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INTRODUCTION



GENERAL INTRODUCTION

1.1.0.0. Glutathione S-transferases

Drug detoxification mechanism is an inherent system of living organisms.
Xenobiatics are detoxified and eiminated from the body by either phase | or phase
Il drug detoxification systems (Fig. 1). Phase | metabolism involves an initia
oxidation of the xenobiotics by cytochrome P450 (CYP) monooxygenases. This
step is followed by phase || metabolism, which frequently involves conjugation
reactions catalyzed by glutathione Stransferases (GSTs), UDP-glucuronosyl
transferases, and sulfotransferases.  Some of the xenobiotics like diphenols and
thiocarbamates directly activate GSTs of phase Il detoxification system. The
glutathione (GSH) conjugates thus formed are transported out of cdls for further
metabolism by y-glutamyl transpeptidase and dipeptidases, that catalyze the
sequential removal of the glutamyl and glycyl moieties, respectively. The resulting
cysteine S-conjugates can be acetylated by intracelular N-acetyl-transferase to
form the corresponding mercapturic acids (N-acetyl-cysteine S-conjugates) which
are then released into the circulation and delivered to the kidney for excretion in
urine, or they may undergo further metabolism (Fig. 2). Mercapturic acid
biosynthesis is generdly considered to be an interorgan process, with the liver
sarving as the mgor site of glutathione conjugation and kidney being the primary
site for conversion of glutathione conjugates to cysteine conjugates (Fig. 3). Thus
GSTs comprise a family of phase Il drug detoxification enzymes catdyzing the
conjugation of GSH with the electrophilic compounds  produced from
biotransformation of exogenous xenobiotics and also from endogenous substances
(Mannervik and Danielson, 1988; Coles and Ketterer, 1990; Tsuchida and Sato,
1992).

1.1.20. Classification of GSTs
In mammals cytosolic GSTs are encoded by at least 4 multigene families
which include dpha (a), mu (u), pi (%), and theta (9) class GSTs (Mannervik
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et al., 1985; Ketterer and Christodoulides, 1994). The cytosolic GSTs from the
rat, mouse and man share common sructural and catalytic properties. |sozymes
from these species were grouped with respect to N-terminal amino acid sequence,
substrate specificities, sengtivities to inhibitors and immunclogical cross reactivity.
An additional classification of GST nomenclature is by their subunit resolution on
SDS-PAGE (Bass ¢ al., 1977). In this study, both systems of nomenclature will
be followed (summarized in Table 1). The genetic relationship among subunits is
believed to be as follows: a family- Ya,, Ya, Yec, Yk and Yfetus, p family- Yb,,
Ybt, Ym, Yo and Yo; = family- Yp; and © family- subunit 5 and subunit 12.
Evolutionarily, cytosolic GSTs were derived from common origin as illustrated by
their considerable homology of > 70% according to amino acid sequencing within
gene families and 20-30 % homogeneity between gene familiess. The GST
isozymes have generally been found to occur as homodimers and heterodimers of
subunits ranging in size from 17 to 28 kDa (Mannervik and Dannielson, 1988).
Rat liver contains at least 18 dimers made up of 13 different subunits (Tsuchida
and Sato, 1990).

1.1.3.0. Mechanigtic aspects of GSTs

The active site of GST is composed of two domains, smdler one for
binding of glutathione (G-site) and the larger hydro phobic domain for eectrophilic
substrate (H-site). All GSH binding sites have a high specificity towards GSH,
except for theta class GSTs (Meyer, 1993). Similaly, the dfinity of the
electrophilic domain is also high for many electrophiles especidly 1-chloro-2,4-
dinitrobenzene (CDNB), a classica substrate used for most studies involving
GSTs.

The exact mechanism of GST-catalyzed reaction is gtill a subject of debate.
The mogt likely mechanism involves the lowering of pKa of GSH from pH 9.0 to
about 6.5 at the active site to form a potent nucleophilic species, the thiokte anion
GS'. It was hypothesized that a tyrosine resdue found at the N- terminus of most
cytosolic GSTsis responsible for ionizing GSH (Ji et al., 1992b). Oncethe GS is



(Curtesy of Hinchman and Ballatori, 1994)

Fig 3 : Current model for the interorgan cycle of mercapturic acid formation; (1) GSH conjugation
reactions occur predominantly in the liver, catalyzed by glutathione S-transferases (GST), (2)
glutathione conjugates (GS-E) are released from liver into bile or the circulation, (3) renal
v-glutamyltransferase (9GT) and dipeptidase (DP) activities catabolize circulating glutathione
conjugates to the corresponding cysteine conjugates (Cys-E), (4) glutathione conjugates released
into bile are degraded by gGT activity in the biliary tree and small intestine, (5) cysteine
conjugates formed in kidney or gut are released into the circulation and transported back to the liver
for acetylation by N-acetyltransferases (NAT), (6) mercapturates (N-Ac-Cys-E) are released from
liver and transported to the kidney, and (7) mercapturates cleared by the kidney or those formed by
renal N-Acetyltransferase activity are excreted into urine.




Table 1: Rat GST nomenclature based on subunit

Gene family
a n G
11 (Ya) 33(Yb) 77(Yp) | 55
2-2(Yc) 4-4 (Yhy) 12-12 (Yrs)
838 (YK) 6-6 (Yn,)
10-10(Yez) | 99 (Ymo)

11-11(Yo)

From Ketterer and Christodoulides, 1994.




formed in the active site of GST, it becomes capable of reacting spontaneously by
nucleophilic attack with eectrophilic xenobiotics that are stuated in close
proximity. Thus, catalysis by GST occurs through the combined ability of the
enzyme to promote the formation of GS' and to bind hydrophobic eectrophilic
compounds a a closdy adjacent site.  Severa lines of evidence suggest that
binding of GSH is accompanied by a conformational change of the protein
(Mannervik and Dannielson, 1988). The role of glutathione has been dissected into
two components ie., making the enzyme catalyticalty competent by inducing a
conformational change as well as providing the functiond thiol group for the
reaction to be catalyzed. Enzymatically, the GSTs function by a sequentia
mechanism requiring both substrates to be bound before any product is released
(Jakobson et al., 1979). Mechanisms concerning the glutathione peroxidase (GSH
Px) activity of these enzymes has been hypothesized in a two- step reaction. First,
GSH reacts with the peroxide yielding the corresponding acohol and the sulfenic
acid of GSH (GSOH) (Eqg. 1).

ROOH + GSH— ROH + GSOH (Eg. 1)
GSOH + GSH— GSSG + H0 (Eq. 2)

In the second step (Eq. 2), the sulfenic acid reacts with another GSH
molecule producing oxidized glutathione (GSSG) and H:0, which is non-
enzymatic. Jakoby and Habig (1980) suggested a smple "proximity effect” in
which the GSTs bind GSH and an eectrophile and that the electrophilicity of the
second substrate then determines the reaction rate.

1.1.4.0. Reactions catalyzed by GSTs

GSTs catalyze 3 mgor reactions viz. conjugation, oxidation-reduction and
isomerization (Fig. 4). GSTsdso catalyze the addition reuctions towards epoxides
including leukotriene As (LTA4) and arene epoxides (Chasseaud, 1979;
Samuelsson, 1983; Chang et al., 1987b). In each reaction GSH functions as the

nucleophilic reactant towards an eectrophilic substrate. The most sensitive and
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widdy used substrate to study GST is CDNB, a reaction esdly andyzed
spectrophotometrically. The newly discovered theta class GST, Yrs-Yrs do not
react with CDNB but eficiently conjugates reactive sulfate esters formed from
carcinogens (Hiratsuka et al., 1990). Mgority of substrates for GSTs are
xenobiotics and include many known carcinogens in addition to a number of
therapeutic compounds.

A second class of reactions catayzed by GSTs are oxidation-reduction
reactions, where GSTs exhibit peroxidase activity, commonly denoted as non-
selenium-glutathione peroxidase (non-Se-GSH Px) activity. The substrates that
GST reduce include faity acid, phospholipid and DNA hydroperoxides. As these
compounds are generated by lipid peroxidation and oxidative damage to DNA, it
has been proposed that GST as well as other GSH-dependent enzymes help
combat oxidative stress (Mannervik, 1986). Both a-and 8- class GSTs are
particularly high in this GSH Px activity. Detoxification of lipid hydroperoxides by
microsoma GST's can occur in situ, whereas detoxification of lipid hydroperoxides
by cytosolic GSTs require prior release of faty acid hydroperoxides by
phospholipase A; (PLA2) (Tan et al., 1984). A second peroxidation resction
catalyzed by GSTs includes the reduction of the endoperoxide prostaglandin H;
(PGH;) to PGF, (Burgesset al., 1987; Hong et al., 1989; Chang et al., 1990).

GSTs dso catayze reactions of positional isomerization. An example of a
GST-mediated reaction is the isomerization of PGH; to the biologicdly active
PGE2 and PGD2, the mgor steps in eicosanoid biosynthesis (Christ-Hazelhof et
al., 1976; Burgess et al., 1987), GSTs dso catdyze the conversion of A
ketosteroids to A*-ketosteroids (Benson et al., 1977).

In addition to their cataytic role, GSTs are known to hind to a number of
hydrophobic compounds including heme, bilirubin, and steroids (Vander Jegt et al.,
1985). As aresult of this binding function, the most abundant GST isozyme from
rat liver was originally termed as ligandin, which was later identified as an a-class
GST (Habig et al., 1974). The abundance of GST in both rat and human liver



suggests that the binding function may be of even greater significance than its
cataytic role (Tipping and Ketterer, 1981).

1.1.5.0. Cytesolic GSTs

In 1961, Booth and co-workers undertook a systematic evauation of the
nature of GSH-conjugation reactions from rat liver. They demonstrated that 82%
of the GST activity towards 1,2-dichloro-4-nitrobenzene (DCNB) was found in the
soluble fraction, and only 4% located in the microsomes (Booth et al.. 1961). Not
surprisingly, these resuhs led to widespread examination of those GSTs located in

cytosolic fractions.

Glutathione-agarose and S-hexylglutathione-agarose have been extensively
used to purify cytosolic GSTs (alpha, mu. pi and sigma classes). Class mu, pi and
sigma GSTs are adsorbed efficently by both glutathione-agarose and S
hexylglutathione-agarose, whereas the apha class do not display strong affinity
for S-hexylglutathione-agarose but most isozymes of this class are eficiently
adsorbed by glutathione-agarose (Hayes, 1986).

The cytosolic GSTs in dl vertebrate species exist either as homodimers or
heterodimers. The multiple cytosolic GSTs have been identified by andytica
methods such as SDS-PAGE, isoelectric focussing, western blotting. In recent
times, HPLC has been increasingly employed to identify GST subunits (Johnson
et al., 1992). Tissue spedific expression is one of the characteristic feature of
GSTs and the degree of heterogeneity of GSTs and their isozyme profiles vary
from tissue to tissue within species (Awasthi and Singh, 1985; Hayes, 1988;
Tsuchida and Sato, 1990; Johnson et al., 1992). In addition, sex related
differences in the levels of GST activity and subunit composition dso has been
suggested in mammadlian tissues (Hatayama et al., 1986; Carrillo et al., 1991).
Male rats had higher concentrations of u class subunits and lower a class subunits
compared to femde rats (Carrillo et al., 1991). Rat liver shows Ya, Yb and Yc
subunits whereas Ya subunit is lacking in brain, heart and lung (Thyagargju et al,



1986b; Johnson et ah, 1992). Both 'a’ and ‘u’ class GSTs are found in low
concentrations while ‘n’ class is the predominant isozyme in lung (Carmichael et
ah, 1988; Cossar et ah, 1990).

1.1.6.0. Glutathione S-transferases in ecosanoid metabolism

Arachidonic acid (AA) is the most abundant polyenoic fatty acid found in
the phospholipids of mammalian tissues. It is a biosynthetic precursor of severa
classes of biologicaly active eicosanoids. Once arachidonic acid is released from
membrane  phosphalipids, it is metabolized by one of the two pathways
lipoxygenase (LOX) and cyclooxygenase (COX) and produce a spectrum of
biologicaly active compounds termed as eicosanoids (Fig. 5&6). The COX
produces prostaglandins (PGs), thromboxanes (TXs), and prostacyclin (PGI),
whereas the LOX pathway leads to the formation of leukotrienes (LTs) and
lipoxing(LXs). These eicosancids are extremely potent biologicaly active
compounds with bewildering variety of actions.

The first report implicating GSTs in the metabolism of eicosanoids
appeared in 1975 when Cagen and co-workers reported that GSTs mediated
conjugation of GSH to PGA; (Cagen et ah, 1975). A year later, the group led by
Christ-Hazelhof using purified GSTs from sheep lung and liver showed that these
enzymes were dfident in catalyzing the reduction and isomerization of the
endoperoxide PGH; to al known PGs (Christ-Hazelhof et ah, 1976). When AA
becomes available in response to a specific simulation in a PG metabolizing cell,
the first step in PG formation is the PGH synthase catalyzed incorporation of two
molecules of oxygen to form PGH2, via the intermediate PGG2 (Hamberg et ah,
1974). PGH, is a common precursor for the synthesis of PGIs and TXs as wdl as
classica PGs- PGD;, PGE; and PGF,.

The action of isomerase on the endoperoxide moiety of PGH: lead to
PGE, and PGD2 formation whereas reductases act on PGH2/PGE,/ PGD2 to yield
PGF,,. Previoudy GSTs have been implicated in the biosynthesis of PGs from
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PGH; (Burgess et al, 1987, Chang et al, 1987a). PGD, is formed by the
isomerization of the 9,11-endoperoxide to 9-hydroxy and 11-keto groups. This
cataytic activity has been demonstrated in cytosol of certain rat tissues-lung,
stomach, brain, and skin (Yamamoto, 1982). The formation of PGE, is also
isomerization reaction converting the endoperoxide to a ketone at C-9 and an
acohol a C-11. The formation of PGE, by GST was established in human brains
by Ogarachi et al (1987) and inrat brain by Thyagargju et al (1986a).

Tissue gpecific enzymes that result in the formation of products
characteristic of a given tissue determine the metabolic fete of PGH;. PGH; is
exclusively converted to thromboxane A; in platelets catalyzed by thromboxane A
synthase, whereas , in vascular epithelium, it is transformed mostly into PGI; by
PGI synthase. Such classical PGs such as PGF,,, PGE2 and PGD; are formed in
most tissues but to differing degrees. Thus tissue specificity appears to be an
important factor in the regulation of physiologica functions. PGFa, is widdy
distributed in various organs of mammas and shows a variety of biologica
activities including uterine smooth muscle contractions and luteolysis. GSTs have
been implicated in the prostaglandin biosynthesis by virtue of its endoperoxidase
activity (Chang et al., 1987a).

In addition to their role in PG biosynthesis, GSTs dso have been implicated
in LT biosynthess. The LTs are very reactive compounds involved in
hypersensitivity and inflanmatory disease processes such as asthma and dlergic
reactions. Contralling the production of these bioactive lipids is the continuing
focus of pharmaceutical research. The mgor LTs are LTA4, LTB,, LTCs, LTD4
and LTE4. The latter three compounds are collectively referred to as "Slow
reacting substances of anaphylaxis™ (SRS-A). They are potent bronchoconstrictors
in several species including humans, with specific effects on the peripherd airways
(Dahlen et al., 1980; Smedgard et al., 1982). The first step in the formation of
LTs is the oxidation of unesterified arachidonic acid by S-lipoxygenase. The
product of this reaction, 5-hydroperoxyeicosatetraenoic acid (5-HPETE) may be
reduced by various peroxidases producing 5-hydroxyeicosatetraenoic acid



(5-HETE) or dternatively undergo enzymatic/nonenzymatic conversion to the
unstable dldic epoxide LTA4. LTA4 serves as a precursor for the biosynthesis of
LTB4 as well as cyseine containing LTs. The conversion of LTA, to LTC, by
GSH conjugation has been proposed. It is wel established that endogenous
compounds as well as xenobiotics may form epoxides and that GSH conjugation is
a ggnificant route in their biotransformation (Reddy et al., 1982). Thus LTA4 can
act as a substrate for GSTs. In severd cdl lines, the LTA4 to LTCA reaction has
been shown to be catalyzed by GSTs (Hammarstrom and Samuelsson, 1980).
LTC, is enzymatically transformed into a more potent biologicad mediator, LTD,
and LTE4 by sequentiad action of y-glutamyl transpeptidase (Tate et al., 1976) and
adipeptidase (Lee et al., 1983). Formation of LTF4 from LTC,4 by the remova of
glycine catalyzed by carboxy peptidase A was also demonstrated (Reddanna et al.,
1988). Although the exact role of cytosolic GSTs in LTC, biosynthesis is unclear,
there is evidence for a unique LTC, synthase that is distinct from any previoudy
isolated GST (Soderstrom et al., 1988; Penrose et al., 1992).

1.1.7.0. Induction of GSTs as part of adaptive response to oxidant stress

It is apparent that the species, strain, age, sex and organ influence the
responsiveness of rodent GST to inducing agents (Hayes and Pulford, 1995).
Tissues expressing high activities of GSTs are protected from cytotoxic damage
elicited by eectrophiles for which the conjugation to GSH is readily catalyzed. Not
al GST subunits are induced to the same extent by drugs. Meyer et al (1993)
examined GST subunit induction by 1,2-dithiole-3-thione in intestine, kidney, liver,
lung and stomach and showed that the pattern of induction varies sgnificantly in
different organs. GSTs are over-expressed in certain tumor types and
measurement of GSTs in serum of pathological specimens can be used to follow
the course of the disease and the success of intervention (Primiano and Novak,
1992). The eadier stages of hepatocarcinogenesis are characterized by dramatic
increase in the expression of the rat GSTP1 gene. Though this class of GST is
ubiquitoudly distributed, but is found only in relatively small amounts in normal rat
liver (Sato, 1989). Measurement of plasma hGSTP1-1 levels has shown that this



protein is dramaticaly increased in lung cancer (Beckett and Hayes, 1993).
Epidemiological studies suggest that individua's who are homozygous nulled at the
GSTMI locus may have an increased risk of developing various types of neoplastic
diseases, including cancer of lung, bladder, colon and stomach (Seidegard and
Pero, 1985). hGSTM1a-1a and hGST M1b-1b are active towards certain epoxides
of poly aromatic hydrocarbons (PAH) found in cigarette smoke and other
combustion products which makes efforts focused on the area of lung cancer.
hGST MI-1 deficiency dso contributes to individua susceptibility to asbestos-
induced pulmonary dissase (Smith et al.,, 1994). Both phenobarbita and
1,2-dithiole-3-thione are potent GST inducers in mae than in femde sprague
dawley rats (Meyer et al., 1993), whereas 3-methylcholanthrene is a dightly better
inducer of hepatic GST in femde than mae rats (Igarashi et al., 1987). GSTs adso
participate in the development of drug resistance in patients undergoing
chemotherapy (Hayes and Pulford, 1995).

