. 1996).
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Figure 26. Cdl injury by ROS or free radicd-induced oxidative sress. Free radica-
mediated cdlular injury is often initiated by superoxide (O2) or hydroxyl radicds ('OH).
These ROS initiste lipid peroxidation of cdlular, mitochondrid, nuclear and endoplasmic
reticulum membranes.  This increases cdlular permegbility to cacum and results in further
mitochondrid swelling and damage. Amino acid resdues on proteins can be oxidized and
degraded by ROS. Nuclear and mitochondrid DNA can dso be oxidized, leading to strand
bresks and other damage. All of these events ultimady lead to cdlular dysfunction and
injury (adapted from Marks et d. 1996).

23



2.5c Antioxidant Defenses: Primary and Secondary
There are numerous cdlular defenses, which under norma metabolic conditions, regulate the
level of ROS and protect agang the ill-effects of free radicds. These defenses can be

classfied into two categories. primary and secondary defenses.

The primary defenses consst of two groups, the antioxidant compounds and the antioxidant
scavenging enzymes (Figure 2.7). Antioxidant compounds include vitamins C and E, as wdll
as glutathione, b-carotene and wric acid.  Vitamin E is an important intracelular oxidart
measure of its highly lipophilic properties. It provides antioxidant action in and near lipid
membranes by converting O,, 'OH, and LOO" to less reactive forms.  Vitamin C is an
effective extracdlular antioxidant because of its hydrophilic nature and wide digribution in
the body. It scavenges O, and "'OH, neutrdizes oxidants from neutrophils and ads in
vitamin E regeneration from its oxidized dae. Vitamin A and b-carotene are lipophilic and
scavenge O, or react with peroxyl radicas. Uric acid is hydrophilic and scavenges Oy,
'OH, and peroxyl radicds. It binds trangtion metds and prevents vitamin C oxidation.
Glutathione (GSH) is a hydrophilic tripeptide and is criticad to glutathione redox cycling and
enzyme regulation. GSH reects directly with Q,™", "OH, or organic free radicas (R, RCOO")
and is criticd to the detoxification processes of xenobiotic metabolism (Yu, 1994; Marks et

al. 1996).

Antioxidant scavenging enzymes include superoxide dismutase, cadase,  glutathione

peroxidase and reductase. Superoxide dismutase (SOD) dismutates superoxide radicasto
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Figure 2.7. Biologicd antioxidant defense sysems. All aerobic cdls have a vaiety of
chemicd and enzymdic antioxidants that work to minimize the detrimentd effects of free
radicas and oxidative reactions within cdls. The primay and secondary defenses are
presented, as wel as their locations of action in given oxidative processes. (Abbreviations
SOD: auperoxide dismutases GSH:reduced glutathione;, GSSG:glutathione disulfide or
oxidized glutathione) (adapted from Kehrer 1993).

hydrogen peroxide (H».0;). SOD exids in dl oxygen respiring organisms.  In generd, there
are three forms of SOD-CuwZn (cytosolic), Mn (mitochondrid) and Fe.  Exceptions have
been noted in certain organisms and subcdlular fractions. The activity of SOD varies among
tissues but the highest amounts are in the liver, adrena gland, kidney and spleen. Catdase
decomposes H,O, to water. Cadase is more effective a relatively high concentrations of

H.O, (Km for HO, is 1 mM), whereas a lower concentrations glutathione peroxidase (GPx;
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sdenium dependent) is more effective in catdyzing H,O» breakdown. The Km for HO» for
this enzyme is in the range of nM concentrations. GPx (sdenium independent) decomposes
organic hydroperoxides as wdl. This enzyme utilizes GSH, which is oxidized to GSSG, as a
second subdtrate. Glutathione reductase (GR) catdyzes the reduction of low molecular
weight disulfides (such as GSSG) usng NADH as an dectron source (Yu 1994; Marks et d.

1996).

The secondary defenses include lipolytic and proteolytic enzymes. Both groups of enzymes
act as secondary lines of defense by “cleaning up” lipid or proteins that are damaged, dtered
or being turned over. This process removes reective cdlular components, which could

otherwise result in further oxideative reactions (Yu 1994).

Overdl, there are many defenses that help bdance the oxidative datus of cdls within an
organism. If these defenses are compromised, even if there is no externd source of oxidative
dress, the balance of ROS can be affected and celular injury can result (Marks et a. 1996;
Younes 1999). The defenses described here are critica to the survival of oxygen respiring

organisms.

2.5d Chemically-Induced Oxidative Stress

As mentioned, the mgor source of organic free radicas and ROS is endogenous, particularly
via the metabolism and bioactivation of xenobiotics or the reactivity of the actud parent
compound. The consequence of increased free radica concentrations is ether cdlular injury

or physologicd dysfunction (Figure 6; Comporti and Pompela, 1994, Maks et a. 1996).
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Many compounds have been found to result in free radica generation and have the potentid
to promote these types of injuries. For example, diquat and paraguat, bipyridyl herbicides,
induce O, and H2O, within cdls (Reed 1995; Rose 1999). Also, carbon tetrachloride
undergoes dehdogendtion to form a reective trichloromethyl radicd. This metabolite can
interact with macromolecules by abstracting H atoms and generating more radica species. A
number of haogenated hydrocarbons are capable of undergoing such dehadogenation
reactions. Andgetic and antipyretic drugs, such as acetaminophen, can be bioactivated and
reduce molecular oxygen to superoxide molecules. Quinone relaed compounds, such as
adriamycin and aflatoxin B, have the capability of transferring an e to molecular oxygen and
resulting in  superoxide formetion. Ladly, other compounds such as bleomycin, a
chemotherapeutic agent, and ethanol have the potential to induce toxicity via activaion of

molecular oxygen (Y ounes 1999).

These chemicds are only a few of many that have been implicated in inducing or promoting
oxidative dress. The potentid of lindane, maathion or PBO to promote oxidative stress has

been examined to some degree in previous literature.

2.5e Malathion-Induced Oxidative Stress

Maathion is an organophosphate compound, and like other organophosphates, is detoxified
via conjugaion reections with glutathione (Mdik and Summer 1982). In a dudy on ra
hepatocytes, increasng concentrations of malathion (0.25 mM to 30 mM) depleted GSH in a
dose-dependent manner and carboxylesterase activity was inhibited. This type of inhibition,

of the carboxylesterase-mediated mdathion degradation, could direct maathion metabolism
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toward GSH-dependent metabolism and result in further depletion of cdlular GSH. The lack
of GSH avalability could have consderable influence on the metabolisn and rate of

detoxification of malathion, aswell as other xenobiotics (Malik and Summer 1982).

Another study examined the effects of maathion (2 and 4 mM) on rat blood, liver and kidney
homogenates in vitro (Lechner and Rahman 1986). Agan, depletion of liver GSH content
was noted and the concentration of GSH continued to decrease during the entire exposure
period. The blood glutathione levels remained unchanged. The enzyme glutathione-S-
trandferase (GST) activity in liver homogenates increased two-fold, while the g-glutamyl
transpeptidase (GGTP) leves increased in the kidney and remained unchanged in the liver.
Overdl, the glutathione levels were reduced and it is predicted this is due to its role in
madathion metabolism. It is thought tha the reduction in glutathione is respongble for the

increasein GST activity.

Furthermore, a dudy examined maathion exposure usng human serum samples from
individuds admitted for pedticide poisoning and found enhanced the levels of lipid
peroxidation by-products, or thiobarbituric acid reacting substance (TBARS). Also, these
patients had sgnificantly increased levels of SOD, catdase and glutathoine peroxidase in
their erythrocytes compared control subjects. GSH-S-trandferase activity in serum samples
was increased as well. Both, the level of blood and lymphocyte GSH and GR activity were
sgnificantly decreesed.  In addition, mdathion sgnificantly inhibited acetylcholinesterase

activity in human lymphocytes (Banerjee et d. 1999).
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In summary, glutathione and certain glutathione-linked enzymes are modulated by mdathion
exposure. This may dtribute to the increased levels of TBARS in the blood, as wel as the
increased levels of SOD and catalase. Banergee et d. (1999) point out that inhibition of
AChE could result in the accumulaion of ACh and increese lymphocyte mobility and
cytotoxicity. High ACh concentrations have been associated with lymphocyte mortaity due

to depletion of lymphocyte glutathione and the compromised oxidative sate of the cdlls.

It is clear that maathion has the potentid to disrupt celular antioxidant defenses in various

cdl sytems and induce oxidative toxicity in hepatocytes, as wel as human blood

lymphocytes.

2.5f Lindane-Induced Oxidative Stress

In addition to inducing MFO eactivity, lindane enhances oxiddive dress by interacting with
the cdl membrane, triggering the generation of ROS and other free radicd intermediates and
dtering the levels of antioxidant molecules or enzymes (Barros et d. 1991; Bagchi and Stohs
1993; Samanta and Chainy 1997; Junqueira et a. 1997 and 1986; Koner et al. 1998; Sahoo

and Chainy 1998; Banerjec et a. 1999).

Junqueira et a. (1986) treated rats with an acute dose (20 to 80 mg/kg; ip) and detected
increased O,", as wdl as enhanced cyt P450 expresson in the liver homogenates 24 hours
folowing exposure.  TBARS increased in a dose dependent manner with increasing
concentration of lindane. There was no fluctuation in glucose-6-phosphate dehydrogenase

(G6PD), GR or GPx. SOD and catdase levels, however, were sgnificantly reduced. In
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1997, Junqueira et d. conducted another study to examine oxidative stress related parameters
for up to one week following a 60 mg/kg dosing of rais. Agan, the same trends as noted
above were observed. However, there were adso morphological changes noted in the
mitochondria. Mogt of the fluctuations mentioned returned to control levels by day 3
following exposure. Barros et d. (1991) exposed rats to dietary lindane for 15 or 30 days (20
ppm). In this short-term exposure study, cyt P450 levels, TBARS in liver homogenates and
superoxide levels dl increesed.  However, SOD activity increesed while no change in
catdase, GR, GPx or G6PD was obsarved. A smilar study was performed in 1983
(Srinivasan and Radhakrishnamurty) in which rats were fed 50 to 800 ppm lindane for 2
weeks. Increased cyt P450 and cyt by levels were observed in the liver. Also, NADPH-cytC-
reductase and aryl hydroxylase increased as well. A longer sub-chouronic sudy where rats
were treated with 40 or 80ppm dietary lindane for 8 weeks showed increased TBARS in the
serum and SOD in the red blood cells (Koner et d. 1998). Agrawa et a. (1991) treated rats
with 300mg/kg lindane (ip) and reported reduced levels of glutathione in erythrocytes. Also,
the GR, G6PD and glutathione-S-transferase were reduced 24 hours following trestment but
no change in GPx levels was observed. A study by Bagchi and Stohs (1993) treated rat
peritoned macrophages and hepatic microsoma and mitochondrid fractions in vitro to
lindane (0-200 ng/ml) for 30 minutes. An increase in chemiluminescence in dl samples was
obsarved indicating the generation of free radical species as a result of lindane exposure.
This increase was particularly noted just 5-10 minutes following trestment and remained

devated for the entire 30 minutes.
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The neurotoxicity of lindane was evauated in an acute dosing study, where rats were treated
with lindane (10 or 20 mgkg; ip) ad eevated TBARS were noted in the cerebra
hemisphere of the rat brain homogenate. Cytosolic tota, CN™ sendgtive and CN™ resigtant
SOD, as well as Se-dependent and Se-independent GPx and catalase were decreased 24 hours
after dosng. The GR was actudly eevated a 24 hour following a reduction a 6 hour after

treatment. The GSH and ascorbic acid levels d so decreased due to exposure.

A dudy by Banerjee e d (1999) indicated increased TBARS in human serum and plasma
after lindane poisoning. SOD and cadase activities in blood erythrocytes increased. Blood
GSH leves were ggnificantly reduced while serum glutathione-S-transferase activity, plasma

GR and erythourocyte GPx were increased.

Vidda e d. (1990) discussed lindane's ability to induce liver oxidative sress. They offer
further explanation into lindane's ability to create reactive molecules. For ingance, the
generdtion of O, is demondraed in many sudies and it is very likely then this can lead to
increesed levels of H,O,, a potent pro-oxidant. Also, cyt P450 reects with lindane, by
abdtracting a hydrogen from lindane and creating a free radica metabolite, as wel as HO..
Either of these molecules can induce oxidative dress by initigting cdlular lipid peroxidation,
which has cearly been measured in most sudies involving lindane exposure.  Lindane is
very susceptible to GSH conjugation and lowers the concentration of this important
antioxidant molecule, therefore reducing a cdl’s antioxidant capecity. It has been shown that
jus 4 hours following lindane treatment, GSH is dgnificantly reduced and GSSG levels are

dramatically enhanced.
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In different gpecies and cell types, as well as in vivo and in vitro treatments al conclusvely
indicate that ROS and organic radicas generation occurs from lindane exposure. Also, the
modulation of antioxidant molecules clearly suggests that lindane is a potent inducer of

oxidative stress and can cause severe physiologica dysfunction in various organ systems.

2.5g Piperonyl Butoxide-Induced Oxidative Stress

PBO's ahility to dter metabolic function via its biphesc action on the MFO system
potentidly enables it to disrupt the oxidative baance of cdls (Franklin 1976; Popov and
Blaauboer 1991). It is not PBO's intrindgc toxicity that is of concern in humans, but more it
is the duad effect on oxidative detoxification and intoxication processes in the body. PBO is
able to inhibit these reactions via two mechanisms. It can act as a subdtrate for mixed
function oxidation and compete with other xenobiotics or it can bind to the cyt P450 to
inectivate it.  In addition, PBO dso has the ability to activate xenobiotic metabolism by

induction of the micrasoma enzymes (Franklin 1976).

Numerous studies have been performed on mice, rats and humans to better understand PBO’s
toxicity. An in vivo study on rats treated with 2.4% dietary PBO caused increases in liver
weight, gamma glutamyl trangpeptidase activity and necross of hepatocytes (Fujitani et dl.
1992). Also, Goldstein et d. (1973) fed rats up to 10000ppm PBO for two months and found
increased liver Sze, smooth endoplasmic reticulum (SER) proliferation and increased cyt
PA50 levels a treatment above 5000ppm. Jaffe et d. (1968) trested mice in vivo to
160mgkg PBO and saw dggnificant reduction in microsomd hydroxylation reections.  All

these finding are consgtent with enhanced levels of oxidaive dress. A sudy by James and
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Harbison (1982) treated mice with 400mg/kg PBO (ip) and reported a significant decrease in
totd hepatic GSH. The effect was trandent since levels returned to control vaues five hours

following trestment.

Most dudies have addressed PBO toxicity in terms of hepatotoxicity and it's effect on the
MFO sysgem. As mentioned earlier, PBO toxicity varies widely depending on the species
and dran being examined, as wel as dose and length of exposure. Such variations make it
difficult to make genera conclusons about PBO’'s &bility to induce oxidative stress except
that it dimulates biphasc activity and can modulate metabolizing enzymes of the liver.
More dudies on other cdlular syssems and antioxidant levels are necessary to clearly

undersgand PBO's potentid toxicity.

2.6 The Immune System, Apoptosis and Chemical Exposure

Immunity is a series of ddicady bdanced, complex, multicdlular and physologicd
mechaniams tha dlow an organism to diginguish foregn materid from “sdf” and neutrdize
or diminate foreign maiter from an organism (Burns e d. 1996). Many immune interactions
are linked to other physiologica functions and @lular processes, such as neura responses or
endocrine hormone regulation (Descotes 2000). This intricate baance of organization and
communication makes the immune sysem extremely difficult to Sudy in some regards. Y,
its sengtivity and ability to respond to reatively low concentrations of xenobiotics has
crested a whole new approach to examining chemically-induced toxicity. In order to discuss
how chemicd exposures can influence the immune system, a description of the organs and

cdls aswdl asthe types of immunity is necessary.

33



2.6a Organs of the Immune System
The organs of the immune sysem are divided into primary and secondary lymphoid organs.
The primary lymphoid organs are the bone marrow and thymus. These organs support the
production of maure T- and B-lymphocytes and myeoid cells, such as macrophages. The
bone marrow is the Ste of origination of the pluripotent gem cdls, a sdf-renewing cdl from
which dl other hematopoietic cdls are derived. The thymus is the gte & which dl T-cdl
precursors migrate and undergo selection for recognition of sdf or nonsdf antigens. The
secondary lymphoid organs are the spleen, lymph nodes and mucosaassociated lymphoid
tissues (MALT), which include the tonsls and Peyer’s patches (Burns et d. 1996; Roitt et d.
1998). These organs have a highly organized microenvironment in which lymphocytes come
into contact with exogenoudy derived antigens They dso sarve as hiological seves. For
indance, the soleen filters the blood by removing foreign antigens and any circulating deed
cdls (i.e. erythrocytes, platelets, granulocytes and lymphocytes). The lymph nodes, on the
other hand, filter antigens from the fluid surrounding tissues  The key events that occur in
the secondary lymphoid organs are (1) specific antigen recognition; (2) clond expanson of
antigen-specific cdls and (3) differentiation of antigen simulate lymphocytes (Sharma and
Reddy 1987; Burns et a. 1996).

The spleen is divided into the white pulp region, congsting of lymphatic tissue, and

the red pulp region, which contains erythourocyte rich blood (Sharma and Reddy 1987).

2.6b Cells of the Immune System
Immune responses are mediated by a variety of immune cdls  Leukocytes are centrd to dl

immune responses, but other cdls within tissues dso participate by signding to lymphocytes



and responding to cytokines rdeased by T lymphocytes and macrophages. There are three
maor groups of leukocytes: lymphocytes, phagocytes and auxiliary cdls.  The lymphocytes
congs of T cels B cdls and large granular lymphocytes (LGL). The phagocytes consst of
mononuclear phagocytes, neutrophils and eosnophils.  The auxiliay cels are basophils,

mast cdlls and platelets.

Lymphocytes are responsble for specific immune recognition of pathogens. T lymphocytes
develop in the thymus and B lymphocytes develop in the bone marow. B cdls have a
specific surface receptor for a particular antigen.  When recognizing that antigen, the B cdll
differentiates into a plasma cdl and produces large amounts of the receptor molecule, or
antibody. These antibodies bind to the specific antigen and induce further immune cdl
regponse. T lymphocytes consst of two different groups. Heper T cdls interact with B
cdls to ad in divison, differentigtion and antibody production. The other, cytotoxic T cdls,
interact with the mononuclear phagocytes and ad in destroying antigens. T cels generae
ther effect by ether rdeasing soluble proteins cdled cytokines, which act as secondary

messengers and signa other cdlls, or by direct cdll-cdl interactions (Raitt et d. 1996).

The phagocytic cdls internalize particles, such as infectious agents or xenobiotics, and
destroy them. The mononuclear phagocytes are located in the blood (monocytes) and
migrate to tissues where they become macrophages. These cdls are antigen-presenting cells
to T lymphocytes. Also, neutrophils are important phagocytic cdls. They are derived just as

macrophages and respond to certain simuli, however they are much shorter lived.
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The cytotoxic cdls, which have the capecity to kill other cells, are either cytotoxic T cdls,
LGLs or eosnophils. LGL’s, or naurd killer cdls, recognize surface antigens on tumor or
infected cdls. Eosnophils are a specid group of phagocytic leukocytes that can damage
large extracdlular parasites.  All cytotoxic cdls damage other cdls by dispensng the
contents of thelr granules on or near an infected cdl or antigen. This process is known as

degranulation.

Ladtly, two auxiliary cdls that mediate inflammatory responses are basophils and mast cdls.
These cdls contain mediaors, which initiate inflammation in tissues as wel as other immune
reections. Magt cdls act on the blood vessd wadls. Basophils are smilar to mast cdls but

circulate in the blood.

