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ABSTRACT

Glutathione S-transferase (GST) is an important

xenobiotic metabolising enzyme which has been

extensively studied in the liver. In the first part of

this study immunohistochemistry was used to identify

the presence and histological localisation of different

GST isoenzymes in various gastrointestinal tract

tissues in the human in health and disease. GSTP was

found throughout the gastrointestinal and biliary tract

whilst the position and quantity of other isoenzymes

varied locally. Increased expression of GSTP was

observed in cholangiocarcinoma and colonic

adenocarcinoma, but not hepatocellular carcinoma. In

the pancreas GSTP was present in ductal and

centroacinar cells, whilst GSTA was present in acinar

cells. GSTM was universally present in the cells of

islets of Langerhan, not demonstrating genetic

polymorphism. In both chronic pancreatitis and

pancreatic carcinoma increased expression of GSTP was

demonstrated.

Using affinity chromatography and high performance

liquid chromatography GSTA, P and M were purified from

human pancreatic tissue. A novel GST isoenzyme, which

ran on SDS/PAGE, similar to GSTP, was identified,

purified and confirmed by Western blot analysis to be a

GSTA.

Feeding rats exclusively on raw soya flour resulted in
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pancreatic hypertrophy and eventually carcinoma.

Serial measurements of GST activity showed only a minor

reduction in short term feeding which returned to

normal with chronic administration contrary to what has

been proposed (Ross & Barrowman, 1987). No selective

change in GST isoenzymes was identified. A dominant

cytoplasmic protein, shown both enzymatically and by

Western blot analysis to be oC -amylase fell

dramatically with short term administration recovering

only marginally with chronic administration.
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AIMS OF THESIS

The aims of this study were:

1. To document the distribution of GST isoenzymes

within the hepatic, pancreatico-biliary and

gastrointestinal tract in man in health and

disease.

2. To isolate and purify the different GST isoenzymes

in the human pancreas.

3. To quantitate changes in cytoplasmic GST that

occur in an animal model of pancreatic hypertrophy

and cancer. Major changes in other cytosolic

proteins were also to be studied.
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CHAPTER 1

INTRODUCTION

Background

Defence against toxic stimuli is an essential

biological function. We are constantly exposed to

foreign compounds (known as xenobiotics) and

detoxification and excretion from the body are

important biochemical processes. The body does not

recognise individually the innumerable potentially

toxic substances, which include beneficial compounds

such as drugs as well as poisons, but handles them

according to their physiochemical properties. In

general, lipophilic substances which cross cell

membranes readily and accumulate in fatty tissues,

require metabolic modification before they can be

excreted in urine or bile. This usually occurs via

phase I oxidation reactions (e.g. by cytochrome P450

enzymes) and phase II conjugation reactions (e.g. by

glutathione S-transferase, UDP glucuronyl transferase

and sulphatransferase) which produce more hydrophilic

metabolites suitable for excretion. These metabolic

processes occur to different degrees in different

tissues and may be induced or reduced by different

stimuli and disease states.

Detoxification is not however always a simple process

of taking an active potentially toxic substance and

converting it into a safer metabolite for excretion.

Certain substances are in fact activated during the
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metabolic process. For example benzo(a)pyrene is

sequentially subjected to oxidation by cytochrome P450

to produce an epoxide, hydration catalysed by epoxide

hydratase to form a diol, further oxidised to yield

a diol epoxide producing a toxic electrophile and

carcinogen (Simms et al, 1974; Gerina et al, 1977).

Subsequent detoxification of the epoxide can be

catalysed by glutathione S-transferase to form the

corresponding thioether conjugate with glutathione or

by epoxide hydratase hydrating the epoxide group

(Jakoby et al, 1980).

Although the liver is the main metabolic organ in the

body, enzymes involved in xenobiotic or drug metabolism

are found in a wide variety of tissues. These

presumably confer protection to extra hepatic organs,

but in some cases these enzymes have the dual function

of being involved in both detoxification as well as the

essential metabolic function of the tissue (Bach et al,

1984; Christ-Hazelhoff et al, 1976). Not only do the

different tissues express different levels of drug

metabolising enzymes but the levels may vary during

cellular differentiation and during development of the

organism (Warholm et al 1981; Pacifici et al, 1986). A

further aspect of selective expression of drug

metabolising enzymes is genetic polymorphism whereby

various proportions of the population do not express

certain isoenzymes (Warholm et al, 1980; Board et al,

1981; Gough et al, 1990).
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Many of the enzymes involved with xenobiotic or drug

metabolism comprise families composed of numerous

different isoenzymes. The best known examples are

cytochrome P450, a phase I enzyme, and glutathione S-

transferase, a phase II enzyme. This latter enzyme is

one of a number of glutathione-metabolising enzymes

which include glutathione peroxidase, glutathione

reductase, glyoxalase and thiol transferase (Flohe &

Gunzler, 1974 & 1976; Mannervik & Errikson, 1974;

Mannervik, 1980 & 1985).

Glutathione

Glutathione is a ubiguitous tripeptide and is the most

abundant cellular thiol (Kosower, 1976). It comprises

gamma-glutamic acid-cysteine-glycine, and may exist in

either a reduced (GSH) or oxidised (GSSG) form. The

gamma-glutamyl linkage is an unusual feature in

peptides and may provide a mechanism of resistance to

degradation by cellular proteases. The nucleophilic

thiol group, present on the cysteine moiety, confers a

reactivity towards electrophilic compounds. In cells

glutathione is present predominantly in the reduced

form (Meister & Anderson, 1983) and maintenance of the

reduced:oxidised glutathione ratio is important as

excessive GSSG can prevent protein synthesis and

inhibit enzymatic activity (Kosower, 1976).

Maintaining high levels of GSH is important to the

viability of cells as this molecule is thought to

protect DNA and other cellular macromolecules from
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attack by reactive products of oxygen metabolism and

xenobiotics (Meister & Anderson, 1983). Cellular

concentrations of GSH are maintained by balanced

synthesis and utilisation. GSH may be synthesised from

constituent aminoacids or by reduction of GSSG.

Utilisation of GSH can be brought about by the

glutathione-metabolising enzymes listed above. In the

present study the enzyme glutathione S-transferase will

primarily be considered.

Glutathione S-transferases (GST)

The existence of GST was first discovered over 30 years

ago when it was observed that rat liver extracts could

catalyse the conjugation of glutathione with 1,2-

dichloro-4-nitrobenzene (Booth et al, 1961).

Simultaneously, Combes and Stakelum (1961) identified

an hepatic extract which catalysed glutathione

conjugation with bromosulphophthalein. GST is present

in large amounts in the liver, representing

approximately 3% of the cytosolic protein.

Function of GST

The glutathione S-transferases (GST:E.C.2.5.1.18) are

a complex multi-gene family of enzymes that are widely

distributed in the animal kingdom (Mannervik et al,

1985). These enzymes possess numerous biological

functions, the best recognised of which is

detoxification, conjugating reduced glutathione (GSH),

via the formation of a thioether bond, with a large
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number of electrophiles (Wolkoff et al, 1980). In the

majority of situations the GSH conjugate, being more

polar and less hydrophobic, is less toxic than the

parent compound, thereby protecting the cell against

chemical insult. In certain situations, however, the

parent compounds such as dihalomethanes and

dihaloethanes, are activated by GSH conjugation with

potentially damaging consequences (Anders et al, 1990;

van Bladeren et al, 1990).

The reaction catalysed by GST results in the formation

of glutathione conjugates which are often secreted into

bile. These conjugates are commonly reabsorbed via

the enterohepatic circulation and delivered to the

kidney. Further catabolism of the glutathione

conjugate frequently occurs in the kidney with the

synthesis of mercapturic acids following the removal of

the gamma-glutamyl moiety from the glutathione

conjugate (Figure 1.1), removal of glycine from the

cysteinyl glycine conjugate and the N-acetylation of

the cysteine conjugate and represents an important

excretory route for xenobiotics (Mannervik et al,

1985). Other functions of GST include metabolism of

endogenous substances such as leukotriene A4 and

prostaglandin Al (Bach et al, 1984; Christ-Hazelhoff et

al, 1976) as well as being involved in non-substrate

binding to such lipophilic substances as bilirubin,

penicillin, indomethacin and bile acids and subserving

a role in hepatic anion transport. Originally, the
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FIGURE 1.1

Detoxification and formation of mercapturic acid

The xenobiotic (R) is conjugated with glutathione by

glutathione S-transferase. Subsequent catabolism of

the glutathione conjugate commonly occurs via a

reaction chain involving gamma glutamyl transpeptidase

dipeptidase and N-acetyl transferase.
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protein responsible for this anion binding and

transport was not recognised as glutathione S-

transferase and was given various titles including

"basic azo-dicarcinogen-binding protein", "cortico¬

steroid binder 1" and "Y protein" (Ketterer et al,

1967; Moray & Litwack, 1969; Levi et al, 1969). These

various proteins were later recognised to be one and

the same and were renamed ligandin (Litwack et al

1971). Later work revealed that ligandin was a

glutathione S-transferase (Kaplowitz et al, 1973; Habig

et al, 1974). More recently ligandin has been shown to

be a YaYa homodimer (Hayes et al, 1979).

The group of substances to which GST binds non

covalently, as well as bilirubin, bile acids and the

drugs mentioned above includes; bromosulphophthalein

(BSP) and indocyanine green which are markers used as

dynamic tests of liver function. The glutathione S-

transferases however can also bind covalently certain

carcinogens such as 4-dimethyl-aminobenzine or 3-

methylcholanthrene (Ketterer et al, 1967; Ketterer et

al, 1972).

Several GST isoenzymes possess selenium-independent

glutathione peroxidase activity with such organic

hydroperoxides as linoleic and arachidonic

hydroperoxide but not with hydrogen peroxide (Meyer et

al, 1985). This represent an important detoxification

mechanism which reduces lipid damage produced by oxygen
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free radicals.

Classification

The complexity of the GST super-gene family is only now

beginning to be recognised, as new isoenzymes are

discovered. A number of classifications have been

proposed based on various physico-chemical properties

of the enzyme. In most instances the enzymes are

dimeric and can be subdivided on the basis of physico-

chemical and immunological properties into four major

groups, namely pi, alpha, theta and mu class GST (Hayes

et al, 1990; Meyer et al, 1991). The component members

of these families are illustrated in Tables 1 and 2.

In the majority, but not all cases, the enzymes

comprise homodimers of molecular mass 24500-27500 Da.

A fifth class of GST isoenzyme has been identified in

the liver and has been purified from the microsomal

subcellular fraction. In contrast with the cytosolic

enzymes the microsomal GST is trimeric containing

subunits with a molecular mass of 17,000 Da

(Morgenstern et al, 1982; Morgenstern et al, 1983). In

man the alpha, pi, mu and theta classes have recently

been designated GSTA, P, M and T respectively

(Mannervik et al, 1992).

The mammalian cytosolic GST appear to be the product of

at least four gene families, whereas microsomal GST is

genetically distinct (Pickett et al, 1984; Ding et al,

1985; Mannervik et al, 1985; Morgenstern et al, 1985,

Hayes & Mantle, 1986). This family of enzymes has been
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TABLE 1. 1

Nomenclatures for the cytosolic GST subunits in the rat

Apparent
"Y" designation mol wt Class

(by SDS/PAGE)

Ya 25 500 alpha

Ybf 26 300 mu

Yb2 26 300 mu

Yc 27 500 alpha

Yf or Yp 24 800 Pi

Yk 25 000 alpha

Yl 25 700 alpha

Yn3 or Yb3 26 000 mu

Yn2 26 000 mu

Yo 26 500 mu

Yrs (GSTM) 26 000 theta

GSTE theta

Abstracted from Hayes J D, Pickett C B, Mantle T J eds.

Nomenclatures for GST. In: glutathione S-transferases and

drug resistance. London: Taylor and Francis 1990: xi-iv.
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TABLE
1

.

2

Nomenclatures
for
GST

subunits
in

man

Subunitclassification
Bl
B1

Bl
B2

B2
B2Skin

"9.9"
NN̂j®«lb"!bn3N3YfYfT1T1

Greeknomenclature£§&ur<pe

ClassalphaalphaalphaalphamumumuPithetamicrosomal
Isoelectricfocusingbasicbasicbasicbasicneutralneutralacidic

Subunitmol
wt

(by

SDS/PAGE)25

900
25

900
25

900
27

000
26

700
26

600
26

700
24

800
25

100
17

300

1992*nomenclatureAl-lAl-2A2-2Mia-laMlb-lbM3-3Pl-1Tl-1microsomal
OJCO

Abstracted
from
Hayes
J

D,

Pickett
C

B,

Mantle
T

J

eds.

Nomenclatures
for

GST.
In:

glutathione
S-transferases
and

drug

resistance.
London:
Taylor
and

Francis
1990:

xi-iv.

*

Based
on

Mannervik
et

al,

1992



most intensively studied in the rat but more recently

research has extended to those isoenzymes in man.

Parallels can be drawn between the properties of GST in

the two species such that catalytic activities of GST

members of the same gene family are conserved

(Mannervik et al, 1985) and some of the structural and

immunochemical features are similar (Hayes & Mantle,

1986 b; Tu et al, 1986).

The primary structures for many mammalian forms of GST

has been established (Mannervik & Danielson, 1988).

The amino acid sequences reveal many areas of homology

between the cytosolic, but not the microsomal forms.

Homology is more marked within members of the same

class than between classes. With regard to the

nucleotide sequences it is also clear that certain

regions of cDNAs encoding these enzymes are well

conserved. Regions of high and low variability appear

between different exons and it has been proposed that

recombinations of exons has contributed to the

evolution of the GST family (Mannervik et al, 1985).

The products of such genetic recombinations of exons

and introns may have yielded the variety of different

proteins with different substrate specificity.

FUNCTION OF DIFFERENT GST ISOENZYMES

The biological functions of GST's in health remains

incompletely understood. It is clear that GST are

important enzymes in the detoxification of xenobiotics

but whether they possess activity towards endogenous
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substrates has been less well studied. It is clear

that different GST isoenzymes exist in different

proportions in various tissues but their exact function

and why certain isoenzymes are dominant in one

situation, compared with another is at present unclear.

For example, the formation of glutathione conjugates of

steroids suggest that reactive intermediates of

estradiol-17-B (Marks & Heckere, 1981) and 2-hydroxy

estradiol-17-B (Elce & Harris, 1971) may be substrates

for GST. With regard to oxidised lipid cholesterol 0C-

epoxide GST activity has been demonstrated in the rat

liver cytosol (Watabe et al, 1979). Epoxides appear to

constitute an important group of substrates for GST;

these may be formed from endogenous compounds and

glutathione conjugation is a significant route in their

biotransformation (Hernandez & Bend, 1982). Different

GST isoenzymes show different specific activities for

given epoxides and it is particularly noteworthy that

GSTM1 which has a high specific activity for

benzo(a)pyrine-4,5-oxide (Warholm et al, 1983) is not

expressed in a proportion of the population. Another

group of substrates which may arise endogenously are

sulphate esters. It has been shown that arylalkyi

sulphates are substrates for GST (Gillham et al, 1971).

These substrates are produced by oxidation of alkyl

groups followed by sulphation.

A further potentially important biological function of

GST is the protection of membranes from lipid
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peroxidation (Tan et al, 1984). Cholesterol OC~°xide,

a product of lipid peroxidation, is a GST substrate.

It has also recently been shown that a major product of

peroxidative degradation of polyunsaturated fatty

acids, 4-hydroxynon-2-enal is a substrate for GST (Alin

et al, 1985). Also, as described earlier, several GST

isoenzymes possess selenium-independent glutathione

peroxidase activity with organic hydroperoxide such a

linoleic and arachidonic hydroperoxide and these may be

involved in protecting cells against lipid

peroxidation.