GST induction as a part of an adaptive response mechanism to xenobiotic
stress is widdly distributed in nature (Vos and Van Bladderden, 1990). It in turn
involves the induction of many drug- metabolizing enzymes (Taday and Spencers,
1990). Collectively, these detoxification enzymes provide protection against a
diverse spectrum of harmful compounds. Besides providing protection against
chemicals of foreign origin, GSTs are involved in protection against oxidative
stress.  Hence an attempt is made to study the antioxidant defense mechanism of
GSTs in liver and lung tissues of rats subjected to oxidative stress. Oxidative
stress can be defined as the inability of an organism to protect tissues from free
radicals generated by exogenous and endogenous toxic substances. Oxidative
stress can be induced by either hyperoxic conditions, H.O,, exercise, chemica
inducers or vitamin E (vit.E) and selenium (Se) deficiency. GSTs of p family are
known to be induced by the endogenous toxicants of oxidative stress such as free
radicals generated by xanthine-xanthine oxidase reaction (Murata et al., 1990).
Rushmore et al (1991) showed the induction of GST Ya mRNA by hydrogen
peroxide. Oxidant stress, in the form of swimming exercise induced Ya; subunit in
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the hepatic tissue of female rats (Veera Reddy et al., 1995). Sdenium deficient
rats are generally exposad to increased intracellular levels of H,0, because of lack
of Se-GSH Px. This resulted in over-expression of hepatic GST isozymes (Arthur
et al., 1987) as a compensatory mechanism. The a family of GST-Ya, with
highest peroxidase activity (Tu and Reddy, 1985), is known to be induced during
Se deficiency (Chang et al., 1990).

1.2.0.0. Oxygen toxicity

Oxygen (02) is indispensdble to life, except for certain anaerohic
microorganisms. The principal function of O, in biological system is to serve as the
terminal oxidant in cdlular respiration, thus providing energy for the organism.
However, O, as a double edged sword, induces toxic effects above atmospheric
conditions (21%). Exposure of adult humans to pure O, for as little as 6 hours can
cause chest soreness, cough and sore throats in few people (Halliwell, 1994) and
further exposure leads to irreparable damage of the lung alveoli. The lung tissue is
one of the organs exposad to the highest tissue pO; under norma conditions and is
also the first target of oxygen toxicity in vivo a normobaric oxygen partial
pressure (Johnson et al., 1981; Jamieson et al., 1986). Severe morphologica and
functional alterations in the lung are caused by inhding elevated concentration of
oxygen often resulting in death (Crapo et al, 1980a). The damaging effects of
oxygen on aerobic organisms vary considerably with the type of organism used, its
physiological state, diet and age. Oxygen toxicity is aso influenced by the
presence in the diet of varying amounts of vitamins, heavy metals, antioxidants and
poyunsaturated fatty acids (PUFAs). The earliest explanation for the toxicity of O,
was related to its effects on key enzymes associated with energy metabolism.
Although O, inhibits certain enzymatic activities, this proved inaufficient to explain
the mechanism of O, toxicity. Gerschman and co-workers (1954) and Harman
(1956) hypothesized that the possible cause of O»’s dark side may not be O itsdf,
but rather due to the reactive products produced during partial reduction of O,. It
has long been known that metabolism of O, to water occurs by sequentia addition



of four electrons (Eq. 3). However, in the event of incomplete tetravalent
reduction, O: is converted to superoxide anion radical (O2), hydrogen peroxide
(H:0,), and/or the highly reactive hydroxyl radical (OH), al of which are known
as reactive oxygen species (ROS) (Scandalios, 1993).

had - +€
02 - 02 +l_r

» H,0, —*:r_;- -OH——H,0 (Eq. 3)
K

In addition to being ROS, both (V and OH are dso free radicas. Free
radicals are species capable of independent existence and contain one or more
unpaired electrons. It is the presence of these unpaired electrons that confer the
high reactivity often associated with free radicals. ROS not only includes oxygen
radicals but aso contain non-radicds such as H,0,, snglet oxygen and
hypochlorous acid (HOCI).

1.2.1.0. Sources of Freeradicals

Exposure of tissue to free radicals leads to tissue damege with lipids,
proteins, and DNA as the targets for free radical injury. Although the ROS have
been involved in various tissue pathologies, they are an integrd part of normal
aerobic metabolism. Phagocytic cells produce ROS through the NADPH-Oxidase
system to destroy invading microorganisms (Forman and Thomas, 1986). The
damage produced by superoxide radicals liberated from phagocytic cdls can spill
beyond the integrated target and produce injury to surrounding tissues. Peripheral
cdls such as fibroblasts and lymphocytes use O;" as a growth regulator (Burdon,
1992). Numerous cataytic cytosolic enzymes aso contribute to generation of O2'
and OH and partialy to H;0,. Xanthine oxidases are well-known sources of Oy
generation as indicated by its ability to reduce cytochrome C (McCord and
Fridovich, 1968). For example cytochrome P-450 and cyclooxygenase dl
generate kKOS through their norma catalytic cycles. Recently, yet another free
radical, nitric acid (NO), has been implicated as a regulator of physiologica
processes (Moncada et al., 1991). ROS are formed endogenously and
exogenousty (Halliwell and Gutteridge, 1989). Autooxidation reactions aso



generate O;".  Organic compounds such as ascorbate, flavins and tetrahydrofolate,
which readily undergo one electron oxidation produce O, (Fridovich 1989 and
references therein).  Endogenous sources of H;O:; include reactions involving
various oXidases such as xanthine and amino acid oxidases as well as dismutation
of O;". Regardless of the precise role free radicals or ROS play in tissue damage,
most studies suggest that biological macromolecules are the primary targets for
their action. Phospholipids, the mgor constituents of biological membranes are
highly susceptible to oxidative attack (Haliwell and Chirico, 1993).

1.2.3.0. Lipid Peroxidation

Lipid peroxidation is a chain-reactive process with three distinct stages.
These stages are initiation, propagation and termination (Table 2). It isinitiated by
abstraction of a H atom by those species with sufficient oxidation potential
towards divinyl methane groups of PUFAs. These oxidizing species include such
free radicas as OH, ROO, RO and NO or ROS such as singlet oxygen ('02) and
0s. Neéither O;, Oy nor H:O, are themselves sufficiently reactive to abstract H'
atoms from PUFAS, and therefore cannot initiate lipid peroxidation (Haliwell and
Gutteridge, 1989). These ROS can, however, initiate lipid peroxidation, in the
presence of redox-active trangtion metals. For example, H,O. undergoes
homolytic cleavage in the presence of transition metals producing perhaps the most
reactive oxidizing freeradical, OH (Eq. 4). Thisreaction is often referred to asthe
Fenton reaction. The OH is also formed by the transition metal assisted Haber-
Weiss reaction (Eg. 5) ( KoppenoL 1990).

Fe'? +H,0, > Fe®+ OH+ OH (Eq. 4)

O; +H;0, 50, + OH + OH (Eq. 5)
Trangition metals in particular iron and copper, simulate membrane oxidative
damage a the initiation and/or propagation steps. Another initiator of lipid
peroxidation is '0,, which causes damage to both plant and animd tissue
(Cadenas, 1984).



Table 2: The 3 stages of lipid peroxidation

RH >R Initiation (Ea. 6)
R +0; - ROO Propagation  (Eq. 7)
ROO" + R'H - ROOH + R’ (Eq. 8)
ROO" + ROO" —» ROOR + 0, Termination  (Eq. 9)
ROO" + vitamin E - ROOH + vitamin E’ (Eq. 10

The free radica attack on the membrane PUFA leads to the abstraction of a
hydrogen atom resulting in a carbon-centered lipid radical (Eq. 6). In the aerobic
environment of the membrane hilayer, the lipid radica reacts with the molecular
oxygen a a diffuson controlled rate (10° M s™), yidding a lipid peroxy! radical
with rearrangement of double bonds to yield a conjugated diene (Eq. 7). Peroxyl
radicals are, in tumn, capable of abstracting a second hydrogen atom from an
adjacent PUFA, thereby leading to propagation of the chain reaction (Eg. 8).
Alterndtively, a chain breaking antioxidant such as vitE scavenges the peroxyl
radica and prevents further membrane oxidative damage (Eq. 10). Regardless of
the target molecule, the reaction with the lipid peroxyl radical usudly results in a
formation of a lipid hydroperoxide. With the propagative nature of lipid
peroxidation, a Smple initiation event produces many lipid hydroperoxides. The
membrane PUFA content and as well as O, availahility both control the extent of
propagatioa

In the presence of transtion metals, lipid hydroperoxides undergo
decomposition and produce more reactive akoxyl or peroxyl radicals. A second
fae of adkoxyl and peroxyl radicas is the cleavage of carbon-carbon bonds,
resulting in the formation of secondary decomposition products including akenals,
hydroxyalkenals, and alkanes (Esterbauer et al,, 1990). Termination of lipid
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peroxidation can occur by coupling of peroxyl radicals producing non-radica
products and O (Eqg. 9) or free radical scavenging by antioxidants (Eq. 10).

Secondary by-products of lipid peroxidation may be responsible for much
of the free radical-mediated damage occurring during oxidative stress. ROS are
involved in the mediation of a variety of pathophysiological conditions. Biologicad
systems, however, are equipped with well developed antioxidant defense
mechanisms to either regulate the production of ROS or to convert the highly
reective oxygen species into less reactive  Lipid peroxidation may aso be
responsible for liver necross in rats, white muscle disease in sheep and
encephalomalacia in chicks. These abnormdities occur as a result of a dietary
deficiency of two important antioxidants, vit.E and Se. Lipid peroxidation occurs
in tissues of rats fed on vit.E deficient diet and is increased by concomitant Se
deficiency (Tiidus et ah, 1993; Awad et ah, 1994).

1.3.0.0. Antioxidant Defense Systems

Under conditions of normal metabolic conditions, tissues have adequate
defense mechanisms to minimize damage caused by oxidative stress. Antioxidants,
can be defined as "compounds that protect biologicad systems againgt the
potentidly harmful effects of processes or reactions that can cause excessve
oxidations' (Krinsky, 1992). Mammadian cells are usudly equipped with both
enzymatic and non-enzymatic antioxidants. The enzymatic antioxidant defenses
include superoxide dismutase (SOD), catalase, Se-GSH Px, GSTs and glutethione
reductase. The non-enzymatic biological antioxidants are vit.E, ascorbic acid,
carotenoids, GSH, cysteine and uric acid. Various antioxidants being both lipid
and water soluble, are found in al parts of cells and tissues, athough each spedific
antioxidant often shows a characteristic distribution pattern.  Deficiency of
nutritionally derived antioxidants such as vitamin C and E and excess production of
ROS favours oxidative stress. The characterization of biological antioxidant
defense congtitutes one of the mogt active fields of free radical research today
(Halliwell, 1990).



1.3.1.0. Non-enzymatic defense systems
1.3.1.1. Glutathione

The y-glutamyl cycle serves a diverse series of critical cdlular defensve
functions including free radica scavenging, detoxification of electrophiles and the
maintenance of thiol-disulfide status (Fig. 7). GSH is the key compound of the
y-glutamyl cycle (Sen et al., 1992). It is the most abundant nonprotein thiol in
eukaryotic cells with several important biological functions. GSH has been known
as a substrate for GSTs and GSH Px, enzymes involved in the detoxification of
xenohiotic compounds and reduction of hydroperoxides (Meister, 1991; Hwang et
al., 1992). GSH dso acts as an dfident scavenger of superoxide radicd (0y),
hydroxyl radicals (OH) and singlet oxygen (Hdliwell and Guitteridge, 1989). It is
actively involved in the recycling of a-tocopheryl and semihydroascorbate radicals
(Haliwel and Guitteridge, 1989), protein conformation, cytoskeletal organization
(Larsson et al., 1983), modulation of enzyme activity (Gilbert, 1984) and acts as a
reservoir for cysteine (Tateishi et al., 1977). Reduced GSH is present a a
relatively high concentrations in the body, ranging from ~ 1 mM in skeletd muscle
to 10 mM in eye lens. The intracdlular ratio of GSH to GSSG (GSH/GSSG) is
usudly maintained a a reatively high leve (> 10) by a glutathione reductase
catalyzed recycle pathway. Liver plays a centra role in the synthesis as well as
complex inter-organ homeostasis of GSH (Bestty and Reed, 1980; Deneke and
Fanburg, 1989). In the cal GSH is synthesized by two cytoplasmic enzymes
namdy y-glutamylcysteine synthetase (GCS) and GSH synthetase. GCS istherate
limiting enzyme in y-glutamyl cycle (Richman and Meister, 1975).

The interorgan homeostasis of GSH is summarized in figure 8. In
addition to export of hepatic GSH into the plasma and uptake by extrahepatic
tissues, hepatic GSH is dso released into the bile (Lauterburg et al., 1984). GSH
is exported from tissues such as lung and liver in its oxidized form, glutathione
disulfide (GSSG), and as glutathione conjugates (GSX). GSSG is produced when
peroxides are detoxified by GSH Px (Fig. 7, step 9) and is recycled back to the
reduced form by glutathione reductase (Fig. 7, step 12) at the expense of NADPH.
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However, in the absence of adequate reducing equivaents, cdlular thiol baance is
preserved by export of GSSG and uptake by the kidney (Mclntyre and Curthoys,
1980). GSX is formed when reactive metabolites conjugate with GSH
spontaneoudy or enzymaticaly by the GSTs (Fig. 7, step 7). Subsequent removal
of the y-glutamyl moiety by y-glutamyl transpeptidase (GGT) (Fig. 7, step 3) and
cleavage of glycine by a dipeptidase yields a cysteinyl conjugate (Fig. 7, step 4). In
the kidney, the cysteinyl conjugate is N-acetylated and excreted as mercapturic
acd (Fig. 7, step 8) (DeLeve and Kaplowitz, 1990). y-Glutamyl amino acids
formed in this way are converted to 5-oxoproline and the corresponding free amino
acids by y-glutamyl cyclotransferase (Fig. 7, step 5).  5-Oxoproline is converted
to glutamate in the ATP-dependent reaction catdyzed by 5-oxoprolinase (Fig. 7,
step 6).

GSH serves as an antioxidant by reacting directly with free radicals (Fig. 7,
step 11)"and by providing substrates for GSH Pxs (Fig. 7, step 9) and GSH
transhydrogenases (Fig. 7, step 10). The enzymes of the GSH cycle and their
locational specificity provide the framework for intracellular maintenance of tissue
GSH concentrations and interorgan transport of GSH. Toxic oxygen intermediates
arisgng from both normal cellular metabolism and exogenous oxidants are removed
by GSH Pxs and other GSH-related detoxification mechanisms (Coles and
Ketterer, 1990; Jain et al., 1992). GSH thus plays a primary role in protection of
tissues against oxidative injury (Deneke and Fanburg, 1989). A number of
experimental observations show an association between decreased cdlular GSH
and increesed susceptibity of lung cells to damage by oxidants (Deneke and
Fanburg, 1989; Martensson et al., 1989). In contrast, conditions that enhance
cdlular GSH supply are associated with resistance to oxidant damage (Brown
et al., 1992). GSH status can be affected by oxidative stress by the metabolism
which indude exposure of the cell to high concentrations of hydroperoxides or
eectrophilic compounds or by inhibition of the enzymes of GSH biosynthesis
(Reed, 1990). Any one of these scenarios can result in the depletion of
intracellular GSH concentrations.
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1.3.1.2. Vitamin E

The primary lipophilic antioxidant located in membranes and lipoproteins is
Vit.E (Taylor et al., 1976). A mgor biologica function of a-tocopherol isto act as
a lipid antioxidant and free radical scavenger that is capable of terminating chain
reactions among PUFA molecules. The free radical scavenger action of
a-tocopherol depends on the ability of donation of the phenolic hydrogen atom to
a fatty acyl free radical, which resolves the unpaired electron of the radical so that
free radical attack on further molecules of unsaturated fatty acid is prevented. The
primary oxidative product of vit.E in this reaction is tocopheroxyl radica and
eventudly to atocopherol quinone (McCay and King, 1980; Diplock 1985). The
quinone can be reduced back to alcohol either by ascorbic acid (Niki et al., 1982)
or possibly enzymatically using the reducing eguivalents from GSH and NADPH
(Tappel, 1962) (Fig. 9). The efficiency of vit.E in protecting againgt lipid peroxide
damage is remarkable considering its concentration in cell membranes. Besides its
role in nonenzymeatic lipid peroxidation, vit.E was shown to be a potent inhibitor of
lipoxygenase (Reddanna et al., 1985; 1989) and ads in the reduction of
hydroperoxides (Cucurou et al., 1991). Lung eicosanoid synthesis was shown to
be affected by vitE (Meydani et al., 1992). Vitamin E inhibits some of the
reactions leading to the formation of lipoxygenase and cyclooxygenase products
(Panganamala and Comwell, 1980) and aso inhibits platelet aggregation in vitro
and invivo (Stuart, 1982). Vitamin E deficiency, on the other hand depressed
synthesis of PGF in testis (Carpenter, 1981) and muscle (Chan et al., 1980).
Vitamin E is known to significantly protect lung tissue from damages after NO; or
O; exposures (Elesayed et al., 1988) and tobacco smoke (Arriess et al., 1988).
Alterations of vitE satus has been associated with the development of
cardiovascular diseese (Gey et al., 1987) and impaired immune response (Panush
and Delafuente 1985). Animd research has demonstrated that a high PUFA intake
increases the vit.E requirement (Horwitt, 1986).
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A wide variety of pathological aterations occur in animas and humans with
Se and vit.E deficiency. Necrosis of smooth muscle of gizzard and intestine may
be a prominent leson in turkey, ducklings and qual (Van Vieet 1982).
Ultrastructural study of the early aterations in rat liver in response to Se-vit.E
deficiency showed disruption of hepatocyte plasma membranes at the sinusoida
border (Svoboda and Higginson, 1963). Other Se-vh.E deficiency lesions include
gastric ulceration, exudative diathesis, encephalomalasia, pancrestic damage and
testicular necrosis.  The hiochemical pathogenesis of Se-vh.E deficiency diseases
has become clearer with the understanding of cellular antioxidant defense systems
(Freeman and Crapo, 1982; Hammond and Hess, 1985).

1.3.2.0. Enzymatic antioxidant defense systems
1.3.2.1. Superoxide dismutase (SOD)

SOD occurs in diffeeent forms, depending on the cdlular fraction
(Fridovich, 1989). The cytosolic enzyme is a Cu-Zn requiring enzyme, whereas
mitochondrial form requires Mn for activity. The SODs may play a role against
O, generating systems such as xanthine/xanthine oxidase. The H,0O, produced via
SOD (Eg. 11) is readily reduced to water by catalase or more importantly by

various GSH Pxs present in the cell
2H '+ 20, 5 H,0; + O; (Eq. 11)
1322 Catadase

Catalase is a heme-containing protein found predominantly in the
peroxisomes (Halliwell and Gutteridge 1989). In vitro, catadlase has been
demonstrated to inhibit Fe*?/H,0;-induced lipid peroxidation (Bucher et ed., 1983).
Catalase and Se-GSH Px reduce H,0; to water (Eq. 12&13), whereas SOD
converts Oy to H,0: (Eq. 11).



2H;0; > 2H,0+ O, (Eq. 12)
H;0; + 2 GSH —» 2H,0+ GSSG  (Eq. 13)
1.3.2.3. Glutathione peroxidase

Sdenium as an esseentiad component of GSH Px, plays a critica role in
protecting aerobic organiams from oxygen radica-initiated cdl injury. The
nutritional essentiality of sdenium was first recognized in 1957 by Schwartz and
Foltz. In 1973 Rotruck et al and Flohe et al discovered that Se is an essentia
structural component of GSH Px. Subsequently, it was demonstrated that Se, in
the form of selenocysteine ([Se]cys) residug, is part of the catalytic site of GSH Px
(Landstein et al., 1981). This lead to a broader conception of GSH Px as an
integral part of the cdlular antioxidant system which protects the cell from
oxidative damage (Tappd, 1980). GSH Px is located in the cytosol and
mitochondria] matrix of many cells. It is a tetramer of identical subunits, molecular
weight ranges from 19 to 23 kDa with each monomer containing a gram atom of
Sein the form of ([Se]cys) (Landstein et al., 1979).