The spleen has a very heterogeneous population of immune cdls. B and T lymphocytes
make up the mgority of the splenic immune cdl population, 65% and 25%, respectively.
Macrophages make up approximately 4-5% of the splenic immune cdll population and the
remaning cdls are mogly neutrophils and eosnophils (Li e d. 1999). The proper
functioning of the spleen is an important determinant of organismd hedth and immune
regponsveness.  The cdlular heterogeneity of the spleen, however, makes it difficult to
predict how splenic immune cdls will respond to particular chemicd dimuli. Much attention
has been focused on thymocyte and peripherd blood leukocyte responsveness to

xenobiotics, yet more research on mature plenic immune cdls and chemicd exposure is

necessary.
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2.6c Immunity

Immunity is dasdfied as innate immunity, a non-specific immune response resulting during
the genetic conditution of an organism, and acquired immunity, a specific response resulting
from direct exposure to a foreign substance (Herbert and Wilkinson 1971; Sharma and Reddy
1987). Acquired immunity can be divided into two subclasses, humord and cell mediated
immunity (CMI). Humord immunity is mediated by antibodies produced by B cels and
CMI is mediated by macrophages, T cdls and other phagocytic immune cdls. CMI response

is often related to delayed hypersengtivity or graft rgection (Herbert and Wilkinson 1971).

Previous research has reported that various chemicd agents cause immune dysfunction in
both humora and CMI response (Casdle et d. 1983; Johnson et d 1987; Barnett and Rodgers

1994; Banerjee et a. 1996b; Banerjee et a. 1998; Koner et a. 1998).

2.6d Immunotoxicity

Immunotoxicology is the discipline deding with the interaction of test subgtances and the
immune sysem (Banerjee et d. 1996). The objective of the discipline is to protect humans
and animads agang the harmful effects of chemicd factors present in the environment and
introduce/evaluste methods used for determination of interactions between these factors and
immune sysem (Kacmar et a. 1999). Evauation of immunotoxicity is chdlenging due to
the impact externd factors play on the immune sysem and the feedback mechaniams that
regulate it (Descotes 2000; Voccia et d. 1999). There are four man aress that
immunotoxicity can  be evauated: the enhancement of immune functions

(immunomodulation); the depression of immune function (immunosuppression); the
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overreaction of the immune system (dlergic reactions); or the failure to recognize <df
(autoimmune reactions) (Descotes and Vid 1994; Kacmar et a. 1999; Neubert and Neubert

1999).

Xenobiotics have the ability induce any of the above events (Barnett and Rodgers 1994; Vid
et a. 1996; Voccia e d. 1999). It is often difficult to predict how a given chemicd will
interact with the immune system since there are numerous factors that influence toxicity. For
indance, externd factors such as housing and handling of the animas, stress, exercise, and
intrindc factors such as hormond datus or genetic disposition make each case unique
(Voccia e a. 1999; Descotes 2000). Also, feedback or compensatory mechanisms
asociated with immunoregulation could further complicate these predictions.  In many
indances, it is these compensatory mechanisms that trigger immune mediated diseases and

cdlular dysfunction (Voccia et d. 1999).

Although the obgtacles are many, the adverse effects of xenobiotics on the immune system
have become an increesngly diverse aea of ressarch. Pedicides and environmenta
contaminants are among the many compounds of interest that have the capability to induce
various immune responses.  For ingtance, studies have shown that chlordane, methylmercury,
and carbofuran dl induce immunotoxic effects on murine solenocytes in vivo (Johnson et d.
1987; Thompson et a. 1998; Jeon et d. 2001). As mentioned above, immunosuppression is
a common result of chemica exposure and can be assessed by a variety of methods. In this
dudy, the leve of immune cdl cytotoxicity and cel desth mechanisms responsble for

immunosuppresson will be examined. Cytotoxicity refers to the cdl-killing potentid of a
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chemicd compound. In immune cdls, cytotoxicity usudly occurs via two specific
mechanisms or modes of cel death, ether apoptoss or necross (Wyllie e a. 1980;

Darzynkiewicz et d. 1997; Boehringer-Mannheim 1998).

2.6e Apoptosis and Necrosis
Apoptoss and necross ae two modes of cdl desth that have unique morphologicd,

biochemical and physologica characterigtics (Figure 2.8).

Necross is “accidentd” cdl death. It is a pathologicad process, which occurs when cdls are
exposed to a serious physcd or chemica insult, such as in hypoxia, ischemia, temperature
fluctuations, disruption of membrane dructure and exposure to toxins. Necross begins with
the impairment of the cdl’s ability to maintain homeodtasis, leading to an influx of water and
extracdlular ions.  Morphological characteristics include loss of membrane integrity and
swvdling of the cytoplasm, mitochondria and endoplasmic reticulum, which leads to cdl
rupture.  Upon rupture, the contents of the cytosol, including lysosoma enzymes are released
into the extracdlular fluid. The mgor biochemical processes of necross are the loss of ion
homeodtasis, digestion of DNA and post-lytic random DNA fragmentation (late event). The
physologicd dgnificance is that extensve tissue injury can result due to lysosomd enzyme
action, inflanmatory responses are likely to be triggered and phagocytoss by macrophages is
increased leading to higher incidences of respiratory burs and ROS generation (Wyllie et dl.
1980; Darzynkiewicz et d. 1997, Boehringer-Mannheim 1998). Apoptoss, in contradt, is a
mode of cell death that occurs even under norma physiologica conditions. It is conddered

“normd” cdl death or a form of “programmed cdl death.” It is a process in which unwanted
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or usdess cdls ae diminaed during development and other norma biological processes.
Mog often it occurs during norma cedl turnover and tissue homeodass, embryogenesss,
induction and maintenance of immune tolerance, devdopment of the nervous system,
endocrine dependent tissue atrophy, radiaion and chemothergpeutic agents and via cdl
mediated immunity. Morphological features seen during apoptoss are membrane blebbing
without a loss of membrane integrity, aggregaion/condensation of nuclear chromatin,
shrinkage of cytoplasm via cell dehydration, fragmentation of the cdl into

gndler bodies formation of membrane-bound vesicles (apoptotic bodies), loss of
microtubules and mitochondrid leskage due to pore formation. The biochemicd feetures are
tightly regulated and ATP is necessary for gpoptoss to occur.  There is mohbilization of
intracdlular ionized cdcium, nonrandom mono- and oligonucleosomd fragmentation of
DNA (ladder effect), release of factors (such as cytochrome-c) into cytoplasm from the
mitochondria, caspase cascades are activated and dteration in membrane symmetry occurs
(such as trandocation of phosphatidylserine from cytoplasm to extrecdlular dde of

membrane).
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Figure 28. The morphologica features of gpoptoss and necross. Each  mechanism of cdl
desth has unique features. Necrotic cdls have swdling of the mitochondria and totd cdl, the
chromatin pattern is conserved and there is rupturing of the plasma membrane. Apoptoss on
the other hand has dehydration of the cdls reaulting in cdl dwrinkage, mitochondrid
morphology is conserved, nuclear changes are gpparent and DNA fragmentation results. The
membrane integrity remains intact even during fragmentation of the cdl into smdler
gpoptotic bodies  (Boehringer-Mannheim 1998, permisson for use granted from Roche
Biochemica Inc. by Mr. Neal Roach Jr., 2001).

The physological processes characterigic of gpoptosis are: occurrence to individud cdls
without much disruption to surrounding cdls or tissue induction by phydologicd simuli
(such as hormones or growth factors); phagocytods of cdl remains by macrophages is
common; and lack of an inflammatory response  (Wyllie et d. 1980; Cohen et a. 1992

Darzynkiewicz Z et d. 1997; Boehringer-Mannheim 1998). Ancther important festure, is
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that not only is gpoptoss dependent on ATP production, but it aso must have ongoing

protein and mRNA synthesisto occur (McConkey et d. 1994).

2.6f Chemically-Induced Apoptosis

Certan chemicds have been shown to induce immunotoxicity by triggering cdl death via
necrosis and/or apoptoss (Corcoran et a. 1994). Any sgnificant loss of a cdl population or
particular cel type can be devastating to the proper functioning of an organ. There are
numerous reasons why it is important to evauae the level of gpoptoss or necrods in
exposaed cdls.  Fird, the two types of cdl death differ markedly in context of how they
develop and ae two fundamentaly different processes.  Second, the occurrence and
crcumgances surrounding  ether event, permits inferences to be drawn regarding the
intracdlular  mechanisms  underlying them. Third, esch event has different physiologica
implications by identifying predictable results of exposure (i.ee ROS generdion, gene
activation), compounds could be cdassfied based upon toxic potentid (Wyllie et a. 1980;

Corcoran et a. 1994; Jacobson 1996).

The ggnificance of identifying ether event is a fundamenta issue when addressng chemicd
exposures because under normd circumstances gpoptoss is a naturd event that occurs in
living tissue by naturd means, whereas necross is often a result of other mechanisms and is
not induced by intrindc cdl factors. Although both events can occur in the same exposure
gystem, induction of apoptoss could impair the steady-dae kinetics of hedthy tissues in an
organism could be greatly impared and result in unpredictable, deregulatory cdlular

responses (Wyllie et a. 1980; Corcoran et a. 1999). It should be mentioned, that a chemical
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might have the potentid to induce both agpoptoss and necross in the same cdl sysem

(Corcoran et a. 1999).

It is suggested that immunotoxins gimulate gpoptods by exploiting the physologica
mechanisms of the cdl. Some of these suggesed mechaniams include the dteration of
receptors on sgnd transduction proteins, the dteration of secondary messengers, such as
cdcium, cAMP, nitric oxide and other ROS; the dteration in gene expresson; and the
induction of DNA damage. Chemicds tha have been found to induce gpoptoss in immune
cdls are TCDD, glucocorticogteroids, ethanol, organotin compounds, gliotoxin and various
chemotherapeutic agents (McConkey et d. 1994; Sukvin and Jerrels 1995;). In paticular,
ethanol, octylphenol, polychlorinated biphenyls and p-chloronitrobenzene have been
implicated in inducing apoptoss in murine splenocytes (Slukvin and Jerells 1995; Nair-
Menon et d. 1996; Yoo et d. 1997; Li et d. 1999). The attempt of this study is to determine
if lindane, PBO and maathion induce apoptoss and if so what type of response occurs when

the chamicds arein mixture

2.6g Malathion Immunotoxicity

Madathion exposure can be immunosuppressve or immunomodulating (enhancing). In vivo
sudies suggest cholinergic * doses, above 720 mg/kg, and noncholinergic doses, 0.1 mg/kg
to 600 mgkg, produce different effectss Cholinergic doses are proposed to dimulate

physiologica stress and enhance toxicity to malathion (Casde et d. 1983).

! Cholinergic doses stimulate acetylcholine' s physiologic action in the cell and act as a neurotoxicant



Briefly, a summay of the potentid immunologicd effects resulting from mdathion
exposure. In vivo exposure to mdathion can suppress or enhance humord immunity
depending on dose or length of exposure. It has been reported that high (cholinergic) doses
and prolonged exposure to low doses (subchouronic) suppressed humora immune response
(Casde et d. 1983; Barnett and Rodgers 1994; Banerjee et d. 1998). Another study reported
that in vivo exposure to acute and subacute, noncholinergic doses of maathion devated

mouse humora immunity and mitogenic proliferative responses (Rodgers et d. 1986a).

An in vitro sudy on murine splenocytes exposed to mdathion (250 pg/ml) induced partid
cytotoxicity.  Also, purified madathion as low as 25 pg/ml suppressed cdl mediated
immunity by inhibiting cytotoxic T lymphocytes (CTL) response to dloantigens (Rodgers et
al. 1985; Rodgers et a. 1986b). Addition of a NADPH fortified S9 sysem to the in vitro
sysem reversed the suppression of the CTL response as well as the increased levels of

cytotoxicity (Rodgers et a. 1986h).

An edtablished target of mdathion’s toxicity is adherent immune cell populations, such as
macrophages, particularly to acute, noncholinergic doses. Madathion has been implicated in
enhancing leukocyte functions and non-specific immune response by simulation of mast cdl
degranulation. Mediators released during degranulation simulate macrophage phagocytoss.
Also, H,O, generation is modulated, depending on in vivo or in vitro trestment with
maahion. These finding have been cited for murine splenocytes, human PBMNC's and
peritoned murine macrophages (Rodgers and Ellefson 1990 and 1992; Pruett 1992; Barneit

and Rodgers 1994; Rodgers and Xiong 1996; 1997a; 1997b; 1997c; 1997d). Another



important finding by Rodgers and Ellefson (1992) identified mdathion's LOAEL and
NOAEL for enhanced macrophage respiratory burst activity as 0.25 mg/kg and 0.1 mg/kg,
repectivedly.  Exposure to even vey low concentrations of madahion may eevate

nongpecific immune response.

Assessment of madathion toxicity has been difficult for many reasons. Fird, the effect of
maathion in vivo and in vitro is inconsgant in many of the sudies performed. Also, the
dose and duration of exposure, as well as species used to study toxicity al have an impact on
how immunity will be affected by mdathion. Furthermore, the issue of metabolic activation
of maathion to malaoxon as a necessary step for maathion toxicity is sill being addressed
(Rodgers and Ellefson 1990). A sudy in our laboratory has shown that maathion (99%)
induced cytotoxicity of murine splenocytes a a more rapid rate than maaoxon (mdathion's

active metebolite) (unpublished deta).

To dae, there have been no published reports on apoptoss or necross in immune cdls
treeted with mdathion. A recent report reveded mdahion was capable of inducing

apoptosisin cultured human neuroblastoma cdlls (SH-SY5Y) (Carlson et a. 2000).

2.6h Lindane Immunotoxicity

Lindane exposure has been shown to repeatedly be immunosuppressve. For indance, when
rats were fed 100 to 200 ppm, for 8 weeks, suppresson of humora immune response was
observed (Koner et a. 1998). Also, when dbino mice were fed 50 ppm lindane subchonicaly

for 12 weeks, suppression of primary and secondary antibody response, as well as decreased
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plague formation was reported (Banerjee et d. 1996b). A study by Roux et d. (1978)
reported decreased uridine uptake by RNA and reduced RNA synthess after murine
peritoneal macrophages were trested with 100 uM lindane, in vitro, for 12 hours. Also, a
decreased rate of pinocytods and ability of macropheges to phagocytize particles was
observed. Concentrations of lindane above 63 UM (for 4 hour) caused a sgnificant increase
in arachadonic acid release from peritoned macrophage membrane phospholipids of mice
treated in vitro, indicating possble membrane disruption (Meade et d. 1984). Tithof et 4d.
(2000) reported 100 nM lindane is cgpable of simulating a phospholipase Az (PLA)-
mediated release of arachadonic acid in rat neutrophils, in vitro. This event is dso associated
with increased in superoxide anion production. Production of ROS is a consequence of

neutrophil PLA simulation.

Exposure to low concentrations of lindane can result in a biphasc immune response,
suggesting there is a period of simulation followed by period of suppresson (Meera et d.
1992). A 24-week treatment of mice with 0.012, 0.12, and 1.2 mg/kg of lindane in the diet,
reported this type of biphasc response for delayed type hypersengtivity, IgM plague
formation and T cell mitogenic response.  The study concluded there was a biphasic response
for both cdl mediated and humord immunity. A follon~up to this study also reported that
cdcium uptake was dgnificantly decreased during periods of immunosuppresson and was
increesed during periods of immunogimulation.  Cadcium appears to have a role in the

biphasic immune response reported previoudy (Meera et a. 1993).
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Roux e d. (1979) treated dimulated human PBMNC with 100mM lindane in vitro.
Mitogenic response was suppressed, as well as the ability of the PBMNCs to incorporate
uridine. It gopears lindane inhibits macromolecule biosynthess in these human immune

cdls.

Since lindane is a contaminant of many water sources, a number of sudies have examined
the potentid of lindane to disupt fish immunity. For indance, immunosuppresson was
reported in rainbow trout injected (ip) with 50 or 100 mg/kg 41 and 46 days after dosing. A
reduction in mitogenic lymphocyte proliferation, a decrease in phagocytic activity of blood
neutrophils and a decrease in Bcdl number, in the head kidney, was observed (Dunier et d.
1994). It should dso be noted, however, no immunotoxic effect was observed when fish
were fed lindane (1 mg/kg/day) for 30 days. Tilgpian fish injected (ip) with lindane & 20 or
40 mg/kg for five days suffered a decrease in spleen totd cdlularity (white blood cells). No
effect on phagocytosis was observed nor was any change in BO, production detected (Hart
et a. 1997). Sweset et d. (1998) treated lake trout thymocytes with 10-100 nM in vitro for 6
to 24 hours. Over time thymocytes died via apoptos's, as well as via necross, from 60 to 100
mM lindane exposure as measured by the Annexin-Pl staining assay. Thymocytes were aso
noted to undergo spontaneous apoptoss when placed in vitro conditions. It appears that in

lake trout the time and temperature of trestment was a critica determinant in lindane toxicity.

There are currently no published studies on agpoptods or necross in mammdian splenic

immune cells and lindane exposure.
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2.6i Piperonyl Butoxide Immunotoxicity

Exposure to low dosss of piperonyl butoxide has been implicaed in  gimulating
hypersenstive immune response, paticulaly in atopic (hisgory of dlergic reactions)
individuds. Prolonged or frequent exposure to PBO could even resut in dlergic disease

(Didl e d. 19994).

Did e d. (19990) obtaned blood samples from aopic and nonaopic individuds.
Mononuclear cells were isolated and dosed with 10 or 26 M PBO. PBO (26 nM) inhibited
lymphocyte proliferation, particularly in cdls from the atopic individuds Also, IL-4 and
INF-gamma (immunologic cytokines) levels were modulated by PBO exposure.  Basophil
degranulation was adso ggnificantly increesed (10mM PBO) for atopic individuds and only

dightly in nonatopic individuals.

To date, no published studies on PBO's ahility to induce of gpoptosis or necross in immune

cells has been published.

2.7 Reactive Oxygen Species, the Immune System and Apoptosis

Oxidative stress and agpoptoss have both been associated with chemica exposures and
toxicity. Reports have indicated that certain chemica exposures can result in the dteration
of secondary messengers, such as free radicas or ROS, and these dterations have been
linked to the induction of gpoptosis in immune cdls (McConkey et d. 1994; Corcoran et d.
1994). Free radicads influence gene expression, regulate cdlular responses to cytokines, as

well as proliferative events of a cdl. All these events have dso been implicated as possble



triggering mechanisms of gpoptoss dso.  Although a direct link has been difficult to
edtablish, the rdationship between the two events cannot just be taken as coincidence as

more evidence is gathered.

Ore link between ROS and immune system is a phenomenon known as respiratory burst.
This is a process where phagocytic immune cdls, such as neutrophils or macrophages,
generate potent oxidant bactericidd agents, hypochlorous acid, G, H,O, and "OH to kill or
destroy foreign molecules (Marks et d. 1996; Knight 2000). Macrophages aso release ROS
as dgnding messengers to other immune cdls (Knight 2000). It is possble that enhanced
levels of ROS can lead to immune cdl deregulation and result in apoptods.  Furthermore,
Kobayashi et al. (1995) has proposed Bcdls, and possbly NK cells and peripherd T cdls,
contain a superoxide generating system identical to that in phagocytes. Although the rate of
O, geneation is much lower than in phagocytic cdls, the capability is present for these

immune cedlls to generate ROS.

