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INVESTIGATION OF XENOBIOTIC METABOLISM IN CELLS IN
CULTURE.

By Geraldine Grant B A. Mod

The use of permanent cell lmes m toxicity testing 1s a long established
procedure Cell culture offers two major advantages over research conducted 7
vivo or with tissues, (1) 1t reduces the ethical difficulties, (2) allows
environmental factors to be controlled
However, many compounds e g premutagens and precarcinogens  are
metabolically converted by monooxygenases and other xenobiotic-metabolizing
enzymes mto their ultimate mutagenic/carcinogenic form, cultured cells rapidly
lose the abulity to express many of these enzymes Therefore, a toxicological test
system which mtends to detect mutagens or carcmogens must be capable of
producing these compounds m therr ’active’ form
To overcome this lack of activation capability external activation systems have
been employed (e g. hepatocytes and S9 fraction) but such systems show great
variability
Some established cell lines do, however, retain a degree of thewr origmal
metabolic ability making them very useful tools in toxicity testing

Thas project mvolved A) the investigation of primary culture of Non Small Cell
Carcmoma of the lung The aim of this mvestigation was to improve the success
rate of establishing cultures, which may then be used mn the determination of
toxicity of chemotherapeutic agents on tumours, B) Determmation of the levels
of drug metabolizing activity (both phase 1 and phase 2) m a number of
established cell Iines under mnductive pressure m order to establish the possible
relevance of these lmes to toxicity testing, C) To mvestigate the possible role of
drug metabolizing enzymes in multiple drug resistance, D) To construct, by
transfection, cell lines expressing the Cytochrome P4501A1 gene
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1.0 INTRODUCTION.

1.1 XENOBIOTIC METABOLISM - An overview.

Our modern industrial society has achieved spectacular technological progress However, this
progress 1s often at the expense of our environment and health Exposure to toxic compounds
18 not just a consequence of the modern era The cocktail of components, volcanic gases which
formed the original cell must also have contained a complement of noxious ingredients

Natural toxins may be considered as a successful evolutionary adaptation by species to
predators They are a form of chemical warfare practised by one species on another to ensure
their own subsistence Higher organisms have developed a sophisticated and flexible immune
systems to eliminate large foreign particles e g pathogens efc , small molecules e g chemicals
are not dealt with by this pathway The survival of man and all other species depends on their
ability to successfully adapt to the presence of these chemicals 1n our food and the environment

The ultimate problem facing organisms 1s a hmitless number of small molecules of all possible
physicochemical descriptions, 1nert, reactive, electrophilic, nucleophilic, lipophilic, hydrophillic
etc 'These properties dictate how a molecule 1s absorbed and distributed in addition to the type
of biotransformation necessary for detoxication The lipophilic compounds pose the greatest
problem as they can penetrate the physical barriers of skin and cell membrane Both reactive
and 1nert lipophilic molecules must be transformed into hydrophillic species so that they can be
eliminated Otherwise these molecules will remain 1n the cell exerting their effect indefinitely,
as occurs with chemicals that are resistant to metabolism and detoxication e g polychlorinated
biphenyls and dioxins

To deal with this problem species have adapted This adaptation comes in the form of two
highly efficient biological defence systems which have evolved over millions of years for this
purpose, along with the obvious physical barriers (Gonzalez and Nebert, 1990) They are (1)
the anti-oxidant system which protects against 1oni1zing radiation, oxygen radicals and oxidants,
and (2) the detoxication enzymes system These two biological defence systems are closely
related, as products of the detoxication system e g (quinones) may become oxygen radical
generators - substrates for the anti-oxidant system (Kappus, 1986)  Cytochrome P450 1s
prominent 1n both systems absorbing dioxygen and its more dangerous singlet form i the

antioxidant system and as a reductase and oxygenase in the detoxication system



The anti-oxidant system contains cytochrome P450 as mentioned above, superoxide dismutase
and catalase which remove excess dioxygen and superoxide anion, Glutathione-S-Transferase
(GST), Glutathione (GSH) peroxidase and phospholipid glutathione peroxidase which remove
epoxides and lipid peroxides, GSH and GSH reductase, ascorbate, tocopherols and ubiquinone
which protect tissues component from oxidants The detoxication system 1s made up of the
cytochrome P450-dependent and independent oxygenases, flavoprotein oxidoreductase, oxidases,
glutathione-S-transferase, epoxide hydrolase, sulphotransferases and glucuronlytransferases etc