Se-GSH Px catalyzes the two electron reduction of H,0, as well as severa
organic hydroperoxides as shown in equations 13 & 14 respectively. Thus, this
enzyme differs from a group of Se-independent GSH Pxs (non-Se-GSH Px), the
GSTs, that can use the latter only (organic hydroperoxides) as peroxide substrates.

2 GSH + ROOH —GSSG + ROH + H;0 (Eq. 14)

Although this enzyme exhibits a broad specificity towards the peroxide
substrate, it is very specific for GSH as a hydrogen donor. Approximately 36% of
the total Se is associated with the Se-GSH Px inrat liver ( Tappe et al., 1984).
The enzyme activity is dgnificantly decreased in the absence of digtary Se, and the
specific activity of Se-GSH Px varies as a logarithmic function of Se in the diet
(Chow and Tappel, 1974). Se-GSH Px is aso involved in the reduction of faity
acid hydroperoxides and cydic endoperoxides generated during the production of
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prostaglandins, leukotrienes and related compounds via COX and LOX pathways
(Maddipati and Marnett, 1987; Brucchausen et al, 1988). As a result of its action
on the reduction of hydroperoxides, it is known to be involved in the inhibition of
COX and LOX enzymes (Reddanna et al, 1989). Therefore, the modulation of
Se-GSH Px activity by dietary Se is of great interest because it plays an important
role both in the cdl defense againgt oxidative damage and in the regulation of PG
and LT biosynthesis (Hong et al, 1989; Reddanna et al., 1989). Since Se levels
are highly correlated with the Se-GSH Px activity, this enzyme is often used as a
biochemica marker of Se status in animals. Non-Se-GSH Px activity associated
with the GSTs significantly induced during Se deficiency (Lawrence et al., 1978;
Chang et al., 1990), which catalyzes the reduction of organic hydroperoxides only.
Sdenium deficiency results in loss of GSH Px activity (Hill et al., 1987; Ji et al.,
1988), increased plasma GSH concentration (Hill et al, 1987), and increased GSTs
in liver (Hill et al., 1987; Chang et al., 1990), skeletal muscle (Ji et al., 1988) and
myocardium (Charles Kumer et al, 1992; Ji et al., 19924).

Todate, four Se-GSH Pxs have been characterized 1. classcd GSH Px |
(Flohe et al., 1973; Rotruck et al, 1973); 2. phospholipid hydroperoxide GSH Px,
(PHGSH Px) (Ursini et al, 1982); 3. plasma GSH Px, (GSH Px-P) (Maddipati and
Marnett, 1987) and 4. gastrointestinal GSH Px, (GSH Px-GI) (Chu et al., 1993).
Similar substrate specificites are found for the peroxidases - GSH Px |, GSH Px-P,
and GSH Px-Gl. All catdyze the reduction of H;O., ter-butyl hydroperoxide,
cumene hydroperoxide (CHP) and linoleic acid hydroperoxide (Esworthy et al,
1991). Low levels of Se are regularly and sgnificantly correlated with the severity
of hepatic lesions observed in liver disease and acoholism (Korpela et al, 1985).
Also an absolute or relative deficit of Se has been implicated in the development of
cancers (Ostero and Prellwitz 1990). The anticarcinogenic action of Se in animal
models is well established (Ip and Hayes, 1989; Ip and Ganther, 1990; Léi et al.,
1990). The most important human deficiency disease responsible to Se is Keshan's
disease, which shows cardiomyopathy (Whanger, 1989). Se toxicity is well
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characterized in animals and humans by neurological, hoof and hair alterations
(Crintion and O'connor 1978).

1.3.2.4. Glutathione reductase

The cataytic activity of glutathione reductase has a centrd role in the
biochemigry of GSH. It serves to maintain GSH essentialy completely in its
reduced form (Meister and Anderson, 1983).

GSSG + NADPH + H -2 GSH + NAD"

The intracellular ratio of GSH, usualy maintained by GSH recycle pathway
protects the erythrocytes from H;0;-induced oxidative stress in new born babies
(Clashen et al., 1992). Exhaustive exercise is dso known to increase glutathione
reductase in rat skeletal muscles (Ji and Fu,1992).

1.4.0.0. Vitamin E, selenium and arachidonic acid cascade

Vitamin E and Se-GSH Px could play the more specific role of modulating
the enzymic oxidation of AA as shown in the figure 10. The immediate
oxygenation products of the enzymatic and nonenzymatic oxidation of AA
include the formation of HPETE and cyclic endoperoxides. These products both
srve as precursor for the biosynthesis of PG and LT, and have dgnificant
influence on the enzymes associated with the AA cascade. Se-GSH Px reduces the
reactive fetty acid hydroperoxide (FAHP) and thus influences both the enzyme
activities and product profiles.

The free radicals are an integral part of both the COX catalyzed reaction
and LTA, biosynthesis. Vitamin E interferes with the essentia radicds involved
with the catalytic cycles of LOX reaction, thus influencing product formation. In
addition, vit.E can protect the LOX from its sdif catalyzed iuactivation by the free
radicals generated during this reaction (Lands et al., 1984). Smilarly, vit.E could
aso modulate the COX catalyzed reaction in which the essentid role of free
radicals has been established. The COX is a heme requiring enzyme having both
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oxygenase and peroxidase activities. The peroxidase reaction of COX generates
free radicals which can co-oxidize a host of xenobiotics, including precarcinogens.
Selenium, as an integral part of Se-GSH Px is known to involve in this reaction by
reducing the endoperoxide to less reactive alcohols (Whelan et al., 1986). Vitamin
E as achain breaking antioxidant has a role in regulating the enzymatic production
of these endoperoxides. Thus by removing FAHP activators and essentia radicals,
Se-GSH Px and vit.E could play a maor role in regulating the biosynthesis of PG
and LT (Fig. 10) (Panganamala and Cornwell. 1980; Reddy et al., 1988; Reddanna
et al., 1989). Vitamin E is a potent inhibitor of LOX (Reddanna et al., 1985;
1989) and the mechanism appears to be not based on its antioxidant but by its
peroxidase activity (Cucurou et al., 1991). Non-Se-GSH Px associated with GSTs
also reduces FAHPs but ~ 50 times less efficient than Se-GSH Px (Hong et al.,
1989). Thus, LT biosynthesis by way of 5-LOX pathway may be partly controlled
by cdlular FAHP levels, which is in turn under the influence of Se-GSH Px and
non-Se-GSH Px.

1.5.0.0. Present scope of the work

Oxygen free radicals generated during normd cellular metabolism are
detoxified effectively by efficent antioxidant defense system of the ceD (Freeman
and Crapo, 1982). However these defense mechanisms are far from perfect,
epecidly under nutritional deficiency and/or oxidative stress, where the rate of
oxygen radical generation may exceed the ability of the system to detoxify free
radicals, resulting in tissue damage.  Although liver is equipped with abundant
antioxidant enzymes and other scavenging systems, the high metabolic rate and
central role in detoxification make it one of the targets for free radica damage in
the body, moreso under impaired antioxidant defenses. Lung is one of the organ
exposed to the highest tissue pO, under norma conditions and it is possible that
oxygen radicals are of specia importance during oxidetive stress in the lung tissue.
In general, the cellular free radical defense systems play an important role in
preventing a radical-mediated tissue damage. Vitamin E as a scavenger of free
radicals and potent inhibitor of lipoxygenases and Se as an integrd part of
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Se-GSH Px, have the potential to protect the tissue from the oxidative stress.
GSTs, represent one of the mogt important detoxifying systems in the liver and
lung for numerous endogenous as well as exogenous toxicants. The role of GSTs
in the detoxification of a number of xenohiotics has been extensively studied.
However there is not much emphasis on the involvement of GSTs in the
detoxification of endogenous toxicants especialy on those formed during oxidative
stress.  Hence in the present study an attempt is made to study the antioxidant
defense mechaniams in the lung and hepatic tissues of rats subjected to oxidative
stress by feeding on diets deficient in vit E and Se.  Among the antioxidant
defenses particular attention is lad on glutathione metabolism, and glutathione S-
transferases. In order to understand the physiologica role of GSTs expressed
during oxidative stress, the substrate specificities of individua isozymes with
special reference to the reduction of organic peroxides and biosynthesis of
€icosanoids wes undertaken.

Widtar strain femde abino rats a weanling stage were fed with vit.E and
Se deficient (-E+Se, +E-Se and -E-Se) and supplemented (+E+Se) diets for a
period of 13 weeks to impair and enhance antioxidant defenses respectively in the
animals. The vit.E and/or Se deficient diets were chosen as they were known to
induce oxidative stress in the animas. The first chapter, therefore, includes
experiments designed to test the effectiveness of dietary treatment in inducing
nutritional deficiency as well as oxidative stress in the rats. This chapter aso
includes the data on y-glutamyl cycle enzymes to assess the compensatory defense
mechanisms in the glutathione metabolism developed in liver and lung tissues in
response to induced oxidative stress. In view of the induction of GSTs observed in
Vit.E and/or Se deficient animds, studies on purification and characterization of
GSTs expressd in liver and lung tissues were undertaken in the second chapter.
In the third chapter, studies on the physologicd role of GSTs with specid
reference to their role in oxidative stress and arachidonic acid metabolism were
undertaken.
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2.1.0.0. Materials

Arachidonic acid, PGDs, PGE,, PGF,,, GSH, GSSG, vitamin E (d-
a-tocopherol), NADPH, TBA (thiobarbituric acid), Alkaine phosphatase,
Freund’s complete and incomplete adjuants, NBT (nitroblue tetrazolium), BCIP
(5-bromo-4-chloro-3-indoyl phosphate), BHT (butylated hydroxytoulene) and
DAN (2,3-diaminonaphthalene) were purchased from Sigma Chemicas Company,
St. Louis, USA. *H arachidonic acid was prepared on request by BARC,
Bombay, India. TLC plates were purchased from Merck, Germany. lon
exchangers (CM-cellulose, DE 52 cellulose) were obtained from Whaman
England Inc. HPLC grade acetonitrile, methanol. acetic acid, trifluoroacetic acid,
triethylamine were purchased from SD fine Chemicds India Ltd.,, and
Spectrochem, IndiaLtd. All other chemicas which have not been mentioned were
procured from local chemical companies and were of high quality grade.

2.2.0.0. Animals and Dietary treatment

Wigar strain femde abino rats a weanling stage weighing approximately
40 g were divided into 4 groups of twelve each. The basic diet (without vitamin E
and sdenium) (Table 3) was supplemented with 0.5 mg Se/Kg diet, as sodium
selenite, and/or with 100 TU vitamin E/Kg diet, as d a-tocopheryl acetate to create
the following dietary groups. -E+Se, +E-Se, -E-Se and +E+Se. The rats were
housed in individud cages, given digtilled water ad libitum and maintained on the
diet for 13 weeks. Weight gained by the animals was monitored weekly.

After 13 weeks on the experimenta diets, animas were anaesthetized with
ether and subjected to a whole body perfiison with a chilled 0.85% NaCl solution
to remove the circulating blood from the tissues. Lung and liver tissues were
excised and rinsed with ice-cold deionized water to remove any residua blood and
stored at -80° C until used. Only femde rats were employed in the present studies
to avoid the sex differences if any in the parameters studied.



Table 3: Composition of the vitamin E and
Se deficient diet

COMPONENT AMOUNT %

Vitamin free casein 20
Cdlulose 5
Sucrose 63.7
Minerd mixture* 4

Vitamin mixture**
Choline chloride

DL-Methionine 0.3
Vitamin free corn oil

* Selenium added as sodium sdlenite (0.5 mg/Kg diet)
for the supplemented diets.

«« Vitamin E added as tocopheryl acetate (100 IU/Kg
diet) for the supplemented diets.
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2.3.0.0. Estimation of vitamin E

Vitamin E levels in liver and lung tissues were andyzed by HPLC as per
the method described by Arun Sharma and Ajay Kumar, 1990 usng D &
tocopheryl acetate as an internd standard.

2.3.1.0. Sample preparation

200 mg tissue was taken and homogenized in 1 mL of ethanoL To this
homogenate 10 mg of internd standard was added. The sample was vortexed for
about 1 min and 1 mL of n-Hexane was added and the mixture was again vortexed
for 1 min. The sample was centrifuged for 5 min a 3000 rpm and the hexane layer
was separated. This process of extraction was repeated again and the hexane pool
was evaporated to dryness under a stream of nitrogen and the residue was
dissolved in 100 pL. of methanol:diethyl ether (75:25 v/v).

2.3.2.0. HPL C separation of vitamin E

50 pL of tissue vitamin extract was injected onto the Shimpak CLC-ODS
(0.45 X 25 cm) column and separated on Shimadzu LC 6AD HPLC system with
methanol as the solvent at 1 mL/min flow rate. The euant was monitored either
on UV/VIS detector (297 nm) or fluorescence detector (Ex 295 nm, Em 340 nm).
d-Alpha tocopheryl acetate was used as the internal standard. Tissue vit.E levels
were caculated based on HPLC integration data of the sample and standard. A
typica chromatogram of vitamin E separation on HPLC was presented in Fig. 11.

2.4.0.0. Estimation of selenium

Sdlenium was edtimated according to the method of Alfthan (1984).
Lung/liver tissue sample (100 mg), standards and blanks were taken into separate
test tubes. The test tubes were covered with duminium foils and few antibumping
granules were added. To these tubes 0.4 mL of 1:20 sulfuric:perchloric acid (v/v)
was added as digestion mixture, which results in complete recovery of resistant
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sedlenium species present in biological samples. The tubes were transferred to a
hesting block a ambient temperature in a fume hood and then the temperature of
the block was raised to 120°C, dowly over a period of 40 min and the block was
maintained at the same temperature for 20 min. Nitric acid (0.5 mL) was added to
prevent charring of the sample. The block temperature was next st to 150° C for
1 hr followed by 180° C for 15 hr. The cessation of bailing and the evolution of
perchloric acid fumes were taken as signs of complete digestion, which occurred
between 60 to 90 min. At the end of heating period the digest was colorless.

The test tubes were cooled and a few drops of 30% hydrogen peroxide
were added to each tube and heated for 10 min at 150° C. This step was repeated
because fumes of nitrogen dioxide were observed. To each cooled tube 1 mL of
6 N HC1 was added and the tubes heated a 110° C for 10min. The tubes were
removed from the heating block, 1 mL of 6 M formic acid and 15 mL of EDTA
reagent were added to each tube and the contents were mixed well. The pH was
adjusted to 1.5-2.0 with 4 M ammonia. Heregfter the tubes were protected from
direct light by wrapping them with duminium foil. To these tubesa 1 mL of 0.1%
DAN reagent was added, mixed well and were placed in awater bath a 50° C for
30 min. The tubes were cooled briefly in cold water to fadilitate better separation
of phases, and then 25 mL cyclohexane was added. The tubes were stoppered
and extracted vigoroudy, by shaking for 30 sec. The cyclohexane layer was
transferred to 1-cm cuvette with a pasteur pipette and the fluorescence was
measured at excitation and absorption wavelengths of 369 and 518 nm respectively
using cyclohexane as blank in a fluorescence spectrophotometer.

2.5.0.0. Estimation of malondialdehyde (MDA)

Lipid peroxidation was measured, as MDA levels, via TBA reaction using
HPLC (Bird et al,1983). 350 mg of tissue was homogenized in 0.5 mL of 1.15%
KC1 and 0.5 mM BHA (in methanol) was added. To the sample 3 mL of 0.44 mol
of H;POJ/L was added. After 10 min 0.042 mM TBA was added. The contents



As3z

0.16

0.08

MDA
¢
| Ll T B |
0 2 L 6 8 10
TIME (min)

Fig. 12: RP-HPLC analysis of MDA

Column: ODS, p Bondapak (Waters)

Solvents: Methanol: Water: Acetic acid
(65:35:0.1) pH 5.7

Flow rate: 1 mL/min

Detection: 280 nm



27

were heated for 30 min gt 90° C and after cooling 10 ul. of the sample was loaded
onto RP-HPLC.

The sample was loaded onto C,su Bondapak (3.9 X 300 mm) column and
euted with 50 mM KH;PO,, pH 7.0:methanol (65:35) at 1 mL/min flow rate. The
eluant was monitored a 532 nm (Fig. 12). The trimethoxy pentane was used as
external standard. Basing on HPLC integration data and on comparison with the
standard value, the concentration of MDA was calculated and expressed as nmol
of MDA/g wet tissue.

2.6.0.0. Antioxidant defense systems
2.6.1.0. Assay of glutathione peroxidases

Perfused tissues were homogenized (20% w/v) in 25 mM Tris-HCL pH
7.4, containing 1 mM EDTA, 2 mM GSH and 250 mM sucrose. The homogenate
was centrifuged at 10,000 X g for 30 min. The activity was measured by
monitoring the oxidation of NADPH at 340 nm in a reaction mixture containing
250 mM phosphate buffer; pH 7.0, 2.5 mM EDTA, 2.5 mM sodium azide, 1 mM
GSH, 0.2 mM NADPH and enzyme, incubated for 5 min & room temperature.
Total GSH Px activity was assayed by usng 15 mM cumene hydroperoxide to
initiate the reaction. The Se-GSH Px activity was assayed by usng 0.25 mM
hydrogen peroxide to initiste the reaction. Non-Se-GSH Px activity was
caculated by subtracting Se-GSH Px activity from the total peroxidase activity
(Reddy et al., 1981). One unit of activity was defined as one nmole of NADPH
oxidized per min.

2.6.2.0. Egimation of GSH/GSSG

GSH/GSSG in tissue samples was measured by a dightly modified HPLC
method (Jayatilleke and Shaw, 1993). All animds were anesthetized with
anesthetic ether prior to operation for tissue perfusion. Following anesthesia, the
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whole tissue was perfused in situ via the portal vein with iced KCI to remove
blood.

The perfused tissue (~ 1 g) was homogenized at 0° C for 30 sin 4 vol of
iced 1.15% KCL The homogenate was then immediately diluted 11 with 4%
sulfo sdicylic acid. Just prior to deproteinization, p-aminobenzoyl glutamate (Paba
Glu) was added as an internal standard. The acidified samples were spun a
20,000 X g for 10 min and passed through a Sep-Pak Cartridge (waters)
previoudy conditioned with 2 volumes of elution buffer. The filtrate was then
andyzed for GSH/GSSG.

Samples were usudly diluted in elution buffer 1:10 prior to loading into
HPLC. Dilutions of 1:5 were used to measure GSSG in samples. After injecting,
the compounds were duted isocraticaly a8 1 mL/min usng 25 mM sodium
phosphate buffer, pH 3.5; containing 0.005 M PIC-A (tetrabutylammonium
phosphate) and 10% methanol and analyzed on 30 cm X 3.9 mm C,s u Bondapak
column. Peaks were detected by UV absorbance using a Shimadzu SPD-6AV
UV-VIS detector a a wavelength of 190 nm. As shown in Fig. 13, areas were
corrected for recoveries to the Paba Glu added as an internd standard. The
column was regenerated by washing for 15 min with 50% methanol followed by 30
min of equilibration with elution buffer.