The observation that the different GST isoenzymes

differ significantly in their catalytic activity

towards the epoxide derivative of arachidonic acid,

leukotriene A4 (Mannervik et al, 1985), perhaps gives

some insight into the heterogeneity of isoenzyme

distribution. GSTP, for example, shows only limited

reactivity with leukotriene A4 methylester under

conditions in which GSTM and GSTA catalysed almost

complete conversion of the substrate into leukotriene

C4 methylester. Intracellular localisation of GST

isoenzymes may also be important. For example, certain

GSTs (mu class enzymes and GSTE) have the ability to

reduce peroxidised DNA suggesting a role in DNA repair

(Tan et al, 1988).

Since certain GST isoenzymes (e.g. ligandin) may be

involved in the intracellular transport of non-
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substrate ligands it is likely that this too will be a

determining factor in their tissue localisation. It

seems likely that the GST isoenzymes found in the

liver are involved primarily with both the

detoxification of xenobiotics (both catalytically and

by binding) and the transport of hydrophobic substances

from blood into bile. GSTs in other tissues are likely

to be more involved with such endogenous biochemical

processes as outlined above; the distinct roles of

hepatic and extra hepatic GST is supported by the fact

that certain organs (e.g. testis and epididymis)

express unigue GST isoenzymes.

Differential GST Expression

Different GST's demonstrate distinct catalytic

specificities and almost all tissues display a

different GST composition (Mannervik et al, 1983; Hayes

& Mantle, 1986). Such tissue heterogeneity is likely

to be important both with regard to the unigue

biochemistry of different tissues, but also from a

toxicological perspective. Genetic polymorphism for

GST expression also exists with approximately 50% of

the population failing to express mu-class GST (GSTM1)

being homozygous for GSTM1*0 (Board et al, 1981).

The majority of the others are homozygous for GSTM1*A

or GSTM1*B or heterozygous for GSTM 1*0, GSTM1*A or

GSTM1*B. It has been suggested that individuals who do

not express this isoenzyme i.e. homozygous for the

deleted GSTM1*0 allele (Seidegard et al, 1988) may be
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more prone to genotoxic damage and more susceptible to

bronchial carcinoma (Seidegard et al, 1986).

Susceptibility to other diseases such as chronic

hepatitis has been suggested (Harada et al, 1987),

whilst protection from others such as alcoholic liver

disease and hepatocellular carcinoma has been observed

(Harada et al, 1987). Perhaps the most notable

observation in heterogeneity of GST expression is that

which occurs during disease progression. The clearest

example of this is the over-expression of GSTP in pre

neoplastic nodules in the rat model of

hepatocarcinogenesis (Sato et al, 1984 a & b; Kitahara

et al, 1984). Although expression of other drug

metabolising enzymes are induced in this model (Farber

et al 1984; Sato et al, 1983a), the GST changes appear

the most marked and consistent.

Purification of GST

It will be appreciated from the different

classifications illustrated in Tables 1 and 2 that

various purification schemes for these enzymes have

been devised over the years (Fjellstedt et al 1973;

Gillham et al, 1973: Habig et al, 1974;, Ketterer et

al 1976), although the strategy devised by Habig et al

(1976) was originally the most widely used (until the

early 1980's). The purification strategies used by

these workers involves such techniques as ion-exchange,

gel-filtration and absorption chromatography and some

also used isoelectric focusing. The early methods for
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isolation of rat liver GST was dependent to a large

part upon the unusual physical properties of these

enzymes, such as the relatively high pi values of such

small and relatively consistently sized (35-50 kDa)

molecules. However, it was clear once attention turned

away from the rat liver as a source for GST that

because of the wide variation in the charge of

different isoenzymes that the earlier purification

strategies were not adeguate. Furthermore, because the

concentrations in extra hepatic tissues were relatively

low purification methods with higher levels of recovery

were reguired. The construction of a variety of

affinity matrices allowed GST purification to be

carried out rapidly and efficiently. Ligands used

included glutathione, glutathione conjugates and GST

inhibitors which were invariably immoblised on agarose

supports. The two most popular matrices are S-hexyl

glutathione-agarose (HexG-Ag) and glutathione-agarose

(G-Ag) . As well as being used for GST purification

these matrices have also been employed analytically.

For example, affinity purified GST from different

organs show marked variation in the subunits expressed

by different tissues, when analysed by SDS-PAGE (Hayes

& Mantle, 1986). It should be realised because of the

different properties of the various GST isoenzymes that

they each possess different affinities for various

matrices. For example, rat Yk and Yo sub units have a

weak affinity for HexG-Ag and high affinity for G-Ag

(Hayes, 1986, 1988). This variation in binding of GST
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isoenzymes by different affinity matrices can be used

to purify selectively different isoenzymes by first

using a matrix that does not bind the enzyme of

interest but removes other GSTs; this selective use of

gel matrices greatly aids purification of the enzyme of

interest (Hayes et al, 1990).

Following separation of GSTs from biological fluids

further purification steps are required to identify

individual GST isoenzymes and subunits. Some of the

most popular procedures, and those used in this thesis,

are ion-exchange chromatography such as fast protein

liquid chromatography (FPLC) and high performance

liquid chromatography (HPLC), both hydroxyapatite and

reverse phase. These methods are described in more

detail later. Individually, none of these methods is

ideal in all circumstances and a combination of

techniques is usually required depending upon the mix

of isoenzymes. FPLC and hydroxyapatite HPLC allows

separation of isoenzymes in their native form that

allows chemical assay. Reverse phase HPLC on the other

hand results in subunit separation, making functional

assays more difficult.

The ability to resolve GST isoenzymes allows the

different patterns of GST expression in various tissues

and disease states to be recognised and quantified.

Moreover, the availability of purified GST has allowed

the development of immunoassays using anti sera raised
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against specific GST isoenzymes.

GST Quantitation

The GST isoenzymes catalyse the conjugation of

glutathione to a wide range of compounds. Of these 1-

chloro-2-4-dinitrobenzene (CDNB) is most frequently

used as the substrate to measure the activity of human

GST (Mannervik et al, 1988). There are, however, a

number of problems associated with activity

measurements. Firstly, activity may be low, as in

plasma, and a precise measurement of activity is

difficult to achieve (Adachi et al, 1980). Secondly,

GST binds a number of anions such as bile salts and

bilirubin which inhibit enzymic activity (Singh et al,

1980). In liver disease, where tissue and plasma

concentrations of these anions may be high, the

activity of the GST is inhibited thus decreasing the

clinical sensitivity of the test. Another major

problem with activity measurements is that the various

substrates do not allow the isoenzymes of GST to be

differentiated.

Tissue Measurements

However, even taking all the above points into

consideration chemical assays compared with, for

example, blotting technique, in the absence of

inhibitors, allow reasonably accurate quantitation.

Measurement of GST activity in tissues is an important

means of monitoring changes that occur during
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maturation, with biochemical manipulations in animal

models, and with disease progression. For example, in

the early weeks of life in the male Fischer rat GST

activity as measured by CDNB conjugating activity

doubles whilst aflatoxin Bl-GSH conjugating activity

falls by 75% (Neal, 1989). These changes however can

be manipulated by alterations in diet. For example,

feeding these animals a low protein diet accelerates

the reduction in aflatoxin Bl-GSH conjugating activity

whilst supplementing the diet with aflatoxin B1 largely

prevents the fall.

Monitoring changes in GST activity in disease models is

valuable in improving our understanding of drug

resistance. For example dietary exposure to the anti-

oxident ethoxyquin is known to reduce the sensivity of

rats to the carcinogenic affect of aflatoxin B1 (Cabral

& Neal, 1983). Monitoring the changes in GST activity

during ethoxyquin feeding demonstrates the likely

mechanism of resistance with increases between 5 and

100 x increase in activity.

Monitoring GST activity during disease progression has

been undertaken in a number of studies. For example,

during the development of preneoplastic nodules in the

liver GST activity has been shown to increase between 3

and 5 fold (Eriksson et al, 1987). This change is

paralleled by similar increases in glutathione in the

cytoplasm from liver nodules (Roomi et al, 1985). As

well as acting as a substrate for glutathione S-
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transferase, glutathione may also be involved in

detoxification by direct binding of electrophiles and

free radicals.

GST Measurements in Malignancy

There is considerable interest in the association

between pi class GST and malignancy following the

discovery that increased expression of this enzyme

occurs in many tumours (Howie et al, 1990a; Kodate et

al, 1986; Di Illio et al, 1988; Eimoto et al 1988). In

neoplasms of the lung, colon and stomach the expression

of GSTP is increased approximately two-fold when

compared with matched normal tissue, but in kidney and

liver, no significant change in the expression of this

isoenzyme occurs (Howie et al, 1990a).

The expression of GSTP may vary with the oestrogen

receptor status in breast cancer; the levels of both

GSTP mRNA and the protein are significantly higher in

oestrogen receptor positive tumours compared with

oestrogen receptor negative tumours (Howie et al,

1990b).

In contrast with GSTP the expression of alpha class B2

and B2 subunits is suppressed in some tumours including
stomach and kidney. However, in other tumour types,

concentrations are unchanged with the exception of lung

in which B^ appears to demonstrate increased expression
(Howie et al, 1990a).
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The polymorphic mu class GSTM and its relationship with

malignancy is believed to be important. It has been

claimed that smokers who lack GSTM1 are more

susceptible to developing carcinoma of the lung

compared with those smokers who express the enzyme.

However, this relationship only appears to hold true

for adenocarcinoma of the lung (Seidegard et al 1990).

Serial measurements of GST activity during the

progression of diseased states is likely to provide a

more complete picture than just measuring the levels

before and after disease evolution. In the human

situation, however, measurement of GST activity in

tissue, particularly for diagnostic purposes has major

disadvantages and for this reason there has been

considerable interest in monitoring changes in GST in

body fluids in disease states.

The changes in GST expression that occur in malignancy

have resulted in the use of GST measurements as tumour

markers.

Measurements in Blood Serum

Immunoassays have been described that allow the precise

and specific measurement of three of the four cytosolic

classes of GST (Beckett et al, 1984; Hussey et al,

1987; Howie et al, 1988; Niitsu et al, 1989; Tsuchida

et al, 1989). Also this method allows the measurement

of individual GST subunits within a class such as the

and B2 subunits which comprise the alpha class GST
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(Beckett et al, 1984; Stockman et al, 1985).

Immunoassays measure GST concentrations even when they

are enzymatically inactive because of the presence of

inhibitors such as bilirubin or bile salts. Using

these immunoassays it has become apparent that GST

measurements may have a clinical role in the diagnosis

and monitoring of patients with hepatobiliary disease

and malignancy (Beckett et al, 1990). At present the

only methodological problem relates to the speed of the

assay which takes at least 24 hours. However, the use

of labelled antibody rather than labelled antigen

assays should overcome this problem and enable results

to be provided in less than 3 hours. A few examples

of the use of GST assays in body serum are given below.

The physicochemical properties and hepatic distribution

of the B]^ and B2 subunits means that they are released

quickly and in large quantities from damaged

hepatocytes into the plasma. The plasma half-life of

the B-l and B2 subunits is less than 60 minutes; this
contrasts with alanine aminotransferase which has a

half-life of approximately 48 hours (Beckett et al,

1985). These characteristics of the B-j^ and B2 subunits
indicate that their measurement in plasma should

provide an early and sensitive measure of

hepatocellular damage even when only centrilobular

hepatocytes are involved. The short half-life of the

GST should also allow early recognition of when active

liver damage has ceased, and measurements of the Bj and
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B2 subunits might therefore provide a useful means of

investigating mechanisms of hepatotoxicity (Beckett et

al, 1985; Sherman et al, 1983).

Following paracetamol poisoning, abnormal plasma

concentrations of GST B-j^ subunits (B-^ were observed in
approximately 90% of patients whilst alanine

aminotransferase (ALT) became abnomal in about 40%.

In addition, abnormal concentrations of B-^ were

observed within 4h of paracetamol ingestion whereas

abnormalities in ALT were not recognised for at least

12h (Beckett et al, 1985; Beckett et al, 1989a).

We have recently shown that plasma concentration of B-^

increased in heavy drinkers 60 min after 80 g of

ethanol had been ingested over a 3 0 min period. No

increase in B-l was observed when healthy volunteers,
with a modest alcohol intake, were given the same acute

alcohol load. Although, as a group, the heavy drinkers

produced a rise in B-l following alcohol ingestion some

showed no significant change in B1 (Hayes P C et al,

1990). These observations suggest that the measurement

of plasma B-^ in response to an alcohol load may be a

predictor of the sensitivity of an individual to

alcohol-induced liver damage.

We have recently produced evidence to suggest that

serum B-l may be of value in monitoring the
effectiveness of therapy in patients receiving

immunosuppressive drugs for autoimmune chronic active
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hepatitis. We studied 22 patients and found that serum

Bj concentrations were elevated in 16 patients whereas

aspartate aminotransferase (AST) activities were

abnormal in only 6 of the patients. This work led us

to suggest that perhaps the aim of immunosuppressive

therapy should be to normalise serum rather than

aminotransferase levels (Hayes P C et al, 1988).

In a study of 54 patients with biopsy-proven alcoholic

cirrhosis, abnormal levels of the aminotransferases and

B-l subunits were found in 28 patients but these two
measurements appeared to identify different populations

(Beckett et al, 1987). An explanation for the

observation of an abnormal B-l concentration in the

presence of a normal AST is that B^^ measurements are

probably more sensitive than AST at detecting alcohol-

induced centrolobular damage.

Two studies suggest that the serum concentration of

GSTP is increased in a wide range of malignant growths

including gastric, oesophageal, colonic, pancreatic and

hepatobiliary cancers. In contrast, few abnormalities

in serum GSTP are found in patients with lung or breast

cancer (Niitsu et al, 1989; Tsuchida et al, 1989).

However, recently a serious methodological problem has

been identified with serum GSTP measurements following

the observation in healthy subjects that, in the

clotting process, large quantities of GSTP are released

from platelets (Howie et al, 1990c). These findings

cast doubt on the results from previous studies that
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used serum and suggest that only plasma should be used.

Measurement in Biological Fluids other than Blood

The measurement of alpha class GSTBl and GSTP in the

lung fluid obtained by bronchoalveolar lavage from

patients undergoing bronchoscopy for suspected

malignancy revealed high levels from the lung in

patients with bronchial carcinoma compared with benign

lesions and the normal lung (Howie et al, 1990d) .

Although this technique is unlikely to be used widely

clinically it does illustrate that measurement of GST

in body fluids other than blood can be worthwhile.

Similarly, we have shown recently that GST-B1 and GSTP

are present in bile. Increased concentrations of GSTP

were found in two patients with cholangiocarcinoma but

not in one patient with pancreatic carcinoma (Howie et

al, 1989). Further studies are needed to show whether

biliary GST measurements have any value in diagnosing

biliary tract cancers.

Whether the GST in body fluids other than blood occurs

simply from leakage from epithelial cells or whether

the GST is actively secreted into the fluid is unknown.

In some body fluids such as alveolar fluid or

intestinal secretions GST may have a protective role at

the interface between epithelial cells and the

environment. The high concentrations of GSTP found in

bile if due to active secretion might be beneficial in

that it provides a mechanism whereby toxins could
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combine with GST and be actively excreted along with

the enzyme. There would appear, however, to be no

enzymatic role for GST in bile per se since with the

concentration of bile salts in bile neither GSTA or

GSTP have catalytic activity (Hayes & Chalmers, 1983;

Hayes & Mantle, 1986).

Interpretation of plasma GST levels depends on an

understanding of the distribution and function of GST

enzymes in the tissue under investigation. Although

this has been studied thoroughly in the rat little

information regarding the distribution of GST enzymes

in tissues in man was available at the start of the

work for this thesis. One of the aims of the current

work was to increase our understanding of GST isoenzyme

distribution in different tissues and in disease states

(extending over an earlier pilot study, Hayes et al,

1987), which will provide the background knowledge

necessary for interpretation of results obtained using

immunoassays.

48



PANCREAS, PANCREATIC HYPERTROPHY AND DRUG METABOLISING

ENZYMES

The pancreas is a mixed endocrine and exocrine gland.