Other evidence supporting ROSfree radicad involvement in apoptoss, is a sudy that
indicated incressed gpoptoss in a murine cdl line when H,O2 or menadione (Vit k3) were
added to cultures. Both are known stimulators of oxidative stress (Stoian et d. 1996). Also,
when monocytes (phagocytic cedls of the blood) were stimulated to release H,O-, apoptosis

was induced in NK cdlls (Stoian et d. 1996).

Other findings have found the addition of antioxidant compounds or enzymes reduced the

levels of apoptoss in cdls. For indance, in one study mouse thymocytes were treated with
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H,O, (0.5-10 nmM) and apoptoss was detected by the presence of a DNA Ladder. When
Trolox, a Vitamin E andog and antioxidant, was added the amount of DNA fragmentation
returned to control levels (Forrest et a. 1994). Apoptoss in human leukemic cels was
sgnificantly reduced when catdase was added to the cdl culture prior to trestment to UV
radiation exposure or low doses of chemotherapeutic agents (Gorman e d. 1997).
Furthermore, murine thymocytes treated with dexamethasone (DEX), a known gpoptotic
agent, resulted in high levels (94%) gpoptosis in culture. However, when catdase was added
prior to DEX treatment, apoptosis was reduced by one-hdf (Torres-Roca et a. 1995). Yetin
another study, rat thymocytes were treated with certain chemotherapeutic agents to trigger
gpoptosis.  When the cells were pre-dosed with spin traps, such as 5,5-di-methyl- 1-pyrroline-
N-oxide (DMPO) or 2.26,6-tetraamethyl-1-piperidinyloxy (TEMPO), apoptoss was

inhibited (Slater et d. 1995).

Disruption of cdlular C&#* homeostasis has been linked to both the generation of ROS and
increased gpoptoss. Many enzymes, such as endonucleases, are activated by cacium levels.
As noted in numerous dudies, increased endonuclease activity results in DNA ladder
formation, a halmark of apoptotic cels (Corcoran et a. 1994; McConkey et d. 1994; Stoian
e d. 1996). Also, risng intracdlular Ca?* concentration has been associated with increased
ROS production and apoptoss in the case of TCDD (dioxin) exposure (McConkey et 4.

1994).

A reduction in intracdlular thiols, such as glutathione, has been reported with increased

gooptoss.  Glutathione is an antioxidant and scavenges ROS and free radical intermediates.
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A decrease in the amount of thiols or reduction in the amount of reduced thiol can make cdls
vulnerable to increased levels of ROS or other free radicd intermediate often resulting from

chemica exposure (Buttke and Sandstrom 1994; Stoian et a. 1996).

There is a clearly edtablished relationship between ROS/free radicals and agpoptoss.  Since
ROSfree radicd intermediates mediate many immune cdl functions and gpoptoss has been
edablished in immune cdl populations it is likdy thee two events could arise
samultaneoudy during certain chemical exposures. In the past decade a few sudies have
addressed ROS and/or apoptoss in immune cels.  In paticular, two different studies
reported induced gpoptosis in rat and murine thymocytes and concluded an association
between the onset of apoptoss and the increase in ROS (Beaver and Waring 1995;
Bustamante et d. 1997). Other studies treated thymocytes (murine and rat) with DEX and
reported a relationship between increased ROS and apoptosis (Wolfe et al. 1994; Torres-
Roca et d. 1996). A recent study, examined ROS and apoptosis in endothelid cdls treated
with menadione and reported a direct relationship between O, production and increased

apoptosis (Warren et d. 2000).

In summary, these findings provide sufficient evidence for a rdaionship between ROS

generation, immune cedll regulation and gpoptotic processes.

2.8 Chemical Mixtures

Exposure to multiple chemicds, ether concurrently or sequentidly, over the course of an

organism's lifetime is likdy. Chemicds are prevdent in every redm of the environment- in
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food, water, soil, ar and consumer products.  Up until recently, about 95% of dl chemicd
toxicity studies were performed on individuad chemicas (Smmons 1995; Groten et a. 1999).
Now, dudies involving chemical mixtures are of interest due to concerns of occupationad and

public hedth (Smmons 1995).

In order to discuss interactions between chemicas in mixture, a common language or
teeminology must be edablished.  Incondgencies in the literature make it difficult to
compare past studies because terms were loosely used. For this reason terminology is
defined as described in Casarett and Doull’s Toxicology: The Basic Science of Poisons

(Eaton and Klaassen 1996).

When two chemicds ae mixed and produce a dronger effect the term synergism,
potentiation or additivity can be used. Additivity is when the combined effect of two
chemicds is equd to the sum of the effect of each given agent done (i.e 2+2=4). Synergism
is when the combined effect of two chemicas is gregter than the sum of the effects of each
agent given done (i.e. 2+2=20). Potentiation occurs when one substance does not have a
toxic effect on a certain organ or sysem but when added to another chemicad makes tha
chemicd much more toxic (i.e. 0+2=10). Also, potentiation, when not utilized to describe

chemicd interactions, refers to an enhancement or intengfication of a particular event.

When two chemicds are combined and produce a weeker effect the term antagonism or

inhibition are used to describe this interaction.  Antagonism occurs when two chemicds are

administered together and interfere with each other’s actions or one interferes with the action
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of the other (i.e. 4+6=8; 4+0=1). There are four dasses of antagonism: functiond, chemicd

(or inactivation); dispositional; and receptor (or blockers).

Each component of a mixture has a unique toxic potentid and the ability to influence the
toxicity of other components in the mixture by affecting toxicokinetic and toxicodynamic
proceses (Smmons 1995). Often when chemicas are in mixture, one compound will
intensfy the effect of other compounds by dtering biotransformation processes, such as
modulating certain metabolic enzymes or interrupting cdlular receptors (Groten et a. 1999).
In regard to the immune system, immunomodulatiion was reported when two compounds,
with opposite effects on immune response, were mixed (Sharma and Reddy 1987). Recently,
in vitro screening tests have gained popularity and are often the method chosen to screen a
chemicd mixture's toxicity due to their quickness, ease and reproducibility (Rodgers et 4.
1986b; Groten et d. 1999). In vitro test are useful experimental tools but most must be

supported by in vivo animd studies to be consdered vaid for public hedlth conclusions.

In 1998, growing concern of chemicd mixture exposures resulted in implementation of
“Hedthy People 2000" initigive by the USEPA. This initigive would move toxicologic
sudies away from the higorica perspective of assessng individua environmental agents for
soldy mechanidic indght between human illness or toxicity and environmenta exposure.
Indead it chdlenged the sdentific community to examine chemicd mixtures and
Characterize their mechanisms of action.  The initistive dressed the need for new
experimenta methods that could efficiently address chemicd interactions and rdlated hedth

effects (USEPA 1998).
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The urgency in the past decade to examine chemicd mixtures may be due in impart to two
events. The firs was a study presented in 1996, which concluded mixtures of estrogenic-like
compounds induced synergistic responses in yeast (Arnold et d. 1996). Although another
study, in 1998, concluded inaccuraciesin that report, the issue of chemica synergy became a

topic of increased public concern (Arcaro et d. 1998). The second was the onset of the Gulf
Wa Syndrome in the mid-1990's. Exposure to multiple chemicas was hypothesized to be
the cause of this disorder. As a result, public concern about chemica mixtures and chemica

interactions was atopic of increased discussion.

There have been sudies published that addressed chemica mixture interactions but only one
was paformed on the immune sysem. This study dosed mice (ip) with a mixture of
maathion/diddrin (200 mgkg:32 mg/kg) and examined the effects up to 21 days after
treetment (Flipo et a. 1992). It was concluded that dieldrin done suppressed humord
immunity, the rate of phagocytoss and antigen presentation of peritoned cells.  Maathion
however enhanced humord immunity and incressed the rate of phagocytoss yet had no
effect on antigen presentation of peritoned cdls. The mdathion/diddrin mixture reported a
ggnificant decrease in the level of antigen presentation by peritoned cdls.  This indicated
that maathion and diedrin antagonized the effects of the other compound, at least in terms of
the humord immune response and rate of phagocytoss. It should dso be noted the

concentrations utilized in this sudy were high, being 2 the LDsq for each compound.

Briefly, in regard to the other mixture studies performed in other cdl or organ sysems. One

Sudy examined percutaneous exposure of a maahion/lindane mixture (200 mg/kg:50



mg/kg) for 30 days in guinea pigs. It was concluded tha the mixture did not sgnificantly
change any parameters that were not dready affected by the individud pedicide trestments
and therefore the pedticide mixtures did not dicit any potentiation of effects in the guinea pig
(Dikshith et d. 1987). Another sudy examined the effect of a mdathion/carbaryl (4 mM: 4
mM) mixture on rat liver and kidney in vitro. In terms of liver glutathione and glutathione S
dkyltrandferase levels, the mixture potentiated, or enhanced, the effect ether pegticide had
individudly (Lechner and Abdd-Rahman 1986). A number of reports have examined PBO
with other compounds, mostly because it dways used in combination with other chemicals.
One study examine the dfect of PBO pre-treatment (1-1.25ppm) on mdathion toxicity in fish
and concluded that PBO dtered the acute toxicity of maathion (LDsp) but the extent of

dteration varied sgnificantly among species (Shao-nan and De-fang 1996).

The dudies on chemicd mixtures are few and even fewer in regard to the immune system.
More research on chemica mixtures is needed to gain a better understanding of multiple

chemicdl toxicity.

2.9 Gaps in the Literature

There is a plenitude of published literature on individud pesicides and immunotoxicity,
however, sudies on lindane, PBO or mdathion exposure, the induction of gpoptoss or
necrods and murine splenocytes do not exist. One dudy, did examine lindan€'s effects on
fish thymocytes and concluded apoptoss was induced in these immune cdls (Sweet et d.
1998). Mog of the literature specific to these chemicds and the immune system is focused

on CMI or humord immunity. Although thee issues are very important in drawing
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conclusons about a chemicd’s toxicity, it is dso possble that gpoptotic or necrotic events
are involved as wdl. A few dudies have actuadly examined the toxicity of other compounds,
such as ethanal, octylphenol, PCB’s and p-chloronitrobenzene, on splenocytes and indicated
apoptosis was induced following exposure (Sukvin and Jerrels 1995; Nar-Menon et 4.
1996; Yoo et d. 1997; Li et a. 1999). More studies on chemica exposure and splenocyte
cytotoxicity ae necessay to make generd conclusons regarding chemicaly induced

immunotoxicity.

Individua pegticide exposure and oxidative dress is another area that has been intensvely
dudied for many years, yet no sudies have specificdly been peformed to examine pesticide
exposure and oxidative dress usng murine splenocytes. A number of published reports have
examined pedicide toxicity and oxidative stress using target organs, such as the liver, kidney
or brain, or cdl systems, such as hepatocytes and peritoneal macrophages, however not much
research on the immune cells has been completed. At one time it was bdieved that mature
immune cdls, such as splenocytes, were resistant to gpoptosis since they had escaped the
clonal sdection process. Perandones et d. (1993) indicated, however, that mature splenic F
cdls are not resstant to apoptosis and Illera et d. (1993) concluded the same about mature B
cdls.  In addition, the &hbility for apoptotic mechanisms to induce a series of sgnd
transduction events, such as the generation of free radicas, upon toxic insult is very likdy
(Corcoran et d. 1994). A study that examined the effect of methylmercury (3 and 10ppm) in
vivo, on mouse splenocytes following 4 weeks of treatment, indicated there was a reduction
in the amount of reduced glutathione in the cdls (Thompson e a. 1998). This study

indicates that it is likey chemica exposure can induce oxidative dress in splenocytes. More
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research in this area is needed to gain a better undersgtanding of the consequences and
mechanians asociaed with mature splenic immune cell gpoptoss, oxidative sress and

chemica exposure.

As mentioned previoudy, there is a lack data on the effects chemicd mixtures have on the
immune sysem. Since, immune regponse to chemicas is a complex saries of events it is
difficult to make predictions about it's response to a chemica, and particularly to chemica
mixtures.  Although, immunoctoxicity and individual chemical exposure is being sudied more
intensdy more research must be done to explore the toxicity of chemicd mixtures on the
immune sysem. In particular, sudies on mature splenic immune cdls are limited and should

be explored further.

This extendve literature review has offered a complete summary of issues important to
environmental and immunotoxicology. It has dso outlined areas that need more attention, in
paticular the reaionship between oxidaive dress gpoptoss and multiple chemica
exposure. The objective and ams of this project will hopefully bridge this gap and answer
questions regarding apoptotic or necrotic cell desth pathways and oxidative stress in respect
to xenobiotic exposure. Furthermore, this in vitro work could result in an accepted

technique for screening pesticide mixture toxicity in cells.
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2.10 Hypothesis, Rational and Objective
Our hypothesis is that ROS and/or other free radica intermediates, generated during the
metabolism of various pedicides mediale the immunotoxic effects of environmenta

xenobiotics in mixture.

Our rational is two-fold. Firdt, it is predicted that two or more pesticides result in synergistic
or antagonigtic hedth effects, mainly because the metabolisn of one will affect that of the
other. Secondly, since free radicas have been suggested to enhance immune cdl dysfunction
and snce exposure to certain insecticides has resulted in immunotoxicity, it is reesonable to

assume these two events are related.

The overdl objective of this study is to broaden our understanding of the mechaniams by
which gmultaneous exposure to multiple chemicds causes splenocyte dysfunction in a

rodent modd.

2.11 Specific Aims
1) To identify if cetan pedicides and pedicide mixtures induce immunotoxicity via
induction of apoptods in splenocytes in vitro, and if S0 is this induction additive,
gynergisic or antagonisic for pedicide mixtures compared to individud pegticide
treatments.
2) To invedigate the role of reactive oxygen species in the above event by examining
the pro-oxidant and antioxidant levels in solenocytes trested with pedticide and

pesticide mixtures.
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Chapter 111 Immunotoxicity by Pesticide Mixtures:
Potentiation of Apoptosis in Murine Splenocytes
upon Concurrent Exposure to Pesticides

3.1 Abstract

Pedticides are used in every redm of the environment and exposure to multiple pesticides
over the course of an organism’s lifetime is very likdy. Many reports have suggested that
certan pedicides induce immunotoxicity, in some indances via gooptods.  Furthermore,
sudies have reported certain chemica exposures can induce oxidative sress. The goal of
this sudy was to examine the reationship of pedicides on immunotoxic risk in vitro, as it
pertains to oxidetive dress.  Specificdly, the objective of this study was to identify if certain
pesticide and pesticide mixtures induced cytotoxicity via gpoptods. The three insecticides of
interest were lindane (an organochlorine), madathion (an organophosphate) and piperonyl
butoxide (PBO; a synergist). All three pedticides were found to be cytotoxic to murine
(C57BL/6) splenocytes in vitro.  The cytotoxicity was both concentrationr and time-
dependent. Based on minimum cytotoxicity (< LCys), the following concentrations were
chosen for the pedticide mixture studies 70 uM lindane (Lind), 50 uM madathion (Md) and
55 uM PBO. In the AlamaBlue cytotoxicity assay an individual pesticide and mixtures of
madahion/lindane (ML) and mdahio/PBO (MP) prompted varying amounts of cytotoxicity
(Ma 18.8%, Lind 20.4%, PBO 235%, ML 53.6% and MP 64.9%). Cytopathological
andysis revealed gpoptotic and necrotic features in cdls treated with pedticides and pegticide
mixtures and the DNA Ladder Assay confirmed the presence of DNA fragments, a halmark

of gooptoss. The specific mode of cdl death was examined quantitatively via the 7-
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aminoactinomycin D (7-AAD) Staning Assay, a flow cytometry assay that identifies
gpoptotic cells. Apoptoss was detected in each treatment (Ma 6.5%, Lind 12.0%, PBO
13.2%, ML 19.3% and MP 23.4%). Furthermore, to identify a subset of lymphocytes more
susceptible  to  pedticides, 7-AAD  daning in combination with  fluorescent-labeled
monoclond antibodies, PE-CD45RB/220 (B-cdl specific) and FITC-CD90 (T-cdl specific),
was performed. Bcdls were more susceptible to Ma and PBO treatments than were T-cdlls.
B or T lymphocytes responded smilarly to the pesticide mixtures and comparable levels of
apoptosis were observed. To conclude, splenocytes treated with these pesticides and
pesticide mixtures were undergoing gpoptosis, as well as a smadl degree of necross, and the
effect dicited by the pedicide mixtures was additive compared to the individua pesticide

treatments.

3.2 Introduction

Pedticides play a vitd role in agriculturd, indudrid and resdentia pest control. They have
offered the protection of crops in the fidd, thereby providing the society with abundant,
inexpensve, wholesome, and attractive fruits and vegetables. Moreover, they have decreased
public hedth concerns by reducing the level of vector-born diseases (Aspein 1998).
However, the widespread use and misuse of pedticides has created an awareness of the
potential hedth hazards and the need to protect the consumer from residues in food. Humans
can be exposed to a range of pedicides by accidenta/suicidd poisoning, occupationa
exposure, bystander exposure to off-target drift from spraying and pedticide resdues on

agricultural produces. Additiondly, humans and animas can be exposed to pegticides due to
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environmental contamination of drinking water (both surface and ground water) and

consumption fish from contaminated water reservoirs.

It is edimated that 85-90% of dl pedticides gpplied never reeches their target organisms
(Repetto and Bdiga 1996). Based on such estimates, non-target organisms such as human
and animds are likey to be exposed to a variety of pedticides creating potentid hedth risks.
In view of the widesoread use and dability of some of pegticides in the environment, the
potential of multiple chemica exposures, ether Smultaneoudy or sequentidly, is extremey
likedy over the course of on€s lifetime.  Up until recently, most chemicd <udies were
performed on individua chemicds (Groten et d. 1999). Research on chemica mixtures has
increased due to an initiative set forth by the USEPA and NIEHS to promote a broader
undersanding of chemicads in mixtures and the mechaniams associated with multiple
exposures (USEPA 1998). The pedticide mixture studies are of interest because exposure to
multiple pedticides may dter the hedth effects, since the presence of one pedticide could

influence the metabolism of the other.

The three pedticides: Lind, an organochlorine and mixed function oxidase (MFO) inducer
(Konat and Clausen 1973; Baros e a. 1991; Junqueira e 4a. 1997), Md, an
organophosphate and acetylcholinesterase inhibitor (Chambers 1992; Barnett and Rodgers
1994; Immig 1998) and PBO, a synergist and MFO inhibitor (Jaffe et d. 1968; Goldgtein et
a. 1973). These pedticides are widdy used in the public and industrid sector. They are
commonly found in over the counter products as wel as in chemicd mixtures used in

agriculture, horticulture and in controlling pathogen carrying vectors (ExToxnet 1998).
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Although, the toxicity of these pedticides is wdl documented in the literature, there is no

evidence of what hedlth effects result when they arein mixtures,

Many pedticides cause imparment or suppresson of the immune sysem and ae a risk to
public hedth. The toxicity of these xenobiotics sngly and in combingion, on the immune
sysem, is the focus of this sudy. The immune reponse in governed by a series of ddicady
balanced, complex, multicdlular physologicd mechanisms tha a times is vulnerable to
very low levels of chemica toxicity (Burns et d. 1996; Voccia et d. 1999). One posshble
outcome of immunotoxicity is death of immune cdls. There are two mgor mechanisms of
cdlular death: necross and apoptoss. Necrotic cdll desth is an unregulated, passve process
resulting from severe damage to the cdl tha indudes loss of membrane integrity, sweling of
the cytoplasm and mitochondria leading to cdl rupture.  Upon rupture, lysosoma enzymes
ae rdessed into the extracdlular fluid credling extendve tissue injury and inflammatory
response (Darzynkiewicz et d. 1997). In contrast, gpoptoss is a highly regulated, energy-
dependent process leading morphologicd changes such as plasma membrane blebbing,
agoregation of nuclear chromatin and dwinkage of cytoplasm forming membrane bound
vescles (McConkey et d. 1994; Boehringer-Mannhem 1998). Biochemicdly, apoptoss is
associated with non-random mono- and oligo-nucleosomd fragmentation of DNA, release of
cytochrome ¢ from mitochondria into the cytoplasm and dteration of membrane symmetry
(such as phosphatidylserine flip-flop).  Physiologicdly, individud cells undergo gpoptoss
without disrupting surrounding tissue, phagocytoss of cdl-remans is common and there is
usudly no inflammatory response (Wyllie e d. 1980; Darzynkiewicz et d. 1997,

Boehringer-Mannheim 1998).
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Because the immune sysem plays a centrd role in the maintenance of an organism’'s hedth,
the interaction of xenobiotics with various component of immune sysem has become an area
of profound interest. Suppresson of immune responses by certain pedticides has been
suggested to be the bass of increased dlergy, hypersenstivity and madignancy (Glechmann
et d. 1989). Therefore, there is an urgent need to obtan more information regarding the
manner in which pedicide mixtures cause immunotoxicity. The present study examined the
characterigtics of pedticide-induced cell deeth, assessng a variety of criteria for apoptoss
versus necrods in cdls.  We present evidence tha splenic immune cdls in culture are
susceptible to low doses of pedicides (Md, Lind and PBO) and that pesticide mixtures
produce an additive increase in the amount of both gpoptosis and necrosis compared to the

individua pesticide treatments.