(Parke et al , 1990)

These enzymes are capable of catalyzing a diverse group of chemical transformations They
are extremely flexible where substrate structure 1s concerned, have loose constraints on substrate
recognition, overlap, of activity between these enzymes 1s often observed This lack of
selectivity 1s the key to the success of these enzymes 1n detoxifying a vast library of structurally
diverse compounds To achieve this flexibility multiple forms or 1sozymes of these enzymes
have evolved Each 1soform can display different substrate preferences, but may also share
some substrates

Exposure of an organism to certain compounds (e g benzo[a]pyrene) results in an induction
response akin to that of the immune response, which induces the production of groups of
enzymes which deal with the metabolism of that compound

The transformations catalyzed by detoxication enzymes are divided into two classes, Phase 1
which modifies xenobiotics resulting 1n the insertion of a polar functional group into that
molecule Phase II enzymes recognise these newly exposed functional groups and conjugates
hydrophilic moieties to them These transformed molecules can then be transported by the
cell’s regular transport mechanism out of the cell (Eckert ez al , 1986)

However a guaranteed scheme for the detoxication of every xenobiotic 1s not possible due to
the limited resources available to the cell As a result the detoxifying enzyme system can
accidentally catalyze the activation of some foreign compounds to their more toxic forms,
rather than their less toxic forms For example, 1n the case of viny! chloride a single metabolic
step catalysed by a cytochrome P450 enzyme leads to the mutagen - chloroethylene oxide, 1,2-
bromoethane on conjugation with glutathione via Glutathione-S-Transferase, produces 1-bromo-
2-(S-glutathionyl)ethane an unstable intermediate which degenerates to a reactive episulfomum
ion  The activation of the polycychic aryl hydrocarbon benzo[alpyrene to the highly
tumourigenic 7,8-d10l-9,10-epoxide 1s carried out by the combined efforts of cytochrome
P4501A1 and epoxide hydroxylase (Armstrong, 1987)



Over two dozen enzymes can reasonably be said to be involved 1n the detoxication of foreign
compounds to the extent that it 1s theirr primary function Of these, those of importance to this
work are the cytochrome P,;, dependent enzymes, UDP-gluconyltransferase and Glutathione-S-
Transferase [

REACTIONS CLASSED AS PHASE I OR PHASE 11

Phase 1 Phase 11
Oxidation Glucuronidation/glycosidation
Reduction Sulphation
Hydrolysis Methylation
Hydration Acetylation
Dethioacetlyation Amino acid conjugation
Isomerization Glutathione conjugation
Fatty acid conjugation
Condensation

1.2.0 PHASE I METABOLISM

Phase 1 metabolism 1nvolves cytochrome P450 dependent and independent oxidations,
reduction, hydrolysis, hydration as well as isomerization and other rarer reactions of

hydrophobic compounds found 1n the cell

The Mixed Function Oxidase system (MFO) 1s a battery of enzymes situated in the endoplasmic
reticulum of the cell especially the liver, lung, kidney and intestine These enzymes carry out
oxidationreactions on hundreds of structurally diverse compounds whose common denominator
15 therr lipophilicity  These reactions are dependent on a terminal oxidase - cytochrome P450

The reaction being,

NADPH + H* + O, + RH

> NADP* + H,0 + ROH

Note The oxygen in this equation 15 molecular oxygen and not derrived from water



EXAMPLES OF THE GENERAL TYPE OF OXIDATION
REACTIONS CATALYZED BY THE CYTOCHROME P450-
CONTAINING MONOOXYGENASES.