2.6.3.0. Assay of y-glutamylcysteine synthetase

v-Glutamyleysteine Synthetase activity was determined by the procedure
described by Igarashi et al (1982). The standard assay reaction mixture (1.0 mL)
contained 100 mM Tris-HC; pH 8.2, 10 mM sodium L-glutamate, 10 mM L-a-
aminobutyrate, 20 MM MgCl,, 5 mM disodium ATP, 2 mM EDTA, 10 mM
sodium L-glutamate, 10 mM L-a-aminobutyrate, 20 mM MgCl, 5 mM discdium
ATP, 2 mM EDTA, 0.02 mg BSA and enzyme. The reaction was initiated by the
addition of ATP. After incubation a 37° C for 30 min, the reaction was
terminated by adding 1 mL of 10% TCA and centrifuged. The inorganic
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phosphate released was determined by the method of Fiske and Subbarow (1925).
One unit of enzyme activity was defined as the amount that catalyzes the release of
1nmole of phosphate per min.

2.6.4.0. Assay of glutathione reductase

Glutathione reductase was estimated according to the method of Carlberg
and Mannervik (1985). The tissues were homogenized (20% w/v) in 10 mM
phosphate buffer, pH 7.0 containing 1 mM EDTA and centrifuged at 10,000 X g
for 30 min followed by 105000 X g for 1 hr. The supernatant was used for
enzyme assay. The reaction mixture in a volume of 1 mL contained 100 mM
sodium phosphate; pH 7.6, 1 mM GSSG, 0.5 mM EDTA, 0.1 mM NADPH and
enzyme source. The NADPH oxidation was recorded a 340 nm on UV/VIS
spectrophotometer and the vaues expressed in units/'mg protein. One unit of
activity was defined as one nmole of NADPH oxidized per mm.

2.6.5.0. Assay of y-glutamyl transpeptidase

v-Glutamyl transpeptidase activity was assayed with L-y-ghutamyl-p-
nitroanilide as substrate (Satoh et al., 1980). The tissues were perfused and
homogenized (20% wi/v) by adding ice-chilled 1.15% KCL The standard assay
mixture contained 50 mM Tris-HCL 20 mM glycylglycine, 10 mM MgCh, 4.4 mM
L-y-ghutamyl-p-nitroanilide, pH 8.0; in afind volume of 1 mL. The reaction was
initiated by the addition of protein sample and incubated at 37° C for 30 min. One
unit was defined as the formation of one pmole of p-nitroanilide formed/min.

2.6.6.0. Assay of glutathione S-transferases

GST activity with CDNB was determined spectrophotometrically as
described by Reddy et al (1983). Activities with other classical substrates were
assayed as described by Habig and Jakoby (1981) (Table 4). All enzyme assays
were carried out spectrophotometrically a 25° C. Blank activities were measured
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in the absence of enzyme and subtracted from experimental vaues to correct for
possible non-enzymatic reactions. One unit of enzyme activity was defined as one
nmole of product formed or one nmole of substrate consumed per min.  Specific
activities were given in units/mg protein.

2.7.0.0. Purification of GSTs

All purification steps were carried a 0-4°C. After each didysis step dl the
samples were centrifuged at 10,000 X g for 30 min in a Kubota centrifuge to
remove denatured protein. The protein concentration, GST activity and non-Se-
GSH Px activity were determined a each step of purificatioa The following
buffers were used during purification of GSTs from tissues. Buffer A: 22 mM
potassium phosphate, pH 7.0; Buffer B: 10 mM sodium phosphate, pH 6.0; Buffer
C: 10 mM Tris-HC), pH 8.0. A typicd rat tissue purification of GSTs preparation
was performed as follows:

2.7.1.0. Preparation of crude extract

Femde wistar grain dbino rats of vitE and/or Se supplemented and
deficient dietary groups were anesthetized, liver and lung tissues were perfused
and tissues were excised. The tissues were minced and homogenized in a waring
blender to 20% (w/v) with buffer A containing 250 mM sucrose for 5 min and then
in a porter dvghem homogenizer with a teflon pestle.  The homogenate was
centrifuged at 10,000 X g for 30 min a Kubota centrifuge. The supernatant was
filtered through glass wool to remove the floaing lipid materid and the filtrate
centrifuged a 105,000 X g in aBeckman centrifuge using Ti 70 rotor. The fina
supernatant was passed through the glass wool/cheese cloth.  The filtrate thus
obtained was taken as cytosol of the tissue and referred to as the crude extract.
The crude extract was dialyzed for 24 hr against 10 volumes of buffer A to remove
the endogenous GSH which interferes with the binding of GSTs to the afinity
column. The dialyzed tissue cytosol was applied onto GSH dfinity column.
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2.7.2.0. Glutathione linked epoxy activated sepharose-6B column

One gm of GSH was coupled to ten gm of epoxy activated sepharose-6B
by the procedure of Simons and VVander Jagt (1977). The column was equilibrated
with buffer A and the flow rate was adjusted to about 60 mL/hr. The didyzed
cytosol sample was applied onto the column and washed with the same buffer until
no protein was recorded in the effluent. At that stage, the column was devel oped
with 0.05M Tris-HCL, pH 9.6 containing 5 mM GSH. Activity appears as a single
sharp pesk of activity. The active fractions were concentrated and dialyzed as in
the previous step.

2.7.3.0. Cation exchange chromatography on CM-cellulose column

The concentrated liver afinity purified GSTs of +E+Se animas was
gpplied to a CM-cellulose column (2.5 X 15 cm), previoudy equilibrated with
buffer B. The column was washed with the same buffer until the absorbance of the
effluent at 280 nm was zero. The elution buffer was then changed to two linear
gradients used in succession, 0-75 mM KC1 and 75-200 mM KC1 in buffer B. The
first gradient was prepared from 500 mL of buffer B and the same amount of
buffer B containing 75 mM KCL The second one was prepared from 100 mL of
buffer B containing 75 mM KC1 and 100 mL of buffer B containing 200 mM KC1.

The active GST flow through fractions were referred to as the anionic
pesk. The sum of transferase activity in al fractions was calculated to estimate the
total GST activity in each peak. The cationic peaks were pooled individualy and
concentrated by Centricon microconcentrator (Amicon Co, Danvers, MA) to
determine the subunit composition with SDS gel electrophoresis.  The anionic
fractions were pooled and didyzed against 100 volumes of buffer C for 24 hr (with
2 changes).
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2.7.4.0. Anion exchange chromatography on DE 52 cellulose Column

The dialyzed anionic sample from the previous step was loaded onto a DE
52 cdlulose column (2.5 X 15) previoudy equilibrated with buffer C. The column
was washed with the same buffer until the absorbance of the effluent a 280 nm
was zero. The eution buffer was then changed to a linear gradient of 0-100 mM
KC1 prepared from 100 mL of buffer C and the same amount of buffer C
containing 100 mM KCL

2.75.0. High performance liquid chromatography

Affinity purified GSTs of liver and lung tissues from vit.E and/or Se
supplemented and deficient animals were further analyzed by reverse-phase HPLC
(RP-HPLC) (Ostlund et al., 1987) using u Bondapak Cjs (3.9 X 300 mm) column
with minor modifications (Veera Reddy et al., 1995). The column was eluted with
agradient elution using 0.1% (v/v) trifluoroacetic acid in 35% acetonitrile (solvent
A) and 0.1% (v/v) trifluoroacetic acid in 85% acetonhrile (solvent B) solvent
systems.  The sample was injected in 100% solvent A and eluted with a linear
gradient of 0-40% solvent B over a period of 45 min (Veera Reddy et al., 1995).
The eluted polypeptides were monitored a 214 nm and their relative abundance
was determined from integrated pesk areas. The relative subunh concentration
was represented in arbitrary units. The induction of every subunit was caculated
from RP-HPLC data and the total protein recovered at the fina step of dfinity
purification protocol (Derbel et al., 1993; VeeraReddy et al., 1995).

2.8.0.0. GST catalyzed Progtaglandin biosynthesis

2.8.1.0. Extraction of PGs

The coupled assay system (standard incubation mixture) in a tota volume
of 1 mL contained 150 mM Tris-HCL pH 8.0; 2 mM EDTA; 5 mM tryptophan, 1
mM GSH, 100 ug GSTs, 5 units of PGH synthase and 100 uM arachidonic acid

containing 0.1 uCi "C arachidonic acid. The reaction mixture was incubated at



30°C for 1 min prior to the addition of 1 mM hematin to initiate the reaction.
After incubation for 1 min, the reaction was quenched with 6 N HC1 and reaction
products were extracted twice with 3 volumes of chloroform. Organic phases
were pooled and evaporated under N; and the residue was dissolved in a smal
volume of solvent system for TLC analysis.

2.8.1.1. TLC analysis of PGs

The samples were spotted on TLC plates and the solvent system used for
TLC was of ethyl acetate: trimethyl pentane: acetic acid: water (110:50:20:100)
by the method of Chang et al (1987a8). For quantification, the TLC plates were
sprayed with 50% sulfuric acid and then heated at 120° C for 10 min. Different
compounds were idertified by their Rf values with reference to the respective
standards. The spots corresponding to respective prostaglandin standards on TLC
plates were scraped offindividually and the radioactivity was quantitated on liquid
scintillation counter (Beckman model-1800). Activity levels were expressed in
terms of % ratios of total PGs formed after deducting non-enzymatically formed
PGs.

2.9.0.0. GST catalyzed LTC¢ Synthesis
2.9.1.0. Incubation and Extraction

The reaction mixture in afina volume of 1 mL contained 75 mM Tris-HCl
(pH 8.0), 5 mM freshly prepared GSH and 100 pg of &finity purified GSTs or 25
pg of individud isozymes separated on CM-cellulose and DE 52 column
chromatography. The reaction was initiated by transferring reaction mixture into
LTA4 Me (find concentration 30 uM) test tube, which was previously evaporated
to dryness under N, gas. After 10 min of incubation the reaction was terminated
by adding 200 uL of 6 N HCL The blanks without GSTs were processed
separately. The reaction mixture was then passed through a Cis Sep-Pak cartridge
(millipore) which was previoudy equilibrated with methanol and water.  After
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passing the sample through the cartridge, it was washed with 10 mL of double
didtilled water and air-dried. The adsorbed sample was then duted with 2 mL of
methanol each time and evaporated to dryness under nitrogen and redissolved in
HPLC solvent.

29.20. HPLC analyss

GST cadyzed LTA, Me products were separated on HPLC (Shimadzu
LC 6AD) by the method of Chang et al (1987b) using Cis column (3.9 X 300 mm)
with the solvent system of methanol:water:acetic acid (65:35:0.1) (pH adjusted to
5.7 with TEM) at aflow rate of 1 mL/min. The eluant was monitored a 280 nm
(SPD-6AV UV-VIS spectrophotometric detector) and identified based on the UV-
VIS spectra and chromatography with standards. The LTCs Me formed was
quantified basng on HPLC integration data and molar extinction coefficient of
LTC, (40,000 cm’ mM™).

2.10.0.0. SDSPoly acry lamide gdl electrophoresis (SDSPAGE)

Poh/acrylamide gdl electrophoresis was conducted according to the method
of Laemmli (1971) ina0.1% SDS on avertical dab sysem. The gels contained
12% acrylamide with a 29:1 ratio of acrylamide to N,N,N'N'-methylene-bis-

acrylamide.

Samples were boiled a 100° C for 5 min in the presence of loading dye
containing SDS (0.1%), 2-mercaptoethanol (5% Vv/v), bromopheno! blue (0.001%
w/v) and glycerol (10% v/v) in 63 mM Tris-HCL, pH 6.8. The protein mixtures
were then subjected to electrophoresis on 3% (w/v) polyacrylamide stacking gel to
dissociate proteins into their individual polypeptide chains in 125 mM Tris-HCl,
pH 6. The eectrode buffer contained 25 mM Tris base, 192 mM  glycine and
0.1% SDS.

After the completion of the electrophoresis the gd was fixed in 7.5% acetic
acid and 50% methanol and later developed with slver nitrate (Oakley et al.,



1980). Standard molecular weight markers of Pharmacia were simultaneoudy run
and the molecular weight of the interested peptide was calculated using UV P-2000

gel documentation software program.
2.11.0.0. Immunological Studies
2.11.1.0. Raising of antisera against purified proteins

Antibodies (Abs) were raised againgt afinity purified rat liver GSTs and
their corresponding subunits; Ya (pooled Ya; and Ya;), Yb (pooled Yb;, and Yby)
and Yc recovered from RP-HPLC. Similarly for lung tissue aso antibodies were
rased againgt lung affinity purified GSTs and Yc¢, Yb (pooled Yb, and Yby), Yk
and Y p subunits which were recovered from RP-HPLC. An antigen preparation at
afina protein concentration of 0.4 to 10 mg/mL was mixed with an equa volume
of Freund's complete adjuvant. The suspension was emulsified thoroughly before
injecting subcutaneoudly at 6-8 sites on the dorsal part of New Zealand white mde
rabbits of 3 months old. Further immunization was carried out on days 7, 14 and
21. Some of the rabbits received one more injection on day 28 in order to dicit a
stronger response.  One week after the completion of the immunization series,
rabbits which were found to contain ussful titers of antibodies againg the injected
protein, as determined by double diffuson tests, were bled and the sera were
collected and stored at -20°C.

2.11.2.0. Western blot analysis (Immunoblotting)

Western blot analysis of rat liver and lung tissue GSTs were conducted
according to the published procedure of Towbin et al (1979). Equa amounts of
cytosolic proteins from the tissue samples were separated by SDS-PAGE and
electroblotted onto nitrocellulose sheets by semi dry blotting protocol of LKB.
The gels were initidly soaked in buffer A consisting of 20 mM Tris-HCl and 192
mM glycine in 20% methanolic water. The separated peptides/proteins were

transferred with a current of 0.8 mA/cm® for 4h. The nylon membrane was then
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blocked in solution B congisting of 20 mM Tris-HCL, pH 7.5; 500 mM NaCl and
2% Tween-20 for 3 min. Then nylon membrane was washed with buffer C
consgting of 20 mM Tris-HCL , pH 7.5; 500 mM NaCl and 0.05% Tween-20 for
10 min followed by buffer D consisting of 20 mM Tris-HCY, pH 7.5; 150 mM NaCl
and 0.05% Tween-20 for 10 min X 3 times each. The nylon membrane was then
treated with buffer D containing 1% non fat dried milk and the primary antibody
for thr. The membrane was then washed thoroughly for 30 min with buffer C to
remove non-specific binding of the antibody with the membrane. The membrane
was then treated with buffer D containing secondary Ab (alkdine phosphatase) and
dlowed to bind to primary Ab for 1 hr. The nylon membrane was then washed
with buffer C for 10 m X 3 times each and findly developed with buffer E
conggting of 100 mM TrisHCI; pH 9.5, 100 mM NaCl, 5 mM MgCh, 4 mM
NBT, 4.5 mM BCEP till the blue color appears on the membrane. The reaction
was stopped by changing the membrane from buffer E to distilled water and later
dried for photography.

2.12.0.0. Protein Estimation

Protein concentrations were estimated by the method of Lowry et al
(1951) and aso by the method of Warburg and Christian (1941). Blanks were
subtracted where appropriate to correct for absorbance due to the interference of
the buffers in the assay.

2.130.0. Statistical analysis

The data was andyzed with oneway analysis of variance followed by
Student Newman Kuel's test. The sgnificance was set at P<0.05.
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3.1.0.0. INTRODUCTION

Molecular oxygen is an essentid nutrient for higher forms of life. In
addition to its normal physiologica reactions, oxygen and its partidly reduced
forms, ROS oxidize a variety of macromolecular and simpler compounds in cells
and fluids of the body. When ROS production is excessive, such as during
prolonged aerobic exercise, or when antioxidant defense is severely hampered by
nutritional deficiencies, or pharmacological intervention, an inadequate defense
may be ovewhemed by the ROS, leading to extensive cell and tissue damage
(Esterbauer et al, 1991).

When PUFAs on the biomembranes are attacked by free radicals in the
presence of molecular oxygen, a chain of peroxidative reactions occur, eventualy
leading to the formation of hydrocarbon gases and adehydes (eg;
maondiadehyde). Byproducts of lipid peroxidation are the most frequently
studied markers of oxidative tissue damage. As a protection againgt excessive
oxidation, nature has developed a complex st of interactive antioxidant systems.
Biologicd antioxidants include SOD, cataase, y-glutamy! cycle enzymes like Se-
GSH Px and glutathione reductase. Nonenzymatic biological antioxidants include
tocopherols, ascorbic acid and glutathione. Nutritional deficiency provides an
excdlent modd to study the dynamic baance between oxidative challenge and
antioxidant defense in the biological system. Among the nutritional deficiencies,
vitE and Se form the most important dietary factors contributing ¥ tissue
antioxidant defenses.

Vitamin E functions as an important cellular antioxidant in the hydrophobic
compartments, protecting PUFAs from lipid peroxidation (Burton and Ingold,
1989; Kagan et al, 1989). Consequently dietary vit.E deprivation and/or exercise
may result in increased lipid peroxidation products such as MDA and possible
disruption of membrane function (Sjodin et al, 1990; Tiidus et al., 1993).
Sdenium has been recognized as an essentid trace eement in anima nutrition
playing aprotective role against peroxidative damage in the anima cells, mainly in
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the form of GSH Px (Sunde and Hoekstra, 1980). Se deficiency is known to result
in the loss of GSH Px activity, the enzymes involved in the reduction of
hydroperoxides (Hill et al, 1987; Ji et al., 1988). The role of vit.E and Se in the
prevention of coronary heart dissase (Van-Poppel et al., 1994; Luoma et al.,
1995), muscle damage and soreness (Kanter, 1994), cydtic fibrosis (Kauf et
ah, 1995) and cancer (Schwartz et al., 1994) has been extensvely studied.
Although liver is equipped with abundant antioxidant enzymes and other
scavenging systems, the high metabolic rate and central role in detoxification make
it one of the main targets for free radica damage in the body, moreso under
impaired antioxidant defenses. Animas fed on diet deficient in vit.E and/or Se
nutrients develop a number of pathological conditions (Scott, 1978). In addition
to respiratory function, the lung offers a first line of defense against environmental
toxicants, pollutants and oxidants. Lung is the principa target organ for oxygen
poisoning in mammals. Severe morphological and functional dterations in the lung
are caused by hyperoxic conditions, often resulting in death (Crapo et al., 1980b).
Sdenium deficiency has been shown to augment the pulmonary toxic effects of
oxygen exposure in the rat (Hawker et al., 1993).

A stable intracellular redox state is of vita importance to organisms
(Krentzchmar and Klinger, 1990). Many enzymes require the essentia thiols to be
kept in reduced state. As the most important non-protein thiol source, GSH
concentration in the cdl is remarkably high. Liver is the mgor organ for de novo
GSH synthesis and supplies 90% of the circulating GSH (Potter and Tran, 1993).
From the studies in mice and rats, liver has been recognized as the central organ of
the interorgan homeostasis of GSH, serving as the principa source of GSH for
plasma (Lauterburg et al., 1984). Lung, like liver and kidney shows a high rate of
GSH turnover (Martensson et al., 1989). Studies in isolated perfused rat lung
indicate use of plasma GSH by the lung. Thus GSH and associaed enzyme
systems play an important role in mediating cdlular antioxidant defenses. Liver
and lung are the main tissues vulnerable to oxidative damage in animas subjected

to oxidative stress. Hence in the present study the rate of lipid peroxidation and
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the metabolism of glutathione in liver and lung tissues were analyzed in animds fed
on Vvit.E and Se deficient diets in order to assess the oxidative stress induced in
relation to the animas fed on vit.E and Se supplemented diets.