3.3 Materials and Methods

3.3a Animals

Egt- to tweve-week old made C57BL/6 mice (Charles River Laboratories, Wilmington,
MA) were used for dl experiments. The animas were maintained in accordance with U.S.
Depatment of Hedth and Human Services Guide for the Care and Use of Laboratory
Animals (Nationd Research Council, 1996). The animds were housed in polycarbonate
cages with hard wood chip bedding in rooms in which the temperature (21 = 2° C), humidity

(50 £ 10%), and light cycle (12 W12 h lights) were controlled.
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3.3b Chemicals

Ma (purity 99%), Lind (purity 99.5%) and PBO (purity 98%) were purchased from Chem
Services (West Chester, PA) and stock solutions (37.5 mM) were prepared using 100%
denatured ethanol. A working solution was made from each stock solution using complete
phenol red-depleted, RPMI-1640 media (Gibco BRL, Rockville, MD; 10% FBS [Atlanta
Biologics, Norcross, GA], 2 mM L-glutamine, 0.1 mM non-essentid MEM amino acids, 50
unitsml penicillin + 50 pg/ml greptomycin and 10 mM HEPES Buffer [Gibco BRL]) so that
the final concentration of ethanol in reaction mixture would not exceed 0.3%. Pedicide
solutions were made in 4X stock solutions and diluted with media or other pesticide solutions
and cdls.  Appropriste controls were included in al experimentss  These included:
concavdin A (ConA; 10 pg/ml), a proliferative agent, (Sgma Chemicd, . Louis, MO) or
dexamethasone (10 pg/ml) (DEX), an gpoptotic agent (Sigma), or 10 mM hydrogen peroxide

(H205), anecrotic agent at high doses, or ethanol 0.3% (EtOH), the pesticide solvent.

3.3c Isolation of Splenocytes

Isolation of the cells was performed as described in Ahmed et a. (1994a 1994b).
Immediately after the mice were sacrificed via cervicd didocation, the body weight (24.75 ¢
+ 2.28) was measured and the spleen was removed asepticaly. Quickly, the spleen weight
(0.0754 g + 0.025) was obtained and 10 ml of cold, incomplete phenol-red depleted RPMI-

1640 media was added. The spleen was dissociated by gently teasing againgt a metdlic 60-

mesh wire seve (Sigma). The cdls were peleted a 250 X g for 8 minutes a 4°C (IEC

Centra GP8R, Internationa Equipment, Needham Heights, MA). The cdls were

resuspended in erythourocyte lyss buffer containing 1ml of cold complete phenol red-
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depleted RPMI-1640 media and 3 ml cold ACK lyss buffer (0.15 M ammonium chloride, 1
mM potassum bicarbonate and 0.1 mM EDTA, pH 7.4; Sgma) (Ahmed et d. 1985; Gogal et
d., 2000b). The cdl suspenson was incubated for 3 minutes on ice and diluted to 15 ml total
volume with cold complete RPMI-1640 media. Cells were pelleted as previoudy described
and washed once each with complete and incomplete media, respectively. The washed cdls
were resuspended in incomplete media and counted on a CASY | Cdl Counter and Analyzer
System (Scharfe Systems Gmblt, Reutlinger Germany). Cdlls were diluted to 5x10° odl/ml
and kept on ice until use. Find preparations routindy contained ~90% lymphocytes on

examination of Wright's sained smears under microscope.

3.3d AlamarBlue Cytotoxicity Assay

The splenocyte cytotoxicity was monitored utilizing the fluorimetric indicator, AlamarBlue
(Accumed Internationd, Westlake, OH), which detects cdlular metabolic activity. The
greater the level of metabolic activity, or corresponding cdl viability, the more reduction of
the AlamarBlue dye. AlamarBlue data are presented as the percent decrease in fluorescence
from the untrested cdls, which has the greatest level of cdl survivd (McGahon et d. 1995;
Zhi-dun et a. 1997). The isolated cells were seeded a 5x10° cdlswel in a 96-wel, U-
bottomed tissue culture plate (Corning, Corning, NY). Treatments (100 ul/well) were added

to the wdls prior to cdl seeding. Dose response, time response and mixture studies were

performed using this assay.

After incubation, the cells were rinsed with PBS (Gibco BRL) a 37°C and the 96-wdl plate

was centrifuged a 250 X g for 8 minutes, a 25°C. The media were removed and complete
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RPMI-1640 media and AlamarBlue (1/10 of totd well volume) pre-warmed to 37°C were
added to each well. The plate was incubated for 24 hours (37°C, 5% CO,, 95% humidity) and
the fluorescence was measured on the Cytofluor™ II Multiwel Plate Reeder (530 nm
excitation, 590 nm emission and gain 35; Perspective Biosysems, Farmington, MA). Results
were obtained as arbitrary fluorescence units and expressed as the percent decrease compared
to the untreated cdl mean percent (Ahmed et a. 1994a; deFries and Mitsuhashi 1995; Zhi-
Jun et d. 1997). This was performed by obtaining the average vaues of the control wels
(untreated) for each compound (C) and the raw fluorescence value of the treatment (T) and
cdculating the percent decrease compared to the untreated [(C-T)/C x 100%]. This vaue

was a measure of the level cytotoxicity each trestment induced.

3.3e Cytologic Identification of Apoptotic Cells
Splenocytes (5x10°/well) were treated with pesticides as described in AlamarBlue Mixture
Sudies usng a 96-wdl U-bottomed plate (Lind 70 pM, Ma 50 uM, PBO 55 pM and

mixtures of ML or MP). Additiona trestments included untrested O hour (UNT), UNT 16
hours, EtOH 0.3% and 10 pg/ml DEX. After 16 hours, the plate was centrifuged 250 X g
for 10 minutes at 4C), the media were removed and the cells were rinsed with PBS. Cdls
were resuspended in 4 parts incomplete, RPMI-1640 media and 2 parts 0.5% BSA/PBS

solution (Donner et ad. 1999; Gogd et a. 20008). Each cel suspersion (two wels for each

trestment or 1 x 10° cells) was added to a cytocentrifugation chamber (Sakura, Tokyo Japan).
The chambers were centrifuged (17 X g for 5 minutes a 23°C; Cyto-TEK, Mile Scientific,

Elkhart, IN). Sides were adlowed to dry and then dained with Modified Wright Stain

(Sgma). Covedips placed on the dides after the addition of Permount (Fisher Scientific,
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Aittsourgh, PA), were dried for 24 hours and examined under oil immergon light microscopy

(250X) on the Olympus AH-2 Vanox-T Light Microscope. Ektachourome 64 dides (Kodak)

were taken of representative cells (Donner et d. 1999; Gogd et d. 20008). Apoptotic cells
were identified based upon chromatin condensation, nuclear and membrane blebbing, cdl
dhrinkage and apoptotic body formation. Necross was identified by excessve cdl debris,

cdl ghost and cdll swdling (McGahon et d. 1995).

3.3f DNA Ladder Assay

Splenic immune cdls were treated as previoudy described in Cytologic Identification of
Apoptosis. At 4 and 8 hours of treatment, 4 wells were combined per trestment into one
gterile microcentrifuge tube.  The wells were rinsed with 37°C PBS and the rinses were added
to the microcentrifuge tube. After centrifugation, the pelet was suspended in 200 pl of cold
PBS. The procedures of the Apoptotic Ladder Kit were then followed (Boehringer
Mannheim, Mannheim, Germany). Briefly, the cdls were lysed, isopropanol was added, the
samples were filtered thourough a glass fibered fleece, upon which the nucdec acids bind to
the surface. Impurities were removed via two rinses and then the purified DNA was duted.

The samples were stored for up to two weeks in the —20°C. A 1% agarose gel (with ethidium
bromide) was prepared with Tris-Borate-EDTA Buffer (TBE), pH 8.0 and run a 75V for 45
minutes. The gd was viewed under UV light and the ethidium bromide/DNA complexes
were vigble. The presentation of a ladder pattern indicates an apoptotic cel population, a
Smear pattern suggests a necrotic population and a band at the top of the lane represents

intact genomic DNA.
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3.3g 7-amino-actinomycin D (7-AAD) Staining Assay

7-AAD is a fluorescent, DNA-binding agent that intercaates between cytosne and guanine
bases (Molecular Probes, Eugene, OR). The more disrupted and permegbilized the cdlular
membrane, the more ZAAD that enters the cdl and binds to the DNA. The principle is that
7-AAD daning intengty reflects the loss of membrane integrity. Since early gpoptotic cells
have more membrane integrity than late apoptotic/necrotic cdls, the daning intengties
should vary for these two populations. Typicaly, three degrees of daining intensity can be
measured via flow cytometry and discriminate between live, early apoptotic and lae
gpoptotic/necrotic cell populations (Schmid et a. 1994a; 1994b; Philpott et a. 1996; Donner

et al. 1999).

Splenocytes (5x10°/well) were treated with pesticides as described in Cytologic | dentification
of Apoptosis. After 16 hours of treatment, cells were rinsed with 37°C PBS and centrifuged

at (250 X g, for 10 minutes a 4£C). The media were removed and 100 pl of 10 ug/ml 7

AAD DNA hinding dye (Molecular Probes, Eugene OR) in a supplemented buffer (0.15%
sodium azide and 2% BSA in PBS) was added to al wells except the unstained treatment, to
which only supplemented buffer was added. The plate was placed on ice, in the dark and
incubated no more than 30 minutes (Donner et d. 1999; Gogd et d. 2000a). Cdls were
processed on a Beckman-Coulter Epics XL/MCL flow cytometer (Hideah, FL). Apoptotic
cdls were identified and quantified based upon the method described in Schmid e 4.
(199%4a; 1994b). Briefly, the cells were first gated based upon forward scatter (or size) and
Sde scater (or granularity). These cedlls were then analyzed for their ability to take up the 7

AAD. The 7AAD™' are the live cdls, 7TAAD™ @@ gre the early apoptotic and 7AADP ™
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are the late gpoptotic or necrotic populations. The vaues were reported as percentages of the

total cedlls counted (N=5000 events).

3.3h 7-AAD Staining with Monoclonal Antibodies

7-AAD’s spectrd properties dlow it to used in combination with fluorescein-isothiocyanate
(FITC) and R-phycoerythourin (R-PE) cdl surface labels (Schmid et d. 1994a 1994b). In
this experiment, 7-AAD dain is used in combination with two monoclona antibodies, one
labeled with FITC and one with RPE. These antibodies bind and label the cell type they are
specific for and permit the quantitation of B and T lymphocyte populations in trested versus
untrested samples. The antibody specific for T-cels, a HTC-conjugated rat anti-mouse
CD90.2 (Thy 1.2) (BD Pharmingen, San Diego, CA), and for Bcells, a RPE conjugated rat

anti-mouse CD45R/B220 (BD Pharmingen), were incubated with splenocytes.

Splenic immune cdls (~90% lymphocytes) were treated as described in the 7AAD Saining
Assay. Working solutions of: FITC-rat anti-mouse CD 90.2 (Thy-1.2); RPE rat anti-mouse
CD45R/B220; isotype FITC rat 19Goakappa; and isotype R-PE rat 10Goaksppa Monoclond
antibodies were prepared, just prior to addition to the cdls, in Serile PBS to a concentration
equivdent to 1 pg/ 1 x 10° cdls Isotype maiched negative controls for each fluorescent
probe was employed for each experiment to assess nonspecific binding. The cdls were
incubated with the proper isotype or antibody solution for 20 minutes a 4°C, in the dark,
gently on an orbitd shaker (Gogd et d. 2000b). The cells were rinsed with PBS, centrifuged

(250 X g for 10 minutes at £C), and 7-AAD was added as described in the 7-AAD Staining

Assay. The cdls were incubated for no more than 30 minutes a 4°C, in the dark, and
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processed on a Coulter Epics XL/MCL flow cytometer (Hidesh, FL). The daa were
processed as described for the 7-AAD assay except this time the 7-AAD results were
presented for the totd cels, FITC pogtive (T-cels) and R-PE postive (B-cdls) cdls

(Schmid et al.1994a; 1994b; Ahmed et al. 1994).

3.3i Statistical Analysis

SAS v. 8.0 software (SAS Ingtitute Inc., Cary, NC) was used for data andyss. The data
from each cytotoxicity assay was andyzed by utilizing pre-specified contrast determined
during the experimentd design. The Mixed Procedure dlowed for comparisons between pre-
Spoecified treatments to determine whether datidica differences were evident.  Experimenta
means were used to cdculate the least square means (LSM) + standard error of the LSM
(SELSM). Data are presented as the mean + SEM. If p < 0.05, the treatments were
daidicdly different (or if p > 0.05 the treatments were not datidicaly different). The
exception was the AlamarBlue time study, which was andyzed usng the Generd Linear

Mode procedure.

3.4 Results

3.4a AlamarBlue Cytotoxicity Assays

3.4a.1 Dose Response for Cytotoxicity

A percent decrease in fluorescence corresponds to the percent cytotoxicity by each treatment.

The following concentrations of each compound, extrapolated from the dose response curve,
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induced 15 to 25% cytotoxicity (< LCis.25): 50 nM Ma, 70 nM Lind ad 55 nmM PBO.

These concentrations were dso used in the mixture studies (Figure 3.1).

3.4a2 AlamaBlue Time Response Mixture Assay

The AlamarBlue fluorescence was messured after 4, 8 and 16 hours of trestment. There was
an increase in cytotoxicity thouroughout the 16 hours treatment period, particularly for the
mixture treatments (Figure 3.2). There was increased cytotoxicity in the Lind (70 M) and
PBO (55 miM) treatments, however Ma (50 niM) induced no increase after 8 hour of
treetment.  The individua treatments were dgnificantly different from the corresponding

mixture trestments (p < 0.05).
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Figure 3.1. Dose response assays measuring the cytotoxicity of Mal, Lind and PBO (0 to 300
nmM) were peformed udng the AlamaBlue Cytotoxicity Assay. C57BL/6 murine
splenocytes were treated with O, 100, 150 and 300 nM of each compound for 16 hours in a
96-wdl tissue culture plate. AlamarBlue was added to each wdl and 24 hours following, a
fluorescence measurement was taken (Ex:530 nm, Em:590 nm). The raw abitray
fluorescence units were converted to the percent decrease in fluorescence, as compared to the
untreated cells. This vaue represents the percent cytotoxicity of each treatment.

Notes:

Data are presented as the mean £ SEM of 4 experiments (total of n =16 per treatment).
PBO 100 nM and PBO 150 niM were not datigticaly different (p > 0.05).

All other trestments for each specific compound were satidicdly different (p < 0.05).

83



80

] — - — Lind 70 uM
s 70 - =8 = Mal 50 uM X
tHu | --#--PBO55uM
8l S 604 —®—Mal50 uM/Lind 70 uM
c g { —X—Mal 50 uM/PBO 55 uM
? & 50-
0 = 1
o e
S 4
2 3 40
5 o 1 -2
o £ 301 =T A
© 1 . T
o g- X e
5 £ 201 R LS E T T =
s & . e
2 ow] o
0 T T T T T T T T
2 4 6 8 10 12 14 16 18

time (hours)

Figure 3.2. Time response of the cytotoxicity for pegticides and pedticide mixtures were
peformed using the AlamarBlue Cytotoxicity Asssy. C57BL/6 murine splenocytes were
treated with Mal 50 nM, Lind 70 nM, PBO 55 nM, ML or MP for 4, 8 and 16 hours. The %
decrease in fluorescence was calculated as described for Figure 3.1.

Notes.

Data are presented as the mean + SEM of one experiment (total n = 4 per trestment per time
point with the exception of the untreated n = 8).



3.4a.3 AlamarBlue Cytotoxicity Assay: Mixture Study

Cytotoxicity was dgnificantly greater in the mixture treatments (ML 53.6% and MP 64.5%)
than in the individud pedticide treatments (Ma 18.8%, Lind 20.4% and PBO 23.5%; p <

0.0001; Figure 3.3).

3.4b Cytologic Identification of Apoptosis

Apoptotic and necrotic features were present in many of the treetments. The untreated (Unt)
0 hour cdls were rounded, uniform in shape and intensdy sained, characterigic of hedthy
cdl population (A; Figure 48). The Unt 16 hours (B) cdls had some loss of aning
uniformity and intendty compared to O hour. Also, cell debris and lysed cdls were present,
characterigtic of necrotic cells. The DEX 10 ng/ml (C), a postive control for gpoptoss, had
ggnificant gpoptotic features, such as cdl blebbing, cdl shrinkage and apoptotic  body
formation. As expected, necrotic cells were also present. Ma 50 mM (D; Figure 4a), Lind
70 MM and PBO 55 nM had some cdlular irregularities with only a few observations of
gpoptotic cels (E; F;, Figure 4b). These observations included membrane perturbations and
cdl shrinkage. PBO treated cdls had indications of cdl lyss and membrane blebbing, as well
as phagocytoss of a likely apoptotic cdl. Comparatively, the pedticide mixtures contained
increased numbers of gpoptotic cdls and cel disruyption than the individud trestments. ML
treated cells had more lyss and membrane perturbations, as well as cdl shrinkage and
gpoptotic body formation than the individuad pedticide treatments. The MP dides showed
ggnificant 9gns of cdl swdling and debris, characteristic of necross. However, there were
dso dgnificant indications of gooptoss, such as cdl drinkage, blebbing, chromatin

condensation and fragmentation (G; H; Figure 4b).
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Figure 3.3. Cytotoxicity induced by pesticides or pesticide mixtures was assessed using the
AlamarBlue Assay. C57BL/6 murine splenocytes were treated with Ma 50 niM, Lind 70
nM, PBO 55 nmiM, ML or MP for 16 hours. The percent decrease in fluorescence was
caculated as described in Figure 3.1.