The endocrine function is subserved by the islets of

Langerhan which contain cells that secrete insulin,

glucagon and gastrin. The cells which produce and

secrete pancreatic enzymes are arranged in acini around

small ducts. These cells are acted on by

cholecystokinin, released by cells in the mucosa of the

upper gastrointestinal tract, to secrete trypsin,

chymotrypsin, carboxypeptidase A, carboxypeptidase B,

pancreatic lipase, elastase, ribonuclease,

deoxyribonuclease, phospholipase and pancreatic alpha-

amylase (Ganong et al, 1973). Other cells known as

centroacinar cells, which in comparison to acinar cells

have few micro villi and organelles, abut on the lumen

of the ductules and are believed along with ductule

cells to be important in the secretion of electrolytes

including bicarbonate under the control of secretin.

Unlike the liver there is little research concentrated

on the xenobiotic metabolising enzymes in the pancreas.

The pancreas is known to have measurable amounts of

aryl hydrocarbon hydroxylase, a phase I enzyme system

and glucuronyl transferase, a phase II enzyme, although

in much lower concentrations than in the liver

(Longnecker et al, 1986). Glutathione S-transferase,

however, has been shown to be present in relative

abundance in the pancreas i.e. approximately 50% of the
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concentrations in the liver (Black and Howerton et al,

1984)

It has recently been shown that the carcinogenic effect

of feeding rats azaserine, a weak pancreatic carcinogen

(Longnecker & Curphey 1975) is enhanced by co-feeding

the animals with raw soya flour (Morgan et al, 1977).

This latter substance induces endogenous

cholecystokinin by intraluminal inhibition of tryptic

activity in the intestine by the soya bean trypsin

inhibitor (Liddle et al, 1984) which results in

pancreatic growth (Tamler et al, 1984). This may not

be the only mechanism involved, since free trypsin was

only depressed for the first 12 hours of raw soya

feeding suggesting that lowered free trypsin

concentrates alone is not responsible for CCK release

(Morgan, 1987), It has been suggested that one

mechanism whereby raw soya flour may increase the

carcinogenicity of azaserine is by modification of the

ability of the pancreas to handle carcinogenic

xenobiotics (Ross and Barrowman et al, 1987). These

workers demonstrated that feeding raw soya flour to

rats for 28 days reduced the concentration of

glutathione S-transferase in the pancreas. No

significant change in the enzymes benzo(a)pyrine

hydroxylase (a phase I reaction enzyme) or glucuronyl

transferase (a phase II reaction enzyme) took place and

the authors suggested that the reduced concentrations

of glutathione S-transferase may be important in
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increasing the carcinogenicity of azaserine in this

model- Indeed it has been demonstrated that prolonged

feeding of raw soya flour alone results in the

development of adenomatous nodules in the pancreas and

ultimately pancreatic carcinoma (McGuiness et al,

1984). The isoenzymes of GST present in the pancreas

are however unknown, as is their localisation in the

gland in both rat and man. Since pancreatic cancer,

the second commonest malignant tumour in the

gastrointestinal tract, is responsible for 5% of all

cancer deaths and its incidence is increasing in

developed countries, these questions seemed important.
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CHAPTER 2

INTRODUCTION

A large body of literature exists about GST activity

and isoenzymes in tissue. Relatively little is known,

however, about the localisation of the isoenzymes

within the tissue under study. Since most organs are

heterogeneous in structure, information about GST

expression within specific cells is important for

sensible interpretation of results. Immuno-

histochemistry is a technique whereby antibodies

against the molecules to be studied are applied to

tissue sections and the complex of antigen-antibody is

recognised using labels. In this way it represents a

form of in situ Western blotting. Obviously the

accuracy of the immunohistochemistry is only as good as

the antisera used and will not recognise proteins

against which antibodies have not been raised. It is

at best only a semi-quantitative method and care must

be taken in interpretation to avoid artefacts e.g. non¬

specific precipitation of label. For this reason it is

important that controls are used against which the

results could be compared. In this study immuno¬

histochemistry using antisera against GST isoenzymes

was applied to human tissue from the hepatic,

pancreatico-biliary and gastro-intestinal tract.

MATERIALS AND METHODS: IMMUNOHISTOCHEMISTRY

Antisera to the human cytosolic, alpha, pi and mu class

isoenzymes, as well as microsomal GST, were provided by
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Dr J Hayes. They were raised in rabbits according to

the method described previously (Hayes et al, 1983;

Hayes et al 1986). Briefly, 200 ug of purified GST

subunit was administered subcutaneously to rabbits on

two separate occasions at six week intervals, initially

in complete Freunds adjuvant and subsequently in

incomplete Freunds adjuvant. Two weeks after the

second injection a third "booster" injection of the

antigen was administered and the rabbit bled two weeks

later. Specificity of the antisera was determined by

Western blot analysis or radioimmunoassay (by Dr J D

Hayes).

Iramunohistochemical staining was originally carried out

using the peroxidase antiperoxidase (PAP) method of

Sternberger et al (1970) as follows: formalin fixed

paraffin embedded sections of tissue, were treated with

1% (vol/vol) hydrogen peroxide in methanol for 20

minutes to block the endogenous peroxidase activity.

Sections were washed in Tris buffered saline (TBS pH

7.6) and treated with 20% normal donkey sera (Scottish

Antibody Production Unit, Carluke, UK) for 15 minutes

before being incubated with the primary antibody (1/20)

for 30 minutes. Normal rabbit serum (1/20) was used in

place of the primary antibody for the negative
controls. Incubations for 30 minutes with 1/30 donkey

antirabbit (Scottish Antibody Production Unit) and

1/100 rabbit peroxidase anti-peroxidase (Scottish

Antibody Production Unit) were serially performed with
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TBS rinses and 10 minute incubations with 20% normal

donkey sera between antisera incubations. Sections

were subsequently treated with diaminobenzidine

solution (5 mg/10 ml TBS+0.1 M imidazole + 100 ul of

100 vol hydrogen peroxide) for 10 minutes. After

thorough rinsing in tap water, sections were examined

by light microscopy. Counterstaining was carried out

with Meyer's haematoxylin.

The peroxidase tagged second antibody was replaced

during the course of the study to an avidin-biotin-

peroxidase method. In this method following incubation

with the primary antibody, or with normal rabbit serum

for negative controls, incubation for 30 minutes with

1/200 biotinylated goat anti-rabbit anti serum (Dako

Limited, UK) was followed by streptavidin-peroxidase

conjugates for 15 minutes (Dako Limited, UK).

Visualisation was again undertaken using

diaminobenzidine solution for 10 minutes. This latter

staining method was carried out by Miss L May.

Materials

Material from pathology archives that had been formalin

fixed and paraffin embedded was used. These were

generally obtained from biopsy material or from

surgical specimens and provided by Dr D J Harrison.

The following tissues were examined: human liver,

gallbladder, small and large intestine and pancreas.

As well as normal healthy tissue, disease tissue from

these sources was examined and included:
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hepatocellular carcinoma, cholangio-carcinoma, colonic

carcinoma, chronic pancreatitis and pancreatic

carcinoma.

RESULTS

Liver

Four classes of GST isoenzyme were identified in human

liver tissue although the pattern of staining differed.

The alpha class GSTA was readily identified in both

hepatocyte cytoplasm and nuclei (Fig 2.1a), but only

the larger biliary ductules showed positive staining.

A negative control is illustrated in Figure (2.1b) for

comparison. Kupffer cells did not stain for GSTA.

Cytosolic pi class GSTP stained weakly in hepatocyte

cytoplasm, not in the nuclei, but very strongly in the

biliary ducts of all sizes (Fig 2,2). The strongest

staining was seen in the apical aspect of the cells of

the biliary epithelium.

Cytosolic mu class GSTM was present in hepatocyte

cytoplasm and nucleus (Fig 2.3) in approximately 50% of

samples analysed. Staining was primarily in Rappaport

zone 1 (periportal) although weak positive staining was

also observed in centrilobular hepatocytes. Biliary

epithelium stained weakly.

Microsomal GST was seen in the cytoplasm of hepatocytes

in a granular fashion (Fig 2.4). The biliary

epithelium was moderately stained.
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FIGURE 2.1: GST isoenzyme staining in human liver

a) Distribution of GSTA in liver with dense staining in

the cytoplasm of hepatocytes and their nuclei (x

150)

b) Negative control using non-immune rabbit antiserum

(x 150)
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FIGURE 2.2: GST isoenzyme staining in human liver

Distribution of GSTP in liver with weak staining in the

cytoplasm of hepatocytes, negative nuclear staining and

strong positive staining in the biliary epithelium (x

150) .

FIGURE 2.3

Distribution of GSTM in liver with moderate

hepatocellular cytoplasmic staining and stronger

nuclear staining (x 150).
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FIGURE 2.4: GST isoenzyme staining in human liver

Distribution of microsomal GST in liver with granular

cytoplasmic and negative nuclear staining (x 150).

FIGURE 2.5: GST isoenzyme staining in human

gallbladder

Distribution of GSTP in gallbladder with strong

positive staining of the epithelium (x 150).

INSERT

Figure 2.5b GST isoenzyme staining in human gallbladder: negative
control using non-immune rabbit antiserum (xlOO).
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Gallbladder

Strongly positive staining of the gallbladder

epithelium was shown for GSTP (Fig 2.5) although weak

positive staining for the alpha and mu class GST was

demonstrable.

Hepatic cirrhosis

The GST staining pattern in cirrhosis was similar to

normal liver with strong staining for GSTA in

hepatocytes (Fig 2.6). The exception to this appears

to be de novo expression of GSTP in hepatocytes in

alcoholic hepatitis (Harrison et al, 1990).

Hepatocellular carcinoma tissue

GSTA stained strongly in only 3 of 12 samples,

moderately in 2 samples (Fig 2.7), patchy moderate

staining in 2 further specimens (Fig 2.8) and weak or

negative in the 5 remaining. GSTP stained strongly in

2 specimens, moderately in 1 specimen and was weak or

negative in the remaining 9 (Figs 2.9 & 2.10). GSTM

stained strongly in 2, moderately in 3 and was weak or

negative in the remaining 7. Microsomal GST stained

strongly in 3 specimens, moderately in 4 specimens and

gave trace or negative results in the remaining 5.

Cholangiocarcinoma

In all 8 of the cholangiocarcinomas studied (Fig 2.11),

GSTP was readily demonstrable and usually stained

uniformly (Fig 2.12). Although GSTA was present in all

cases it was generally weak or present in only
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FIGURE 2.6: GST isoenzyme staining in human liver

Distribution of GSTA in cirrhotic liver (x40).

FIGURE 2.7: GST isoenzyme staining in human liver

Distribution of GSTA in hepatocellular carcinoma

(xlOO).
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FIGURE 2.8: GST isoenzyme staining in human liver

Distribution of GSTA in hepatocellular carcinoma

(x40).

FIGURE 2.9: GST isoenzyme staining in human liver

Distribution of GSTP in hepatocellular carcinoma (x40).
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FIGURE 2.10: GST isoenzyme staining in human liver

Distribution of GSTP in hepatocellular carcinoma

(xlOO).

FIGURE 2.11: GST isoenzyme staining in human liver

Haemotoxylin and eosin staining of cholangiocarcinoma

(xlOO).
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FIGURE 2.12: GST isoenzyme staining in human liver

Distribution of GSTP in cholangiocarcinoma (xlOO).

FIGURE 2.13: GST isoenzyme staining in human liver

Distribution of GSTA in cholangiocarcinoma (xlOO).
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occasional cells (Fig 2.13). Microsomal GST was

identified in 4 tumours and absent in 4. GSTM

expression was weak, but was seen in most cases.

Small Intestine

GSTP and M stained strongly (Fig 2.14 and 2.15) in the

intestinal epithelium in the cells lining both the

villi and crypts. Staining for GSTA was found in the

cells lining the villi but not crypts (Fig 2.16) whilst

microsomal GST was found only in the cells lining the

crypts (Fig 2.17).

Large Intestine

Only GSTP was consistently demonstrated easily in the

colonic epithelium (Fig 2.18) with little alpha class

(Fig 2.19) and microsomal GST. In some cases strong

positive staining for GSTM was found whilst others were

negative.

Colonic Cancer

Tissue obtained from colonic carcinoma (Fig 2.20)

stained strongly positive for GSTP (Fig 2.21) and

variably for the other GST classes.

Normal Pancreas

GSTA was clearly demonstrated in acinar cells and

hetrogeneously in ducts (Fig 2.22), but was not present

in centroacinar cells. GSTP stained strongly in the

ducts and centroacinar cells and weakly in the

pancreatic islets (Fig 2.23). GSTM was weakly

expressed in pancreatic ducts and weakly in all islets
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FIGURE 2.14: GST isoenzyme staining in human small

intestine

Distribution of GSTP in small intestinal epithelium

with strong positive staining of epithelial villi and

crypts (x 150).

FIGURE 2.15: GST isoenzyme staining in human smal!

intestine

Distribution of GSTM in small intestinal epithelium

with positive staining of both epithelial crypts and

villi (x 150).
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FIGURE 2.16: GST isoenzyme staining in human smal

intestine

Distribution of GSTA in small intestinal epithelium

with strong positive staining of the epithelial villi

but not crypts (x 150).

FIGURE 2.17: GST isoenzyme staining in human smal

intestine

Distribution of microsomal GST in small intestinal

epithelium with negative staining of epithelial villi

but positive staining of crypts (x 150).
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FIGURE 2.18: GST isoenzyme staining in human colon

Distribution of GSTP in large intestinal epithelium

with strong positive staining (x 150).

FIGURE 2.19: GST isoenzyme staining in human colon

Distribution of GSTA in large intestinal epithelium

with negative staining (x 150).
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FIGURE 2.20 Human colonic carcinoma

Haemotoxylin and eosin staining of adenocarcinoma of

the colon (xlOO).

FIGURE 2.21 GST isoenzyme staining in the human colon

Strongly positive staining for GSTP in the epithelial

cells in colonic adenocarcinoma (xlOO).
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FIGURE 2.22: GST isoenzyme staining in human pancreas

Distribution of GSTA in normal pancreas (x250).

FIGURE 2.23: GST isoenzyme staining in human pancreas

Distribution of GSTP in normal pancreas (x250).
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FIGURE 2.24: GST isoenzyme staining in human pancreas

Distribution of GSTM in normal pancreas showing weak

staining of islet cells (x250).

FIGURE 2.25: GST isoenzyme staining in human pancreas

Distribution of GSTP in chronic pancreatitis (xlOO).
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(Fig 2.24).

Chronic Pancreatitis

GSTP again was clearly demonstrated in the ducts and

increased expression was seen in areas of dilated

acinar units undergoing acinar-ductal transformation

(Fig 2.25). Expression of GSTA was reduced in

inflammed acini whilst expression in GSTM was

unchanged.

Pancreatic Carcinoma

Uniform increased staining of GSTP was demonstrated

(Fig 2.26). Expression of GSTA was heterogeneous and

GSTM was only weakly present in most samples.
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FIGURE 2.26 GS'

Distribution of

FIGURE 2.27 GST

Distribution of

1 isoenzyme stainin<

GSTP in pancreatic

isoenzyme staining

GSTA in pancreatic

in human pancreas

carcinoma (x250).

in human pancreas

carcinoma (x250).
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DISCUSSION

The existence of GST isoenzymes in the human liver has

been recognised for many years, but their distribution

within this organ and the biliary and intestinal

epithelium was unknown at the time this study started.

Four families of glutathione S-transferases were

readily identified in normal human liver tissue. The

most striking difference in staining pattern was found

for the pi class GSTP which occurred strongly and

almost exclusively in the biliary epithelium. The

staining identified small biliary radicals which

otherwise could easily be overlooked. Such

heterogeneity in distribution is not found in the rat

liver (Redick et al, 1982). A difference in the

hepatocyte nuclear staining was also apparent with the

alpha and mu GST being present and microsomal and

pi class GST absent. The reason for the nuclear

localisation of alpha and mu class GST is at present

unclear. In the rat, the cytosolic mu class GST Yb

subunits bind DNA and Bennett et al (1986) have

reported an association between Yb GST polypeptides and

nuclear chromatin. Indeed, these workers suggested that

the Yb subunits are involved in nuclear RNA processing.