3.2.0.0. RESULTS

Wistar gtrain femde abino rats at weanling stage were divided into four
groups of 12 animas each and they were fed on -E+Se, +E-Se, -E-Se and +E+Se
diets for a period of 13 weeks. After the digtary treatment period, animals were
killed by cervicd didocation. Liver and lung tissues were excised after perfusion
with physiologica sdine and kept in -80°C until used for biochemica andysis.

3.2.1.0. Vitamin E

Feading Vit.E deficient (-E+Se, -E-Se) diet for a period of 13 weeks to
wistar gtrain femde abino rats, starting from the weanling stage, resulted in a
significant decrease in vit.E levels both in liver and lung tissues when compared to
supplemented animds (+E-Se and +E+Se) (Fig. 14A&B). Vitamin E leves in
these tissues fdl to gpproximately 10% of levels of +E+Se animals.

3.2.1.2. Selenium

Similarly feeding animals with Se deficient diets (+E-Se and -E-Se) resulted
in dgnificant depletion of Se both in lung and liver tissues (Fig. 15A&B).
Sdenium levels in the tissues of Se deficient animds fdl to 5% of levels in Se
supplemented animdls.

3.2.1.3. Growth and tissue somatic indices

The dietary trestment given for a period of 13 weeks darting from
weanling stage resulted in significant changes in the growth pattern (Fig. 16) and
tissue sometic indices (Fig. 17A&B). Animals fed on vit.E and Se supplemented
diets (+E+Se) maintained the highest growth pattern compared to al other groups,



Fig. 14: Vitamin E levelsin liver and lung tissues of rats fed on vit.E
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Fig. 15: Selenium levelsin liver and lung tissues of rats fed
on vit.E and/or Se supplemented anddeficient diets

A [] -E+Se
1200 — o 7-///4: +E-Se
: Y - E-Se
) = +E+Se
&
2 wo0f-
[72]
S
=]
=]
=
400 -
b b Liver
0
600 LB CJ -E+Se
V777 +E-Se
Y - E-Se
® B +E+Se
%, 400
5]
e
o
2
200
Lung
0

Each value isthe mean + SD of six individua observations.

Data was analyzed with a one way ANOVA followed by SNK test.
Bars labelled with same letter are not significantly different from
one another (p < 0.05).



Body weight (g)

Fig. 16: Growth curves of ratsfed on vit.E and/or Se
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throughout the period of dietary treatment. Animds fed on -E-Se diets, on the
other hand, showed the reduced growth rate compared to dl the other groups
studied. The other two groups (+E-Se and -E+Se) showed intermediate growth
rate between +E+Se and -E-Se groups. Tissue somdtic indices (TSI) of both liver
and lung tissues were dgnificantly lower in the +E+Se group of rats compared to
al other groups (Fig. 17A&B).

3.2.1.4. Lipid Peroxidation

RP-HPLC andysis was used to separate lipid peroxides in the form of
MDA adduct from other chromogens absorbing & 532 nm. Use of HPLC
eliminates artiiacts due to the reaction of TBA with other body-fluid congtituents
to give different chromogens. As shown in Fig. 18A, dgnificantly higher
concentrations of MDA were observed in liver tissue of -E+Se (32%), +E-Se
(106%) and -E-Se (136%) group of animas when compared to supplemented
(+E+Se) animds.  Smilaly in lung tissue dso higher levels of MDA were
obsarved in -E+Se (35%), +E-Se (161%) and -E-Se (200%) animas when
compared to supplemented animds (Fig. 18B).

3.2.2.0. Antioxidant defense systems

The levels of cytosolic antioxidant enzymes like Se-glutathione peroxidase,
y-glutamylcysteine Synthetase, glutathione reductase, y-glutamyl transpeptidase
and glutathione S-transferases were measured in liver and lung tissues of rats fed
on the different diets. The levels of GSH and GSSG were determined in perfused

tissues immediately after isolation.
3.2.2.1. Se-glutathione peroxidase

Se-GSH I'x, the enzyme involved in the reduction of inorganic and organic
hydroperoxides, activity levels reached to indgnificant levels in liver and lung
tissues of Se ddicent animds (+E-Se and -E-Se) compared to the Se
supplemented ones (-E+Se and +E+Se) (Fig. 19A&B). This observation suggests
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Fig. 18: Lipid Peroxidation
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Fig. 19: Activity levels of Se-GSH Px with Hy05 in the cytosolic

fractions of liver and lung tissues of rats fed on vit.E
and/or Se supplemented and deficient diets
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the dfidency of dietary trestment in depleting tissue Se levels and thereby
decreasing the activity levels of Se-dependent enzymes.

3.2.2.2. Reduced glutathione

The levels of both GSH and GSSG were determined simultaneously on RP-
HPLC. In liver tissue GSH levels were dgnificantly higher in +E-Se (66 %) and
-E-Se (83.4%) animas when compared to +E+Se animals. In contrast, GSH levels
in lung tissue were significantly lower in -E+Se (-24%), +E-Se (-41.8%) and -E-Se
(-55.22%) animals when compared to +E+Se animds (Fig. 20A&B).

3.2.2.3. Oxidized glutathione

In liver and lung tissues the levels of GSH were 5 fold higher than GSSG
levels. GSSG levels in liver of Se deficient animds were significantly lower (-45%
in +E-Se and -45.7% in -E-Se) when compared to Se supplemented (-E+Se and
+E+Se) animds (Fig. 21 A). However in lung tissue GSSG levels were
dgnificantly higher in -E+Se (70%), +E-Se (181%) and -E-Se (216%) animas
when compared to that of +E+Se animds (Fig. 21B).

3.2.2.4. y-Glutamylcysteine synthetase

Glutamylcysteine synthetase activity levels in both liver and lung tissues of
-E+Se, +E-Se, and -E-Se animds were sgnificantly higher compared to +E+Se
groups (Fig. 22A&B). In liver tissue GCS levels were significantly higher in -E+Se
(70%), +E-Se (109%) and -E-Se (153%) group of animas. Smilaly, in lung
tissue higher levels of GCS were observed in -E+Se (40%), +E-Se (197%) and
-E-Se (210%) groups when compared to +E+Se animals.

3.2.2.5. Glutathione reductase

Glutathione reductase activities in the present study were increased in the
liver and lung of al deficient rats when compared to supplemented animals. The



Fig. 20: Levels of GSH in liver and lung tissues of rats fed
on vit.F. and/or Se supplemented and deficient diets
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Fig. 21: Levels of GSSG in liver and lung tissues of rats fed
on vit £ and/or Se supplemented and deficient diets
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Fig. 22: Activity levels of y-glutamylcysteine synthetase in the cytosolic

fractions of liver and lung tissues of ratsfed on vit.E and/or

Se supplemented and deficient diets
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hepatic glutathione reductase activities were significantly higher in -E+Se (46%),
+E-Se (61%) and -E-Se (81%) animals when compared to that of +E+Se animas
(Fig. 23A). Similaly in lung tissue, dl deficient groups showed sgnificantly
higher levels (40% in -E+Se, 63% in +E-Se and 81% in -E-Se) compared to
+E+Se animdls (Fig. 23B).

3.2.2.6. y-Glutamyl transpeptidase

Liver, in spite of the highest concentration of GSH showed lesser GGT
activity compared to lung tissue. GGT activity levels were sgnificantly reduced in
liver tissue of vit.E and/or Se deficient animas when compared to +E+Se animas
(Fig. 24A). In contrast, GGT activity levels in the lung tissue of vit.E and/or Se
deficient animals were dgnificantly higher compared to that of +E+Se animas
(Fig. 24B).

3.2.2.7. Glutathione S-transferases

The hepatic GST activities were significantly higher in +E-Se (48.5%) and
-E-Se (77%) animas when compared to that of +E+Se animds (Fig. 25A).
However in lung tissue dl deficient groups showed significantly higher levels (48%
in -E+Se, 40% in +E-Se and 80% in -E-Se) compared to +E+Se animds (Fig.
25B).

3.3.0.0. Discussion

Vit.E, as achain breaking free radical scavenger, protects the tissue from
non-enzymatic lipid peroxidation. Vh.E has been shown to be involved in the
inhibition of LOX (Reddanna et al., 1989, Lomnitski et al., 1991) and in the
reduction of hydroperoxides catalyzed by LOX (Cucurou et al., 1991). Thus vit.E
plays an important antioxidant role both againgt enzymatic and non-enzymatic lipid
peroxidations.  Selenium, a an integrd component of Se-GSH Px, plays an
important role in the reduction of organic and inorganic hydroperoxides.
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Fig. 24 : Activity levels of y-glutamyl transpeptidase in the cytosolic
fractions of liver and lung tissues of rats fed on vit.E and/or
Se supplemented and deficient diets
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In view of their key role in tissue antioxidant defenses, vit.E and/or Se
deficiency markedly reduced the growth rate of femele abino rats (Fig. 16). Asa
result of this liver and lung tissue somatic indices also got affected (Fig. 17). The
increase in the TSI of liver and lung tissues in vit.E and/or Se deficient animals in
comparison to the supplemented group, is more due to the decrease in the body
weights rather than increase in tissue weights.

The impaired antioxidant defenses as a result of induced vit.E and Se
deficiency could be responsible for the observed incresse in lipid peroxides in
animds deficient in Se and/or vit.E (Fig. 18A). In vivo, MDA is formed amost
exclusvely from peroxidation of PUFAs, hence its presence is thought to be a
prime indicator of the occurrence of tissue lipid peroxidation (Gutteridge and
Halliwell, 1990). Smilar increase in lipid peroxides was reported in liver, lung and
cardiac muscles of animas fed on Vvit.E and/or Se deficient diets (Hafeman and
Hoekstra, 1977; Tiidus et al., 1993; Awad et ah, 1994; Rokizki et ah, 1994). The
present study aso has clearly demonstrated that liver and lung tissues of vit.E
and/or Se deficdient animals are vulnerable to impaired antioxidant defenses. Se-
GSH Px and other Sdeno peroxidases play a prominent role in the reduction of
both inorganic and organic hydroperoxides in different compartments of cells.
Sdenium deficiency in the present study has resulted in Sgnificant depletion of Se-
GSH Px activity levels (Fig. 19A). Smilarly other Seleno peroxidases such as
plasma GSH Px and phospholipid hydroperoxidase might have been reduced in Se
deficient animals. In addition deficiency of vit.E dso might be responsible for the
observed increese in the leves of lipid peroxides in both liver and lung tissues of
vit.E and/or Se defident animals (Fig. 18A&B).

In the present study Se deficiency resulted in increased liver GSH levels
(Fig. 20A). No dgnificant differences, however, were observed in liver tissue of
VitE deficient animas (Fig. 20A). Hill and Burk (1982) have studied GSH
metabolism in isolated rat hepatocytes and demonstrated that GSH synthesis and
turnover are accelerated significantly by Se deficiency and not significantly by vit.E
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deficiency. This implies that Se deficiency but not of vitE accelerates GSH
synthesis in rat liver. These changes were associated with increased activities of
rate-limiting enzymes in the GSH turnover such as GCS in Vit.E and/or Se
deficient animals (Fig. 22A). Also glutathione reductase, another enzyme involved
in GSH turnover, was dso at higher levelsin liver of vit.E and Se deficient animals
(Fig. 23A). Thisincreased glutathione reductase activity might be a mechanism for
increasing GSH status to protect liver from the prevailing oxidant stress in nutrient
deficient animals. The increased levels of GSH in Se deficient animas could be
due to increased demand for GSH caused by increased tissue lipid peroxides.

GGT is an important component of the y-glutamyl cycle in cdls (Meister
and Anderson, 1983). The y-glutamy! bond can be cleaved by GGT, an enzyme
located on the externa surface of cell membranes of various tissues. Liver is
known to have negligible GGT activity (Bray and Taylor, 1993). In the present
study dso GGT activity in liver was much lower compared to lung tissue (Fig.
24A). GGT activity levelsin liver were further decreased in vit.E and Se deficient
livers when compared to that of +E+Se animals. Hepatic uptake of plasma GSH is
very low as a result of the relatively low levels of GGT activity in the liver
(Lauterburg et ed., 1984). GSH as wel as other y-glutamyl-containing
compounds, including GSSG and y-glutamyl glutathione, react with GGT at the
outer cdl surface. The y-glutamyl moiety is transferred to a suitable amino acid
acceptor, and both the y-glutamyl amino acid and cysteinylglycine are transported
into the cell and reused for GCS and glutathione reductase reactions to enhance
celular GSH leves. Although the first step in GSH degradation is catalyzed by
GGT, it seems unlikely that hepatic GGT is involved in the reaction in the liver,
because of its low levd and its further decrease by Vit.E and Se depletions.
Therefore, GSH release from liver is of primary importance in the GSH turnover.
Perhaps, GSH and/or GSSG released into the blood are deaved and resbsorbed in
kidney and the lung tissues, containing very high activity levels of GGT and other
related enzymes. In relaion to this point, Hill and Burk (1982) observed that Se
deficiency raised plasma GSH plus GSSG leve but not cysteine levelsinrats.



In addition to increased GSH levels, vit.E and/or Se deficiency has resulted
in dgnificantly higher activity levels of GST in liver tissue (Fig.25A). This
observation is consigtent with the results of Chang et al., (1990) and Christensen et
al., (1994) where devated GSTs were reported in response to Se deficiency.
GSTs, are multifunctional proteins known mainly for detoxification of xenobiotics.
The induction of GSTs in response to Vit.E and Se defidency indicates their
possible role in antioxidant defenses also. GSTs of a family are known for their
role in the reduction of organic peroxides (Chang et al., 1990). It will be
interesting to probe further on the specific isozymes of GSTs induced in response
to nutritional deficiency and their involvement in antioxidant defenses.

Antioxidants and glutathione related enzymes play a sgnificart role in the
defense responses of the lung tissue to oxidant stress (Panus et al., 1988). Se-
GSH Px activities were decreased in Se deficient tissues (Fig. 19B) which was aso
evidenced by studies of Forman et al (1983) and Jenkinson et al (1989). Se
deficient lung has reduced activity of Se-GSH Px and, hence, limited capacity to
metabolize H,0, and other peroxides. GSH exported from liver to the blood
plasma is utilized by the lung, which like liver and kidney exhibits a high overall
rate of GSH turnover. In the present study, Se and vit.E defidency increased
GGT activity of lung tissue (Fig. 24B). Activated GGT of lung tissue facilitates
the import of substrates required for GSH synthesis. Exercise training is known to
increase GGT activities of lung and musclesin rat, but decrease in liver (Sen et al.,
1992). During deficiency when hepatic efflux of GSH is accelerated, the lung
tissue enjoys a greater ability to enrich its GSH-dependent antioxidant and

detoxicant status.

Se and/or Vit.E deficiency in the present study enhanced GCS activity of
lung tissue (Fig. 22B). This effect was more pronounced in -E-Se animd tissues,
which should result in higher GSH levels. On the contrary, GSH levels decreased
in lung tissues of -E-Se animals (Fig. 20B). Lungs from Se deficient rats were
shown to release glutathione in response to oxidative stress (Jenkinson et al.,
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1987). Mice treated with buthionine sulfoxamine (BSO) reduce total lung GSH
levels and thereby increasing the susceptibility to oxygen-induced lung damege
(Smith and Anderson, 1992). Severa lung disorders are bdieved to be
characterized by an increase in dveolar oxidant burden, potentialy depleting GSH
levels in lung tissue (Martensson et al., 1989). Low GSH has been linked to
abnormdlities in the lung surfactant system and the interaction between GSH and
antiproteases in the epithelia lining fluid of patients. In new born rats and in adult
mice GSH deficiency results in extensive damage to lung type 2 cdls with
decreased number of lamellar bodies and decreased amounts of intraalveolar
tubular myelin (Martensson et ah, 1989, 1991). Thus when there is a marked
decrease in cdlular GSH, the normd physiological formation of reactive oxygen
speciesis unopposed, and this leads to severe cellular damage.

The decreased GSH during vit.E and/or Se deficiency might be due to
increased GSH utilization by enzymes such as GSTs, which are induced (Fig.
25B). The rate of depletion by these electrophilic agents is related to the level of
GST activity in the cell. Thus GSSG levels were increased which is an indication
of oxidative stress. The reldively high concentrations of GSSG may be due to
concomitant increase in pulmonary GSTs and increased levels of peroxides in
deficient tissues (Fig.22B). Jaeckson and Vea (1990) and Reuter and Klinger
(1992) found a marked increase in GSSG levels of lung tissue after hypoxia and
reoxygenation. Thus if the rate of GSH consumption exceeds that of import, a
tissue may show a net deficit of GSH. The glutathione reductase activities were
higher in the lung tissue of vit.E and/or Se deficient animas compared to that of
supplemented animas, more pronounced in -E-Se lung tissue to recycle GSH
(Fig.23B). Glutathione reductase levels, however, were lower in animds supplied
with vit.E and Se compared to deficient animals, indicating the secondary role
played by thiols in antioxidant defense mechanisms of lung tissue in the presence of
vit.E and Se. Thus it is dear that vit.E and Se deficiency results in inducing
oxidant stress in the lung tissue, which is being tackled mainly by cdlular thiols. In
the present study the observed increase in the levels of GST activities in nutrient
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deficient animals suggests a compensatory role for glutathione in protecting
hepatic and pulmonary tissues from the oxidative damage induced by vit.E and/or
Se deficiency (Fig. 25B).

The present study therefore, reveals that lung tissue is relaively more
susceptible to oxidative damage induced by vit.E and/or Se deficiency. As aresult
of induced oxidative stress, liver and lung tissues of vitE and/or Se deficient
animals showed induction of GSTs. Further studies, however, are required to
identify the specific isozyme(s) of GST involved in antioxidant defenses.



CHAPTERII
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4.1.0.0. INTRODUCTION

In the first chapter it is demonstrated that either vit.E and/or Se deficiency
induces oxidative stress in femde dbino rats. Vitamin E and/or Se deficiency aso
induced GSTs in lung and liver tissues dgnificantly. In order to identify the
isozymes of GSTs induced, GSTs were purified by affinity chromatography and
further separated on SDS-PAGE. The subunit composition of GSTs, however,
was andyzed on RP-HPLC.

Earlier differences in tissue distribution and expression of GST isozymes
have been documented mainly by comparison of SDS-PAGE and immunoblotting
(Tu et al., 1983; Hayes and Mantle, 1986). However, there were and ill are
problems with crossreactivity of GST antibodies and quantification by
immunoblotting. Development of an HPLC technique by Ostlund et al (1987)
sgnificantly improved the ability to identify and quantify GST proteins, and has
been used extensively (Ketterer et al., 1988, Hayes et al., 1990). In the present
study the HPLC technique is modified so that dl known subunits can be separated
with essentialy basdline resolution.