Notes. Data are presented as the mean + SEM of 5 experiments (n = 4/treatment/experiment
with the exception of the untreated n =12/experiment). The individua pedticide treetments
were datigicaly different than their corresponding mixture trestments (p < 0.0001).
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Figure 3.4a. Cytologic identification of gpoptotic or necrotic featuresin C57BL/6 murine splenocytes trested with pesticides and
pesticide mixtures for 16 hours. (A) Unt O hour (B) Unt 16 hours (C) DEX 10 ng/ml (D) Md 50 nM. magnification = 250x; =» =
apoptotic cells; N = necrotic features,
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Figure 3.4b. Cytologic identification of gpoptotic or necrotic featuresin C57BL/6 murine splenocytes treated with pesticides and
pesticide mixtures for 16 hours. (E) Lind 70 M (F) PBO 55 nM (G) ML and (H) MP. magnification = 250x; =» = apoptatic cdls, P

= phagocytoss, L =lyss
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3.4c DNA Ladder Assay

Splenocytes were treated with pesticides for 4 and 8 hours. By 4 hours of treatment, a DNA
ladder was evident in dl lanes except the Unt O hour (Figure 3.5). The DEX 10 ng/ml, ML
and MP had vivid ladder formation. By 8 hours the ladder bands increased in intengty for all
trestments, suggesting an increase in gooptosis with time. At each time point, the mixtures
were comparable in intendty to the DEX trested. A smearing effect was present in many of

the sample lanes, suggestive of the presence of randomly cleaved DNA.

3.4d Flow Cytometric Analysis with 7-AAD

Experimentdly, the 7-AAD daning assay was performed to examine the percent of early
gpoptotic and dead (or necrotic/late apoptotic) cdls in each treatment. A representative of
the flow output is in Appendix A Figure A.1. At O hour the cdl population was gated on and
this gate was monitored after 16 hours of trestment for each sample. Any hift in the forward
scetter/sde scaiter pogtioning of the cells was identified and the percent of cdls remaining in
the gate was measured (V-gate; Figure 3.6). The untreated had the greatest population in the
gae (36.8%) after 16 hours, whereas the pesticide mixtures (ML 18.2%; MP 13.2%) and
DEX (11%) had the least. The MP was not datigticdly different from the DEX treatment,

nor was the EtOH and Unt 16 hours samples (p > 0.05).

The percent of live, early gpoptotic and dead cell populations was adso obtained from the
output. From the early apoptotic data, the mixtures induced a greater increase in apoptotic
cdls than did the individud treatment, however, dl were dgnificantly greater than the
untreated (p < 0.05; Figure 3.7). By subtracting the control (Unt 16 hours) percent from the

pesticide or pegticide mixture treatments, the increase in gpoptosis above the Unt 16 hours
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sample untreated was as follows. Ma 6.5%, Lind 12.0%, PBO 13.2%, ML 19.3% and MP

23.4%.

In Table 3.A, the percent of cells for each gaining intengty, or that were live, early gpoptotic
or dead for each treatment, are listed. The live cdl populations were greastest for the Unt 16
hours (52.4%) and least for the DEX (17.5%), ML (30.6%) and MP (25%). The percent of

dead cdllswas smilar across most treatments.
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Figure 35 Detection of a DNA Ladder in C57BL/6 murine splenocytes trested for 4 or 8 hours with pesticide or pesticide mixtures.
The treatments included: Unt O hour, Unt 4 hours or 8hours, EOH 0.3%, DEX 10ng/ml, Md 50 nM, Lind 70 nM, PBO 55 niM, ML
or MP. Samples were prepared using the Apoptotic Ladder Kit and run on a 1% agarose gl with TBE buffer, pH 8.0.
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Figure 3.6. The percent of cdls in the designated \Agate following treatment with peticides
or pesticide mixtures was assessed using flow cytometry. C57BL/6 murine splenocytes were
treated with Ma 50 nM, Lind 70 nM, PBO 55 niM, ML or MP for 16 hours. An Unt 16
hours, EtOH 0.3% and DEX 10 ng/ml were dso peformed. At O hour, a gate (V-gate) was
dravn aound the mgority of the cdl population. The percent of cdls in this V-gate
following trestment was messured by andyzing cdl sze (forward scater) and granularity
(side scatter) for each sample. The mean percent + SEM is shown.

Notes. Treatments with similar letters were not sgnificantly different (p > 0.05). All other

treatments were dgnificantly different (p < 0.0005). Vdues are the mean + SEM of 9
experiments (total of n = 20 per treatment).
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Figure 3.7. The percent of early apoptotic cdls following trestment with pedticides or
pesicide mixtures was measured on the flow cytometry usng the 7-AAD Staning assay.
C57BL/6 murine splenocytes were treated with Ma 50 M, Lind 70 M, PBO 55 nmiM, ML
or MP for 16 hours. An Unt 16 hours, EtOH 0.3% and DEX 10 nmg/ml were aso performed.
Following trestment 10 ng/ml 7AAD-DNA binding dye was added. Samples were examined
via flow cytometry for three degrees, or intensties of staining, 7AAD™' (live cells),
7AAD™ e (early gpoptotic cells) and 7AAD™9™  (dead/late apoptotic). The percent of
cdls (of n = 5000 events) stained 7AAD™® the early gpoptotic cell population is shown.
Data are presented as the mean + SEM. The percent of live and dead cell populations is
summarized in Table 3A.

Notes. Treatments with smilar letters were not sgnificantly different (p > 0.05). All other

treatment comparisons were datidicdly different (p < 0.0001). Vaues are the mean + SEM
of 9 experiments (total of n = 20 per treatment).
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TABLE 3A. The percent of live, ealy apoptotic or dead cdls following treatment with
pesticides or pegticide mixtures as assessed by the ZAAD Staining assay. C57BL/6 murine
splenocytes were treated with Ma 50 M, Lindane 70 nM, PBO 55 nM, ML or MP for 16
hours. An Unt 16 hours, EtOH 0.3% and DEX 10nmg/ml were dso performed. The percent
of cdls (of n = 5000 events) stained as TAAD™ (live), TAAD™ %€  (early apoptotic) and
7AAD9" (dead) is presented. Dataisthe mean + SEM.

Cell Status
Treatments live early apoptotic dead
Untreated 52.4 (+ 1.53) 42.6 (+ 1.25)" 4.94 (+ 0.73)
EtOH 0.3% 52.3 (+ 1.53)° 41.3 (+ 1.25) 6.29 (+ 0.73)
Mal 50uM 45.0 (+ 1.53) 49.1 (+ 1.25)® 5.91 (+ 0.73)
Lind 70uM 36.5 (+1.53)° 54.6 (+ 1.25)® 7.06 (+ 0.73)
PBO 55uM 37.7 (+1.53)° 55.8 (+ 1.25) 6.45 (+ 0.73)
Mal 50uM/Lind 70uM 30.6 (+ 1.53) 61.9 (+ 1.25) 7.50 (+ 0.73)
Mal 50uM/PBO 55uM 25.0 (+ 1.53) 66.0 (+ 1.25) 8.96 (+ 0.73)
DEX 10 ug/ml 17.5 (+_1.53) 75.4 (+ 1.25) 7.17 (+ 0.73)
Notes. Statigicd comparisons were made for dl treatments within each cdl datus.

Treatments with amilar letters were not sgnificantly different (p > 0.05). All other treatment

comparisons were dgnificantly different (p < 0.0001).

Statigticd andyss of dead cdl

populations was not performed. Vaues are the mean + SEM of 9 experiments (total of n =

20 per treatment).
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3.4e Flow Cytometric Analysis with 7-AAD and Monoclonal Antibodies

The 7-AAD Staning Asssy was peformed in combination with fluorescently labeled
monoclond antibodies, R-PE:CD45R/B220 and FITC.CD90.2, specific for B cdls and T
cdls, respectively. A representative of the flow output is in Appendix B Figure B.1. Cdls
were sorted for being FITC or R-PE pogtive, then the live, early gpoptotic and dead cdll
populations were identified for both B (R-PE +) and T (FITC +) cdls.  The B and T cdl
populations were datigticaly compared for each treatment. The early apoptotic cel results
indicated B cdls had higher levels of apoptoss in the Unt 16hours, EtOH, Ma and PBO
treetments than did T cdls (Figure 3.8, p < 0.05). However, there were no sgnificant
differences between B and T cdl populations for Lind, ML, MP or DEX trestments (p >

0.05).

The 7AAD Staining results, the percent of live, early apoptotic and dead cell populations, for
B cdls (R-PE:CD45R/B220 postive) and T cdls (FITC.CD90.2 postive) are liged in Table
3B. In the Unt 16 hours sample, 46.4% of B cdls were live, or vidble. All other treetments
had reduced B cdl viability compared to the Unt, particularly the pesticide mixtures The
Unt 16 hours had the lowest percent of early apoptotic B cels (44%) and this percent
increased for al other treatments (with the exception of EtOH). DEX had the greatest leve
of apoptotic B cdls (70%). The EtOH 0.3% and Unt 16 hours were not datidicdly different
(p > 0.05) in terms of the live or early apoptotic cell populations. Furthermore, PBO was not
ddidicdly dfferent from the MP mixture for dther the live or ealy apoptotic cdl
population (p > 0.05). Md dso was not datidticdly different from the corresponding mixture

treetments, ML and MP, for the early apoptotic cell population (p > 0.05). ML and MP
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didted the same percent of apoptoss in B cdls. Lind and MP had the greatest amount of

dead cdlls (19%), while the Unt had the lowest level (9.5%).

In the Unt 16 hours sample 57.8% of T cdls were live, or vidble (Table 3.B). All other
treatments had reduced cel viability compared to the Unt (except Md and EtOH). As with
the B cdls, the loss of live cdls was most severe for the pesticide mixtures and DEX. The
percent of early gpoptotic T cdls followed the same trend as B cdls  The individud
pesticide tretments were datidicaly different than the pedticide mixtures in the live and
early apoptotic cdl populations (p < 0.05). EtOH was not datidticdly different from the
untreated for either the live or early gpoptotic cels (p > 0.05). The MP treatment had the

greatest amount to dead cells (20.6%) while the untreated had the lowest (7.35%).
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Figure 3.8. The percent of early apoptotic T (CD90.2 postive) and B (CD45R/B220
postive) lymphocytes following treatment with pesticides or pesticide mixtures as assessed
by the 7-AAD Staining assay. C57BL/6 murine splenocytes were treated with Ma 50 nM,
Lind 70 mM, PBO 55 mM, ML or MP for 16 hours. An Unt 16 hours, EtOH 0.3% and DEX
10my/ml were adso peformed.  Following trestment, fluorescently labeled monoclond
antibodies (1 ny/1x10° cells; RPE:CD45R/B220 and FITC:CD90.2) were incubated with the
cdls for 20 minutes on ice, in the dark. Antibodies solutions were rinsed away and 10 ng/ml
7TAAD-DNA hinding dye was added. The cdls were andyzed by flow cytometry for FITC or
R-PE fluorescence then the 7AAD daning intendty for each subsat of lymphocytes was
measured.

Notes. B and T cel populations for each treatment were Satidticaly compared. The B cdl

treetments labeled with * had dgnificantly higher levels of gpoptoss than did the

corresponding T cel population for tha same treatment (p < 0.05). No datidicaly
ggnificant differences between B and T cdl populaions any of the other treatments was
observed (p > 0.05). All vadues are the mean percent of agpoptotic cdls + SEM for 6
experiments (total of n = 14 per treatment).
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TABLE 3B. The percent of live, early gpoptotic and dead B cdl (R-PE:CD45R/B220
positive) and T cdls (FITC.:.CD90.2 postive) as assessed by the 7AAD Staining assay.

C57BL/6 murine splenocytes were treated and analyzed as described in Figure 3.8.

B Cell Status
Treatments CDA45+:live CDA45+:early CDA45+:dead
untreated 46.4 + (1.93) 44.0 + (1.87)" 9.50 + (1.33)
EtOH 0.3% 44.2 + (1.93)? 423+ (1.87)" 13.5 + (1.33)
Mal 50uM 36.8 + (1.93)° 50 + (1.87)"EC 13.0 + (1.33)
Lind 70uM 33.9 +(1.93)> 47 +(1.87)"® 19.0 + (1.33)
PBO 55uM 30.2 +(1.93)™ 52.7 + (1.87)° 17.0 + (1.33)
Mal 50uM/Lind 70uM 28.0 +(1.93)* 54.7 + (1.87)° 17.3 +(1.33)
Mal 50uM/PBO 55uM 26.2 +(1.93)® 54.9 + (1.87)P 18.9 + (1.33)
DEX 10 ug/mi 15.9 + (1.93)' 70.0 + (1.87)F 14.6 + (1.33)
T Cell Status
Treatments CD90+:live CD90+:early CD90+:.dead
untreated 57.8 + (3.29)? 34.9 + (3.089)" 7.35 + (2.43)
EtOH 0.3% 60.3 + (3.29)% 30.2 + (3.08)" 9.58 + (2.43)
Mal 50uM 58.8 + (3.29)? 33.0 + (3.09)" 8.15 + (2.43)
Lind 70uM 445 + (3.29)" 41.0+ (3.08)" 14.5 + (2.43)
PBO 55uM 46.6 + (3.29)° 42.2 + (3.08)" 11.2 + (2.43)
Mal 50uM/Lind 70uM | 35.1 +(3.29)° 50.8 + (3.08)° 14 +(2.43)
Mal 50uM/PBO 55uM 26.2 +(3.29)™ 53.1 + (3.08)E 20.6 + (2.43)
DEX 10 ug/mli 20.8 + (3.29)¢ 63.8 + (3.08)€ 15.5 + (2.43)

Notes. B and T cdl populations were datidticaly anayzed separaiely.  Treatments with
smilar letters were not sgnificantly different (p > 0.05). All other treatment comparisons
were dgnificantly different (p < 0.05). Statisticd andyss on the dead cdl population is not
presented.
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3.5 Discussion

Low concentrations of Mad, Lind, PBO and mixtures of ML and MP had the potentid to
induce splenocyte cytotoxicty in vitro as noted in the AlamarBlue Assay. The pedicide
mixtures, ML and MP, induced an additive increase in cytotoxicity compared to the
corresponding individud trestments.  To further identify the specific type of cdl death as
apoptotic or necrotic, three different assays were peformed: cytologic identification of
gpoptotic or necrotic festures, DNA ladder formation and 7AAD saning. Each experiment
indicated a smdl degree of necrosis in dl trestments, particularly the ML and MP.  However,
there was dso a dgnificant amount of gpoptotic cels detected in each trestment.
Furthermore, the ML and MP mixtures additively enhanced apoptoss compared to the
corresponding individua pedticide trestments. B cdls were dightly more susceptible then T
cdls, in terms of increased apoptoss, for certain pedticide treatments however the effect was

not pronounced.

The lack of data on chemicd mixtures and the immune sysem makes this sudy unique.
Since, exposure to low concentrations of chemicas is more redigic for most organisms and
many past sudies have focused on LDsp concentrations of chemicals, low doses of each
chemica had to be identified for this sudy. These doses were chosen with the idea that
when two pesticides were placed in mixture, the cytotoxicity would be less than 100%. The
AlamarBlue (AB) assay was used to measure the amount of cytotoxicity induced by each

treetment and identify the doses of each pedticide that would be utilized thouroughout the
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sudy. The AB assay has been utilized as a cytotoxicity assay in previous studies (Mossman

1983; Larson et a. 1997; Nociari et al. 1998).

The concentration of each pedicide that induced 15-25% cytotoxicity (< LCys) was
extrapolated from the dose response curves (Figure 3.1). EtOH (0.3%) had no datistically
ggnificant effect on cdl viability when compared to the untrested (p > 0.05), however
concentrations of above 0.3% should be used with caution, particular when mature immune
cdls are involved (Sukin and Jardls 1995). To rule out any concerns regarding this
solvent, a preliminary sudy indicated ethanol, up to 0.8%, had no dgnificant effect on the
AB fluorescence compared to the untreated (data not shown). The 300 M trestment for
each compound was not datidicaly different from the H>O2 (10 mM) treatment (p > 0.05)
suggesting high concentrations of each compound had the potentid to induce toxicity smilar
to the podtive control. Overdl, an increesng linear trend between the incresse in

cytotoxicity and increasing pesticide concentrations was observed.

A time response, usng the concentrations chosen from the dose response curve, indicated 16
hours of treatment caused the maximum response from the cels (Figure 3.2). Incubation
time is an important factor when using primary cels, such as splenic immune cdls, to assess
toxicity snce they cannot remain vigble in culture for long periods of time. Previous studies
have examined immune cdls in vitro and utilized this same incubation time (Perandones et
d. 1993; lllera et d. 1993). Furthermore, the damarBlue assay indicated an additive incresse
in cytotoxicity for each pedticide mixture as compared to the corresponding individua

pedicide treatments (Figure 3.3). This finding is invauable snce previous work in this area
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has been limited and there have been no published sudies on immunotoxicty and trestment

with mixtures of ML or MP.

As mentioned, there are two modes of cell death, necrosis and apoptosis. Since cytotoxicity
was clearly demonstrated n the damarBlue assay, the next objective was to determine if this
cytotoxicity was a result of apoptotic or necrotic mechanisms. To cdlaify this issue three
different assays were utilized to identify morphologica, biochemica or physologica aspects
of ether necross or apoptoss. Each assay showed features characteristic to apoptotic cels,

with aso some indications of low leve necross aswdll.

The cytologic identification of morphological features associated with necrotic or gpoptotic
cdls reveded individuad pedticide trestments had low to moderate levels of gpoptotic cels
(Figure 3.4a and 3.4b). PBO had a few cdls that were enlarged or had vacuole formation
indicating it adso induced necrosds.  More importantly, however was the induction of
gooptoss and necross in the pedticide mixturess ML had moderate to high levels of
gooptotic cdls while MP had a high level of both gpoptotic and necrotic cells. The presence
of both necross and apoptosis in immune cdl cultures, paticularly those exposed to low
levels of toxins is not unexplaingble (Corcoran et d. 1994). It is likely that both events can
occur Smultaneoudy, as we have noted here. The cdlular morphology of ether pedticide
mixture was smilar to the DEX treatment, a pogtive control for apoptosis (Torres-Roca et al.
1995; Donner et d. 1999). The Unt 0 hour had no indication of cel death or debris. Unt 16
hours had very low levels of cdl debris, yet the presence of some dead cdlls is not surprising.

It is known that when placed in culture mature immune cdls can undergo spontaneous
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apoptosis (Perandones et a. 1993; lllera et d. 1993). Since the other cells appear unaffected,

cdl death is not suggested to be primarily necrotic since lyses would have induced more cell

inury.

The DNA Ladder assay is based upon the principle that during apoptoss cellular nuclear
DNA is non-randomly cleaved into 180-200 base pair units. When run on an agarose gd,
this DNA ladder can be detected and is an indicator of apoptotic cells Wyllie et d. 1984;
Darzynkiewicz et d. 1997; Boehringer-Mannheim 1998). Initidly, the splenocytes were
incubated with pegticides for 16hours but DNA ladders were present in al samples that were
incubated, including the Unt (data not shown). Interestingly, when samples were incubated
with pegticides for only 4 hours laddering was detected in the pedticide treated samples,
particularly in the PBO, ML and MP treatments (Figure 3.5). DEX aso had an intense ladder
veifying its efficacy as a podtive control for gpoptoss.  The intensty of the ladders
increased between the 4 and 8 hour treatments. DNA fragmentation has been suggested to be
one of the firg irreversble events to trigger mature immune cell apoptosis (Duke et d. 1983;
Goldgtein et d. 1991). With this in mind it does not seem unreasonable that this laddering
effect was noted s0 early in the incubation, while cytotoxicity was very low. It is even
possble to infer that DNA fragmentation may trigger the onset of other apoptotic
mechaniams in the cells, however this has yet to be examined. There was some degree of
DNA smearing & both time points, suggestive of necrotic cdlular events, such as randomly
cleaved DNA. The intengty of the smearing increased over time. The presence of necrotic

cdlsin culture is consstent with the cytologic results dso.
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The 7AAD daning of splenocytes monitored any shifts in forward scatter/sde scatter
positioning. An Unt O hour sample was andyzed as the hedthy population of cels and was
gated upon, V-gate. This gate was monitored and a decrease in the less cdls remaining in the
gate was an indicator of the potentid toxicity each pedticide and pedticide mixture had on
glenocytes. Compared to the Unt 16 hours sample dl others had less cdls in the V-gate.
The pesticide mixtures, ML and MP, and DEX treatments were mogt toxic to the cells as they
hed the leest amount of cdls remaning in the V-gate after 16 hours in culture (Figure 3.6).