Alternatively the human GSTA and/or GSTM may serve in

conjunction with DNA repair enzymes to repair

peroxidised DNA since Ketterer et al (1987) have shown

that the rat GST isoenzymes exhibit peroxidase activity

towards hydroperoxymethyl uracil as well as peroxidised

DNA. It has been shown using radioimmunoassays that

87



plasma alpha class cytosolic GST is a more sensitive

marker of acute and chronic hepatocellular damage than

aspartate or alanine aminotransferase (Beckett et al,

1987). The levels of alpha GST may be increased in

serum of patients with either alcoholic cirrhosis or

autoimmune chronic active hepatitis in whom aspartate

aminotransferase activity is normal (Beckett et al,

1987; Hayes et al, 1988). The density of staining in

the hepatocyte cytoplasm and nucleus shown in this

study may explain this sensitivity. The pi class

isoenzyme alone stained strongly in the biliary

epithelium and may potentially be used as a marker for

damage to this structure. Since GSTM is subject to

polymorphism (see later) it cannot be used as a marker

for tissue damage.

Whereas cholangiocarcinomas seem to retain a similar

pattern of GST isoenzyme expression to that found in

normal bile ducts, the expression of all the GST

families in hepatocellular carcinomas is variable. In

at least 6 cases of hepatocellular carcinoma there was

a decrease in GSTA and in 3 cases malignant hepatocytes

expressed GSTP (unlike normal hepatocytes) (Hayes P C

et al, 1991). The presence of pronounced pi class GST

expression in only one quarter of cases is perhaps

surprising, in view of the frequent over-expression of

this isoenzyme in many human tumours including lung

(Carmichael et al, 1988), kidney (Harrison et al, 1989)

and pancreas (Hayes P C et al, 1990b).
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In most animal models of hepatocarcinogenesis there is

de novo expression of pi class GST by neoplastic

hepatocytes. GSTP therefore has been regarded as a

marker of preneoplasia (Sato et al, 1989) and its

overexpression is thought to be involved in the

acquisition of drug resistance. There are however, a

number of problems with this proposal. Firstly,

nitrosamine induced preneoplastic nodules in rat liver

do not over-express pi class GST when rats are fed

hepatic peroxisome proliferators such as clofibrate

(Hosokawa et al, 1989). Secondly, although aflatoxin

Bl-induced pre-neoplastic hepatocyte nodules in rats

overexpress pi class GST, it is the induction of the

alpha class GST Ya2, which confers resistance against
the cytotoxic effects of aflatoxin B1 (Hayes et al,

1990). Thirdly, hepatocytes in human liver biopsy

specimens from patients with alcoholic liver disease

express GSTP (Harrison et al, 1990). Alcoholic liver

disease is not usually regarded as "preneoplastic"

although a proportion of patients with alcoholic

cirrhosis subsequently develop hepatocellular carcinoma

(MacSween et al, 1987). It is believed that it is the

cirrhosis rather than the alcohol which is important in

carcinogenesis. The biological importance of GSTP

expression therefore remains uncertain.

In the rat, pi class GST expression in hepatomas may

reflect oncogene activation since it has recently been
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reported that the AP-1 binding sites exist at the 5'

end of the pi class GST gene (Okada et al, 1990).

However, the AP-1 consensus sequence does not seem to

be present in the pi class human gene. Alternative

explanations for occasional GSTP expression in

hepatocellular carcinoma may be dedifferentiation,

since fetal hepatocytes have been shown to express GSTP

(Hiley et al, 1988) or, that the expression of GSTP by

hepatocytes results from a stress response mechanism.

Pi class GST has been shown to be induced by interferon

in the mouse (Adams et al, 1987).

In 40% of the population from which this study was

drawn, GSTM1 is not expressed in leucocytes (Hussey et

al, 1987), reflecting the known polymorphism of this

enzyme first described in Australia (Board et al,

1989). As discussed before it has been suggested that

individuals who have the null polymorphism for this

isoenzyme may be more susceptible to lung cancer

induced by cigarette smoke (Beattie et al, 1990) and

may be more likely to develop chronic liver disease

(Harada et al, 1987). The demonstration of mu class

GST in seven of 12 hepatocellular carcinomas and four

of 8 cholangiocarcinomas does not suggest any

protective effect of this enzyme, but assessment of the

importance of this mu class GST polymorphism would

require a much larger series. Although we have been

able to phenotype subjects by immunohistochemistry

(Hayes et al, 1989; Harrison et al, 1990), mu class
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enzyme expression is variable between subjects since

many are heterozygous for the null allele. Genotyping

(using PCR directed from intron-specific primers) is

therefore a more precise and reliable screening

investigation.

The expression of GST isoenzymes in liver tissue

adjacent to hepatocellular carcinomas seems to be

normal. No consistent pattern of GST expression was

found within hepatomas, although in general the

expression of all the GST isoenzymes was reduced. This

finding is contrary to the results reported in animal

models of hepatocellular carcinoma where pi class GST

and other classes are reported to be increased. In

cholangiocarcinoma retention of GSTP, the predominant

biliary GST isoenzyme was found to occur and may

explain the high concentration of GSTP identified in

the bile of patients with cholangiocarcinoma (Howie et

al, 1989).

Whether the prognosis of patients in whom GST

expression is maintained in the hepatocellular

carcinoma is improved compared with those in which GST

expression is absent deserves further study.

The heterogeneity of GST isoenzyme distribution was

also evident in the extrahepatic tissues studied here.

In the epithelium of the small intestine both GSTP

and GSTM was shown in the cells lining both the

intestinal villi and crypts. The alpha class GST,

91



although present in the villi, was absent in the crypt

cells whilst the opposite situation was found for the

microsomal isoenzyme. The biological significance of

this is unclear but may have clinical relevance in the

study of injured epithelium such as in coeliac disease.

In situations where cellular maturation is affected,

differences in the tissue localisation of the two

isoenzymes may be demonstrable.

In the colon only the pi class GSTP was consistently

demonstrable in the epithelium. The presence of GSTM

was found in only some of the specimens of colon

studied, again compatible with the known genetic

variability in expression of this isoenzyme. The

biological signficance of the presence of GST in

colonic epithelium is unclear but may potentially be

used to advantage in monitoring tissue damage in

different areas of gastrointestinal tract. A different

pattern of serum isoenzyme abnormality may be found in

small and large intestinal disease.

The persistence and probable over-expression of GSTP in

colonic carcinoma is similar to that reported by other

workers (Batist et al, 1987). Again the significance

of this is unclear and may represent dedifferentiation

or give selective advantage of malignant cells.

Whether clinical use of this observation can be found,

such as measuring GST in faecal or intestinal lavage

fluid remains to be explored.
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GSTP was shown to be present in the excreting ducts and

in centroacinar cells in the human pancreas. This

latter result is particularly noteworthy since

pancreatic cancer, which uniformly showed strong

staining for GSTP, has been postulated to arise from

either ductular or acinar cells (Longnecker etl al,

1988). This study would support the former cell origin

of pancreatic carcinoma although the centroacinar cell,

which also express GSTP, cannot be discounted as the

cells of origin, particularly in view of recent

hypothesis by Pour who identified centroacinar cells as

the origin of pseudoductular complexes which are

believed to be preneoplastic lesions in the hamster

model of pancreatic cancer (Pour et al, 1988).

Although GSTP expression in the neoplastic tissue may

support ductal or centroacinar cells as the cells of

origin of tumours induction of enzymes under situations

of metabolic stress is perhaps a more likely

explanation. The findings of increased GSTP expression

in chronic pancreatitis where acinar ductal

transformation exists would support this

interpretation.

GSTM was found in all pancreatic islets, unlike the

liver and leucocytes (Board et al, 1981) albeit

expressed relatively weakly. The explanation is almost

certainly that the antisera crossreacts with a similar

but distinct GST isoenzyme the nature of which is

unclear. The antisera used in this study were against
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GSTMla and will cross react with GSTMlb. It is unknown

if it cross-reacts with GSTM2, GSTM3 or GSTM4. In

chronic pancreatitis little change in mu class GSTM in

pancreatic islets was identified which might be

expected as these endocrine structures are relatively

preserved in this condition. Again lipid peroxidase

activity may be important in limiting free radical

mediated damage. The presence of GSTM in some normal

ductular cells may explain the weak expression in some

cases of pancreatic carcinoma.

Heterogeneity in the distribution of GST isoenzymes in

the human pancreas in healthy and diseased tissue is

apparent. It is unlikely that GST in the pancreas is

involved with drug metabolism and changes in expression

in disease states may represent induction or

dedifferentiation. The GSTM identified in all islets

may be protective and change in expression may be

important is susceptibility to diabetes mellitus. The

heterogeneity in GSTA expression may be important in

the susceptibility to free-radical induced injury.

The reasons for the heterogeneity in distribution of

GST isoenzymes may be related to their functions. Of

the four isoenzymes, only the GSTP appears throughout

the gastrointestinal, biliary tract and pancreas. The

presence of this isoenzyme in both biliary and extra

biliary tissue is not unexpected in view of the

embryological origin of the biliary tree as an

outgrowth from the foregut. The function of GSTP in
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these tissues is unclear but it may act as a carrier

protein for biliary constituents such as bile acids,

drugs and toxins; a function supported by the finding

of large quantities of pi class GST in bile (Howie et

al, 1989).

In conclusion, we have demonstrated that four classes

of GST can be identified in human liver, gallbladder,

pancreas and intestinal tissue. It is possible that

the heterogeneity in distribution has functional

implications and that further investigation of these

enzymes in different disease states may have potential

use both diagnostically and in furthering our

understanding of the basic biochemical changes taking

place during disease progression.
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CHAPTER 3

INTRODUCTION

Although glutathione S-transferase has been known for

some time to be present in the rat pancreas (Black &

Howerton, 1984), very little is known about its

presence in the human pancreas. It has been shown in

Chapter 2 that GSTA, P and M can be identified by

immunohistochemistry in the human pancreas, confirming

an earlier observation by Corrigal et al (published as

abstract). However, the relative proportions of GST

isoenzymes in human pancreas is unknown and

characterisation of these enzymes is required.

The aim of this section of the study was to isolate,

purify and characterise the glutathione S-transferase

isoenzymes present in healthy adult pancreatic tissue.
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MATERIALS & METHODS

a) Chemicals & Assays

Chemicals All chemicals used were of the highest

purity that was commercially available.

BDH Chemicals Ltd, Poole, Dorset, UK.

Acetic acid: acrylamide; 2-amino-2-

(hydroxymethyl)propane-1,3-diol (Tris); ammonium

persulphate; ammonium sulphate; bromophenol blue;

butan-l-ol; calcium chloride; l-chloro-2,4-

dinitrobenzene; diethanolamine; dipotassium hydrogen

orthophosphate; disodium hydrogen orthophosphate;

ethanol; ethylenediaminetetra-acetic acid (EDTA);

glycerol; glycine; hydrochloric acid; hydrogen

peroxide; 2-mercaptoethanol; methanol; NN'-

methylenebisacrylamide; orthophosphoric acid;

potassium chloride; potassium dihydrogen

orthophosphate; potassium hydroxide; sodium chloride;

sodium dihydrogen orthophosphate; sodium dodecyl

sulphate; sodium hydroxide; sucrose; 5-

sulphosalicylic acid; NNN'N'-tetramethyl

ethylenediamine (TEMED); trichloroacetic acid; Triton

X-100.

Bio-Rad Laboratories, Watford, Herts, UK

Bio-gel HT-grade hydroxyapatite; Bio-gel HPHT hplc

grade hydroxyapatite column; Nitrocellulose paper;

Tween-20.
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Scientific Instrument Centre Ltd, London, UK

Visking dialysis tubing (molecular cut-off

approximately Mr 10,000)

Pharmacia (Pharmacia Fine Chemicals) Uppsala, Sweden

Mono Q FPLC HR/5/5 system.

Serva Feinbiochemica, Heidelberg, West Germany

Coomassie Brilliant Blue R (Serva blau R).

Sigma Chemical Co. (London) Ltd., Poole Dorset, UK

Bovine serum albumin; 1,2-dichloro-4-nitrobenzene;

1,2-epoxy-3-(p-nitrophenoxy)propane; gelatin;

glutathione (reduced form); p-nitrophenyl acetate; S-

hexylglutathione-sepharose and glutathione-sepharose

affinity matrix.

Rathburn Chemicals Ltd, Peebleshire, Scotland

Trifluoroacetic acid (seguencer grade).

Antisera

Antisera against rat YaYa (alpha), YbYb (mu), YfYf (pi)
and antisera against human GSTA and P were provided by

Drs J D Hayes and L I McLellan.

GST enzyme assay

The l-chloro-2,4 dinitrobenzene (CDNB) assay was

performed at 3 7°C by the method of Habig and Jakoby

(1981) .

All enzyme assays were carried out in duplicate or

triplicate at 37°C.
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Assays for cytosolic GST, with l-chloro-2,4-

dinitrobenzene (CDNB) as a substrate, were carried out

using a Cobas Fara centrifugal analyser (Roche

Diagnostica, Wellwyn Garden City, UK) essentially as

described by Hayes & Clarkson (1982). Up to 29 samples

were simultaneously pre-incubated with GSH, and the

reactions started by the addition of CDNB, followed by

automatic mixing by centrifugation. The final

substrate concentrations were 2mM and ImM for GSH and

CDNB respectively, in a reaction volume of 250 ul

containing O.lM-sodium phosphate buffer pH 6.5 The

reactions were monitored by initial measurement of

absorbance at 340 nm, 10 s after mixing, followed by 7

absorbance measurements at 5 s intervals. Reaction

rates were determined by an integral kinetic data

analysis program, which performed linear regression

analysis on the 8 absorbance readings from each

cuvette. The A A/min was multiplied by a pre-programmed

conversion factor which depended on the sample volume

and the results obtained were calculated as

A A/min/ml of enzyme. This was corrected to

umol/min/ml by division by 37.5.

Protein Determinations

Protein determinations were carried out by the method

of Bradford (Bradford et al, 1976) with bovine serum

albumin as the calibration standard.
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Affinity chromatography

Affinity chromatography of cytosolic proteins was

performed at 4°C using both the S-hexylglutathione-

Sepharose 6B and glutathione-sepharose affinity

matrices described by Mannervik & Guthenberg (1981).

Columns of affinity gel (1.6 cm x 20 cm) were

equilibrated with 20 mM-Tris/HCl buffer, pH 7.8,

containing 200 mM-NaCl, before liver cytosols, were

applied. The affinity matrices were washed with 50 mM-

Tris/HCl buffer, pH 7.8 containing 200 mM-NaCl, until

all non-specifically bound material had been removed.

The GST were eluted with a solution of 5 mM-S-

hexylglutathione or 50 mM-glutathione in the

equilibration buffer. The GST-containing fractions

were combined and dialysed against two changes of 2

litres of lOmM-sodium phosphate buffer, pH 6.7,

containing 2 mM-2-mercaptoethanol, for 18 h at 4°C.

This dialysis step was omitted in latter experiments.

Fast Protein Liquid Chromatography (FPLC)

The system employed was the Mono Q HR/5/5 system from

Pharmacia (Pharmacia Fine Chemicals, Uppsala, Sweden).

The Mono Q is a strong anion exchanger based on a

beaded (particle size 10 urn) hydrophilic resin . a

bilinear gradient between 0-0.6M sodium chloride in 20

mM Tris pH 8.0 was employed for elution with a flow

rate of 0.75 mis/minute. A 15 min isocratic 'loading

time' of buffer A (0% NaCl) was incorporated at the

start of each run. The operating pressure was
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approximately 10 bar (IMPa, 150 psi). Ultraviolet

absorbance of the eluate at 280 nm was monitored

continuously and 1 ml fractions collected from each

run.