4.2.0.0. RESULTS

Femde wistar dtrain dbino rats a weanling stage were fed with -E+Se,
+E-Se, -E-Se and +E+Se diets for a period of 13 weeks. After the digtary
regimen, animals were killed and liver and lung tissues excised &fter perfusion.
Cytosolic GSTs from tissues were purified by GSH linked agarose column
chromatography.  Fig. 26 represents the typical chromatogram of dfinity
purification of rat liver and/or lung cytosolic GSTs.

4.2.1.0. Hepatic GSTs
4.2.1.1. Affinity chromatography

Purification of GSTs by GSH-affinity chromatography was carried out five
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times separately for each group using pooled liver tissue (12 g) from respective
groups. Table 5 to 8 shows the typica purification profiles of GSTs from liver
tissues of -E+Se, +E-Se, -E-Se and +E+Se animds. As shown in the prdfiles,
increase in specific activity was observed in liver crude extracts (10,000 X g) of
+E-Se (49%) and -E-Se (77%) animas when compared to that of +E+Se animals.
Smilaly the specific activity levels in the cytosolic fractions (105,000 X g
supernatant) of +E-Se and -E-Se animals aso were much higher compared to
+E+Se animals.  As a result, the overal purification fold of +E-Se (33%) and
-E-Se (43%) animas decreased when compared to -E+Se and +E+Se animas.
This observed increase in the specific activity levels in the crude extracts as well as
cytosolic fractions and decrease in the find fold purification are indicative of
induction of GSTs in the liver tissue of +E-Se and -E-Se animals. Also the total
afinity purified GST protein levels were much higher in +E-Se (50%) and -E-Se
(77%) animas than the levels found in +E+Se animale  No gppreciable differences
in secific activity (37 U/mg protein) and % yidd (~70%) were observed in the
efinity purified liver GSTs of animals fed on vit.E and/or Se supplemented and
deficient diets. The comparison of total activity, total protein and yidd at the fina
step of liver GST purification for al the dietary groups is represented in table 9.

4.2.1.2. SDS-PAGE and western blot analysis of GSTs from cytosolic

extracts

The dfinity purified liver GSTs were resolved into 3 subunits on SDS-
PAGE (Fig. 27, lane 1&6) with molecular weights of 25.6, 27 & 28 kDa, which
were designated as Ya, Yb and Yc respectively, as per the nomenclature of
Mannervik et al (1985). In order to determine whether incressed GST activity in
+E-Se and -E-Se was due to an increased amount of GST protein, equal amounts
of liver cytosol protein (20 pg) was loaded and separated on SDS-PAGE (Fig.
27).  Western blotting andysds was performed after electrophoresis using
polyclona antibodies raised againgt afinity purified liver GSTs (Fig. 28A), rat liver
Yc (Fig. 28B), rat liver Yb (Fig. 28C) and rat liver Ya subunits (Fig. 28D).



TABLE 5. PURIFICATION PROFILE OF LIVER GSTs OF
RATSFED ON -E+Se DIET

Total Total Specific . .
Step activity | protein | activity Y'Odd P“";gcd’"““
unitsU) | (mg) | (U/mg) %
10,000 X g 837.5 2417 0.346 100 1
105,000 Xg 743.0 1279 0.581 88.73 168
Affinity
pooled 563.6 154 36.6 67.3 1058

Each vaue isthe mean of fiveindividua observations.

One unit is defined as one umole of thioether formed/min.

TABLE 6: PURIFICATION PROFILE OF LIVER GSTs OF
RATS FED ON +E-Se DIET

Total Total Specific . I
Step activity protein | activity Y'fld Pur;gijatlon
units (U) (mg) (U/mg) %
10,000 X g 1152 2458 0.469 100 1
105,000 X g 1035 1281 0.808 89.8 172
Affinity
pooled 765.4 20.8 36.8 66.4 78.46

Each value is the mean of five individua observations.

One unit is defined as one umole of thioether fonned/min.




TABLE 7: PURIFICATION PROFILE OF LIVER GSTsOF
RATS FED ON -E-Se DIET

Total Total Specific . I
Step activity | protein | activity Y.'f'd Purflflcatlon
units(U) | (mg) | (U/mg) : old
10,000 Xg | 13445 | 2409 0558 | 100 1
105000X g | 19223 | 1268 0964 | 91 1728
Affinity
sooled 919.7 24.79 37.1 66.31 66.48

Each value is the mean of fiveindividua observations.

One unit is defined as one umole of thioether formed/min.

TABLE 8: PURIFICATION PROFILE OF LIVER GSTsOF
RATSFED ON +E+SeDIET

Total Total Specific . S
Step activity protein activity Ylid Pur;l;?tlon
units(U) | (mg) (U/mg) i
10,000 Xg 762.9 2422 0.315 100 1
105,000 Xg 693.6 1275 0.544 90.9 1729
Affinity
pooled 511.0 14 36.5 67.0 115.9

Each value is the mean of fiveindividud observations.
One unit is defined as one umole of thioether formed/min.




TABLE 9: PURIFICATION PROFILE OF LIVER GSTsOF
RATS FED ON vit.E AND/OR Se SUPPLEMENTED
AND DEFICIENT DIETS

Total Total
Sep activity protein Yield
units (U) (mg)
-E+Se 564 +89* 15.4 £2.0* 36.6 £2.1*
+E-Se 765 + 110° 20.8 +3.2° 36.8 +2.3"
-E-Se 90 + 173° 24.8 +3.6° 37.042.9%
+E+Se 511 +93* 140 +2.3* 36.5+ 28

Each vaue isthe mean £ SD of five individual observations. One

unit is defined as one umole of thioether formed/min. The same aphabet
denotes no sgnificant difference between the two groups in each column.
Significance was et a p < 0.05.



Fig. 27: SDS-PAGE of liver cytosolic proteins of
rats fed on vit.E and/er Se supplemented
and deficient diets

Lane 1.1 |ig liver afinity purified GSTs
2. 20pg -E+Se liver cytosolic proteins
3. 20 ug +E-Seliver cytosolic proteins
4. 20 pg -E-Se liver cytosolic proteins
5. 20 ug +E+Seliver cytosolic proteins
6. 2 pg liver dfinity purified GSTs



Fig. 28: Immunoblots of liver cytosol and affinity purified
GSTs of rats fed on vit.E and/or Se supplemented and
deficient diets separated on SDS-PAGE and probed
with antibodies raised against

A. Rat liver affinity purified GSTs B. Rat liver GST Ye subunit
C. Rat liver GST Yb subunit D. Rat liver GST Ya subnnit

Blot AtoD

Lane 1. 1 ug rat liver affinity purified GSTs
Lane 2. 20 ug -E+Serat liver cytosolic proteins
Lane 3. 20 pg +E-Serat liver cytosolic proteins
Lane 4. 20 ng -E-Serat liver cytosolic proteins
Lane 5. 20 pg +E+Serat liver cytosolic proteins
Lane 6. 2 pg rat liver afinity purified GSTs
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Figure 28A shows a clear induction of Ye¢ and Ya subunits in -E+Se, +E-Se and
-E-Se animals when cytosolic proteins separated on SDS-PAGE were probed with
anti-affinity purified GST antibodies (compare lane 2,3,4 to lane 5). Similar results
were observed when the proteins were probed with GST Yc antibody (Fig. 28B).
Western blot andysis with GST Ya antibodies further snowed the induction of Ya
subunit in -E+Se, +E-Se and -E-Se animas, more so in -E-Se animals when
compared to that of +E+Se animds (Fig. 28D). No significant changes were
observed in Yb subunit (Fig. 28A&C).

4.2.1.3. SDSPAGE analysis of affinity purified GSTs

In order to further characterize the GSTs, equal amounts (3 ug each) of
finity purified GSTs from vit.E and/or Se supplemented and deficient animas
were separated on SDS-PAGE (Fig. 29). The relative concentration of subunits
were analyzed by measuring subunit concentration on UVP-gel documentation
system and aso from the total protein recovered at the find step of purification
(Fig. 30). The relative concentration of Ya subunit was sgnificantly higher in liver
tissues of -E+Se (34%), +E-Se (61%) and -E-Se (164%) animals compared to that
of +E+Se animas. Further Y ¢ subunit was also induced in -E+Se (24%), +E-Se
(57%) and -E-Se (62%) animds when compared to that of +E+Se animds
(compare lanes 2,3&4 with 1 inFig. 30).

4.2.1.4. Reverse-phase HPLC analyss of affinity purified GSTs

In order to further quantitate the specific induction of GST subunits during
vit.E and/or Se deficiency, equa amounts of &ffinity purified GSTs were separated
on reverse-phase HPLC (Fig. 31A,B,C&D). Individua peaks obtained were
identified based on their order of elution as per the profile given by Johnson et al
(1992) and were confirmed by comparison of HPLC profiles of individud
isozymes and SDS-PAGE andyss. When relative subunit concentrations were
compared, Ya, was the mgor Yasized subunit in the rat liver, which was
sgnificantly higher in -E+Se (1.43 fold), +E-Se (2.42 fold) and -E-Se (3 fold)



Fig. 29: SDS-PAGE of liver and lung affinity
purified GSTs of rats fed on vitE and/or
Se supplemented and deficient diets
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Lane 1 to 4 correspondsto liver GST proteins (3 ug each)
purified from
1. +E+Se 2. -E-Se 3. +E-Se 4. -E+Se animdls

Lane 5 to 8 correspondsto lung GST proteins (3 pg each)
purified from
5. +E+Se 6. -E-Se 7. +E-Se 8. -E+Se animds



Fig. 30: Relative subunit concentration of liver affinity purified

GST subunit concentration (arbitrary units)

GSTsof ratsfed on vit.E and/or Se supplemented
and deficient diets separated on SDS-PAGE
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Vaues represent mean + SD of fiveindividual experiments. Datawas
analyzed with aone way ANOVA followed by SNK test Bars labelled
with same letter are not Significantly different from one another (p < 0.05).



Fig. 31: RP-HPL C analysis of affinity purified liver GSTs of
(A)-E+Se (B)+E-Se (C)-E-Se (D) +E+Se rats

Equal protein (100 pg) was loaded to RP-HPLC

Column:  ODS (Waters)

Solvent:

A. 35% Acetonitrile + 0.1% TFA

B. 85% Acetonitrile + 0.1% TFA

Flowrate: 1 mL/min
Detection: 214 nm
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animds (Fig. 32). Similarly Yc was aso induced in dl deficient animals by 1.2
fold in -E+Se, 163 fold in +E-Se, and 182 fold in -E-Se animds compared to that
of +E+Se animas. Ya, subunit was induced only in -E-Se (1.78 fold) animals
(Fig. 32C).

4.2.2.0. Lung GSTs
4.2.2.1. Affinity chromatography

Like liver GSTs, lung GSTs were dso purified from equal quantities (16 g)
of pooled tissue from vit.E and/or Se deficient and supplemented animas by
afinity chromatography for 3 times. The data was presented in tables 10, 11, 12
& 13. Comparison of specific activities during the first step of purification (crude
extract of 10,000 X g supernatant) indicated increase in the specific activities in
-E+Se (33%), +E-Se (64%) and -E-Se (76%) animas compared to the leve
observed in +E+Se animas. The purification fold was decreased by 16% in
-E+Se, 40.12% in +E-Se and 39.13% in -E-Se animds. Further total GST protein
obtained after finity purification in lung tissues of -E+Se (48.5%), +E-Se (93%),
and -E-Se (98%) animds were sgnificantly higher when compared to the protein
levels obtained for +E+Se animas.  All these observations demonstrate the
induction of lung GSTs in VitE and/or Se ddficent animd*; No dgnificant
differences were observed in specific activity (17 U/mg protein) and % yied
(~90%) of afinity purified lung GSTs of vitE and/or Se supplemented and
deficient diets. Comparison of total activity, total protein and yied of afinity
purified lung GSTs for the vit.E and/or Se supplemented and deficient diets was
presented in table 14.

4.2.2.2. Western blot analysis of cytosolic extracts

The afinity purified GSTs were resolved into 4 subunits on SDS-PAGE
with molecular weights of 24, 25, 27 and 28 kDa, which were designated as Yp,
Yk, Yb and Yc respectively, based on their molecular weights (Fig. 33). The
subunit induction was andyzed by separating equa amounts (40 pg each) of



TABLE 10: PURIFICATION PROFILE OF LUNG GSTs

OF RATS FED ON -E+Se DIET

Total Total Specific . I
Step activity protein | activity Y'oil)d Pun;gztlon
units (U) | (mg) (U/mg)
10,000X g 1556 1765 0.008 100 1
105,000 Xg 15.10 1019 0.015 97.02 1.805
Affinity
pooled 14.30 0.815 17.61 92.24 2147

Each value is the mean of three individual observations.
One unit is defined as one pmole of thioether formed/min.

TABLE 11: PURIFICATION PROFILE OF LUNG GSTs

OF RATSFED ON +E-Se DIET

Total Total Specific . I
Step activity | protén | activity | Yo P“r}gl‘fja“on
units(U) | (mg) (U/mg)
10,000X g 199 1803 0.011 100 1
105,000 X g 1845 2025 0.014 92.68 127
Affinity
Pooled 17.92 1062 16.80 90.0 1527

Each vaue is the mean of three individual observations.
One unit is defined as one umole of thioether formed/min.




TABLE 12: PURIFICATION PROFILE OF LUNG GSTs
OF RATS FED ON -E-Se DIET

Total Total Specific . I
Step activity | protein | activity Y"j'd P“r:f'lcg“on
units (U) (mg) (Umg) | 0
10,000 X g 21.75 1834 0012 | 100 1
105,000 Xg | 2043 1121 0018 | 93.92 154
Affinity
pooled 18.36 107 171 90.67 1554

Each value isthe mean of three individual observations.
One unit is defined as one umole of thioetber formed/min.

TABLE 13: PURIFICATION PROFILE OF LUNG GSTs
OF RATSFED ON +E+SeDIET

Total Total Specific . e
Step activity protein activity Yle/Id Pur:(f(;lc;émon
units (U) (mg) (Umg) |
10,000 X g 11.25 1677 0.007 100 1
105,000 Xg 10.35 1030 0.01 92.03 149
Affinity
pooled 9.39 0.549 1711 | 8845 2553

Each value is the mean of three individual observations.
One unit is defined as one umole of thioether formed/min.




TABLE 14: PURIFICATION PROFILE OF LUNG GSTsOF
RATS FED ON vit.E AND/OR Se SUPPLEMENTED
AND DEFICIENT DIETS

Total Total
Sep activity protein Yield
units (U) (mg)
-E+Se 14.3+ 1.6* 0.82 +0.08" 176+ 1.6
+E-Se 17.92+2.0° 1.06+0.12° 16.8 +1.9*
-E-Se 18.36+ 2.9 107 +0.11* 171+2.0
+E+Se 9.39+1.3° 055+ 0.07° 171+1.8*

Each value is the mean + SD of three individud observations. One

unit is defined as one umole of thioether formed/min. The same alphabet
denotes no significant diflFerence between the two groups in each column.
Significance was et at p < 0.05.
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cytosolic proteins from -E+Se, +E-Se and -E-Se and +E+Se animds on SDS-
PAGE (Fig. 33) and probing them with polyclonal antibodies raised against
afinity purified lung GSTs (Fig. 34A), lung Ye (Fig. 34B), lung Yb (Fig. 34C),
lung Yk (Fig. 34D) and lung Y p subunits (Fig. 34E). Comparison of lanes 2,3&4
with thet in lane 5 of Fig. 34A&B clearly showed an induction of Yc subunit in
Vvit.E and/or Se deficient animas. No sgnificant changes, however, were observed
inYb, Yk and Yp subunits in vit.E and/or Se deficient anima tissues compared to
that of supplemented animals (Fig. 34A,C,D&E).

4.2.2.3. SDS-PAGE and RP-HPL C analysis of affinity purified GSTs

Equal amounts (3 pg)of &finity purified lung GSTs from vit.E and/or Se
deficient and supplemented animals were separated on SDS-PAGE (Fig. 29) and
relative subunit concentrations were andyzed based on UVP-gel documentation
data and from the total protein recovered at the fina step of afinity purification
(Fig. 35). A dgnificant induction of Yc subunit was observed in -E+Se (2.84
fold), +E-Se (4.82 fold) and -E-Se (7.48 fold) animals in comparison with +E+Se
animas (compare lanes 6,7&8 with 5 in Fig. 35). No sgnificant changes,
however, were observed in Yb, Yk and Y p subunits.

In order to verify the specific induction of subunits in vitE and/or Se
deficient tissues, equal amounts (100 pg) of  dffinity purified GSTs were
separated on RP-HPLC using Waters Cyg andyticd column (Fig. 36 A,B,C&D).
When relative subunit concentrations were andyzed, a sSgnificant induction of Yc
subunit was observed in -E+Se (2.9 fold), +E-Se (4.86 fold) and -E-Se (7.76 fold)
animas when compared to that of +E+Se animals (Fig. 37).

Thus SDS-PAGE, immunoblots and RP-HPLC andysis of dfinity purified
GSTs have clearly demonstrated the induction of Ya: and Yc¢ subunits in liver and
Yc only in lung tissue of Vit.E and/or Se deficient animas when compared to
those in +E+Se animals.



Fig. 33: SDS-PAGE of lung cytosolic proteins of

rats fed on vit.E and/or Se supplemented
and deficient diets
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Fig. 34: Immunoblots of lung cytosol and affinity purified
GSTs of rats fed on vit.E and/or Se supplemented
and deficient diets separated on SDS-PAGE and
probed with antibodies raised against

A. Rat lung affinity purified GSTs B. Rat lung GST Ye subunit
C. Rat lung GST Yb subunit D. Rat lung GST Yk subunit
E. Rat lung GST Yp subunit

Blot A

Lane 1. 2 ug rat lung &finity purified GSTs
Lane 2. 40 ug -E+Se rat lung cytosolic proteins
Lane 3. 40 pg +E-Se rat lung cytosolic proteins
Lane 4. 40 pg -E-Se rat lung cytosolic proteins
Lane 5. 40 ug +E+Se rat lung cytosolic proteins
Lane 6. 1 ug rat liver afinity purified GSTs

Blot B to D

Lane 1. 2 pg rat lung dfinity purified GSTs
Lane 2. 40 ug -E+Serat lung cytosolic proteins
Lane 3. 40 ug +E-Se rat lung cytosolic proteins
Lane 4. 40 ug -E-Serat lung cytosolic proteins
Lane 5. 40 pug +E+Se rat lung cytosolic proteins
Lane 6. 2 ug ret lung é&ffinity purified GSTs






Fig. 35: Relative subunit concentration of lung affinity purified

GSTs of rats fed on vit.E and/or Se supplemented and

deficient diets separated on SDS-PAGE
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followed by SNK test. Bars labelled with same letter are not significantly different from one another (p < 0.05).

Bars represent mean + SD of three individual experiments. Data was analyzed with a one way ANOVA



Fig. 36: RP-HPL C analysis of affinity purified lung GSTs of
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(A)-E+Se (B)+E-Se (C)-E-Se (D)+E+Serats
Equal protein (100 pg) was loaded to RP-HPLC

Column:  ODS (Waters)

Solvent:  A. 35% Acetonitrile + 0.1% TFA
B. 85% Acetonitrile + 0.1% TFA

Flowrate: 1 mL/min

Detection: 214 nm
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GSTs of rats fed on vit.E and/or Se supplemented and

Fig. 37: Relative subunit concentration of lung affinity purified
deficient diets separated on RP-HPLC
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4.3.0.0. DISCUSSION

Vitamin E and Se ddficiency is known to induce oxidative stress and
smultaneoudy induce alternative antioxidant defenses, specificaly glutathione-
dependent defenses including GSTs (Mehlert and Diplock, 1985; Kim and Comb,
1993). In the present study also, induction of GSTs was observed in response to
vit.E and/or Se deficiency (Chapter 11, Fig. 25). However, it is not clear whether
the increase in GST activity is due to an increased amount of GST protein or the
activation of the enzyme systems. To unravel this, GSTs were purified by &finity
chromatography and individua subunhs were separated on SDS-PAGE and RP-
HPLC.