7TAAD daning has dso been shown to be a rdiable, quantitative method for detecting
gooptoss in immune cels (Philpott et a. 1996, Donner et a. 1999). It dlows for the
measurement of remaining membrane integrity, which can be corrdated to the cdl datus
Three intengties were measured and the percert of live, early gpoptotic and dead cells was
given (TABLE 3A). Trends smilar to the previous experiments were noted, including an
additive incresse in gpoptotic cdls for the pedticide mixtures compared to the individua
pedticide treatments. Also, there was a sgnificant level of early gpoptosis in the Unt 16hours
samples, again suggesting cells undergo a certain level of spontaneous gpoptoss in culture
(Perandones et a. 1993, lllera et d. 1993). The leve of dead cells never exceeded 9%

indicating that a small amount of the cell death was attributed to possible necrotic processes.

Since splenocytes are a mixture of different immune cdls, mosly B and T lymphocytes, it
was of interes to examine if ether subset had increased sengtivity to the pesticides and
pesticide mixtures. B cdls were dightly more senstive than T cdls to both Md and PBO
treatment as noted by the higher levels of early gpoptosis. However, Lind, ML, MP and DEX

treatments induced the same level of apoptosis in both B and T cdls. In addition, B cdls
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were more susceptible to culture conditions and had a greater level of apoptoss in the Unt
16hours. Furthermore, EtOH induced a higher level of gpoptoss in the B cdls as wel. This
is condgent with a previous finding, which linked higher levels of apoptoss in B cels
treated with 0.4% or greater EtOH as compared to T cells (Slukin and Jerrells). The results
from this study reported a higher levd of dead cdls in both subsets than the 7AAD only
daning results. This could be explaned by the increesed handling involved in the daning

procedure and the sengitivity of cell following trestment.

The conggency in reults from dl three experiments drengthens the dam tha these
pesticides and pedticide mixtures are inducing gpoptoss in splenocytes.  There is no one
assay that can conclusively detect and measure apoptoss or necross in cels. Therefore, it is
important to examine multiple parameters, as done in this sudy, before drawing conclusions.

Particularly, since gpoptoss is a very rgpid event and it is dso likdy that both modes of cdll
death will occur smultaneoudy (Corcoran et d. 1994). Previous studies have indicated Md
induced apoptosis in a neuroblastoma cdl line and Lind induced apoptoss in fish splenic
immune cdls so the idea these pedicides are capable of inducing gpoptoss is not new
(Carlson et d. 2000; Sweet et d. 1998). However, the toxic additivity of ML and MP is an
important finding in regard to chemica interactions and immunotoxicity, particularly since
there has been limited literature in this area. In addition, there is much to be understood
about the mechanisms associated with the induction of apoptoss during chemical exposures
(Descotes 2000). In this regard, it is of interest to examine the pro-oxidant and antioxidant
datus of splenocytes trested with these pedticides and pesticide mixtures prior to and during

the induction of agpoptoss. Since oxidative dress has been implicated in both chemica
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metabolism and apoptods, measuring indices of it may offer indght to the oxidaive datus of
cdls undergoing apoptoss (Comporti and Pompela 1994; Buttke and Sandstrom 1994;

Slater et . 1995).
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Chapter IV Pro-Oxidant and Antioxidant Status of Murine
Splenocytes upon Exposure to Multiple
Pesticides In Vitro

4.1 Abstract

The widespread use of pedicides in the environment increases the likdihood of multiple
pedicide exposure, ether concurrently or sequentidly, over an organism's lifetime. Earlier
we reported that exposure to certan pedticides a low concentrations causes cytotoxicity
(both apoptotic and necrotic) in murine (C57BL/6) splenocytes in vitro in both concentration
and time- dependent manner. Because reective oxygen species (ROS) are known to be
involved in chemica-induced cytotoxicity, we examined the pedticide-induced oxidative
dress for lindane (Lind; an organochlorine), maathion (Ma; an organophosphate) and
piperonyl butoxide (PBO; a synergid) individudly and in combination (md/lind (ML) and
ma/PBO (MP)), in murine (C57BL/6) splenocytes in vitro. The pro-oxidant and antioxidant
datuses of the cdls were monitored as indices of oxidative stress.  The pro-oxidant activity
of the pedticides was monitored by the generation of hydrogen peroxide (H.O) viathe 2',7'-
dichlorofluorescin diacetate assay (DCFH-DA). Exposure to pedticides for 15 minutes
ggnificantly increased H,O, production above the controls, Ma 21.1%; Lind 10.8%; PBO
25.9%; ML 26.8%; MP 37.8%. The activities of antioxidant enzymes, such as superoxide
dismutase (SOD) and catdase (CAT) were not dtered by these treatments. However, the
levels of glutathione reductase (GR) and glutathione peroxidase (GPx) activities were
ggnificantly dtered when cdls were exposed to pedticides and/or pegticide mixtures for 12
hours. Thus, GR levds were sgnificantly reduced for the pedticide mixtures (control 51.7;

Ma 48.2; Lind 50; PBO 52.3; ML 40.5; MP 42 Unitmg) and GPx activity was severdy
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reduced for al pesticide treatments (control 44.9; Ma 30.2; Lind 30.6; PBO 32.4; ML 21.1;
MP 21.1 Unit¥mg). These results indicate that exposure to Ma, Lind and PBO induces
immunotoxicity, a least in part, via oxidative sress by both increased pro-oxidants and
decreased antioxidants levels in cdls.  Exposure of splenocytes to pedticide mixtures
increased ROS, such as H20O,, and decreased GPx activity a least in an additive manner

compared to the individud pesticide trestments.

4.2 Introduction

Pedicides are used in dl aspect of the environment-in public hedth programs, agriculture
and for nonagricultural purposes (Banerjee et d. 2001). Although pesticides have reduced
vector born diseases and offered lower cost and better quality food stuffs, the economic and
hedth benefits do not come without potentid risk and undesirable hedth effects The public
has been tolerant of the use of pedticides because of the benefits they provide, yet human,
animd and environmental hedth suffer due to repested or excessive exposure. The
widespread use of pedticides has crested a globa hedth concern, particularly because an
edtimated 85-90% of pesticides gpplied never even reach their target organisms (Repetto and

Baiga 1996).

Often exposure to pedticides is accidental and mild, yet in some cases severe pedicide
poisoning occurs, an edimated 3 million cases annudly, with 99% of those being in third
world countries (Banerjee et d. 2001). From the hedth perspective, the potentia for

occupationd or public exposure to multiple pesticides, ether concurrently or sequentidly, is
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vay likdy over the course of an organiam's lifetime (Smmons 1995). Despite exising
knowledge, many hedth rdated Sde effects of pedticide exposure, particularly of pedticide

mixtures, is sill not well understood.

ROS, such as superoxide anions (O2) and HO, are produced thouroughout the cells during
norma aerobic metabolism. The intracelular concentration of ROS is a consequence of both
their production and their removad by various antioxidants A mgor component of
antioxidant system in mammdian cells conggts of three enzymes, i.e, SOD, CAT and GPX.

These enzymes work in concert to detoxify O, and H20; in cdls. It has been established
that many pedticides are capable of inducing oxidative stress by overwhelming or modulaing
cdlular drug metabolizing sysems (Dikshith 1991). Oxidative stress occurs when there is an
imbaance between free radica generation and antioxidant defenses. It often results in severe
pathologica consequences, such as membrane disruption, DNA damage and protein damage

and cytotoxicity (Marks et d. 1996; Y ounes 1999).

The pedicides utilized in this sudy are mdathion (Md), lindane (Lind) and piperonyl
butoxide (PBO). Md is a generd use organophosphate pesticide and acetylcholine esterase
(AchE) inhibitor. It is this property that makes it such a potent insecticide with rlatively low
mammadian toxicity (Rodgers and Ellefson 1992). Md is commonly used in commercid
agriculture, households, and protection of domedticated animals and mosquito eradication
(Barnett and Rodgers 1994; ExToxNet 1998; Immig 1998). In the US aone, it is estimated
16.7 million pounds of Md ae goplied annudly. Mad is regpidly biotrandformed and

excreted; however it has been reported to be a neuro- and immunotoxicant (Dikshith 1991;
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Pruett 1992; Barnett and Rodgers 1994; Repetto and Baliga 1996). Lind, an organochlorine
and mixed function oxidase (MFO) inducer, is no longer produced in the United States but is
imported for use in foredry, seed grains trestment and flealtick/scabies shampoos (ExToxNet
1998; USEPA 2001b). It is extremely persstent in the environment and has the potentid to
biomagnify. Lind has been reported to induce oxidetive stress and membrane dysfunction in
in rat hepatocytes, erythrocytes and cerebra hemisphere (Barros et d. 1991; Dikshith 1991;
Junqueira et a. 1997; Koner et a.1998; Sahoo and Chainy 1998). PBO, a pedticide synergist
and MFO inhibitor, is used in combination with pyrethourins, pyrethouroid, rotenone and
carbamates to enhance their insecticide toxicity (USEPA 2000). PBO is often used on indoor
plants and on pets to control fless, ticks and ants. It is thought to have relatively low toxicity
but as an MFO inhibitor, it is implicated in disrupting drug or chemica metabolism (Anders

1968; Jaffe et a. 1968; Conney et d. 1972; USEPA 2000).

The immune sysem is extremedy sendtive to pedticide exposure and very low levels of
chemica may induce a response (Sharma and Reddy 1987). We have reported earlier (Ref.
Chapter 111) that the three pedticides (Md, Lind and PBO) induce immunotoxicity by causing
cytotoxicity in spleenocytes in culture via both apoptosis and necross mechanisms. These
cdls are mature immune cdls of the soleen, conasing ~90% of B and T lymphocytes, as
well as macrophages, neutrophils and eosinophils, and are useful in examining the toxic
potentiad of chemicas (Li e d. 1999). Oxidative stress has been implicated in immune cell
cytotoxicity but very little is understood about the mechanisms behind this reationship

(McConkey et al. 1994; Corcoran et a. 1994; Banerjee et a. 2001).
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In the present study, we have examined the effects of each pegticide and pesticide mixture,
ML and MP, for therr potentid to simulate oxidetive dstress in murine splenocytes in vitro.
Our results suggest that exposure to the above pedticides causes accumulation of ROS and
depletion of certain key antioxidant enzyme levels that may lead to oxideive dress in the

murine splenocytesin culture.

4.3 Materials and Methods

4.3a Animals

Eight- to twelve-week old mae C57BL/6 mice (Charles River Laboratories, Wilmington,
MA) was used for dl experiments.  The animals were maintained in accordance with U.S.
Department of Health and Human Services Guide for the Care and Use of Laboratory
Animals (National Research Council, 1996). The animals were housed in polycarbonate
cages with hard wood chip bedding in roomsin which the temperature (21 + 2° C), humidity

(50 + 10%), and light cycle (12 i/12 h lights) were controlled.

4.3b Pesticide Solutions

Mal (purity 99%), Lind (purity 99.5%) and PBO (purity 98%) were purchased from Chem
Services (West Chester, PA) and stock solutions (37.5 mM) were prepared using 100%
denatured ethanol. A working solution was made form the stock solution usng complete
phenol red-depleted, RPMI-1640 media (Gibco BRL, Rockville, MD; 10% FBS [Atlanta
Biologics, Norcross, GA], 2 mM L-glutamine, 0.1 mM non-essentidd MEM amino acids, 50

unitsml Penicillin/S0 pg/ml sreptomycin and 10 mM HEPES Buffer [Gibco BRL]) o that
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the fina concentration of ethanol in reaction mixture did not exceed 0.3%. Pegticide working
solutions were made in 4X stocks and exposed to cdlsin mediato provide a 1X in culture
conditions. To ensure cells were respongive to trestment, either Concavain A (ConA; 10
ug/ml), aproliferative agent, (Sgma Chemicd, St.Louis, MO), or Dexamethasone (1ug/ml)
(DEX), an apoptotic agent, (Sigma) were used. In addition, to exclude any effects due to the

minute quantities of ethanol as a solvent, control cells were cultured with 0.3% ethanal.

4.3c Isolation of Splenocytes

Immediately after the mice were sacrificed via cervicd didocation, the body weght was
measured and the spleen was removed asepticaly.  Quickly, the spleen weight was obtained
and 10ml of cold, incomplete phenol-red depleted RPMI-1640 media was added. The spleen
was dissociated by gently grinding againg a 60-mesh wire screen (Sgma).  The cdls were

pelleted a 250 X g, for 8 minutes a 4°C (IEC Centra GPSR, Internationd Ecuipment,

Needham Heights, MA). Erythourocyte lyses were performed by suspending the cel pellet
in 1 m of cold, complete, phenol red-depleted RPMI-1640 media, and adding 3 ml cold
ACK lyses buffer (0.15 M ammonium chloride, 1 mM potassum bicarbonate and 0.1 mM
EDTA, pH 7.4; Sgma) (Perandones et a. 1993; Ahmed and Sriranganathan 1994; Donner et
ad. 1999). The suspenson was incubated for 3 minutes on ice and diluted to 15 ml totd
volume with cold, complete RPMI-1640 media. Cells were pelleted as previoudy described
and rinsed two times with complete and incomplete media, respectively. The rinsed cdls
were counted on the CASY | Cdl Counter and Andyzer Sysem (Schafe Systems Gmbilt,

Revtlinger Germany) and diluted to 5x10° cell/m.
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4.3d Assay for Reactive Oxygen Species: DCFH-DA Oxidation Assay

The DCFH-DA assay was adapted to monitor pro-oxidant status of cdls. The theory in using
2,7’ -Dichlorofluorescin Diacetate is that upon entering the cdl, it becomes hydrolyzed to a
nonfluorescent andog 2'-7’'-dichlorofluorescene (DCF-H) and is trgpped in the cdl. In the
presence of cetan ROS intermediates, such as H»O, or low-molecular weight peroxyl
radicas or nitric oxide (NO), DCF-H is oxidized to a highly fluorescent 2-7'-
dichlorofluorescein  (DCF) molecule that can be measured in the presence of hydrogen
peroxide. ROS are moslly generated during oxidative respiratory burst or by phagosoma
peroxidase activation (Das and Misra 1994; Rothe and Vaet 1990; Wang et d. 1996; Wang
and Joseph 1999).

DCFH-DA - DCF-H - DCEF (fluorescent)

The generation of intracdlular ROS was peformed usng the DCFH-DA method described
in Bass et d. (1983; Das and Misra 1994) with dight modifications. Briefly, 25 mM 3-
amino-2,3,4-triazole (AT; Sigma), in PBS (Cdlgro), was added to a suspenson of
splenocytes (5 x 10°ml) in complete RPMI media (Murray et d. 1980). AT, a catdase
inhibitor, prevents catdase from scavenging H.O,. Prdiminary dudies verified AT a 25
mM concentration was not cytotoxic to the cdls. Cedls were incubated, on ice, for 15-17
minutes, in the dark. DCFH-DA (5 mM or 244 mg/ml in 100% derile EtOH; Acros, NJ)
was added to suspenson for a fina concentration of 5 MM or 1 ni/ml. The mixture was
incubated for 15 minutes at 37°C, in the dark. An unstained sample was aso incubated as a

negative contral.
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A fla bottom 96-wdl tissue culture plate (Codtar) was used for the following trestments
hydrogen peroxide 150 nM (H20,), ungtained (Ungt), ethanol 0.3% (EtOH), DCF only, Ma
(50 nM), Lind (70 mM), PBO (55 nM), ML and MP. An diquot of 5 x 10° cdls was
tranferred to each well. An Unst O hour and DCF only sample were observed for DCF
fluorescence on a Beckman-Coulter Epics XL/MXL flow cytometer. A separae culture plate
was set up for each time point (15, 30, 45, 60 minutes) and al were incubated a 37°C, 95%
humidity and 5% CO,, in the dark. A plate was removed at each specified time point and the
samples were observed via flow cytometry for DCF fluorescence.  The DCF fluorescence
peek of the DCF only was subtracted from dl the other samples using the Coulter Epics
Software v.1.5 Overton subtraction. The subtracted value represents the percent increase in

DCF fluorescence due to treatment effect. Each time point had a unique DCF only vaue,

used specificdly for that time point only.

4.3e Antioxidant Enzyme Assays

Washed splenic immune cells were diquoted into a round bottom 96-well tissue culture plate
(Cogtar) with the following treetments. Unt, EtOH 0.3%; Ma 50 niM; Lind 70 nivi, PBO 55
nM, ML and MP. For the Adrenochrome and CAT assays, cdlsfrom eight wels (5 x
10°cells/well) were pooled to obtain atotal of 4 x 10° cdls per sample. For the GR and GPx
assay’s, cdls from twelve wdlls (5 x 10°cdls'well) were pooled to obtain atotal of 6 x 10°
cdls per sample. A time-response curve was performed and 12 hour was found to be
sufficient to observe treatment differences. Plates were incubated for 12 hours (37°C, 5%
CO2, 95% humidity) and dl the wdls for a treatment were combined into one 1.5ml tube.

PBS (100ul) was added to each well, the samples were centrifuged (1000 X g for 20 minutes
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at 4°C) and the plate was placed onice. Two rinses were performed in this manner using
cold gterile PBS to rinse the wells, as well as wash the cdll pellet. Cells were resuspended in

80 m of cold PBS for Adrenochrome and CAT assays and 100 mi for GR and GPx assays.

For the adrenochrome assay, this suspension was freeze-thawed twice at —20°C. Samples
were centrifuged (20,000 X g, 10min, 4°C) and the dlarified supernatant was transferred to a
0.5ml gterile tube. Samples were stored at —20° C (short-term) or —70°C (long-term) for
enzyme assays. For the CAT, GR and GPx assays, the 100 i cdl suspension was sonicated,
onice, for two-5 second intervals at setting 1.0 (Fisher Scientific Sonic Dismembrator F550;
USA). Samples were centrifuged (20,000 X g for 10min at 4°C) and the clarified supernatant
was transferred to a0.5 ml seriletube. The CAT, GR and GPx samples were not frozen.

Protein concentrations in al samples was estimated with the Bradford Protein Assay using

bovine serum abumin as standard (Bradford 1976; Sigma).