High Performance Liquid Chromatography (HPLC) (Reverse-

Phase and Hydroxyapatite)

The system employed in the present study was from

Waters Associates (Instruments), Northwich, Cheshire,

U.K. and comprised two model 510 pumps, a model 680

automated gradient controller, a model 481 Lambda-Max

absorbance detector and a model U6K universal injector.

Reverse-Phase high performance liquid chromatography

(HPLC) subunit separation was carried out by using

linear 40-70% gradients of acetonitrile in aq.0.1%

(v/v) trifluoroacetic acid (Hayes et al, 1989). The

u-Bondapak C18 column (10 um particle size; 0.39 cm x

30.0 cm) was from Millipore, Harrow, Middx., U.K.

Hydroxyapatite HPLC with a Bio-gel HPHT hplc grade

columns was carried out using a linear gradient between

10 mM and 250 mM disodium hydrogen orthophosphate pH

6.8 (buffered with orthophosphoric acid) containing 0.4

mM CaCl2 and 2 mM mercaptoethanol. Protein peaks were

detected by monitoring absorbance of the eluate at 220

nm. For all applications the gradient controller was

programmed to include a 5 min 'loading time' during

which the sample was applied isocratically (i.e. 100%

solvent A) and the flow rate was increased linearly

from 0.1 to 1.0 ml/min.
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Discontinuous SDS/polyacrylamide-gel electrophoresis

Discontinuous SDS/polyacrylamide-gel electrophoresis

(SDS/PAGE) was carried out essentially as described by

Hayes et al (1979). Electrophoresis was performed in

slab gels (15 cm x 14 cm x 0.1 cm) at room temperature,

using an LKB 2001 vertical electrophoresis unit (LKB

Instruments, Selsdon, Surrey, UK) in the presence of

0.1% (w/v) sodium dodecyl sulphate (SDS) and using the

buffer system described by Laemmli et al (Laemmli et

al, 1970). The polyacrylamide gels comprised a

"stacking gel" (3% (w/v) polyacrylamide in Tris/HCl

buffer (0.125 M, pH 6.8), which was 2 cm long and a

"resolving" gel (12% or 15% (w/v) polyacrylamide in

Tris/HCl buffer (0.375 M, pH 8.8)} which was 12 cm

long. The concentration of the cross-linker, NN'-

methylenebisacrylamide, in both the resolving and

stacking gels was 0.32% (w/v) 2.6% or 2.1% for

12% or 15% polyacrylamide gels, respectively).

Protein samples were prepared for electrophoresis by

heating at 90°C for 5-10 min in an aqueous solution

containing 1% SDS (w/v), 1% 2-mercaptoethanol (v/v),

0.002% (w/v) bromophenol blue and 10% (v/v) glycerol.

Portions were applied to wells in the "stacking" gel

and electrophoresis was carried out, at 50 mA per gel,

through the stacking gel and then at 25 mA per gel,

through the resolving gel. The procedure was

terminated when the bromophenol blue marker had reached

1 cm from the end of the gel. The gels were stained
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(20-30 irtin, 20°C) in a 0.2% (w/v) solution of Coomassie

Brilliant Blue R in a solution comprising

water:methanol:acetic acid (50:50:7 by vol) and

destained in several changes of a solution composed of

water:methanol:acetic acid (88:5:7 by vol).

Western Blotting

Western blotting was performed by the method of Towbin

et al (1979), as described by Hayes & Mantle (1986b).

Proteins were resolved by SDS/PAGE and following

electrophoresis, the gel slabs were eguilibrated with

25 mM-Tris/192 mM-glycine buffer, pH 8.3, for 30 min at

room temperature (20°C). The polypeptides were then

transferred from the gels, to nitrocellulose paper, by

electrophoresis. This was carried out in the same

eguilibration buffer, using a Bio-Rad Trans-blot cell

and Bio-Rad model 250/2.5 power supply (Bio-Rad

Laboratories, Watford, Herts., UK). The

electrophoretic transfer of protein to nitrocellulose

paper was performed at 0.25A at 10°C and allowed to

proceed for 4 h. The paper was then treated with a

gelatin-containing solution (3% (w/v) in 20 mM-

Tris/HCl, pH 7.5, containing 500 mM-NaCl) for 16 h at

20°C, to block the remaining protein binding groups on

the nitrocellulose.

After treating with gelatin, nitrocellulose papers were

incubated for 2.5 h at 20°C with the primary antibody

which was diluted 1:300-3 000, depending on the titre
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of the particular antiserum, in 150 ml of 1% (w/v)

gelatin in 20 mM-Tris/HCl buffer, pH 7.5, which

contained 500 mM-NaCl and 0.05% (v/v) Tween-20.

Following extensive washing of nitrocellulose papers,

to remove unbound primary antibody, visualisation of

the polypeptides which cross-reacted with the specific

antibody, was achieved by using a Bio-Rad goat anti-

rabbit IgG antibody-horseradish-peroxidase conjugate

immunoblot assay kit, as described by the manufacturer

(Bio-Rad Laboratories, Watford, Herts., UK). As

positive standards purified GST subunits were normally

run in parallel with the test proteins, on the SDS/PAGE

gel.

Human Pancreatic Tissue

50-150 grams of healthy human pancreatic tissue was

obtained from fresh autopsy material (provided by Dr D

J Harrison) and frozen at -80°C until use. Tissue was

initially diced with scissors then homogenised in 200

mis of 20 mM Tris/HCl pH 7.4 containing 200 mM-NaCl and

centrifuged for 60 minutes at 13,000 g at 4°C. The

supernatant was then ultracentrifuged for a further 60

minutes at 100,000 a at 4°C before being filtered

through glass wool and stored on ice until use.

Enzyme Purification

The scheme for enzyme purification is illustrated in

Fig 3.1.
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FIGURE 3.1

Scheme for enzyme purification in human pancreas
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Figure 3.1

pancreatic homogenate

centrifuged

cytosol

affinity chromatography
(S-Hexylglutathione or
glutathione-Sepharose)

\'

GST enriched sample
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RESULTS

Phase 1

Affinity Chromatography

This was initially undertaken using S-hexyl glutathione

Sepharose as the affinity matrix and using 5mM-S-hexyl

glutathione to elute the GSTs as described earlier.

This provided a satisfactory yield of GST eluted in a

single peak (Figure 3.2), although there was

variability in the yield and some indication of lack of

GSTP binding (see later). One possibility for this was

that proteases or other enzymes present in the

pancreatic cytosol may have partially degraded the

affinity matrix. For this reason after the first five

pancreatic preparations glutathione sepharose was used

in its place (see later).

Fast Protein Liquid Chromatography (FPLC)

The GST enriched eluent from the S-hexyl glutathione

Sepharose column was dialysed against 20 mM Tris pH 8.0

and subjected to FPLC on Mono Q, as described earlier.

An example of the isoenzyme separation profile is

illustrated in Figure 3.3. Multiple peaks were eluted

from the anion exchanger by the linear sodium chloride

gradient. The GST activity determined using the CDNB

assay following FPLC processing is illustrated in

Figure 3.4. This shows two resolved peaks (fractions

29 and 32) with an earlier smaller, less distinct, peak

(fraction 9).
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FIGURE 3.2 GST Activity/Protein Concentrations in

Pancreatic Cytosol

CDNB conjugation with glutathione and protein

concentration of human pancreatic cytosol from a S-

hexyl glutathione Sepharose column following elution

with S-hexyl glutathione (0.5 mM pH 7.5)
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FIGURE 3.3 FPLC Profile of Pancreatic GST's

Eluent from S-hexyl glutathione affinity chromatography

separated by FPLC (mono Q) using a buffer gradient of

20 mM Tris pH 8 to 20 mM Tris pH 8 + 1 molar sodium

chloride. A 5 ml sample was added then an initial

gradient of 02-40% following a 15 minute run-in with a

subsequent rapid 40-100% gradient.
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FIGURE 3.4 GST Activity and Protein Concentrations

following FPLC (Mono Q)

GST activity measured by CDNB conjugation with

glutathione and protein concentrations measured by the

method of Bradford, determined in the GST enriched

eluent after FPLC.
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SDS/Polyacrylamide Gel Electrophoresis

SDS/PAGE of peak fractions obtained from the FPLC Mono

Q column is illustrated in Figure 3.5. In this and

another run using S-hexyl glutathione sepharose as the

affinity matrix followed by FPLC using the Mono Q anion

exchange column, GSTA appears the predominant isoenzyme

across all peaks with GSTP appearing only in fraction

30. This is at conflict with the finding of large

quantities of GSTP immunohistochemically. A faster

running band, beyond GSTP was seen in fraction 3 3 and

in the GST enriched eluent from affinity chromatography

before FPLC.

Hydroxyapatite High Pressure Liquid Chromatography

The tracing obtained by hydroxyapatite HPLC of the

affinity purified GST (following S-hexyl glutathione

Sepharose) is shown in Figure 3.6. This shows

resolution of only one early peak with a poorly

resolved peak later.

The CDNB activity and protein profiles of the hydroxy¬

apatite HPLC eluent are shown in Figure 3.7. This shows

two peaks. The first at fraction 14 and the second,

the less discrete peak, at fraction 37 with a shoulder

at fraction 44.

SDS/Polyacrylamide Gel Electrophoresis

SDS/PAGE of the peak fractions obtained after hydroxy¬

apatite HPLC is demonstrated in Figure 3.8.

114



FIGURE 3.5 SDS/Polyacrylamide Gel Electrophoresis of

Fractions obtained following FPLC (mono Q)

Columns 1, 2 and 3 are GSTP, A and M respectively

Columns 4-10 are fractions 9, 28, 29, 30, 31, 32 & 33

Column 11 the GST enriched eluent pooled after affinity

chromatography before FPLC

0.75 ug protein added

200 volts for stacking gel and 325 volts for resolving

gel (100 amps and 50 watts throughout)
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FIGURE 3.6 Hydroxyapatite HPLC of Eluent following S-

Hexyl Glutathione Sepharose Affinity Chromatography

The gradient used was from 10 mM disodium hydrogen

orthophosphate pH 6.8 (buffered with orthophosphoric

acid) containing 0.4 mM calcium chloride and 2 mM

mecaptoethanol to 350 mM disodium hydrogen

orthophosphate pH 6.8 also containing calcium chloride

and mecaptoethanol. A gradient from 0-100% over 60

minutes.
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FIGURE 3.7 GST Activity and Protein Concentrations of

Pancreatic GST's separated by HPLC

GST activity measured by CDNB conjugation with

glutathione and protein concentrations by the method of

Bradford determined in fractions from hydroxyapatite

HPLC (see Figure 3.6)
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FIGURE 3.8 SDS/polyacrylamide Gel Electrophoresis

All the peak fractions obtained after hydroxyapatite

HPLC shown in Figure 3.7.

Approximately 2 ug protein loaded. Composition of

stacking and resolving gel as detailed in methods.

Columns 1, 2 and 3 are GSTP, A and M respectively

Columns 4, 5 and 6 are fractions 14, 37 and 44

Column 7 is the GST enriched eluent pooled after

affinity chromatography before HPLC

Column 8 is the pancreatic cytosol before affinity

chromatography
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The main peak (fraction 14) on this occasion is GSTP

with GSTM and a small amount of GSTA appearing at the

later peak. With this pancreas the predominant GST was

GSTP which was verified in column 7 which represented

eluent from affinity chromatography. This was

significantly different to the previous example where

GSTA was the predominant isoenzyme. A possible

explanation for this difference other than it

representing true variations in the GST isoenzyme

profile in different pancreases was the condition of

the S-hexyl glutathione affinity column. On the

occasions when GSTA appeared as the dominant isoenzyme,

the affinity matrix was new whereas on two occasions

when the Sepharose column had been used previously for

pancreatic cytosol GSTP was predominant. This

suggested that GSTP may not bind well to S-hexyl

glutathione Sepharose, but that after exposure to

pancreatic cytosol, which contains numerous enzymes,

the pattern of binding was reversed retaining GSTP but

not GSTA. For this reason glutathione Sepharose was

used for all subseguent experiments.

Phase 2

Affinity Chromatography

Using glutathione sepharose as the affinity matrix

better GST yields were obtained than using the S-hexyl

glutathione sepharose (Figure 3.9 compared with Figure

3.2) .
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FIGURE 3.9 GST Activity and Protein Concentration of

Pancreatic Cytosol

GST activity determined by CDNB conjugation with

glutathione and protein concentrations measured by the

method of Bradford on fractions collected after

glutathione Sepharose chromatography.
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Hydroxyapatite HPLC

The tracing obtained by hydroxyapatite HPLC passage of

the GST enriched eluent following glutathione Sepharose

affinity chromatography, is shown in Figure 3.10. This

shows two dominant peaks with a smaller less distinct

middle peak. The CDNB activity and protein profiles of

the hydroxyapatite HPLC eluent are shown in Figure

3.11. This confirms the two dominant peaks, with the

first showing more activity relative to protein

concentration with the later peak showing the inverse.

Again a smaller intermediary peak is identifiable. SDS

polyacrylamide gel electrophoresis of the peak

fractions obtained after hydroxyapatite HPLC is

demonstrated in Figure 3.12.

It can be seen that the first dominant peak represents

GSTP, the smaller middle peak GSTA with a small amount

of GSTM and the third peak GSTA.

Reverse Phase High Pressure Liquid Chromatography

The peaks identified by hydroxyapatite HPLC were

further characterised by reverse phase HPLC. Figure

3.13 shows HPLC analysis of fraction 14 (GSTP) and

confirms this as a discrete peak. Figure 3.14 shows

reverse phase HPLC of fraction 47 (GSTA); although one

peak is clearly dominant two other separate peaks also

appear. Figure 3.15 shows reverse phase HPLC analysis

of the GST enriched eluent from glutathione Sepharose

affinity chromatography. In this analysis two main
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FIGURE 3.10 Hydroxyapatite HPLC Profile of Eluent

from Glutathione Sepharose Chromatography

A gradient as before was from 10-350 mM disodium

hydrogen orthophosphate pH 6.8 with a 0-100% gradient

over 60 minutes.
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FIGURE 3.11 GST Activity and Protein Concentrations of

Pancreatic GST's

GST activity measured by CDNB conjugation with

glutathione and protein measured by the method of

Bradford on fractions obtained by hydroxyapatite HPLC

(see Figure 3.10).

129



Fraction No.

130



FIGURE 3.12 SDS/Polyacrylamide Gel Electrophoresis

of Fractions obtained following Hydroxyapatite HPLC

Approximately 3 ug protein added. Conditions for

SDS/PAGE is the same as described earlier.

Columns 1, 2 and 3 are GSTP, A & M respectively

Columns 4-6 are fractions 14 , 38 + 39 and 46

respectively

Column 7 is the GST enriched eluent pooled after

affinity chromatography before HPLC.

(Samples 38-39 with low protein concentration required

precipitation with TCA before resuspension mentioned

in a 10th volume water to obtain protein concentration

of 50 ug/ml)
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FIGURE 3.13 Reverse Phase HPLC of Fraction 14

separated by Hydroxyapatite HPLC

One ml of sample added with a sensitivity of 0.2,

running at 1 ml a minute using a gradient from 40-70%

acetonitrile + 0.1% (v/v) trifluoracetic acid. A

gradient from 40-60% was used over 60 minutes with more

rapid gradient from 60-70% over 5 minutes.
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FIGURE 3.14 Reverse Phase HPLC of Fraction 47

separated by Hydroxyapatite HPLC

The conditions used were the same as illustrated in

Figure 3.13.
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FIGURE 3.15 Reverse Phase HPLC of eluent from

Glutathione-Sepharose Affinity Chromatography

This run was carried out using the same conditions as

illustrated in Figure 3.13 and 3.14. Again 1 ml of

sample added.
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peaks purified previously can be clearly identified as

can the two smaller peaks identified in Figure 3.14.