GST activity is increased in many organisms following exposure to foreign
compounds. From studies of rodents, the adaptive response to chemica stressis
clearly pleiotropic in character and involves the induction of many drug-

metabolizing enzymes (Spencer et al., 1991; Hayes et al., 1993; Borroz et al.,
1994). Collectively, these detoxification enzymes provide protection againgt a
diverse spectrum of harmful compounds. Evidences suggest that, besides
providing protection against chemicals of foreign origin, GSTs are involved in the
protection againgt oxidative stress. It has been reported that in Selenium- and
Copper deficient rats, which are chronicaly exposed to increased intracellular
levels of hydrogen peroxide due to lack of Se-GSH Px, marked over-expression
of hepatic GST isozymes is observed (Arthur et al., 1987).

Rat GST subunhs are preferentially induced by various drugs, including
carcinogens like 3-methyldiaminobenzene, 2-acetylaminofluorene (Kitahara et
al., 1984) and trans-stilbene oxide (Tahir et al., 1989) and anticarcinogenic agents
such as BHA (Kitahara et al., 1984) and ethoxyquin (Kender et al., 1986).

4.3.1.0. Structural characterization of liver GSTs

In the present study oxidative stress induced by vit.E and Se deficiency
resulted in the induction of hepatic GSTs, paticularly Ya and Ye subunhs



containing GSTs (Fig. 28). Therefore, increased GST protein appears to be
responsible for the total eevation in GST activity with the classical substrate,
CDNB. Smilar induction of hepatic GSTs in  Se deficiency was reported by
Chang et al (1990) and Christensen et al (1994). The transcriptiona activation of
the GST genes may account for this increase in GST subunit levels. Chang et al
(1990) proposed that an accumulation of peroxides during Se-deficiency might
possibly bind to the corresponding receptor and the receptor-ligand complex
would presumably interact with chromatin to activate the corresponding genes.

The liver Ya subunit was resolved into 2 different peaks, Ya, and Ya; on
reverse-phase HPLC. In the present study Ya; is the mgor form of GSTs
observed in the hepatic tissue of +E+Se animals (Fig. 31D). This observation is
quite contradictory to the studies reported earlier for dbino rats (Hayes et al.,
1990), where Ya, was shown to be the mgor form of Ya GSTs. It is not clear
why Ya, was the more abundant form in the present study. One difference
between the present work and the previous reports is the use of femde rats
instead of mae rats. These subunits seem to have different inducibility. Ya; is
much more inducible than Ya, in liver tissue of vitE and Se deficient animas
(Fig. 31A,B&C).

La et al (1984) for the first time isolated a full length clone of Ya , pGTR
261, which encompases the cDNA described by Kalinyak and Taylor (1982).
Further Ya subunit which was deduced from the clone ¢cDNA pGTB 38 was
described by Pickett et al (1984). The subunits encoded by pGTB 38 and pGTR
261 show consderable sequence homology and over their 222-amino-acid length
show residue differences in only eight positions. At these positions (residues 31,
34, 96, 107, 117, 206, 207 and 219) pGTB 38 encodes glutamic acid, leucine,
sering, isoleucine, arginine, proline, alanine and vaine respectively, while pGTR
261 encodes aspartic acid, phenylalanine, threonine, methionine, lycine, leucine,
proline and isoleucine at the respective positions. Hayes et al (1990) showed
sequence data for Ya that include five of the eight 'difference residues (namely
31, 34, 96, 107 and 117) and a each of these positions Ya; shows sequence
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identity with pGTR 261. Ya, aso includes five of the eight different residues
(namdy 31, 34, 107, 117 and 219), and at dl of these positions Ya; contains the
amino acids that would be predicted by pGTB 38. This provides the proof for the
exisence of multiple Yatype subunits at the protein level. Hayes et al (1990)
ads reported that Ya, subunit was over-expressed in liver bearing aflatoxin-
induced preneoplastic nodule, which was appear to be an adaptive response to
aflatoxin exposure.

Waxman et al (1992) used gene specific oligonucleotide probes to monitor
the expression of individua GST mRNA in liver and kidney of adult rats treated
with different drugs. The study provided an unambiguous discrimination between
the closdly related GST Ya, and Ya, mRNA and have shown differentid
induction of these messages by different agents. They can not be distinguished at
the RNA level using conventional cDNA probes (Lai et al., 1984; Pickett et al.,
1984) or by immunoprecipitation anayss (Pemble et al., 1986). GST Ya, isthe
mgor Ya form expressed in kidney while Ya, is induced in response to
dexamethasone or phenobarbital treatment without any changes in Ya,.
Important differences were also observed between the responses of these two
GST class a mRNA to cisplatin, which suppressed Ya; without any effect on Ya,
levels. Our previous studies (Veera Reddy et al., 1995) have reveded that Ya,

subunit is induced in response to exercise training in femae rats.

Regulation of GST expression is a very complex process. They are
subjected to developmental control, with tissue and sex specific expression. They
are respongve to physiologica stress and are inducible by many drugs and
chemicals. The GSTA1 (Ya;) and GSTA2 (Ya,) subunits in rodent liver are
markedly inducible by drugs. The rat GSTA2 gene appears to contain at lesst
four cis-acting elements in the 5’-flanking region that respond to xenobiotics.
One of these elements is responsible for induction by PAH and is identical to the
xenobiotic-responsive-dement (XRE) found in the raa CYPIAL gene (Rushmore
etal., 1990). A second dement on the rat GSTA2 gene has been designated as
the antioxidant-responsive eement (ARE) because it mediates responsiveness to
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phenolic antioxidants (Rushmore et al., 1991). The third element identified in this
gene is identical to the glucocorticoid-responsive eement (GRE) and may render
expresson of GSTA2 reponsive to dexamethasone (Rushmore et al., 1993). A
fourth dement exists in rat GSTA2 which is responsible for the induction of this
gene by barhiturates. The activation of transcriptional Ya gene through ARE by
H20: was dearly shown by Rushmore et al (1990). p—Naphthoflavone, a planar
aromatic compound activates the gene through either XRE or ARE, but the
presence of Ah receptors and metabolism of B-naphthoflavone by cytochrome P-
450 IA are required for its transcriptional activation. On the other hand, t-butyl
hydroquinone, a phenolic antioxidant, activates through ARE, independently of
Ah receptors or cytochrome P-450 1A1. In the presence of Ah receptors, XRE
reacts with 2,3,7,8-tetrachlorodibenzo-p-dioxin, but ARE does not. These results
support the proposal by Spencer et al (1991) that phase 1l drug metabolizing
enzymes, including GSTs are induced by monofunctional and hifunctiona
inducers by different mechanisms and that induction by mono functiond inducers
such as t-butyl hydroxyquinone is mediated by an dectrophilic sgnd
independently of Ah receptor. The difference between ARE and XRE is its their
capacity to induce phase | (cytochrome P450) gene expression. The XRE
mediates induction of both phase | and phase Il enzymes while ARE mediates
induction of only phase Il enzymes (Bdlinsky and Jaiswal, 1993). The induction
of phase | enzymes by XRE element in response to xenobiotics may cause
increased risk of mutagenecity and carcinogenecity as the products of xenobiotics
activated by phase | enzymes increase the oxidative damage to DNA and
membranes. The ARE-mediated phase |l enzymes, on the other hand, detoxify
the XRE-activated xenobiotics. Therefore, the ARE mediated increase in phase |
enzymes is the safety way to stimulate the chemoprotective power of the cells.

The observed induction of Ya, subunit in the present study (Fig.
31A,B&C) like the induction of Ya GST in Se deficiency (Chang et al., 1990),
may be the livers response to rising hydroperoxide levels or free radicds when
antioxidant systems are impaired due to vit.E and Se deficiency. Thus from studies
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on dfinity purification, western blot of crude cytosolic fractions, subunit
concentration on SDS-PAGE and RP-HPLC, it is concluded that Ya, and Ye¢
subunits are induced in liver tissue in response to vit.E and Se deficiency. The
induction of Ya, subunit in vitE and Se deficiency states might be regulated by
ARE.

4.3.2.0. Structural characterization of lung GSTs

In comparison to liver, there is limited information on lung GSTs and their
involvement in oxidative stress. In the present study lung GST's resolved into four
bands on SDS-PAGE, which were designated as Yc, Yb, Yk and Yp (Fig. 33).
Further separation of affinity purified GSTs on RP-HPLC showed Yb,, Yb,, Yp,
Yc¢ and Yk among which Yp is the mgor subunit (Fig. 36). Both & and u- class
GSTs are found in low concentrations as reported by Cossar et al (1990) and
Coursin et al (1992). Rat lung GST 7-7 is immunologically identicd to the rat
placental form GST-P (Robertson et al., 1986).

Lung is the firgt and foremogt tissue exposed to airborne toxicants and
pollutants. Also it is more vulnerable to oxidative stress compared to other
tissues. Lung is equaly wel equipped with antioxidant defenses, though not to
the extent observed in liver. Thisis evident by an increase in lipid peroxides and
GSSG levelsin response to vit.E and Se deficiency (Fig. 18&21).

It is noteworthy that Y'awhich shows a high inducibility in liver is absent in
lung. The lower recovery of liver vs lung GSTs (70% vs 90%) may be due to
some of the isozymes spedific to liver were not completely bound to effinity
column or may be due to higher flow through loss (Table 8vs13). In the present
study Vit.E and Se deficiency dgnificantly induced Yc subunit (7.76 fold) of a
class in the lung tissue (Fig. 37). The increased GST activity might be amed to
compensate for the loss of SeGSH Px during Se deficiency and to improve
antioxidant defenses which were impaired due to vit.E deficiency.



From these studies it is concluded that GSTs exhibit tissue-specific
expression. After purification, western blot analysis of cytosolic proteins, subunit
concentration on SDS-PAGE and RP-HPLC it is concluded that Ya, and Yc
subunits are induced dgnificantly in liver and Yc subunit in lung in response to
oxidative stress induced by vit.E and/or Se deficiency. The results demonstrate
that Ya; and Ya, have differentid inducibility, Ya, being more inducible than Ya,.
However it is not clear whether the GSTs induced in liver and lung tissues in
response to vh.E and/or Se deficiency are involved in any antioxidant protection.
Further studies on their functiona characterization will throw more light on the
participation of GSTsin cdlular antioxidant defenses.



CHAPTERIII
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5.1.0.0. INTRODUCTION

While lipid peroxidation is generaly associated with widespread and
irreversible damage to essentid cell components, enzymaticaly controlled lipid
peroxidation is involved in the biosynthesis of eicosancids, hormone like
substances required for maintaining tissue and cellular homeostasis. The immediate
oxygenation products of arachidonic acid by the way of lipoxygenase and
cyclooxygenase pathways include PGG; and HPETE respectively. Not only do
these products serve as precursors for the biosynthesis of PGs and LTs, but they
aso have significant influence on the activities of various enzymes associated with

arachidonic acid induding cyclooxygenase and lipoxygenase. Thus, an enzyme
system that can reduce these reactive hydroperoxides has the potential for
modulating the arachidonic acid cascade.

Glutathione peroxidases, with the potentia for reducing these
hydroperoxides and endoperoxides, influence the biosynthesis of biologicaly active
eicosanoids. Se-GSH Px catalyzes the reduction of both organic and inorganic
hydroperoxides. In addition to these a group of Se-independent GSH Pxs (non-
Se-GSH Px) associated with certain forms of GSTs are involved in the reduction
organic hydroperoxides (Lawrence and Burke, 1976). Both types of peroxidases
are ubiquitoudy digtributed in animas. The cdlular Se-GSH Px is locaed
primarily in the cytosolic and mitochondrial compartments, while the non-Se-GSH
Px has been identified in both cytosolic and microsomal cdl fractions (Reddy et
ah, 1981). The rdative abundance of these two types of GSH Pxs within a given
tissue is species gecific.  The relative contribution of these two enzymes in
antioxidant defenses can best be studied by knocking out these enzymes one a a
time. Induction of Se deficiency forms one such  situation wherein Se-GSH Px
uctivity is diminated. As shown in the second chapter, Se defidency and thus
eimination of Se-GSH Px resulted in the induction of GSTs. The GSTs have been
implicated in the synthesis of prostaglandins including PGFz,. PGFa is a
biological mediator in a variety of physiological functions incuding contractions of
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uterine smooth muscle and pulmonary arteries. Research from Reddy's group has
provided evidence that the GSH Px activity of GSTs is associated with the
reduction of PGH2 to PGFa,, with the a-class or Ya-containing subunits being the
most active (Burgess et al., 1987; Chang et al, 1987a Hong et al, 1989). In
addition to their role in PG biosynthess, GSTs dso play a role in lipoxygenase
pathway at the level of reduction of hydroperoxides and in the formation of
peptidoleukotrienes. GSTs, especidly Yb containing subunits were shown to
conjugate GSH to LTA. to produce LTC,, the most potent vasoconstricting and
branchocongtricting compound (Chang et al, 1987b). Hence in the present study
GSTs from the various dietary oxidant stress conditions were screened for their
potential impact on the enzymatic lipid peroxidation pathways of the arachidonic
acid.

5.2.0.0. RESULTS

5.2.1.0. CM-Cellulose column chromatography

The afinity purified GSTs from liver cytosol of +E+Se rats were further
separated into different isozymes on CM-cellulose column chromatography. As
shown in the typical chromatogram (Fig. 38) eight GST activity peaks, designated
as peaks | to VIII according to the ordeT of elution, were consistently resolved on
the CM-cdlulose column chromatography with two linear sat gradients used in
succession, i.e, 0to 75 mM KC1 and 75 to 200 mM KCl, in 10 mM NaH,PO4,
pH 6.0. Pesk | isozyme, which did not bind to the CM-cellulose column is
referred to as the anionic GST isozyme. The other isozyme peaks which were
eluted by the st gradient are referred to asthe cationic GST isozymes.

SDS-PAGE andysis of each peak fraction demongtrated that al of them
were electrophoretically pure (Fig. 39). Pesk |, I, IV and VI were composed of
Yb subunits only. Peak HI was a Ya homodimer. Pesk VII and VIII were Ye
homodimers. Pesk V consisted of equal amounts of Ya and Yc subunits as
previoudy reported for transferases (Bass et al, 1977; Tu and Reddy, 1985).
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Fig.39 : SDS-PAGE of liver GST isozymes
+E+Se rats separated on CM-cellulose
column chromatography
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Lane: 1. Rat liver afinity purified GSTs

Pesk fraction #
2. 21 3.58 4.85
5. 99 6. 107 7. 128
8. 143 9.227

10.Rat liver afinity purified GSTs
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5.2.2.0. DE 52 cellulose column chromatography

The anionic form of GSTs obtained from the CM-cellulose column flow
through fractions were subjected to anion-exchange chromatography on DE 52
cellulose column for further separation. No protein was observed in the effluent
prior to the start of a linear gradient of 0-100 mM KC1 in 10 mM Tris-HCL pH
8.0. All the protein bound to the column was eluted at approximately 60 mM KC1
as a sngle peak, coincident with the GST activity (Fig. 40).

5.2.3.0. GST catalyzed reduction of classical substrates

The substrate spedificity studies have shown that , the isozymes containing
Ya and/or Yc subunits can be clearly distinguished from the isozymes containing
Yb subunits by their rdatively low activities with DCNB and high non-Se-GSH Px
activity (Table 15&16). These results indicate that dl of the rat liver GST
isozymes may be dassfied into two groups, Ya and Yc containing isozymes and
Yb subunit containing isozymes according to their physical and chemical properties
as well as biologicd activities. The YaYc heterodimeric protein is aways euted
after the Ya homodimer and before Yc homodimer during CM-celulose
chromatography (Fig. 38). The activity levels with different substrates for pesk V
(Yaya) are approximady intermediate between those of pesk 1l (YaYc) and
pesk VII (YcYc). Pesk Il (Yahomodimer) is characterized by having the highest
activity with 1,2-dichloro-4-nitrobenzene; 1,2-epoxy-3-(p-nitrophenoxy)propane;
A’-androstene-3,17-dione;  bromosulfopthalein, p-nitrophenyl acetate and
13-hydroperoxyoctadecadienoic acid (13-HPODE) as well as PGF,, formation
(Table 15&16). Pesk VII (Yc homodimer), on the other hand, showed the highest
activity with ethacrynic acid as well as organic hydroperoxides (Table 15&16). In
contrast to the Ya and/or Yc containing isozymes, peeks I, 1, IV and VI 4l
contained only Yb subunits. However, they eluted at different salt concentrations
on CM-cdlulose columns indicating their varied structural characteristics.  For
example, pesk | was duted in the CM flow through fractions, whereas pesk 11, IV
& VI were duted at different sdt concentrations. In addition to their structural
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differences, they dso showed varied functiona characteristics. For example, peak
| showed highest activity towards 1,2-epoxy-3-(p-nitrophenoxy)propane and LTA,
Me; followed by pesk IV with less activity and peak VI with no activity (Table
16). Similaly pesk I, IV and VI showed reatively low, intermediate and very
high activities respectively with DCNB, 4-nitropyridine n-oxide, A*-androstene-
3,17-dione and p-nitrophenyl acetate (Table 15).

5.2.3.1. GST catalyzed reduction of cumene hydroperoxide

Se-GSH Px acts both on H,0. and organic hydroperoxides whereas
a-class GSTs act only on organic hydroperoxides which was designated as non-
Se-GSH Px. The non-Se-GSH Px activity when messured with cumene
hydroperoxide in the crude cytosolic fractions showed very high activity in the
liver tissues of -E+Se (103 %), +E-Se (236 %) and -E-Se (304 %) animas when
compared to the +E+Se animals (Fig. 41 A). Similarly, in lung tissue non-Se-GSH
Px activity was induced in -E+Se (121 %), +E-Se (267 %) and -E-Se (572 %)
animals (Fig. 41B). The activity levels in -E-Se were much higher when compared
to that of +E-Se animas.

In the &finity purified GSTs, a clear induction of peroxidase activity is
observed in liver and lung tissues of vit.E and/or Se defident animas (Fig.
42A&B), however, the induction being much higher in the cytosolic fractions.

5.2.3.2. GST catalyzed reduction of 13-hydroper oxyoctadecadienoic acid
(13-HPODE)

The total GSH Px activity measured with 13-HPODE in the crude
cytosolic fractions, decreased in the liver tissues of +E-Se (- 64 %) and -E-Se (-61
%) animals when compared to that of +E+Se animals (Fig. 43A). Similarly in lung
tissue, dgnificantly lower levels of peroxidase activity were obsarved in +E-Se
(-51%) and -E-Se (-30 %) groups compared to that of +E+Se animds (Fig. 43B).



Fig. 41: Activity levels of GSTs with CHP in cytosolic fractions
of liver and lung tissues of rats fed on vit.E and/er Se
supplemented and deficient diets
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Each value isthe mean + SD of six individual observations. Data was
analyzed with a one way ANOVA followed by SNK test Bars labelled
with same letter are not significantly different from one another (p < 0.05).