4.3e.1 Superoxide Dismutase Assay

Superoxide dismutase catalyzes the dismutation of superoxide radicals. Q, according to the
resction:

207" +2H+ > HO, + Oz
Epinephrine is dable in acidic solution but auto-oxidizes with increesng ease as the pH is
devated. Thus, a pH 10.2 and at 30°C, the auto-oxidaion of epingphrine is rapid, with a
linear rate (after an initid short lag) of converson to the oxidation product, adrenochrome

(Misra 1985). By measuring the rate a which SOD decreases this Oy -dependent
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autoxidation reection, the specific activity of SOD in each sample can be cdculated using
this Adrenochrome assay (Misra and Fridovich 1972). A unit of SOD is defined as the
guantity of SOD required to produce a 50% inhibition in the rate of the conversion of
epinephrine to adrenochrome, under specified conditions. The specific activity of the
enzyme was measured Smilar to the method described in Misra and Fridovich (1972) with
dight modification. Briefly, in a 0.5ml quartz cuvette, 485ul of 30°C, 0.05M NaHCOs-
NaCO; buffer (pH 10.2, 10* M EDTA; Sigma) and 15ul of epinephrine 102 M (DL-
epinephring; store < 5 days, Sigma) were mixed and a kinetic rate OA/min; 480 nm; 30°C)
was obtained on the Shimadzu UV Spectrophotometer with CPS Temperature controller
(Modd UV160; Kyoto, Japan). The amount of epinephrine was aljusted until a rate of 0.025
+ 0.002 was obtained. Then < 25 m of sample was added and the reaction rate was recorded.
The change in rate, or DA/min, for each sample was compared to the epinephrine control.
The percent the sample inhibited epinephrine auto-oxidation was caculated as percent
inhibition (see below). Epinephrine only samples were taken every 6 samples and adjusted
as necessay to keep 0.025 per minute rate.  Each sample was measured in triplicate and a
tota of four experiments were performed.  Specific activity (Unitsmg protein) was

cdculated using the DA/min asfollows:

A = Epinephrine DA/min a 480 nm
B = Sample DA/min
C = Protein content, mg/ml

Percent Inhibition (P1)= (1- [B/A]) x 100
VSso = Volume (ul) of sample needed for 50% inhibition; contains 1Unit of SOD

Units of SOD/ ml = 1000/V Ssg

Specific Activity = Units of SOD/ml = Units of SOD/mg protein
mg protein/ml

119



4.3e.2 Catdase Specific Activity

Catdase is an enzyme that scavenges hydrogen peroxide and converts it to water and
molecular oxygen.

2H02, > 2H,O0+ 0O,
By monitoring the rate of breskdown of H,O, spectrophotometricaly the specific activity of
catalase, in each sample, can be calculated. One unit of catalase is equivalent to the amount
of protein necessary to decompose 1 nM of H,O, per minute under specified conditions at

25°C (Beersand Sizer 1952).

The following procedure was adapted from Beers and Szer (1952) and the Worthington
Enzyme Manual (1972) to determine the specific activity of catdase. Briefly, the following
reagents were added to a 0.5 ml quartz cuvette,: 167 m of substrate, (0.053 M HO,; Sigma)
in 0.05 M potassum phosphate buffer, pH 7.0, 25°C), ~25m of sample and bring to a find
volume of 0.5 ml with 25°C, 0.05 M potassum phosphate buffer, pH 7.0 and the rate of
decrease in aisorbance at 240 nm was monitored on a Shimadzu UV Spectrophotometer at
25°C. Each sample was measured in triplicate and a totd of four experiments were
peformed. The specific activity was cdculated usng the extinction coefficent of H,O, 43.6

Mt cmitas follows (Beers and Sizer 1952; Kukucka and Misra 1993):

Unitsml = DA/min a 240 nm X cuvette volume (ml) x dilution factor x 1cm lightpath
43.6M™* cm* x sample volume used (ml)
Specific Activity = Unitgml
mg/ml protein
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4.3e.3 Glutathione Reductase Specific Activity

Glutathione reductase reduces oxidized glutathione (GSSG) to restore intracdlular
concentrations of reduced glutathione (GSH). It uses the cofactor NADPH for this reduction.
By monitoring the oxidation of NADPH to NADP' on a UV spectrophotometer at 340nm,
the specific activity (unitsmg protein) of GR can be cdculaed. One unit of GR is
equivalent to the amount of enzyme necessary to catalyze the oxidation of 1 mivi NADPH per
minute.

NADPH

GSSG \ » 2GSH

NADP*
The measurement of GR was adgpted from the Carlberg and Mannervik method with dight
modifications (1985; Sies and Akerboom1984; Anderson et d. 1983). Briefly, in a 0.5 mi
quartz cuvette, add 175m of assay reagent (freshly prepared with 1 ml 1.0 M Potassum
Phosphate buffer, pH 7.6; 2 ml 0.05% BSA solution 0.1 M KPO, buffer; 2 ml 1 mM NADPH
in gerile dH20; and 2 ml oxidized glutathione (GSSG) in derile dHO; Sigma), < 25 m of
sample and volume was brought up to 0.5 ml with 25°C dH,O. The DA/min of the reaction
was monitored on the Shimadzu UV spectrophotometer (340 nm, 25°C). Each sample was
measured in triplicate and a totad of four experiments were performed.  The specific activity
was cdculated using the extinction coefficient of NADPH 622 x 10° nM™ cm? (Merck

1996);

(Notee A reference blank containing al components except the sample was used for
obtaining the background rate. This background rate was subtracted from dl other rates prior
to caculating the specific activity).
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Unitml = DA/min 340 nm X cuvette volume (ml) x dilution factor X 1 cm lightpath
6.22x 10° M "t cm? x volume of sample (ml)

Unitgml
mg/ml protein

Unit¥mg protein

4.3e.4 Glutathoine Peroxidase Specific Activity

Glutathione peroxidase catdyzes the reduction of hydroperoxides by utilizing reduced
glutathione (GSH) as a reductant. By coupling this reaction with GR, the specific activity
(unitmg protein) of GPx can be cdculaed by monitoring the reduction of NADPH
gpectrophotometricaly a 340 nm. One unit of GPx is equivdent to the amount of enzyme
necessary to reduce 1 nmM of NADPH per minute at 37°C under specified conditions (Tappel
1978).

ROOH + 2GSH - ROH + GSSG + H,0O

GSSG + NADPH - 2GSH + NADP?

The meassurement of GPx was adgpted from Tappd with dight modifications (1978;
Mannervik 1985). Brigfly, in a 0.5 ml quartz cuvette, add 4625 m of fresh, 37°C coupling
mixture (0.25 mM reduced glutathione, 0.12 mM NADPH, 1 unit/ml of GR (from dried
bakers yeast) in Tris-HCI buffer, pH 7.6; Sigma), 12.5 m of fresh cumene hyrdoperoxide (1.0
mg/ml by weght; Sgma) and < 25 m of sample The totd volume in the cuvette was
adjusted to 0.5 ml with Tris-HCl buffer (Fisher Sientific), pH 7.6, 37°C. The DA/min was

recorded on the Shimadzu UV spectrophotometer (340 nm, 37°C). Each sample was

measured in triplicate and a total of four experiments were performed. The specific activity
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was cdculated using the extinction coefficient of NADPH 622 x 10° mM™ cm? (Merck
1996).

(Note: A reference blank containing al components except the sample was used for

obtaining the background rate. This background rate was subtracted from al other rates prior

to caculating the specific activity).

Unitml = DA/min a& 340 nm x volume of cuvette (ml) x dilution factor x 1cm light path
6.22 x 10° mM "* et x volume of sample (mi)

Units/mg protein = Unitgml
mg/ml protein

4.3f Statistical Analysis

SAS 8.0 software (SAS Ingdtitute Inc., Cary, NC) was used for data analyss. The DCFH-DA
results were andyzed using arandomized complete block design with no sub-sampling. The
enzyme assays were andyzed using arandomized complete block design with sub-sampling.
Pre-gpecified contrasts were outlined in the experimenta design. The Mixed Procedure
alowed for the comparison of each treatment to other specified trestments to determine
whether a Satisticd difference was evident. Data are presented as |least square means (LSM)
+ standard error of the LSM (SEM). If p > 0.05 then the treatments were not atistically

different.

4.4 Results

4.4a Assay for Reactive Oxygen Species: DCFH-DA Oxidation Assay
Figure 4.1 shows the measurement of intracelular reective oxygen intermediates usng the

flow cytometric DCFH-DA assay, with the addition of 25 mM 3-amino-2,3,4-triazole (AT),
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15 minutes following pedicide treatment. AT was added to inhibit catdase, a potent
scavenger of H»O», which could compete with DCFH for H>O» and possibly reduce DCF
fluorescence (Murray et a 1980; Darr and Fridovich 1986). Such competition was noted, for
when trestments were incubated with AT the DCF fluorescence was greater than those same
treatments without AT (Appendix C Table C.1 and. C.2). The percent increase in DCF
fluorescence for each sample compared to the DCF only treatment is presented and an
increese in intracelular ROS for dl trestments was observed (Figure 4.1). The H»O»
treatment (pogitive control) had the greatest DCF fluorescence (86%) followed by MP (38%).
The Lind trestment had the least DCF fluorescence (11%). All other treatments were smilar
in the extent of their DCF fluorescence (Mal 21%, PBO 26%, ML 27%). Md and ML were
not datidicdly different (p > 0.05), while Lind and ML were datigticdly different (p < 0.05).
Also, Md to MP and PBO to MP were datigticaly different (p < 0.05) in their levels of DCF
fluorescence.  Splenocytes were aso measured for DCF fluorescence a 30, 45 and 60
minutes following treatment (Appendix C Table C.2). The peak fluorescence ranged
between 15 and 30 minute following exposure, depending on the treatment, and decreased

from 30 to 60 minutes.

The addition of NO modifying chemicads was performed, with no AT present, and cells were
andyzed for DCF fluorescence via flow cytomery (Table 4.A). L-NAME (1 mM; N-
(omega)-nitro-L-arginine methyl ester; Oxis Intl. Eugene, OR), a NO synthase inhibitor, did
not increase DCF fluorescence. When it was added in the presence of pegticide mixtures, the
caculated percent increase in DCF fluorescence was the same as with no L-NAME present.

PTIO (200 nM; 2-phenyl-4,4,5,5-teiramethylimidazone-1-oxyl-3-oxide; Oxis Intl.), a NO
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scavenger, actualy increased the amount of DCF fluorescence.  In addition, when PTIO was
added in the presence of pedicide mixtures, the cadculated percent increase in DCF
fluorescence was the same as with no PTIO present. Also, the addition of SNP (1 mM,

Sodium Nitroprusside, Sigma), a NO donator, increased DCF fluorescence (data not shown).

4.4b Adrenochrome Assay

Prior to beginning the enzyme assays, it was necessary to determine the length of incubation
that was appropriate to observe fluctuations in enzyme activity. The SOD Adrenochrome
Assay was used to identify the length of incubation (Appendix D Figure D.1). It was
determined, based on this and other preliminary data (such as cdl cytotoxicity studies, refer

to Chaper 1ll), that 12 hours of incubation was sufficient to examine potentia changes in

enzyme activity.

Figure 4.2 shows the specific activity (unitmg protein) of SOD in each sample after 12
hours of incubation with peticide and pedicide mixtures (Unt, Ma 50 M, Lind 70 niM,
PBO 55 nM, ML, MP). Stidicdly, there was no treatment effect observed in glenocyte

SOD levelsfor any of the pesticide or pesticide mixture trestments (p < 0.05).

4.4c Catalase

Figure 4.3 shows the specific activity (unit¥mg protein) for catalase in eech sample.  There
were no datidicdly dgnificant differences (p < 0.05) between any of the treatments. It
should be noted however that there was a sgnificant decrease in catdase activity between dl

treatments (except EtOH) and the Unt O hour (p < 0.05 data not shown).
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Figure 41. Measurement intracdlular reective oxygen intermediates by the DCFH-DA
assay, with the addition of 25 mM 3-amino-2,34-triazole (AT), 15 minutes following
treatment. Splenocytes remained either untreated or were dosed with pegticides and
pesticide mixtures (Md 50 nM, Lind 70 M, PBO % nM, ML and MP) or HO; (150 niv)
for 15, 30, 45 and 60 minutes (only 15 minutes shown). AT was incubated with the cells for
15 minutes, then DCFH-DA (5 nM) was added and cells were incubated for an additiona 15
minutes. DCFH-DA sained splenocytes were added to the chemical trestments, in a 96-wl
tissue culture plate, and incubated for 15 minutes (37°C, 5% CO,, 95% humidity, in the dark).
Flow cytometry andyss of samples was peformed and DCF fluorescent pesks were
obtained for each treatment.

Notes. The DCF only fluorescence pesk area was subtracted from the DCF fluorescence
pesk area for each trestment. This value, the percent increase in DCF fluorescence, is
presented above for each treatment as the mean of 3 experiments + SEM. Treatments with
smilar letters were NOT datidicdly different (p > 0.05) from each another. All other
contrast examined were Setidticaly different (p < 0.05).
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TABLE4.A

DCFH-DA Assay for splenocytes trested with pesticide mixtures in the presence of L-
NAME, PTIO or SNP to investigate the role nitric oxide has in DCF fluorescence.  Solutions
were mixed and incubated as described in Figure 4.1, except 1 mM L-NAME or 200 iV
PTIO was to the cdls immediaely following isolation and incubated for 20 minutes before
DCFH-DA (5 mM) was added, aso no AT was added. 1 mM SNP was added to the samples
when the DCFH-DA was added. Cells were incubated for 15 minutes a 37°C in the dark and
were diquoted into trestments. Trestments were set up for 15, 30, 45 and 60 minutes (only
15 minute shown) and O hour samples were taken for al trestments except those with
pedticides. Samples were andyzed via flow cytometry and the percent increase was
caculated as described in Figure 4.1.

Treatments % Increase in DCF Corrected %
(DCF +) Fluorescence® Fluorescence
ML 19 na
MP 15 na
L-NAME 3 0°?
L-NAME + ML 23 20 °
L-NAME + MP 19 16 °
PTIO 30 0°
PTIO + ML 50 203
PTIO + MP 46 163
SNP 30 na
Notes:

The % fluorescence describes the increase in fluorescence for each sample above these
designated samples:

! DCF only -fluorescence

2 DCF + L-NAME fluorescence

3 DCF + PTIO fluorescence

na indicates no subtraction was performed
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Figure 4.2. Measurement of superoxide dismutase (SOD) activity in splenocytes treated with
pesticide and pesticide mixtures usng the Adrenochrome Assay. Cdls were incubated 12
hours with pegticide and pegticide mixtures (Unt, Ma 50 nM, Lind 70 niM, PBO 55 nM, ML,
MP). A rate of 0.025 A/min was achieved by mixing 0.05 M NaHCO3-N&CO3 buffer (pH
10.2, 10* M EDTA) and a volume of epinephrine (102 M stock) on UV spectrophotometer
(30°C; 480 nm). Then the rate, or DA/min, each sample inhibited this Epi autooxidation was
obtained and used to calculate the specific activity (Unitsmg protein).

Notes. The specific activity of each sample is presented above as the mean of 5 experiments

+ SEM. Sidicdly, no tretment effect by any of the pedticide or pesticide mixtures was
observed (p < 0.05).
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Figure 43. Measurement of catadase specific activity in splenocytes trested with pesticide
and pedicide mixtures by monitoring the breskdown of H,O, spectrophotometrically at 240
nm. Cdls were incubated 12 hours with pesticide and pesticide mixtures (Unt, Ma 50 niM,
Lind 70 niM, PBO 55 nM, ML, MP). The rate, or DA/min, each sample degraded H,O,» was
measured by mixing 167 m substrate (0.053 M H,0O») with 0.05 M potassum phosphate
buffer (pH 7.0) and a certain sample volume (find volume is 0.5 ml) and obtaining a rate on
a UV spectrophotometer (25°C, 240 nm). This rate was then used to calculate the specific
activity (Unitsmg protein).

Notes. The specific activity is presented as the mean of 5 experiments + SEM. Statidicaly,
no treatment effect by any of the pesticide or pesticide mixtures was observed (p < 0.05).
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4.4d Glutathione Reductase

Figure 4.4 shows the specific activity of GR in splenocytes trested with pesticides and
pedicide mixtures. There were datidicdly sgnificant differences (p < 0.05) between the
untreeted and both pesticide mixtures (ML and MP). In addition, the mixtures and each of
thelir corresponding individud pedticide trestments were ddidicaly different in terms of GR
gpecific activity. It should be noted that there was sgnificant changes in the GR activity for

al treatments (except PBO) and the untreated Ohour sample (p < 0.05) (data not shown).

4. 4e Glutathione Peroxidase

Figure 4.5. shows the specific activity of GPx in splenocytes treated with pesticides and
pedicide mixtures. Treatments with similar numbers were NOT datidicdly different from
each other (p > 0.05). However, treatment effects were observed between al pesticide
treatments and the untreated (p < 0.05). Also, for both the ML and MP treatments GPx
activity was datidicdly different from the corresponding individud pedticide trestments. It
should dso be noted the untreated O hour sample had a sgnificantly greater leve of GPx than

al the other trestments (p < 0.05).
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Figure 44. Measurement of GR activity in splenocytes trested with pedticide and pegticide
mixtures by monitoring the oxidatiion of NADPH spectrophotometricdly a 340 nm. Cdls
were incubated 12 hours with pesticide and pesticide mixtures (Unt, Mal 50 mniM, Lind 70
nmM, PBO 55 nM, ML, MP). The rate, or DA/min, eech sample oxidized NADPH was
obtained by mixing 175 m of cocktal (contaning 1 ml 1.0 M Potassum Phosphate buffer,
pH 7.6; 2 ml 0.05% BSA solution 0.1 M KPO, buffer; 2 ml 1 nM NADPH in gerile dH20;
and 2 ml oxidized glutathione (GSSG) in gerile dH,0), < 25 i of sample and 25°C didtilled
water (find vol. 0.5 ml) and measuring on a UV spectrophotometer (25°C; 340 nm).  This
rate was then used to ca culate the specific activity (Unitsmg protein) for each sample.

Notes. The specific activity is presented as the mean of 5 experiments + SEM. Treatments
with similar |etters are satisticaly different from each other (p < 0.05).
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Figure 45. Measurement of GPx activity in splenocytes trested with peticide and pesticide
mixtures by monitoring the oxidation of NADPH spectrophotometricdly a 340 nm. Cdls
were incubated 12 hours with pedticide and pesticide mixtures (Unt, Ma 50 niM, Lind 70
nM, PBO 55 nM, ML, MP). The rate, or DA/min, each sample oxidized NADPH was
obtained by mixing 4625 m of coupling mixture (0.25 mM reduced glutathione, 0.12 mM
NADPH, 1 Unit/ml of GR (from dried bakers yeast) in Tris-HCI buffer, pH 7.6), 125 m of
fresh cumene hyrdoperoxide (1.0 mg/ml by weght), < 25m of sample and 0.05 M Tris-HCl
buffer, pH 7.6, 37°C (find volume 0.5 ml). This rate was then used to caculate the specific
activity (Unitsmg protein).

Notes. The specific activity is presented as the mean of 5 experiments + SEM. Treatments
with similar numbers were NOT datidticdly different from each other (p > 0.05). However,
a treatment effect was observed between al the treatments as compared to the untreated
sample (p < 0.05). In addition, ML and MP GPx leves were gdtigticaly different from the
corresponding individua pesticide treatments.
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4.5 Discussion

This sudy examined the potentid mdathion, (50), lindane (70), PBO (55) and mixtures of
those pedicides (ML and MP) had in incressng pro-oxidant leves and modulating
antioxidant enzymes. The pro-oxidant levels were examined and each chemicd, in particular
each mixture, increased the amount of intracdlular ROS. Also, the antioxidant enzyme
activity was monitored and no effect on ether SOD or CAT in any of the trestments was
observed. However, GR was moderately decreased for the pesticide mixtures and GPx was
severdy reduced in dl trestments. It appears these pedticides, particularly the mixtures,

induced oxidative stress and interfere with the glutathione enzyme system.