REACTION EXAMPLES OF
COMPOUNDS
METABOLISED
Aliphatic R-CH,-CH,-CH,~R-CH,-CHOH-CH, Various side chain hydroxylation of
hydroxylation n-propylbenzene,Pentobarbitone
Aromatic Benoz[a]pyrene, Naphthalene hgnocame
hydroxylation R > »R<_> -OH -> 3-hydroxy-hgnocane *
Epoxidation R-CH=CH-R’-»R-CH-CH-R’ Aldrin—»Dieldrin,
(0] Naphthalene—»Naphthalene epoxide,
Benzo[a]pyrene—~7,8,-D10l1-9,10,-
epoxides §
N-, O-, §- O-dealkylation of p-
dealkylation R-(N,0,S)-CH,;»R-(NH2,0H,SH) + nitroanisole,codeme, morphine and
CH,O phenacetin N-dealkylation of
aminopyrene,diazepam  S-dealkylation of
methylmercaptan and 6-methylthiopurine
Deamunation R-CH,-NH,~»R-C-H + NH, Amphetamine — Phenylacetone
0
N-hydroxylation R-NH-C-CH,;~R-NOH-C-CH, Aniline - Phenylhydroxylamine,3-
0 0} methylpyridine ’
Sulfoxidation R-S-R -+ R-S-R’ Endosulfan - endosulfan sulfate,
(0] Chloropromazine and DMSO -» Sulfone
Desulfuration RRP-X—-RR,PX + S Parathion — Paraoxon
S 0]
Oxidative
Dehalogenation R-CHX-H - R-CHX-OH - R-C=0-H + General anaesthetics - halothane —» CF;-
HX COOH
X = Halogen

* Hydroxylation of aromatic compounds can take place by one of two mechamisms One involves direct msertion of the
oxygen atom to the carbon-hydrogen bond, the other results mn the addition of the oxygen to the C=C producing arene
oxide mtermediate which 1n some cases are toxic This mtermediates can then rearrange to form an aromatic hydroxyl

compound

$ The products of epoxidation are often unstable due to the stram on therr bond angles They readily decompose
becoming substrates for epoxides hydratase forming dihydrodiols and other hydroxylated products
* In the presence of NADPH and O, either the mixed function oxidases or separate flavoprotem N-oxides will carry out

this reaction dependmng on the substrate m question

N-oxidation produces hydroxylammes like that of 2-

acetlyamunofluorene which 1s thought to be a proximate carcinogen Table reproduced from Sipes et al ,1986



1.2.1 THE COMPONENTS OF THE MFO SYSTEM

1) CYTOCHROME P450
The cytochrome P450 superfamily of enzymes are haemprotems ranging 1n size from 45 kD to
60 Kd which contains one molecule of iron protoporphyrin IX prosthetic group per

polypeptide cham (Figure 1) (Guengerich, 1990)

Structure of Ferric protoporphyrin

IX the prosthetic group of

Cytochrome P-450

Figure 1

These enzymes exist as aggregates of approximately six monomers 1n the endoplasmic reticulum
(Black, 1992) The use of the term "cytochrome" 1n this instance 1s inaccurate, as the P450
does not transfer electrons to another acceptor as 1s seen with other cytochromes but to a final
substrate, however, the name has stuck over the years This haemprotein acts as both an
oxygen and substrate binding site for MFO reaction In conjunction with a flavoprotein
reductase (NADPH-cytochrome P450 reductase) 1t undergoes cyclic oxidation\reduction of the
haem 1ron

Relatively little 1s known about the structure of this protein due to the fact that 1t 1s dufficult to
1solate for X-ray crystallography and too large a protein for NMR  Attempts at 1solation using
limited proteolysis of microsomes did not release a soluble functional catalytic domain, but
resulted 1n the conversion of P450 to the inactive form P420 Untl recently, these findings
suggested that P450 1s deeply imbedded imto the lipid bilayer membrane of the endoplasmic

reticulum (De Pierre et al , 1977)
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Figure 2 Suggested membrane topology of eukaryotic
cytochrome P450 (Black, 1992).

However, recent studies have indicated that the proten 1s anchored to the membrane by
nsertion of 1ts short amino-termmal segment, which 1s less than 29 residues (Fig 2) A number
of configurations have been suggested (figure 2) No 1 with the carboxy termunal on the
cytosolic face and a non-transmembrane hairpin segment with the NH, terminal on the cytosolic
face also, No 2 a transmembrane protein with the carboxy terminal on the lumen face and the
NH, terminal on the cytosolic face, No 4 a transmembrane - hairpin anchor with the carboxy
and NH, termin1 on the cytosolic face, No 5 which 1s the inverse of 4 , but the majority lean
toward the transmembrane orientation of No 3 1 e a single trans-membrane anchor This NH,
region serves as an insertion signal, anchor and halt-transfer signal (preventing further
translocation of the protein), while the carboxy terminal protrudes into the cytoplasm (Vergeres
et al , 1989 Black, 1992) Without accurate details on the 3D structure of P450 a prediction
of the catalytic specificity of cytochrome P450 1s impossible due to the vast variation m
sequence and difficulty n 1solating protemn (Guengerich, 1990, Gotoh er al , 1983)