The first smaller peak (i.e. the peak between the two

dominant peaks) appears to represent the B-l subunit,
whilst the second dominant peak represents the B2
subunit (see Figure 3.16). Figure 3.17 shows the same

pancreatic sample illustrated in Figure 3.15 run under

identical conditions (and on the same day) as the B-j^
and B2 sub unitstandards (Figure 3.16). The identity
of the second minor peak which follows the B2 subunit
reguired further characterisation. SDS/PAGE of this

peak is shown as column 4 in Figure 3.18 compared with

standards. This clearly shows the polypeptide to be

running similarly to GSTP. Further characterisation of

this peak is described later.

Phase 3

With the relative success using glutathione sepharose

affinity chromatography and reverse phase HPLC in

separating GST subunits this combination was thought

best suited for further investigation of cytosolic

human pancreatic GSTs.

Reverse Phase HPLC

Reverse Phase HPLC analysis of GST eluent from

glutathione sepharose affinity chromatography was

undertaken on a number of occasions to confirm the

presence and relative abundance of GSTP and A and to

further characterise the new peak which followed B2 on
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FIGURE 3.16 Reverse Phase HPLC of GST B1 and B2

Standards

The same 40-70% acetonitrile + 0.1% trifluoroacetic

acid gradient was used. Again with the 40-60% gradient

over 60 minutes and 60-70% gradient over 5 minutes.
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FIGURE 3.17 Reverse Phase HPLC of eluent from Passage

of Human Pancreatic Cytosol down Glutathione Sepharose

Affinity Column

This run was carried out under the same conditions as

the standard samples illustrated in Figure 3.16

(sensitivity changed from 0.2 to 0.5 after 25 minutes).

142



 



FIGURE 3.18 SDS/Polyacrylamide Gel Electrophoresis run

under the same conditions as described earlier

Columns 1, 2 and 3 are GSTP, A and M respectively

Column 4 represents the minor late peak (peak 5)

purified by reverse phase HPLC. The sample was freeze-

dried before being re-suspended in 100 ul water + 50 ul

SDS/PAGE boiling solution.
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acetonitrile gradient. Figure 3.19 shows a

representative reverse phase HPLC profile of GST

enriched eluent from glutathione Sepharose

chromatography. This again clearly shows two dominant

peaks representing GSTP and GSTA but on this occasion a

far smaller component compared with B2 was observed.
On this occasion a small bifid peak eluting immediately

after GSTP can be seen. Figures 3.20 and 3.21 show

reverse phase HPLC profiles under the same conditions

of kidney and human liver GSTs respectively. The

identifiable and early pancreatic GST peaks can be seen

in the profiles of the kidney and/or liver preparations

but the late novel peak is not identifiable in either

of the other tissues. Figure 3.22 illustrates a

reverse phase HPLC profile of the same preparation as

Figure 3.19 carried out three days later. It can be

seen that the size of the novel peak has diminished

significantly and this phenomenon was seen on a number

of occasions. In this and later pancreatic

preparations the dialysis step before the application

to HPLC was omitted as it seemed to have no effect on

the profile obtained and reduced the delay before

analysis which might contribute to decay of the new GST

subunit.

Figure 3.23 shows a further example of reverse phase

HPLC of human pancreatic cytosolic GST enriched eluent

from glutathione Sepharose affinity chromatography. In

this example the dominant first peak representing GSTP

146



FIGURE 3.19 Reverse Phase HPLC of GST enriched eluent

from Glutathione Sepharose Chromatography

This run was undertaken under the same conditions as

described before with a 40-70% acetonitrile + 0.1%

trifluoroacetic acid gradient (40-60% over 60 minutes

and 60-70% over 5 minutes). One ml of sample added.
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FIGURE 3.20 Reverse Phase HPLC of Kidney GST Standards

This run was undertaken under identical conditions as

the sample illustrated in Figure 3.19 with 0.4 ml of

sample added.
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FIGURE 3.21 Reverse Phase HPLC of Human Liver GST's

This was run under identical conditions as the samples

illustrated in Figures 3.19 and 3.20 with 0.35 ml of

sample added.
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FIGURE 3.22 Reverse Phase HPLC of GST enriched eluent

from Glutathione Sepharose Chromatography

This run was from the same preparation illustrated in

Figure 3.19, 3 days later. Again the 40-70%

acetonitrile (+ 0.1% trifluoroacetic acid) gradient was

employed and 4 mis of sample added.
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FIGURE 3.23 Reverse Phase HPLC of Human Pancreatic

Cytosolic GST enriched following Glutathione Sepharose

Affinity Chromatography

This is a further example of reverse phase HPLC of

pancreatic GST's run under similar conditions as

illustrated before i.e 40-70% acetonitrile (+ 0.1%

trifluoroacetic acid) gradient (40-55% over 60 minutes,

55-70% over 5 minutes). Two mis of sample added.

Peak fractions identified 1-6 were run on SDS/PAGE (see figure 3.25)
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can be seen followed by a small intermediate peak and

three later peaks.

Figure 3.24 shows GST Bj^ and B2 standards run under the
same conditions, suggesting that peak 3 with a shoulder

represent fusion of B-^ and B2 sub units and that peak 4
elutes in a position similar to the novel peak seen in

earlier runs. The nature of peak 5 is unknown, but did

not contain GST (see below).

SDS/Polyacrylamide Gel Electrophoresis

SDS/PAGE of the peaks demonstrated in Figure 3.23 are

demonstrated in Figure 3.25. The first three colums

represent GSTP, A and M standards respectively followed

by samples from peaks 1-6. Peak 1 clearly represents

GSTP. Peak 2, GSTM with a small guantity of GSTP.

Peak 3 GSTA. Peak 4, a fast running band similar but

running slightly further than GSTP. Samples from peak

5 show no GST band whilst 6 shows small amounts of GSTA

and the fast running GST.

Western Blot Analysis

Western blotting carried out on these same peaks is

illustrated in Figure 3.26 using anti GSTA and shows

clearly identifiable bands of the GSTA standard, peak 3

and peak 4. This suggests that the fast running GST

although running on SDS/PAGE similar to GSTP cross

reacts with antibodies against GSTA and probably

represents a new member of alpha class GST family.
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FIGURE 3.24 Reverse Phase HPLC of GST B1 and B2

Standards

This run was undertaken under identical conditions as

the sample illustrated in Figure 3.23. This run is not

ideal, an early peak appears suggesting contamination

but is included for comparison of peak identity in

Figure 3.23.
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FIGURE 3.25 SDS/polyacrylamide Gel Electrophoresis of

Fractions purified by Reverse Phase HPLC illustrated in

Figure 3.23

The peaks were collected during reverse phase HPLC and

the samples freeze-dried and then resuspended in 100 ul

water and 50 ul SDS/PAGE boiling solution. The exact

protein concentration of samples could not be

determined but the volume loaded to the stacking gel

was varied according to the relative heights of the

peaks identified by reverse phase HPLC.

Columns 1,2 and 3 represent GST P, A and M respectively

Column 4 peak 1 (20 ul)

Column 5 peak 2 (50 ul)

Column 6 peak 3 (30 ul)

Column 7 peak 4 (40 ul)

Column 8 peak 5 (50 ul)

Column 9 peak 6 (50 ul)
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FIGURE 3.26 Western Blot Analysis with Gel Orientated

as in Figure 3.25

Antibody used anti GSTA 1:3000 dilution. Method as

described earlier.

Column 1 (not shown), 2 and 3 represent GSTP, A and M

respectively

Column 4 peak 1 (2.5 ul)

Column 5 peak 2 (50 ul)

Column 6 peak 3 (30 ul)

Column 7 peak 4 (40 ul)

Column 8 peak 5 (50 ul) - not shown

Column 9 peak 6 (50 ul) - not shown
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DISCUSSION

The purpose of this section of the study was to

identify the GST isoenzymes present in the human

pancreas. At the outset, one of the clear problems,

because of the nature of the tissue itself, was that

the pancreas contains numerous proteolytic enzymes

which result both in rapid autolysis of the tissue and

protein degradation during the purification phase. For

this reason autopsy material was obtained as soon after

death as possible, generally within 12 hours of death.

Every care was taken to separate and purify the GST

enzymes as rapidly as possible and to avoid any

unnecessary steps that would delay application to an

affinity column. Despite the above precautions it was

apparent that variations in the yield of GST and the

pattern of isoenzymes varied and much of this may well

have been due to differential autolysis.

During the early phase of the study differential GSTA

and P binding to the S-hexyl gluthathione Sepharose

column became apparent. On runs when new affinity

matrix was used the predominant GST isoenzyme purified

was GSTA with variable guantities of GSTP. However,

when the affinity matrix was used more than once this

pattern was reversed with the column binding GSTP but

not GSTA. Since the immunohistochemical studies

suggested that both GSTA and P were present in

significant amounts and the observations that both

could be isolated under different conditions suggested

164



that the pancreatic cytosol was damaging the affinity

matrix. It appeared likely that the S-hexyl side arm

was being partially digested and that subsequent use

resulted in impaired GSTA binding. Using new matrix

GSTP appeared to bind only poorly. The phenomenon of

differential GST isoenzyme binding to HexG-Ag and G-Ag

is well recognised and is discussed earlier (Hayes et

al, 1986c, Hayes et al, 1988 and Hayes et al, 1990).

Unfortunately, measurement of CDNB-GSH conjugating

activity in the flow-through fractions did not help

resolve this problem as they could not be clearly

distinguished from low background activity.

It was clear therefore that a different affinity matrix

was required and glutathione Sepharose, with shorter

side arms, was a suitable candidate. It was also clear

that since the pancreatic cytosol could effect the

affinity matrix that it would be prudent to replace the

matrix for each experiment.

Using glutathione Sepharose more consistent GST yields

were obtained, as was the pattern of isoenzymes.

The dominant GST, determined by hydroxyapatite HPLC

and reverse phase HPLC, is GSTP. This is consistent

with the findings of the immunohistochemistry and was

confirmed by radioimmunoassay for the GSTA subunit

and GSTP (Dr A F Howie - personal communication) where

GSTP was generally 7 x greater than the B-j^ subunit.
The novel GST isoenzyme which appeared as a late peak
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following the B2 isoenzyme on reverse phase HPLC was

identified repeatedly but the quantity varied in

different preparations. A further problem that was

encountered during the purification step of this novel

isoenzyme was its relative instability. It was noticed

during one run in which serial reverse phase HPLC steps

were undertaken to collect sufficient quantities of

this peak for further analysis that the peak size

gradually diminished. Although the GST from this peak

has been partially identified by SDS/PAGE and Western

Blotting, further analysis is required. On SDS/PAGE

the novel GST migrated similarly to GSTP although

running a little faster. Western Blotting however

identified it as an alpha class GST. Further studies

are planned using fresh pancreas obtained at the time

of organ retrieval from heart beating donors rather

than from post mortem specimens. It is anticipated

this will provide a better yield of this and other GST

isoenzymes and allow sufficient quantities to be

purified to allow aminoacid-sequencing.
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CHAPTER 4

INTRODUCTION

As described earlier glutathione S-transferase has been

found in relative abundance in the pancreas of the rat

(Black & Howerton, 1984). The role of this and other

xenobiotic metabolising enzymes in the pancreas is

unclear, but may have a role in protecting the organ

from metabolic stress. Reduction in the level of

glutathione S-transferase achieved by feeding animals

raw soya flour has been proposed as the mechanism

whereby this diet exerts a synergistic effect with

azaserine on pancreatic carcinogenesis (Ross &

Barrowman, 1987). Although feeding raw soya flour was

shown over a period of 28 days to reduce glutathione S-

transferase, no change in other xenobiotic metabolising

enzymes, such as benzo(a)pyrine hydroxylase and

glucuronyl transferase, was detected. In the study of

Ross & Barrowman only GST activity towards CDNB was

employed and no attempt to identify different GST

isoenzymes was undertaken.

Although prolonged feeding of a diet of raw soya flour

alone has been shown to be carcinogenic, no information

exists about the accompanying changes in expression of

glutathione S-transferase. Indeed, it should be

observed that the reduction in the concentration of

glutathione S-transferase after 28 days feeding raw

soya flour was only 14% compared with a reduction of

32% in animals treated with cholecystakinin-octapeptide
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injections. Since pancreatic hyperplasia occurred in

association with the reduction in concentration of

cytosolic enzyme, the overall pancreatic content of

glutathione S-transferase was in fact higher than in

animals fed the control diet of heated (i.e.

inactivated) raw soya diet (Ross & Barrowman, 1987).

If a reduction in the levels of glutathione S-

transferase is important in the carcinogenic effect of

long term feeding with raw soya flour, it may be

expected that longer feeding than 28 days would result

in still further reductions in the glutathione S-

transferase concentration.

As well as having a putative causal role in increasing

susceptibility to carcinogenesis with chronic feeding

of raw soya flour, glutathione S-transferase has been

studied as a means of characterising local lesions

rising in the pancreas following exposure to

carcinogens. For example, studies of the histogenesis

of carcinogen-induced lesions in the rat have

identified two different acinar cell foci, acidophilic

and basophilic and it has been demonstrated that the

acidophilic lesions tend to be larger and have a

greater carcinogenic potential (Roebuck et al, 1987).

A study looking at differences between the two classes

of foci and between foci and normal pancreas showed

reduced levels of gamma glutamyl transpeptidase in

foci, increased activity of glucose-6-phosphate

dehydrogenase in basophilic foci and increased pi class
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glutathione S-transferase in both classes of foci. In

the same study several cytochrome P450 enzymes were

shown to be either increased or unchanged in foci

whilst microsomal epoxide hydrolase was unchanged

(Moore et al, 1987). A study by Faribault showed

reduced gamma glutamyl transpeptidase activity in

acidiphilic nodules from azaserine treated rats and a

combined increase in reduced glutathione and oxidised

glutathione levels in the nodules (1987).

From the above it could be inferred either that changes

in xenobiotic metabolising enzymes may be important in

predisposing to carcinogenicity, or that in

preneoplastic or neoplastic lesions changes in the

expression of these same enzymes occur as cells

dedifferentiate. Either way, longer term study of the

changes in glutathione S-transferase that occur during

carcinogenesis, is important.

ANIMALS, MATERIALS & METHODS

Raw Soya Diet

Sixty male Wistar rats, initially weighing 200 gm, were

given, as their sole source of food, raw soya flour

originally in powder form and later as pellets obtained

commercially from Special Diet Services Ltd, Witham,

Essex. They were allowed free access to water

throughout the experiment. Three rats were killed

initially at monthly intervals for the first three

months and then three monthly for twelve months, then

at six month intervals for twenty four months. Ten
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control male Wistar rats, initially of 200 gm, were fed

throughout with normal chow under the same conditions

and killed individually at the same time intervals as

those fed raw soya. Thirty further control animals

also fed normal chow were obtained at various ages (5

at 1, 2 & 3 months, 5 at 6 months and 10 at 9 months)

and killed to provide sufficient material to allow

statistical analysis to be undertaken; (5 of the 9

month old animals were kept for 3 months to provide 12

month controls). The animals were killed by inducing

carbon dioxide narcosis followed by neck dislocation.

The pancreas was dissected at laparotomy and frozen at

-70°C until analysis. From a single pancreas a portion

(10%) was taken at each time point from raw soya fed

and control animals for histochemistry.

METHODS

The pancreatic tissue was thawed and homogenised using

a teflon homogeniser (Voss Instruments Ltd., Maldon,

Essex) in 20 mM Tris 200 mM sodium chloride pH 7.4.

The volume of buffer added varied with the size of the

pancreas. Sufficient buffer was added to make up to a

combined weight of lg (0.lg tissue and 0.9 mis buffer)

for the smaller control glands and to 2g (0. 4g + 1.6

mis) for the soya treated glands.

Protein Concentration & CDNB Activity

These assays were performed as described earlier (pages

98-99).
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Amylase Activity

Alpha-amylase activity was measured using the enzymatic

colourimetric test (Boehringer Mannheim DmbH

Diagnostica) according to the method of Fenton et al

(1982) by Dr F Howie. The test principle of the assay

is as follows:

alpha-amylase
3 p-nitrophenyl maltohaptaoside + 3 H20 >

2 p-nitrophenyl maltotetraoside + 2 maltotriose + p-

nitrophenyl maltotrioside + maltotetraose;

p-nitrophenyl maltotrioside + 3 H20

alpha-glucosidase

> p-nitrophenol + 3 glucose

Absorbance was measured at 405 nm

SDS/Polyacrylamide Gel Electrophoresis & Western

Blotting

SDS/PAGE and Western Blotting were undertaken using the

same methods as described before (pages 102-104).