The role ROS or free radicds play in the induction of gpoptoss, particularly in immune cels,
has been an area of discusson for some time (McConkey et d. 1994; Corcoran et d. 1994).
Previous evidence supports this relaionship between the two events (Forrest et a. 1994,
Beaver and Waring 1995; Torres-Roca et a. 1995; Stoian et a. 1996; Gorman et a. 1997,
Bustamante et d. 1997). However, none of these reports examined the level of free radica
generation in splenocytes as a result of chemica exposure. In the previous chapter, apoptoss
was detected in solenocytes trested with these chemicds In this study, an increase in
intracdlular ROI's, such as H»O, or nitric oxide (NO), was measured after 12 hous of
incubation with pedticide and pesticide mixtures. The mixtures had a greater leve of ROI
production than any of the individud treatments, however the effect was not additive. In
addition, an increase in DCF fluorescence occurred when AT was added to the cultures.
Snce AT is an inhibitor of catdase, a scavenger of HO,, and inhibition of it increased

fluorescence, it is clear that HO- is being generated upon chemica exposure.  Other studies
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have indicated that addition of H,O, in murine cdls increased the level of apoptoss in that
culture, implicating the increase in intracdlular ROl as a possble inducer of gpoptoss
(Stoian et a. 1996). Also, two studies on thymocyte apoptosis detected increases in ROI

production with increases in apoptosis (Torres-Roca 1995; Bustamante et a. 1997).

Another common ROI is NO. NO has been implicated in oxidizing DCF-H to DCF, as well
as apoptotic processes, nitric oxide pathways were observed (Gunasekar et a. 1995; Brune et
d. 1997; Dimmder and Zeher 1997; Gabrid et a. 1997, Wang and Joseph 1999).  The
addition of SNP increased DCF fluorescence confirming the presence of NO would result in
the oxidation of DCF-H in this experimenta sysem. L-NAME, is an inhibitor of nitric oxide
synthase (NOS) and therefore inhibits NO production (Brune et d. 1997; Dimmder and
Zeiher 1997). L-NAME had no effect of fluorescence when added with DCF only and when
added in the presence of the pesticide mixtures (+DCF) it did not decrease the fluorescence
from the levels observed with pedticide mixtures.  Therefore, it is reasonable to conclude
that NOS is not involved in the increase in ROl noted in the DCFH-DA assay. PTIO, an NO
scavenger, was expected to compete with DCF-H for NO if NO was being generated due to
pesticide exposure.  PTIO actudly increased DCF fluorescence when added with DCF only.

However, when it was added to the pedticide mixtures, it had no effect on the leve of
fluorescence generated by pedticide exposure.  This indicates that NO is not the intracdlular
ROl generated by the cdls following exposure to pesticide mixtures.  The incresse of DCF
fluorescence due to PTIO is explainable if PTIO was scavenging even the smdl levels of NO

and freeing superoxide anions to form more H,O».
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The increase in pro-oxidant levels in treated splenocytes implies the possble onsat of
oxidative dress.  This led to the examinaion of certain key antioxidant enzymes. Often
antioxidant enzyme levels are used as indices oxiddive dress  Reatively few reports have
been published tha examine the <specfic activity of antioxidant enzymes in murine
glenocytes, nether beng in vitro (Azenabor and Hoffman-Goetz 1999; Avula and

Fernandes 1999).

This sudy examined the levels of four antioxidant enzymes in cdls exposed to the pedticide
and pedicide mixtures. There was no treatment effect observed on either SOD or CAT
gpecific activity. A previous sudy of human serum samples from individuals poisoned with
Lind or Md indicated increased leves of both enzymes following exposure (Banerjee et d.
1999). However, in rats the dose and length of exposure seemed to play a role. In ras
acutely dosed with lindane, a decrease in SOD and catdase was observed, while in short-
term, low dosng experiment SOD levels were enhanced but catdase was not affected
(Junqueira et d. 1986; Barros e d. 1991). A subchouronic study on rats trested with
moderate doses of lindane had increased SOD (Koner et d. 1998). In summary, it appears
the species, dose and length of exposure determines the extent to which each of these
compounds influences SOD and cadase activity. This makes it difficult to rdate previous
findings to this sudy on murine immune cdls. However, the findings in this sudy do
provide ingght into SOD and catdase enzyme response to pedicide exposure in murine

splenocytes.
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Although there was no effect on these enzymes following 12 hours of treatment, it is useful
to know in freshly harvested splenocytes, from C57BL/6 mice, that SOD levels were 125
Unitmg protein and the catdase levels were 9333 Unitmg protein.  Also, interesting is
after 12 hours in culture with no treatment, SOD levels were not Sgnificantly different than
a 0 hours (96 Unit¥mg), whereas catadase levels had dropped to 7730 Unit¥mg and were
ggnificantly different than the O hour vaues. It has been important to consder what occurs
to immune cells when put in culture. Perandones et d. (1993) and lllera et a. (1993) point
out immune cdls in culture undergo a cetan level of spontaneous apoptosis.  When
examining enzyme regulaion and apoptods, it is criticad to condder the dae of the cdls
upon harvesting. In the previous chapter, we reported there was negligible levels of
gooptosis in splenocytes a O hour (upon harvesting) but by 12 hours there was ~25%
gpoptosis in the untreated cultures. It is evident, spontaneous apoptoss was occurring and
could attribute to the drop in catdase enzyme activity or possbly a drop in catalase acitivity
activates spontaneous gpoptosis. Ellerby and Bredesen (2001) examined the levels of
antioxidant enzymes in cultured cdls and dress the importance in examining cdls a 0 hours,
prior to tretment or culture conditions, particulaly when looking a biochemica enzymes in

cells prone to spontaneous apoptoss.

A dgnificant decrease in GR activity was observed in the pedticide mixture trestments only.
Since GR redores the level of reduced glutathione (GSH), an important antioxidant
molecule, depletion of this enzyme coud daffect the ability of the cels to metabolize these
compounds. GSH is important role in Ma and Lind metabolisn (Banerjee et d. 2001).

With this in mind, it is likey reduction of GR has the potentid to induce oxiddive dress in

136



splenocytes treated with these pesticide mixtures. The onset of oxidative dress can result in
cdl injury and posshbly cdl desth and, as mentioned earlier, could even be implicated in the
triggering apoptoss (Ref. Chapter 111). Previous studies on these chemicas and GR provide
vaied results. Most experiments were conducted in liver tissue or blood samples and not
immune cells. For ingtance, rat GR was not affected by a single injected dose or short-term
feeding of lindane, however, a sudy that injected rats with a high dose of lindane reported
suppression of GR, 24 hour following treatment (Junqueira e a. 1986; Barros et a. 1991;
Agrawd et d. 1991). Furthermore, humans poisoned with lindane had an increase in serum
GR however Md dgnificantly decreased blood and lymphocyte GR (Banerjee et d. 1999).
It is difficult to compare GR fluctuations in these chemica tresiments since the effect is
dependent upon the species, the dose and length or frequency of exposure. Also, in some
ingances the GR samples were frozen a —20°C, which has not been recommended when

quantitating total enzyme levels (Carlberg and Mannervik 1985).

At 0 hour, GR levels were at 58.3 UnitYmg protein. By 12 hours in culture the levels had
ggnificantly dropped to 51.7 Unitmg. Agan, as with catdase, this enzyme is dightly down
regulated when the cdls are placed in culture. One study indicated the levels of GR in the ra
gpleen were third highest of any tissue examined, with just the liver and kidney being greater
(RAl and Lehninger 1952). Few <udies on immune cels have examined GR leves,

therefore thereislittle literature to support the Units'mg found in these splenocyte cultures.

GPx was dso measured and a significant decrease in activity was observed. Since GPx is a

vitd defense mechanism agangt peroxidative damege of biologicd membranes and the
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generation of free radicds, inhibition could lead to cdlular oxidative dress (Mannervik 1985;
Agrawd et d. 1991). This is likey, especidly since the levels of hydrogen peroxide were
elevated, as noted in the DCFH-DA assay. Previous studies indicated human erythrocytes
had an increased level of GPx activity upon Ma or Lind poisoning (Banerjee et d. 1999).
However, acute exposure (80 ppm) or short term feeding of bw doses (20 mg/kg/day) of
lindane did not have any effect on rat liver GPx leves (Junqueira et d. 1986; Baros e d.
1991).  Yet, Agrawd et d. (1991) did indicate a dgnificant reduction of GPx following
acute exposure (300 mg/kg) of lindane in rat erythrocytes. Rat cerebra brain homogenates
adso had a sgnificant decrease in GPx following acute low dose exposure (Sahoo and Chainy
1998). As with GR, it is difficult to compare GPx fluctuations following chemica exposure
since the effect gppears to be dependent upon the species, the dose and length or frequency of

exposure.

At Ohour, GPx control leve was 76.9 Unitsmg protein. By 12 hours in culture the levels had
ggnificantly dropped in the untrested samples to 44.9 Unit¥mg. Again, as with catalase and

GR, this enzyme was down regulated when cedlls were placed in culture.

Ovedl, this sudy provides a foundation for in vitro dudies on immune cdls, chemica
exposure and enzyme andyss. Increased ROl generation was detected and was more
enhanced for the pedticide mixtures than the individua pegticides. Also, after 12 hours of
exposure, prior to peaks in apoptoss (Ref. Chapter 111), GR levels were reduced by the
pesticide mixtures and GPx was down regulated by dl treetments. This clearly indicates the

modulation of the GSH enzyme system and the potentid onset of oxidative dress following

138



exposure to these pedticides, particularly the pesticide mixtures. Furthermore, the specific
activity caculated for each enzyme in these splenocyte cultures, is one of the few published
dudies to examine these enzymes in the solenocytes of C57BL/6 mice and will be useful to
future studies. Future work should be focused on the glutathione associated enzymes and the
GSH:GSSG ratio of cdls.  This may provide a better understanding of the mechanisms

associated with oxidative stress and the induction of apoptosis noted in the previous chapter.
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Conclusions

1 Maathion 50 M, Lindane 70 miM and PBO 55 nM induced cytotoxicity in C57BL/6
murine splenocytes. An additive increase in cytotoxicity was induced by the
pesticide mixtures, ML and MP, compared to the corresponding individua pesticide

treatments.

2. Apoptosis was detected in splenocytes treated with pesticide and pesticide mixtures in
three assays. Cytologic Identification of Apoptoss, DNA Ladder Formation and
7TAAD Staning. Each assay dso detected a smdl degree of necross in the cdls.
The pedicide mixtures induced greater toxicity than the corresponding individua

pesticide trestments.

3. The 7AAD Staning Assay reported additive increase in early apoptotic cdls

compared to the individua pesticides.

4, B lymphocytes had a greater level of gpoptoss than T lymphocytes for the Md and
PBO trestments. The mixtures and Lind treatments induced a Smilar amount of B

and T cellsto be early apoptotic.

5. An increese in intracdlular reactive oxygen intermediates was detected following
pesticide and pesticide mixture exposure, as measured in the DCFH-DA Oxidation

Assay.
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6. Superoxide dismutase and catadlase specific activity were not Sgnificantly dtered by

the pesticides and pesticide mixtures.

7. Glutathione reductase specific activity was not changed by individua pedticides but

was dgnificantly reduced by the pesticide mixtures.

8. Glutathione peroxidase specific activity was sgnificantly reduced by individud

pesticides and pesticide mixtures.

Thus, the pedicides examined in this dudy, a cetan concentrations, induced
immunotoxicity by causng both gpoptotic and necrotic deeth of splenic immune cdls in
vitro.  Further, the pedticides induced oxidative stress by increasng pro-oxidants and
decreasing some of the mgor antioxidants in these cdls. Overdl, peticide mixtures induced
a greater level of toxicity and oxidative sress compared to the individud pedticide

treatments.
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Future Work

Future research will focus on the oxidative status of splenocytes treated with these pedticides
and pedicide mixtures. For ingance the glutathione pathway will be more closdy examined
by measuring the ratio of reduced to oxidized glutathione, as wel as by determining if a
sdenium deficiency is atributing to the reduction in glutathione peroxidase activity. In
addition, antioxidant compounds, such as vitamin E or vitamin C, will be added to the
trestments to observe any amdioration in  pedicide toxicity. Furthermore, eectron
paramagnetic resonance sudies will be performed to characterize which reective oxygen

species are involved.

Eventudly, these in vitro results will be compared to results obtained from a future in vivo
sudy using the same pedticides and pedticide mixtures. A long-term god is to dso perform
these pedticide exposure studies on edely and juvenile mice and chaacterize any age-

related differences.
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Appendix A. Flow Cytometry Output: Histograms for 7AAD Staining Assay
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Figure A.1. Histograms representative of flow cytometry output for the ZAAD Staining Assay. The first column represents ouput for
the \-gate. At O hour cdls were measured by size (forward scatter; FS; y axis) and granularity (Sde scetter; SS; x axis). A gate was
drawn a O hour around the densest cdl population (included ~80% of the totd cells). Dispersd of cells from this gate was monitored
following treatment and the percent of cells remaining in the gate was messured. C57BL/6 murine splenocytes were treated with Md
50 mM (M), Lind 70 nM (L), PBO 55 nM (P), ML or MP for 16 hours. An Unt 16 hours (U), EtOH 0.3% (E) and DEX 10 ng/ml (D)
were aso performed. Refer to the 7AAD Saining Assay protocol for the detals of experimental set up. The percent of cells (of n =
5000 events) remaining in the gate after treatment is presented as the \Lgate vaue. The second column has hisograms with 3 distincet
divisons. Each division is specific to a 7AAD gaining intensity, 7AAD™!  (live), TAAD™ %3 (egrly gpoptotic) and 7AADDbright(
dead). The percent of cels (of n = 5000 events) stained, in each intensty, was given for each sample. Data is a representative of one
replicate in one experiment.
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Concluson:  The higograms of flow output offer a visud representation of assessng
treetment effect. The shift of cels from within the V-gate to outsde is an indicator of the
potentid toxicity induced by each trestment. Particulaly it can indicste when a cdl
populations is undergoing gpoptosis.  For ingtance, cdls often shourink and become more
granulated when gpoptotic. When measured on the flow cytometer, these changes would ke
reflected by a shift in the population toward the lower right corner of the higogram. As
noted from these representative histograms, the cdl populaions did shift from the gate

toward the lower right quadrant.

Also, the ability to gate on three different daning intengties indicates the versility of the
7TAAD daning assay. However, it is criticd to use caution when desgnating the gates that
separde the intengties. It is essentid to analyze various controls and monitor the samples

over time to observe the progression of saining intensity.
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Appendix B. Flow Cytometry Output: Histograms for 7AAD Staining Assay with Monoclonal Antibodies.
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Figure B.1. Histograms representative of flow cytometry output for the 7-AAD Staining Assay in combinaion with two fluorescently
labdled monoclond antibodies-- R-PE:CD45R/B220 and FITC:CD90.2 (Thy-1.2). C57BL/6 murine splenocytes were treated with
Mal 50 nM (M), Lind 70 nM (L), PBO 55 nM (P), ML or MP for 16 hours. An Unt, EtOH 0.3% and DEX 10 ng/ml were dso
peformed. Refer to the 7AAD Saining Assay with Dual Monoclonal Antibodies protocol for experimental details. Cells were sorted
by flow cytometry for R-PE or FITC fluorescence (left hisogram). Both B and T cdl populations were gated on and measured for
7AAD daning intensty, 7AADM!  (live), 7AAD™ %€ (early gpoptotic) and 7AAD™ 9" (dead) (refer to histograms in columns 25).
The percent of B and T cellsfor each intengity was given. Dataiis representative of one replicate in one experiment.
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Concluson: 7AAD’s unique spectrd properties make it versatile to use in combination with
other fluorescent probes, such as RPE and FITC. By doing this, specific subsets of cdls, in
this case B and T lymphocytes, were observed for live, early gpoptotic or dead cell
populations following treatment with pedticides and pegticide mixtures. This data was used

to assess the toxicity induced by each pesticide and pesticide mixture.
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Appendix C: The DCFH-DA Oxidation Assay

TABLEC.1

Measurement of intracdllular reactive oxygen intermediates in splenoyctes, treated with
pesticides and pesticide mixtures for 15, 30, 45 and 60 minutes, using the DCFH-DA
Oxidation Assay without the addition of 3-amino-2,3,4-triazole, a catalase inhibitor.

treatments 15 minute 30 minute 45 minute 60 minute
EtOH 2 (+1.44) 5.4 (+ 2.02) 6.2 (+ 2.73) 5.5 (+ 2.5)
Malathion 14.1 (+1.44) 18.2 (+ 2.02) 7.9 (+2.73) 0.9 (+2.5)
Lindane 6.6 (+1.44) 10.4 (+ 2.02) 4.1+ 2.73) 0.24 (+ 2.5
PBO 7.1 (+1.44) 9.3 (+2.02) 2.9 (+2.73) 0.98 (+ 2.5)
Mal-Lind 14.2 (+1.49) 18.3 (+2.02) 13.3 (£ 2.73) 5.3 (+ 2.5
Mal-PBO 11.1 (+1.49) 12.9 (+ 2.02) 8.5 (+ 2.73) 2.9 (+ 2.5)
H202 85.1 (+1.44) 82.3 (+2.02) 67.3 (+2.73) 61.6 (+ 2.5

Note The mean percent of five blocks (experimentd units) + standard error or mean (n = 5)
isshown. The percent represents the increase in DCF fluorescence for each sample
compared to the DCF only sample. The DCF fluorescence peak is at 30 minutes. Refer
Assay for Reactive Oxygen Species protocol for experimenta details.
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TABLEC.2

Measurement of intracellular reactive oxygen intermediates in splenoyctes, treated with
pesticides and pesticide mixtures for 15, 30, 45 and 60 minutes, using the DCFH-DA

Oxideation Assay with the addition of 3-amino-2,3,4-triazole, a cataase inhibitor.

treatments 15 minute 30 minute 45 minute 60 minute
EtOH 14 (+ 26) 17.9 (+ 3.21) 16.9 (+ 3.72) 9 (+3.54)
Malathion 21.1 (+2.6) 18.1 (+ 3.21) 11.8 +3.72) 3 (£3.54)
Lindane 10.8 (+2.6) 15.1 (+ 3.21) 13.6 (+ 3.72) 8.2 (+3.54)
PBO 25.9 (+2.6) 22.7 (+3.21) 15.5 + 3.72) 7.4 (+3.54)
Mal-Lind 26.8 (+2.6) 28.7 (+3.21) 16.4 (+3.72) 13 (+3.54)
Mal-PBO 37.8 (+2.6) 30.3 (+ 3.21) 17.6 (+ 3.72) 12.8 (+3.54)
H202 85.8 (+2.6) 81.4 (+3.21) 67.1 +3.72) 58.3 (+3.54)

Note: The mean percent of 3 blocks (experimenta units) + standard error or mean (n = 3) is
shown. The percent represents the increase in DCF fluorescence for each sample compared to
the DCF only sample. The DCF fluorescence peak is between 15 and 30 minutes, depending
on the treetment. Refer Assay for Reactive Oxygen Species protocol for experimenta detalls.

Concluson: The addition of 3-amino-2,3,4-triazole (AT), a catalase inhibitor, enhanced the

level of DCF fluorescence, as can be noted by comparing the datasets.  The pesk time of

DCF fluorescence ranged between 15 and 30 minutes depending upon the treatment.
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Appendix D: Adrenochrome Assay: Time Response
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Figure D.1. Measurement of SOD at 8, 12 and 16 hours following pesticide treatment.
Splenocytes treated with pesticide and pesticide mixtures were measured for superoxide
dismutase (SOD) activity using the Adrenochrome Assay. Cdlswere incubated for 8, 12,
and 16 hours with pesticide and pesticide mixtures. The rate each sample inhibited epi
autooxidation was used to caculate the specific activity (Unitsmg protein) for each sample.
Data above is presented as the percent each sample varied from the untreated for the same

time point.

Notes. The means of two experiments are shown (n = 2). Refer to the Adrenochrome Assay
for protocol on experimenta details.

Concluson: The 12 hour time point was chosen to examine the leve of antioxidant enzymes

since some degree of effect was observed.
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