Fig. 42: Activity levels of non-Se-GSH Px with CHP in the
affinity purified GSTs of liver and lung tissues of rats
fed on vit.E and/or Se supplemented and deficient diets
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Fig. 43: Activity levels of GSTswith 13-HPODE in cytosolic
fractions of liver and lung tissues of rats fed on vit.E
and/or Se supplemented and deficient diets
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Each value is the mean + SD of six individual observations. Data was
analyzed with a one way ANOVA followed by SNK test Bars labelled
with same letter are not significantly different from one another (p < 0.05).



Fig. 44: Activity levels of GSH Px with 13-HPODE in the affinity
purified GSTs of liver and lung tissues of rats fed
on Vit.E and/or Se supplemented and deficient diets
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In contrast, the dfinity purified GSTs showed a clear induction of
peroxidase activity in liver tissues of -E+Se ( 21 %), +E-Se (50%) and -E-Se
(54 %) and lung tissues of -E+Se (140 %), +E-Se (197 %) and -E-Se (340 %)
when compared to the corresponding tissues from +E+Se animals (Fig. 44A&B).

5233 GST catalyzed reduction of 15-hydroperoxyeicosatetraenoic acid
(15-HPETE)

Totad GSH Px activity levels in liver tissues were sgnificantly lower in
+E-Se (-61 %) and -E-SE (-56 %) animas when compared to that of +E+Se
animds (Fig. 45A). Similarly, sgnificantly lower levels of total GSH Px were
observed in lung tissues of +E-Se (-56 %) and -E-Se (-27 %) animds when
compared to that of +E+Se animds (Fig. 45B). GSH Px activity towards faity
acid hydroperoxides decreased dgnificantly in liver and lung crude cytosols Se
deficient animas , but not in those of vit.E deficient animals.

In contrast, the d&finity purified GSTs showed sgnificantly increased
peroxidase activity in liver tissues of dl vitE and Se deficient [-E+Se (21 %),
+E-Se (32 %) and -E-Se (34 %)] animals when compared to +E+Se animas (Fig.
46A). Smilarly higher peroxidase activity levels were observed in lung tissues of
-E+Se (91 %), +E-Se (136 %) and -E-Se (249 %) animals compared to that of
+E+Se animals (Fig. 46B).

5.2.3.4. GST catalyzed prostaglandin formation

Equal amounts of &ffinity purified liver and lung GSTs from vit.E and/or
Se supplemented and deficient animals were anayzed for GST caadyzed
progtaglandin formation. The prostaglandins were identified by the Rf values
corresponding to the prostaglandin standards separated on TLC (Fig. 47).

The GST catalyzed PGF;, forming activity in the affinity purified GSTs
were significantly higher from liver tissues of -E+Se (32 %), +E-Se (51 %) and
-E-Se (92 %) animals compared to that of +E+Se animds (Table 17). This

correlates well with the observation that the Y a subunit, which exhibits maximum



Fig. 45: Activity levels of GSTswith 15-HPETE in cytosolic
fractions of liver and lung tissues of rats fed on vit.E
and/or Se supplemented and deficient diets
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Fig. 46: Activity levels of GSH Px with 15-HPETE in the affinity
purified GSTs of liver and lung tissues of rats fed
on vit.E and/or Se supplemented and deficient diets
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Each value is the mean + SD of six individua observations. Data was
analyzed with aone way ANOVA followed by S\NK test Bars labelled
with same letter are not significantly different from one another (p < 0.05).



Fig. 47: Separation of prostaglandin standards

on TLC
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Table 17: Synthesis of prostaglandins catalyzed by liver affinity
purified GSTs of vit.E and/or Se supplemented and
deficient rats

PG -E+Se +E-Se -E-Se +E+Se
PGD; | 347+6.93 |3206+757" | 33.12+5.46 3948 +9.1*
PGE, | 425+ 6.43" |43.06+6.39" | 46.47+6.61* 4166 +7.2
PGF,, | 228+2.72" |24.84+4.14* | 3040 +4.1° 15.80+3.75°

Vaues represent mean + SD of five individua experiments and are expressed in
terms of percent ratios of total PGs formed. Data was anadyzed with a one-way
ANOVA followed by SNK test. Significance was set at p< 0.05. The same
aphabet denotes no significant difference between the two groups in each row.

Table 18: Synthesis of prostaglandins catalyzed by lung affinity
purified GSTs of vit.E and/or Se supplemented and
deficient rats

PG

-E+Se +E-Se -E-Se +E+Se
PGD, | 8862+15.8* | 8811+155" | 8924 +19.11" | 88.74+22.4°
PGE, | 852+ 1.60" | 888+175 | 834+24 8.37 +0.72*
PGF,, | 284 +0.69" |299+0.75" | 256+0.23" | 289+ 0.24"

Values represent mean + SD of three individua experiments and are expressed in
terms of percent ratios of total PGs formed. Data was analyzed with a one-way
ANOVA followed by SNK test. Significance was set at p<.0.05. The same
aphabet denotes no significant difference between the two groups in each row.
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peroxidase activity, was dso induced sgnificantly in the livers from vit.E and Se
deficient animals (11 chapter).

PGF,, forming activity was also investigated with rat lung affinity purified
GSTs from vit.E and Se deficient and supplemented animds. In contrast to the
results observed in liver, PGF,, synthesis was barely detectable in the lung tissue
(Table 18). No significant changes were observed in PGE2 or PGD2 formation in
both lung and liver tissues in response to vit.E and/or Se deficiency (Table
17&18).

5.2.3.5. GST catalyzed leukotriene formation

Among various rat liver isozymes, the anionic isozyme (pegk 1), a
homodimer of Yb subunit, showed the highest LTC4 Synthase activity, followed by
peak IV GST isozymes (Table 16). When 5,6 LTA;s methyl ester was incubated
with equal amounts (100 pg) of liver afinity purified GSTs from vh.E and/or Se
deficient animals for 10 min in the presence of GSH, most of the LTA4 methyl
ester was converted into an acid-resstant compound, LTCs Me, which eluted
around 5 min on RP-HPLC (Fig. 48). The UV-absorption spectrum of the
compound showed atypical LTC4 spectrum with maximum absorption a 280 nm
and shoulders a 270 and 292 nm. Basing on the UV/VIS gspectrum and
co.chromatography with authentic standard, the compound with RT 5 min was
identified as LTCs Me. In contrast to liver, the lung GSTs showed sgnificantly
higher LTC, Synthase activity. However, there were no significant differences in
LTC, Synthase activity of GSTs in vit.E and/or Se deficient and supplemented
animdl tissues (Table 19).

53.0.0. DISCUSSION
5.3.1.0. Functional characterization of liver GSTs

The non-Se-GSH Px activity was sgnificantly increased in liver cytosol
fractions and afinity purified GSTs of vit.E and Se deficient animds (Fig.
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Fig. 48: RP-HPLC analysis of GSTs catalyzed LTC;
formation
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Table 19: LTC, Synthase activity of affinity purified liver and

lung GSTs of vit.E and/er Se supplemented and
deficient rats

TISSUE | -E+Se +E-Se -E-Se +E+Se

Liver 440+0.8' |46+19° |464+154" |56+1.6

Lung 128+04" | 116+3.4" | 154+3.6" | 126+ 36"

Values are mean + SD of five individual observations and are expressed as
nmoles/min/mg protein. Data was andyzed with a one-way ANOVA followed by
S\K test. Significance was set at p< 0.05. The same dphabet denotes no
sgnificant difference between the two groups in each row.
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41&42). This increased non-Se-GSH Px activity correlated well with increase in
the Ya and Yc subunit containing GSTs (chapter 11). Also Ya and Yc subunits
exhibit maximum activity towards CHP as subgtrate (Table 16).

In addition to Se-GSH Px, non-Se-GSH Px activity associated with GSTs
adso reduce ferry acid hydroperoxides. Fatty acid hydroperoxidase activity
measured in the crude cytosol of vit.E and/or Se deficient and supplemented
animd tissues with 13-HPODE and 15-HPETE showed sgnificantly reduced
activity levels in Se deficient animds (+E+Se; -E-Se) compared to Se
supplemented  animals (-E+Se; +E+Se) (Fig. 43&45). The fetty acid
hydroperoxidase activity measured in the crude cytosol of Se supplemented
animds (-E+Se; +E+Sg) is contributed by both Se-GSH Px as well as non-Se-GSH
Px activity of GSTs. Thus a more accurate measure of GSH Px activity would be
achieved by subtracting H,0, (Se-GSH Px) activity as is traditionaly done in
estimating non-Se-GSH Px activity with CHP. Indeed, such a caculaion would
cosdy approximate the vaue measured when the fetty acid hydroperoxidase
activities were measured in the affinity purified fraction. Faity acid
hydroperoxidase activity of GSTs was increased by 54% with 13-HPODE and
34% with 15-HPETE in vitE and /or Se deficient animas compared to
supplemented groups.  This induction of fetty acid hydroperoxidase activity in
vitE and/or Se deficient animas must have been contributed by Ya and Yc
subunits in liver tissue as these isozymes exhibit maximum peroxidase activity
(Table 15) and these are the subunits induced in liver tissues of vit.E and/or Se
deficient animals (chapter I1). It isto be noted that dl fetty acid hydroperoxides
are good substrates for Se-GSH Px, and is 50 times more efficient than non-Se-
GSH Px in catalyzing the reduction of fetty acid hydroperoxides.

In addition to the fetty acid hydroperoxidase activity, GSTs also were
reported to be involved in the biosynthesis of prostaglandins and leukotrienes. Ya
subunits of GSTs were shown to be involved in PGE; and PGF», synthase activity
(Chang et al., 1987a). In the present study liver &finity purified GSTs of +E+Se
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animals when incubated with PGH; resulted in the formation of PGE., PGD; and
PGF,,, the relative abundance being in the same order (Table 17). In the vit.E
and/or Se deficient animds there was sgnificantly higher formation of PGF,,
compared to that of supplemented animals with no change in the formation of
PGE; and PGD, (Table 17). Hope et a (1975) have reported incresse in the
formation of PGE; and PGF,, in rat blood in response to vit.E deficiency. Cooper
and Carpenter (1987) found no effect of diet on PGE; production by sertoli cells
isolated from the testes of rats maintained on vit.E atered diets. Hepatic PGF,
was ggnificantly increased dong with GST activities in phenobarbital treated rats
which suggests that induction of Ya containing GSTs may play a physologicaly
important role in the synthesis of PGFz,, Which may account, at least in part, for
the tumor-promoting effects of phenobarbital (Hendrich et al., 1991).

No ggnificant changes were observed in the leukotriene synthesis of vit.E
and/or Se deficient animals compared to that of +E+Se animds (Table 19). The
formation of LTC4 has been demonstrated in mouse myocytoma cells, rat
basophilic leukemia cdls, rat mononuclear cells and in human and guinea pig lungs
(Piper, 1984; Dahinden et al., 1985). GST Yn,-Yn; purified from rat brain has the
highest LTC4 synthase activity so far found in rat cytosolic GSTs and accounts for
the mgjority of LTC, synthase activity in the brain (Tsuchida et al., 1987). In the
present study peak | with Yb,Yb: subunits (CM-cellulose fractions) showed
maximum LTC4 Synthase activity in the liver tissue (Table 15). As shown in the
chapter 11, liver contains very little or no Y Yn, isozymes and Yb;Yb; is not
induced in vitE and/or Se deficiency. Thus GSTs induced by antioxidant
deficiency are unlikely to dter LT synthesis directly.

The accumulated  peroxides in Se deficiency could ectivate the
transcription of the specific GST genes which would result in non-Se-GSH Px
activity.  This further implies that environmental factors and pathological
conditions which result in increased lipid peroxidation or otherwise increased
peroxide levels might aso induce changes in GST expression, especidly those
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involved in their reduction and detoxification. In the present study induction of
Yaand Yc subunits in the liver tissue of vit.E and/or Se deficient animas appears
to be amed at the reduction of hydroperoxides as well as endoperoxides. GSTs
with Ya and Yc, more so with Yc, are more involved in the reduction of
hydroperoxides while GSTs with Y a subunits being more specific for reduction of
endoperoxides.

5.3.2.0 Functional characterization of lung GSTs

The lung tissue of vit.E and/or Se-deficient animas is under incressed
oxidative stress as evidenced by increased GSSG levels and reduced Se-GSH Px
activity levels (I chapter, Fig. 21&19). The increased non-Se-GSH Px activity of
GSTs with CHP as the substrate in vit.E and/or Se deficient animals observed in
the present study (Fig. 41B&42B) may be a compensatory mechanism to protect
the lung tissue from the increased oxidative stress. The induction of GSTs with Yc
subunits in lung tissue of vit.E and/or Se-deficient animals (I chapter) supports
such a posshility as they exhibit very high peroxidase activity. Fatty acid
hydroperoxidase activity was measured with efinity purified lung GSTs with
13-HPODE as well as 15-HPETE (Fig. 44&46). Fatty acid hydroperoxidase
activity was much higher in Se-deficient animd tissue compared to Se-
supplemented ones.  This pattern is very much dmilar to that observed for liver
tissue except thet it correlated with elevated Yc rather than predominantly Ya
GSTs.

GSTs can reduce electrophilic substrates like reactive akenes, a,P
unsaturated aldehydes, including highly toxic 4-hydroxyalkenals and epoxides
formed during lipid peroxidation. Among al the GST isozymes, GST 8-8 (YkYk)
showed maximum activity towards 4-hydroxynonenal, which is a product of
peroxidative degradation of arachidonic acid (Stenberg et al., 1992). Rat lung
which contains YkYk isozyme, is thus involved in the reduction of hydroxyakenals
produced in lipid peroxidation. Even though Yk was not elevated in vit.E and/or
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Se deficiency, the increased activity during oxidative stress could partidly account
for elevated GSSG in lung (chapter I).

Earlier studies have shown that glutathione peroxidase activity of GSTs
was restricted to ferry acid hydroperoxides, which suggests that membrane
phospholipids must be first cleaved by phospholipase A; before they could be
utilized as substrates by GSTs (Tan et al., 1984). However the later studies have
shown that the a-class GSTs including those of human lung can effectively reduce
the intact phospholipid hydroperoxides through GSH Px activity (Singha et al.,
1992). Hence it can be suggested that the a-class GST isozymes (Yc & YK) play
a predominant role in detoxification of lipid peroxides particularly in lung tissue.
GST n which congtitutes about 90% GST activity towards electrophilic substrates,
on the other hand is known for the detoxification of xenobiotics (Batist et al, 1986;
Tauchidaand Sato, 1992; Zhang, 1994).

In rat lung, however, dietary vit.E and/or Se status had no effect on the
converson of PGH; to PGF, or in the formation of other prostaglandins (Table
18). This result can be explained by the observation that rat lung lacks Y a subunit
(Reddy et al., 1982), which is known for endoperoxidase activity. This association
of prostaglandin  endoperoxide reduction with Ya subunit is consistent with the
feet that rat brain cytosolic GSTs which lack this subunit dso showed very little
PGF,, forming activity (Thyagargju et al, 1986b).

Compared to liver tissue, lung tissue of +E+Se animas showed 3-fold
higher LTC, synthase activity (Table 19). This may be due to the presence of
GSTs with more of Yb subunits than in the liver tissue, which exhibit very high
LTCA synthase activity. LTC« synthase activity in vit.E and/or Se deficient animals
showed no sgnificant differences when compared with +E+Se animas.  This
observation coincides well with the data on GST Yb subunits, where no significant
changes were observed (chapter 11).
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From these studies it can be concluded that, induction of Ya; and Yc
subunitsin liver and Y ¢ subunits in lung tissue with increase in peroxidase activity
in vit.E and/or Se deficient animals compared to vitE and Se supplemented
animals, is a compensatory mechanism towards impaired antioxidant defenses as a

result of nutritional deficiency.



SUMMARY AND CONCLUSIONS
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SUMMARY AND CONCLUSIONS

Glutathione Stransferases (GSTs, EC 2.5.1.18) constitute a complex
family of enzymes with multiple functions that are mostly associated with the
biotransformation/detoxification of a wide spectrum of xenobiotics. They exist in
complicated but digtinct isozyme forms in different mammdian tissues. They are
digtinguishable by catalytic and immunological properties and by primary structure
as well. Though their role in detoxification of xenobiatics is well known, their
involvement in antioxidant defenses especially during oxidative stress is not well
defined. In the present study structural and functiona characterization was
undertaken for GSTs from liver and lung tissues of animas subjected to oxidative
stress.  Female abino rats at weanling stage were fed on diets deficient and/or
supplemented with vit.E and/or Se for a period of 13 weeks to induce oxidative
stress by impairing vit.E and Se-GSH Px antioxidant activities.

1. Feeding of femde dbino rats with vit.E and/or Se deficient diets for a period
of 13 weeks reduced Vvit.E and Se levels in hepatic and lung tissues to amost
negligible levels.

2. Vitamin E and Se deficiency resulted in the stimulation of enzymes involved in
GSH metabolism.

3. Vitamin E and/or Se deficiency in femde abino rats resulted in oxidative stress
in liver and lung tissues as evidenced by increased levels of lipid peroxides and
decreased Se-GSH Px levels. Of these two, lung tissue is relatively more
susceptible to oxidative damage.

4. Oxidative stress by Se deficiency resulted in the induction of GSTs both in liver
and lung tissues as evidenced by increased specific activity of GSTs in
cytosolic fractions, increased total afinity purified GST protein and decreased
purification fold of Se deficient groups.
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Western blot analysis of crude cytosol fractions, SDS-PAGE and RP-HPLC
andyss of dfinity purified proteins of vit.E and/or Se deficient animds
reveded induction of Ya, and Yc subunits in liver tissue compared to that of

+E+Se animals.

In the lung tissue, which lacked Ya subunits, only GSTs with Y ¢ subunits were
induced in response to vit.E and/or Se deficiency.

Substrate specificity studies have reveded that GSTs with Ya subunits exhibit
maximum activity with fatty acid endoperoxides such as PGH2, whereas Yc

containing subunits showed maximum activity with organic hydroperoxides.

Substrate specificity of cytosol fractions and affinity purified GSTs from liver
and lung tissues of vit.E and Se deficdent animas showed increased activity
with CHP, the organic hydroperoxidesincluding 15-HPETE and 13-HPODE..

The increase of GSTs with peroxidase activity of GSTs towards organic
peroxides like CHP, 15-HPETE and 13-HPODE observed in vit.E and/or Se
deficient animals is consstent with an adaptive mechanisn to enhance

antioxidant defenses under oxidative stress.

Liver GSTs from vit.E and/or Se deficient animals had sgnificantly higher
PGF,, synthase activity in comparison to vit.E and Se supplemented animals.
This observation coincides well with the increased GST Ya subunit in vit.E
and/or Se deficient animals, which exhibits endoperoxidase activity. No
significant differences, however, were observed in PG formation in the lung
tissue of vit.E and/or Se deficient animas.

LTC, synthase activity of GSTs when measured in liver and lung tissues
showed higher activity in the lung compared to liver tissue. This was
atributed to high concentration of Yb subunits present in lung tissue, which
exhibits higher LTC4 synthase activity.
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From these dudies it is concluded that, GSTs in addition to their role in
detoxification of xencbiotics, play a predominant role in antioxidant defense and
are sdlectively induced during oxidative stress.
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