RESULTS

Pancreatic Appearance and Weight

The appearance of the pancreas even after one month on

the raw soya diet was different compared with controls.

The soya fed animals pancreas was enlarged, initially

smoothly, and after approximately 10 months nodules

appeared and by 2 years macroscopically obvious

tumours. The histological appearance of the normal

pancreatic gland in the rat and soya fed rat pancreas

are shown in Figures 4.1 (a) and (b). It is
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immediately apparent that the density of staining is

less in the soya treated animals suggesting lower

cytosolic protein contents. Accurate anatomical

dissection of the whole pancreatic gland was difficult

as differentiation from omental fat was difficult with

a naked eye. In each instance the main body of the

gland was removed leaving a portion of the tail. For

this reason the accuracy of the weights of the glands

removed contains a significant margin of error.

However it can be seen from Table 4.1 that the weight

of the pancreas in the control animals was relatively

constant (between 0.1 and 0.2 grams) whilst those fed

on soya was consistently heavier (increasing from

around 0.2 grams up to half a gram at 15 months). The

figure at 2 years of over 2 grams is skewed by the

presence of a large tumour mass in one animal.

No obvious abnormality was apparent in other organs.

After 1 month the weight of animals in the raw soya

diet was approximately 60% of control animals. After 4

months the weight was approximately 80% of controls and

by 10 months was similar to controls.

Glutathione S-transferase Activity and Protein

Concentrations

The CDNB assay as a measure of glutathione S-

transferase activity in the cytosol from control

(normal chow fed) rats and raw soya fed rats and the

pancreatic weights are shown in Table 4.2 and Figure
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FIGURE 4.1 (a) and (b)

Photos: histological appearance of pancreatic tissue

stained by haematoxylin and eosin from control fed

animals (a) (upper) and those fed raw soya flour (b)

(lower) (x40)
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TABLE 4.1 Weight of Pancreas removed at Laparotomy from
Control and Soya Fed Rats

1 month

2 months

3 months

5 months

6 months

8 months

9 months

10 months

12 months

15 months

24 months

Controls

0.15 ± 0.03g

0.18 ± 0.02g

0.16 ± 0.05g

O.lg

0.16 ± 0.07g

O.lg

0.15g ± O.Olg

0.09g

0.14g ± 0.02g

0.12g

Soya diet

0.5 + 0.26g

0.2 ± 0.06g

0.33 ± 0.07g

0.38 ± 0.08g

0.25 ± 0.04g

0.27 ± 0.13g

0.4 ± 0.05g

0.41 ± 0.04g

0.51g

2.61 ± 3.25g

i > i
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FIGURE 4.2 Serial GST Activity in Control and Soya Fed

Animals

GST activity (CDNB conjugation with GSH) (umol/min/ml)

per mg protein in rat pancreas over 2 year time-course

feeding either raw soya flour or normal chow (control).

% p < 0.05 using Mann-Whitney analysis
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4.2. In the preparation of the cytosol, because the

pancreases from the soya fed animals were larger, more

buffer was used and it can be seen that both the CDNB

activities and the protein concentrations are

relatively similar for approximately the first 6 months

but thereafter both protein and CDNB activity levels

were higher in the soya fed animals. To overcome the

difficulties which arise from comparing pancreases of

different sizes the GST activity was expressed per mg

of protein. It can be seen that whilst the CDNB

activity per mg of protein in the control animals

remains fairly constant at around 0.27 umol/min, it is

consistently and significantly lower (p=0.002) in the

soya fed animals up until 6 months where activity

returns to normal levels. The GST activity in the

pancreas fed on soya for two years appears higher than

was observed in control animals with values between 0.4

and 0.65 umol/min/mg protein. Unfortunately control

fed animals for this period were not available.

Total GST activity, bearing in mind the inaccuracies

involved with incomplete pancreatic dissection, can be

expressed in two ways; either GST activity per ml

multiplied by the volume of buffer added plus

pancreatic weight to provide an estimate of the volume

of cytosol produced, or the GST activity per mg of

protein multiplied by the weight of the pancreas (see

Table 4.3). It can be seen that the total GST activity

increases with time throughout the time-course in the
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"BHE 4.3 H±al (ST Activity in CfcntraL & Scya Tfed I&ts

GST x vol GSTAg pr x v*:\irg) GSTx \ol CSTyfrg prxwl
Gntral 1 rrcnth 1.34 30.8 Saya 1 ncnth 3.77 186.0

1.52 50.4 2.34 165.6
1.19 26.4 1.24 38.0
1.89 38.4
1.91 44.0 2 ncnths 3.56 44.2
2.42 52.2 2.10 40.5

1.44 26.0
2 ncnths 2.03 64.0

2.19 52.7 3 ncnths 4.99 48.0
1.81 62.0 2.83 57.2
1.69 46.0 4.28 100.0
1.81 37.5
1.48 40.5 5 ncnths 3.81 79.2

3.67 60.9
4.10 88.0

3 ncnths 1.99 26.0
2.42 48.0 6 ncnths 2.30 60.9
1.43 26.0 2.94 65.0
1.60 68.2 4.44 66.0
2.03 44.2
2.40 50.0 8 ncnths 7.71 92.0

1.55 37.8
5 ncnths 1.79 29.0 3.16 62.4
6 ncnths 2.58 36.0 10 ncnths 5.92 98.9

3.16 57.5 6.50 137.6
2.35 40.0 6.93 61.2
2.42 43.7
1.20 28.8 12 ncnths 9.47 105.8
1.12 18.6 7.21 129.5

5.14 100.0
8 ncnths 2.34 22.0

15 ncnths 11.22 153.0
9 ncnths 2.08 46.5

2.23 57.0
2.30 44.8 24 ncnths - 3182
1.65 40.5 (oily fcagieit analysed)
1.81 40.6 84.76 1235
1.89 51.0 15.% 255

10 ncnths 1.75 22.5 13.03 239
12 ncnths 1.86 42.9

2.64 52.7
2.57 41.6
2.29 34.8

15 ncnths 2.02 32.4

(ST eqposssad as urnL/fain

181



soya fed group and is consistently higher than in

controls after the first 2 or 3 months.

Because of the relatively major changes in

concentration of other cytosolic proteins (see later)

correcting the GST for protein may in fact over¬

estimate the GST present i.e. because of probable

reduction in cytosolic protein. To get round this the

total GST activity (GST per ml x cytosol volume) was

divided by total pancreatic weight and is illustrated

in Table 4.4. This shows that a reduction in GST

activity occurs only after 4 weeks of feeding on a raw

soya diet, but thereafter levels return to values

similar to those in controls. This suggests that

measurements corrected for protein concentration alone
f

may be misleading.

SDS/Polyacrylamide Gel Electrophoresis

Figure 4.3 shows an SDS/PAGE of rat pancreatic cytosol

comparing control and soya fed animals.

It can be seen that there is little difference in the

pattern of GST subunit expression between control and

soya fed animals although a slight decrease in Ya

expression is probable. The most noticeable difference

however between the control and the soya fed animals is

in the expression of a high molecular weight protein

which appears to be the major constituent of the

cytosol (arrowed). The identity of this protein is

explored in depth later.
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TABLE 4.4 Total GST Activity (GST per ml x cytosol volume) per
gram total Pancreatic Weight

Control
Total GST/ pancreatic
weight (umol/min/g)

1 month 12,
10,

9,

11.8
9.6

13.4

Soya
Total GST/pancreatic
weight (umol/min/g)

1 month 6.3
3.4
6.2

2 months 10,
12.

9,
8,

12.
9.

2 months 13.7
14.0
7.2

3 months 19,
15,
14.

7.
11.
12,

3 months 15.6
10.9
10.7

5 months

6 months

8 months

9 months

17.9

14.3
13.7
14.7
10.5
10.0
18.6

23.8

13
14,
14,
11.0
13.0
12.6

5 months

6 months

8 months

10 months

8.7
12.6
10. 2
11.0
11.8
14.8

19
11
12

13.8
15.1
20.4

10 months

12 months

19.5

14,

15,
16,
19,

12 months 20.6
19.5
12.9
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FIGURE 4.3 SDS/PAGE of Rat Pancreatic Cytosol

Column 1 shows Ya, Ybl, Ycl standards

Column 2 34 ug of protein from control cytosol pooled

from 10 rats fed normal diet

Column 3 34 ug of protein cytosol from 6 animals fed

raw soya flour for 19 months

Column 4 and 5 repeat of column 2 and 3 with 2 x volume

loading (68 ug of cytosol protein)

Column 6 Ya and Ycl standards
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The SDS/PAGE of pancreatic cytosol from soya fed

animals with their time paired controls is shown in

Figure 4.4. It can be seen from this that there is

little difference between rats fed raw soya and control

diet with respect to the GST subunits. (GST levels may

be transiently reduced after feeding on soya for one

month). Again the most obvious abnormality however is

the almost complete absence in the early part of the

time-course of the predominant high molecular weight

protein.

Figure 4.5 shows a further SDS/PAGE illustrating the

time-course of changes of raw soya fed animals. This

again shows little change in GST throughout the time-

course except after 1 month. The high molecular weight

protein, the expression of which is reduced throughout,

appears to have a similar electrophoretic mobility as

alpha amylase.

RESULTS OF AMYLASE STUDIES

Figure 4.6 shows an SDS/PAGE illustrating the

differences between cytosols from control fed animals

and those fed raw soya for 18 months. The predominant

protein which is poorly expressed in the soya fed

animals runs in the same position as alpha-amylase

during electrophoresis. Most other bands appear

similar although in this gel the Yal GST subunits

appear increased relative to the control fed animals.

The controls in this instance however were not 18
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FIGURE 4.4 SDS/PAGE of Rat Pancreatic Cytosol from Soya

Fed and Time Paired Controls

Column 1 Ya, Ybl, Ycl standards

Column 2 and 3 rats fed for one month with control diet

and raw soya flour respectively (63 ug of cytosol

protein)

Columns 4 and 5 rats fed for 3 months with control and

soya flour respectively (63 ug of cytosol protein)

Columns 6 and 7 rats fed for 6 months with control and

soya flour respectively (63 ug of cytosol protein)

Columns 8 and 9 rats fed for 12 months with control and

soya flour respectively (63 ug of cytosol protein)

Columns 10 and 11 rats fed for 15 months with control

diet and raw soya flour respectively (63 ug of cytosol

protein)

Column 12 rats fed for 24 months with raw soya flour

(63 ug of cytosol protein)

Column 13 Ya, Ybl and Ycl standards
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FIGURE 4.5 SDS/PAGE of Animals Fed Raw Soya for 1 Year

Column 1 63 ug of cytosol protein from rats fed raw

soya for 1 month

Columns 63 ug of cytosol protein from 2-9 rats fed soya

for 1,2,3,5,6,8,10,12 months respectively

Column 10 rats fed control diet 12 months (63 ug of

cytosol protein)

Column 11 3.5 ug porcine alpha amylase
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FIGURE 4.6 SDS/PAGE of Cytosols from Control and Raw

Soya Fed (18 months) Rats

Column 1 4.5 ug porcine alpha amylase

Columns 2 & 3 18 ug cytosol from control and soya fed

rats respectively

Columns 4 & 5 36 ug of cytosol from control and soya

fed rats respectively

Column 6 9 ug of porcine alpha-amylase
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months old.

To further clarify the identity of the predominant

protein, Western Blot analysis was undertaken using

anti-amylase and is shown in Figure 4.7. This blot

clearly identifies the protein which is relatively

poorly expressed in the soya fed animals as alpha-

amylase. A further Western Blot against the same time-

course as illustrated in Figure 4.5 is shown in Figure

4.8. This again confirms that the predominant protein

band is amylase and that the concentration of this

protein is markedly reduced particularly early in the

time-course returning gradually towards control levels.

Amylase Activity of Rat Pancreatic Cytosol

Amylase activity was initially measured in the pooled

cytosol from control fed animals and those fed for 18

months on raw soya diet. The activity in the normal

cytosol was 1,330 u/ml compared with 280 u/ml in the

soya fed animals. Corrected for protein concentrations

the amylase activity in the normal rats was 237.5 u/mg

protein whilst that in soya fed animals was 53.8 u/mg

protein i.e. almost an 80% reduction in activity. The

amylase activity in the cytosol obtained throughout the

time-course is shown in Table 4.5. This again

demonstrates that the amylase activity is markedly

reduced in the cytosol from the pancreas of raw soya

fed animals particularly early in the time-course and

only slightly increasing after 6 months. At one month
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FIGURE 4.7 Western Blot of Cytosol from Control and Raw

Soya Fed (18 months) Rats

The antibody used was anti-human alpha-amylase (Sigma

Chemical Company)

Columns 1 & 6 4.5 ug porcine alpha-amylase

Columns 2 & 4 18 ug control rats cytosol

Columns 3 & 5 18 ug of cytosol from rats fed raw soya

for 18 months

Antibody used - rabbit anti-human salivary anti-amylase

Dilution 300 micro litres in 100 mis of 1% gelatine +

TTBS

Secondary antibody used for development - purfied goat

anit-rabbit IgG (H+L) horseradish peroxidase conjugate

(human IgG absorbed)

Dilution approximately 100 micro litres in 200 mis of

1% gelatine/TTBS
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FIGURE 4.8 Western Blot of the same Time-course as

illustrated in Figure 4.3

Rabbit anti-human salivary amylase as the primary

antibody

Column 1 63 ug of cytosol from 1 month control animals

Columns 2-10 63 ug of cytosol from rats fed raw soya

for 1,2,3,5,6,8 and 10 months

Column 11 3.5 ug porcine alpha-amylase

Secondary antibody-affinity purified goat anti-rabbit

IgG (H+L) horeseradish peroxidase conjugate (human IgG

absorbed)

100 u/1 in 200 mis 1% gelatine/TTBS
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TABLE
4.5

Amylase
Activity
in

Rat

Pancreatic
Cytosol
from

Control
&

Soya
Fed

Animals

Control

Soya

Amylase
(u/ml)

Amylase
(u/mg

protein)
Amylase
(u/ml)

Amylase
(u/mg

protein)

1

month

1212

289

1

month
7.8

1.6

1538

280

1.1

0.3

2654

340

2821

317

2699

321

2

months

1938

273

2

months
145

37

1361

235

133

24

2148

290

2322

318

1810

335

3

months

2800

341

3

months
39

6

1512

270

60

7

1670

321

2956

378

3428

365

6

months

5322

419

6

months
121

31

6302

492

165

30

4443

473

5205

420

1977

388

8

months
366

64

336

52

9

months

2210

330

2147

364

2988

369

10

months
658

51

2221

364

615

60

2410

382

1869

334

12

months

2468

433

12

months
963

94

3377

402

544

52

4283

433



there was a 300 fold reduction in amylase activity

per/mg protein, at 6 months a 15 fold reduction and at

one year a six fold reduction. These same results are

expressed in graphical form in Figure 4.9.

These data confirm the results observed with the

SDS/PAGE and Western Blot analysis (Figure 4.8).

The total amylase activity per gram of protein in each

pancreas, determined as for the GST total activity is

illustrated in Table 4.6. Unlike the total GST, which

was if anything increased, the total amylase activity

was still markedly reduced.

DISCUSSION

Feeding raw soya flour to rats over an extended period

results in pancreatic hyperplasia as has been reported

by others (Temler et al, 1984) and that if feeding is

prolonged up to around 2 years that tumours develop

again (McGuiness et al, 1984). An increase in

pancreatic size is noticeable at 4 weeks and there is a

progressive increase in gland size and weight

thereafter. Changes in glutathione S-transferase

activity which have been studied by Ross and Barrowman

(1987) are not as clear-cut as their observation after

4 weeks feeding may suggest. In the present study

although the GST activity did appear reduced after 4

weeks this was temporary and after 5 months the

activity increased similar to normal levels. In fact,
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FIGURE 4.9

Plasma cytosolic amylase concentrations expressed in

units per mg protein in control fed and raw soya flour

fed animals over 12 months.
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TABLE
4.6

Total
Amylase
Activity

per

Pancreas
determined
by

Activity
per
mg

Protein

x

Pancreatic
Weight

and
u/ml
x

Volume
Cytosol

Control
Amylase/mgprotein

x

wt(g)

Amylase/x
vol

Soya

Amylase/mgprotein
x

wt(g)

Amylase/x
vol

1

month

40.5

1212

1.1

15.6

33.6

1538

0.1

2.2

54.4

2654

63
.4

2821

57.8

2699

2

months

46.4

1938

5.6

290

47.0

1361

4.8

266

58.0

2148

47.7

2322

50.2

1810

3

months

53.0

2800

1.6

78

27.0

1512

2.8

120

69.0

1670

64.4

2956

73
.0

3428

6

months

77.5

5322

6.5

242

113.1

6302

7.4

330

75.7

4443

96.6

5205

46.6

1977
8

months
9.0

366

13.2

672

9

months

49.5

2210

54.6

2147

60.9

2988
10

months
22.1

1316

54.6

2221

25.9

1230

53.5

2410

50.1

1869

12

months

56.3

2868
12

months
34.6

1926

68.3

3377

20.7

1088

69.3

4283

C\JOC\J



as tumours developed with prolonged feeding, GST

activity rose above normal. Although no control animals

were available for the two year interval it is

unlikely, because of the constancy of levels throughout

the time-course in the normally fed animals, that this

increase in GST levels reflects ageing alone;

obviously, GST levels in the pancreatic cytosol from 2

year old rats reguires to be measured before elevated

levels in the malignant gland can be presumed.

Because the pancreas increased in size with prolonged

feeding, the total GST activity in the pancreas is in

fact not reduced, but increased with prolonged raw soya

feeding. The observation that the total GST activity

was not reduced in the pancreas after 4 weeks feeding

with raw soya was made by Ross & Barrowman (1987) and

the significance therefore of this transient reduction

in GST activity in the rat pancreas of soya flour fed

animals is debatable. It seems unlikely that the

suggestion that lower GST levels predisposed the

pancreas to malignant transformation because of an

inability to handle low background levels of

carcinogenic xenobiotics (Ross & Barrowman, 1987) seems

unlikely because of the transient nature of the change

unless it is assumed that the carcinogenic step

involved has occurred before 5 months. Evidence

suggests that irreversible changes occur only after at

least 6 months soya feeding (McGuiness et al, 1987).

The observation that the cytosolic protein which
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demonstrated the major change during feeding with raw

soya flour was alpha-amylase was unexpected. However,

the changes that were observed both by SDS/PAGE,

Western blotting and by measuring amylase activity all

agree and confirm that the reduction in this enzyme is

considerable. Whether this reduction in cytosolic

concentration is because of a reduction in expression

of amylase, or whether it is due to leakage into

plasma, obviously requires to be explored either by

measuring plasma concentrations or quantitating mRNA

levels. Exocrine pancreatic secretion is stimulated by

cholecystokinin which results in fusion of the

lipoprotein membranes of zymogen granules with the cell

membrane. Since feeding raw soya increases endogeneous

CCK levels it seems likely that initially cytosolic

levels of amylase may be low because of excretion.

However, with chronic stimulation by CCK increased

synthesis of amylase by the acinar cells might be

expected and probably accounts for the partial recovery

in cytosolic concentrations. The significance of the

chronic depletion in pancreatic cytosol of amylase is

unclear. Certainly there seems no reason to suspect

that it would be causally related to the development of

malignancy as has been suggested for glutathione S-

transferase. Although the soya fed animals initially

gained weight slower than those fed normal chow (100 gm

lighter after 4 weeks feeding), their rate of growth

thereafter appeared similar to controls. It seems
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unlikely therefore that chronic depletion in amylase

resulted in malabsorption.

It was noteworthy that the major changes in both

glutathione S-transferase and amylase were marked after

4 weeks feeding with raw soya flour and these changes

may in fact have been more marked after shorter

exposure. Although a reduction in GST per mg protein

activity was clearly seen using the CDNB assay, this

was less obvious with SDS-PAGE. The explanation for

this is probably that since amylase, a major protein

constituent of the cytosol, was all but absent early in

the time-course, adding eguivalent protein loads to the

SDS-PAGE gels almost certainly resulted in relatively

more GST being loaded.

After 5 months the glutathione S-transferase levels

had returned to normal whilst cytosolic amylase

concentrations although increased did not return to

normal. The reason for this maximum effect after short

term exposure only is unclear, but at least for amylase

it may well represent maximum zymogen granule

excretion with adaptation later perhaps by increased

amylase synthesis. The mechanism whereby the

glutathione S-transferase levels fall, then return

towards normal, without a change in stimulus, also

presumably represents an adaptation, but the mechanism

of this is unclear. Howie et al (1989) have previously

shown large quantities of GSTP in bile (Howie et al,

1989) and we thought it likely that this enzyme is
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actively secreted into the biliary tree. Whether

active secretion could take place into pancreatic juice

along with other exocrine enzymes under the control of

cholecystokinin is purely hypothetical, but would

explain the time-course of changes seen in this study.

This hypothesis could be easily tested by measuring

GST in pancreatic juice before and after stimulation

with CCK. Such an experiment would be relatively

simple to carry out in man.

The observation that cytosolic GST falls to a minor

degree with raw soya flour administration and then

recovers with chronic administration compared with the

dramatic initial reduction in the secretory enzyme

amylase which is followed by incomplete recovery, in

conjugation with the lack of change in other drug

metabolising enzymes seen in the study of Ross and

Barrowman, could be interpreted as providing evidence

that GST has a dual role in the pancreas both as a

xenobiotic metabolising and as a secretory enzyme.
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CHAPTER 5

GENERAL DISCUSSION

In the early part of this thesis immunohistochemical

studies were undertaken to identify the cell types in

both liver and extrahepatic tissue that expressed GST.

Before the study was started little was known about the

expression in human liver of the GST isoenzyme with the

exception of GSTA (Campbell et al, 1980; Sherman et al,

1983). More recently, other research groups have

looked at this subject and their published observations

largely agree with the results presented in this thesis

(Hiley et al, 1988; Corrigall et al, 1989). The second

reason for this study was to look at the distribution

of different isoenzymes between and within tissues. In

the liver, for example, the observation that GSTP is

almost exclusively restricted to biliary epithelium was

unexpected, particularly with regard to observations in

rats and should help our understanding both in terms of

the putative role of GST within tissues, but also the

significance of changes in levels in disease states.

The third reason for the immunohistochemical study was

to look at changes that occur in disease states,

particularly in malignacy, but also in non-neoplastic

conditions.

The value of immunohistochemistry is well illustrated

by changes that occur within the liver in alcoholic

hepatitis. We have shown that in patients with

alcoholic hepatitis expression of GSTP is not confined
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to biliary epithelium as it is in normal subjects, but

is expressed in hepatocytes in zone 1 (Harrison et al,

1990). Changes in GSTP biochemically in such patients

presumably would just show increased cytosol

concentrations without providing information about how

this took place. This clearly shows that under

situations of metabolic stress, new expression of GST

isoenzymes can occur and that these are reversible.

This latter can be inferred from the lack of GSTP

expression in inactive alcoholic cirrhosis. This

knowledge not only provides an insight into the

biological changes which occur under situations of

metabolic stress, but will also help in the

interpretation of blood levels of GSTP if and when a

reliable plasma assay becomes available.

One of the main observations of the immunohistochemical

study is the heterogeneity of GST isoenzyme

distribution in various tissues. This leads naturally

to the question of what function these isoenzymes serve

within different tissues which is as yet largely

unexplained. GSTP, for example, appears to be the only

isoenzyme that is expressed in significant amounts

along the whole of the gastrointestinal tract including

the hepatobiliary system.

It is possible that more than one form of GSTP exists

(Laisney et al, 1984; Suzuki et al, 1987). The method

used in this study did not have the sensitivity to

differentiate between possible different forms. What
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role GSTP subserves in gastrointestinal epithelial

tissue is unclear and it may be purely protective

reducing the toxicity of xenobiotics at the interface

between environment and tissues. However, the finding

of significant guantities of GSTP in human bile (Howie

et al, 1989) suggests that a role either in excretion

or transport of potentially toxic metabolites may be

important. The other classes of GST are variously

distributed in the epithelial cells of the

gastrointestinal tract and again their function is

unclear. One way of exploring this problem would be to

study the expression of GST isoenzyme changes that

occur in disease states. Although we have done this

to some extent in the liver most other work has only

looked at changes that occur with malignancy. Looking

at the time-course of GST isoenzyme changes that occur

during the pathogenesis of disease, as in the soya

flour study, may well be more productive than just

observing patterns that exist in the established

disease. Immunohistochemistry although not as

sensitive in detecting changes in GST expression as

chemical assays or by blotting technigues, does offer a

means of looking at changes of expression between cells

within one tissue, particularly where such changes

occur in only a small fraction of the overall tissue

(e.g. bile ducts within the liver or islets cells

within the pancreas).

A further example where different GST isoenzymes appear
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to exist in close proximity in different cell types is

in the small intestine. GSTA was found only in the

villi, whilst microsomal GST was expressed solely in

the crypts. One explanation for this is that different

isoenzymes may be expressed in cells early during

maturation, but are switched off as the cells mature.

If this is true GST isoenzyme staining may be useful in

identifying disorders where cell maturation is

disturbed. Further study into such conditions as

coeliac disease and Crohn's disease is clearly

indicated. Since GSTM is also expressed in the small

intestine and may be protective the prevalence of

various diseases affecting the small intestine should

be studied with reference to expression or lack of

expression of this isoenzyme.

One of the major limitations of immunohistochemistry

however is that it reguires antibodies against the

protein under study. In this study anti-sera against

theta class GST was not available and its distribution

within tissues has not been studied. For this reason

new isoenzymes will not be identified and cross-

reactivity between members of the same family does not

allow detailed analysis. For this reason purification

of GST's from tissues and guantitation by chemical

assay was undertaken in the human pancreas.

From the knowledge acguired from the

immunohistochemical studies the three major cytosolic
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GST isoenzymes were believed to be present in human

pancreatic tissue. However, isolation and purification

of GST isoenzymes in the pancreas represented something

of a challenge because of the large number of

proteases produced by the pancreas. By selecting the

appropriate affinity matrix efficient GST isolation was

achieved and the seguential use of reverse phase HPLC

allowed the subunits present to be identified. Theta

class GST does not bind to the affinity matrices used

here and were not further studied. Investigation of

this isoenzyme, using different purification

procedures, is clearly an avenue for further study.

The most notable finding in the current study was the

presence in the pancreatic GST pool of a novel subunit

which during reverse phase HPLC eluted close to the Bl

and B2 subunits but had a similar electrophoretic

mobility as pi class GST on SDS/PAGE. Western blotting

showed this to be an alpha class GST, but further

characterisation is necessary to establish its

relationship with the Bl and B2 subunits. Because this

subunit appeared labile it is thought likely that much

of the subunit may have been lost from tissue acquired

at autopsy. Unfortunately during the period of study

no fresh pancreatic material could be obtained from

donors during organ harvesting for transplantation. It

is, however, anticipated that such material will

provide the best source for this polypeptide to be

purified in quantities necessary for further
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characterisation including amino acid sequencing.

Clearly, this information is required before this

subunit can be designated as a new GST. Until such

time the possibility that this subunit represents a

degradation product produced by pancreatic proteolytic

cannot be excluded. However, this latter possibility

is unlikely in view of the lability of this fraction.

The finding of a putative new GST in the human pancreas

is potentially important since this subunit has not

been recognised in numerous other tissues. Its apparent

unique localisation to the pancreas would obviously be

worthy of further study. Purification of the subunit

allowing antisera to be produced would allow

immunohistochemical localisation of this GST within the

pancreas which is likely to provide further information

about its function.

A further direction in which the study of this novel

GST subunit could be taken forward would be to study

pancreatic carcinoma tissue which can be obtained fresh

and relatively easily from surgically resected

specimens. Over-expression of this subunit which

appears to occur in few, if any other tissues apart

from the pancreas, may have the potential for being a

tumour marker with high tissue specificity.

The small amount of GSTM identified

imraunohistochemically was also detected by SDS/PAGE

following hydroxyapatite HPLC. This suggests that
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although it is likely to be a different isoenzyme

(because of its lack of polymorphism) it has similar

immunological and physical properties to the more

common GSTM form. Further work on this isoenzyme is

obviously indicated because of its potential

significance in the pathophysiology of diabetes

mellitus.

The first two parts of this study clearly demonstrate

both the presence and localisation of different GST

isoenzymes within the human pancreas. With this

information the next logical examination of their

function within this tissue was to look at changes

that occur with disease. Rather than just looking at

enzyme levels before and after disease induction more

information was thought likely to be obtained studying

the time-course of changes during a model of disease.

That this was a valuable approach was shown by the

finding that although a small reduction in GST activity

did occur early in the time-course, as had been

observed by Ross & Barrowman (1987), these levels

returned to normal making the hypothesis that reduction

in GST is of major importance in pancreatic

carcinogenesis unlikely. It should be noted, however,

that after feeding rats raw soya flour for 36 weeks,

but not 24 weeks, the hyperplastic foci persist even if

a normal diet is substituted (McGuiness et al, 1987)

and pancreatic carcinoma develops in some animals after

60 weeks. This duration of feeding of raw soya to
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produce irreversible changes does not precisely

coincide with the reversion of GST levels to normal,

but does not preclude the possibility that temporary

reduction in GST may not be one of a number of factors

involved with the carcinogenic process.

Although not measured in this study it would obviously

be worthwhile looking at GST activity before 4 weeks as

the nadir in activity may be earlier. It should also

be noted that the total GST activity did not fall and

that the GST per gram of tissue fell only transiently.

Because of changes in other proteins correction for GST

in relation to total protein may be misleading.

Obviously correction using DNA content would have

resolved some of these problems, but was not measured

in this study.

The mechanism for the temporary reduction in GST

activity remains speculative. As discussed earlier it

seems likely that cholecystokinin stimulation of the

gland, which normally produces secretion of pancreatic

enzymes, causes secretion of GST thereby causing in a

temporary reduction in cytosolic concentration which

later normalises because of increased GST synthesis.

The same mechanism is likely to be responsible for the

dramatic reduction in cytosolic amylase, which did not,

however, normalise with time. Increased intestinal

secretion of amylase (and lipase) induced by feeding

raw soya flour, but not heated soya, has been reported
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by Morgan (1987). These facts taken in conjunction

with the observation of Ross & Barrowman that changes

in other drug metabolising enzymes did not occur with

raw soya feeding, suggest that GST may have a dual role

in the pancreas of an endogeneous native cell

housekeeping enzyme as well as a secretory enzyme.

Obviously if this is correct GST should be present in

pancreatic juice and should increase with CCK

stimulation. If this hypothesis is correct some

information regarding pancreatic GST levels may be

derived from either basal or CCK stimulated pancreatic

juice concentrations which may prove of value in

diagnosis and monitoring of such conditions as chronic

pancreatitis and pancreatic carcinoma.

Another direction in which this work could be taken

forward would be to guantitate GST messenger RNA levels

in this animal model as normalisation, of GST which

occurs during chronic raw soya flour feeding, takes

place to identify if increased synthesis of GST is

responsible.

In conclusion, therefore, the aims of this study have

largely been achieved in as far as documenting the

distribution of GST isoenzymes within the hepatic,

pancreatico-biliary and gastro-intestinal tract in man

in health and disease; in isolating and purifying the

different GST isoenzymes in the human pancreas and in

quantitating the changes in GST that occur in an animal

model of pancreatic hypertrophy and cancer.
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