There are over 200 known P450s at present Each 1soform has the same characteristic
absorbance maximum when the Fe(II) group 1s complexed with carbon monoxide, : e near
450nm, due to axial ligation with a well conserved cysteine thiolate of the protein sequence
(Guengerich, 1991)



The NH, anchor terminal 1s conserved to a large degree, but the molecular and structural design
which governs the specificity of the P450 enzymes has yet to be uncovered Small changes in
the protein sequence change the specificity dramatically e g 1n the P450 associated with
progesterone 21-hydroxylase activity any two substitutions within the three sites 113, 115 and
118, result 1n a change to estradiol 2-hydroxylation (Guengerich, 1991)

Therefore 1t 1s difficult to assign catalytic activity based purely on protem structure P450s
which are 90% 1dentical still have over 50 substitutions to alter catalytic profile, and P450s
which are structurally diverse may carry out identical reactions Also small changes n iz vitro

conditions may also effect substrate specificity

1) NADPH CYTOCHROME-P450 REDUCTASE (NADPH cytochrome c reductase)

This reductase contains one molecule of FAD and FMN per mole of apoprotein In humans
this molecule has a molecular weight of 76,656 D and 1s anchored to the endoplasmic reticulum
(next to the cytochrome P450) by a hydrophobic amino terminal peptide with the remainder of
the molecule protruding onto the cytoplasmic surface of this membrane (Yamano et al, 1989)
The human cDNA displays 83% similarity with that of the rat The gene 1s located on
chromosome 7 1n humans (7p15-q35) (Yamano ef al, 1989) Cytochrome P450 accepts its

reducing equivalents from the flavoprotein as follows

NADPH-CYP450
REDUCTASE

NADPH + H* (FAD —-ermemeeeeee > FMN) —emeee > CYP450

This reaction requires the presence of Mg** (Peters et al , 1970)
The reductase acts as a transducer : e moving reducing equivalents sequentially on to

Cytochrome P450, one electron at a time The exact electron flow has yet to be determined

The redox state of the flavoprotems during oxidation 1s not known however 1t 1s believed that
FAD accepts the reducing equivalents from NADPH + H* and FMN donates them to
CYP450 (Poulos er al , 1992)

1) LIPID
A Lipid component 1s essential for the function of P450 Reconstitution experiments which

lacked a lipid component, resulted 1n non-functional protein



The Lipid component 1s believed to be mvolved in substrate binding, electron transfer,
conformational change and providing an anchor for the mteraction of Cytochrome P450 and

1its NADPH reductase (Nisimoto et al , 1983, Vergeres et al , 1989)

1) Cytochrome b,
As far as 1s known cytochrome bs has no uniform effect on P450-dependent oxidations It has

been reported 1n many roles but the precise function of this element here 1s unknown

The mam biological function of hepatic microsomal bs 1s to participate in the desaturation of
long-chain fatty acid acyl-CoA derivatives, providing reducing equivalents for the desaturase
enzymes Unlike P450 1t 1s relatively msensitive to mduction by exogenous drugs and
chemicals In uninduced liver microsomes, the molar ratio of P450 to by 1s approximately

2 1,during induction this increases to 6 1
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Figure 3: The catalytic cycle, electron flow, of
cytochrome P450.

RH: substrate; ROH: monooxygenase product; R’LOOH: lipid
hydroperoxide; R°’H & LO corresponding reduction products; XOOH:
peroxy compound that serves as and alternate oxygen donor to molecular
oxygen (Coon et al., 1992)



1.2.2 THE CATALYTIC CYCLE

a) Stepl

Substrates bind to the ferric form (Fe*?) of the haem moiety within the Cytochrome P450
molecule  Binding can be of three types I, II, IIb (or reverse II), as seen by the spectral
changes observed as the substrates bind to P450 These spectral changes result from
mterference with the spin states of the electrons in the d orbitals of the iron molecule
contained within the P450 as influenced by the 2 axial ligands belonging to the P450, as the
equatorial 4 pyrroles of the protoporphyrin IX complex cannot be changed As substrate binds
to the P450 molecule the electrons occupying the d orbitals of the haem 1ron are exposed to
electron repulsion by the electrons of the binding ligands This results 1n a sphitting in the
energy levels of the ferric 1on d-orbitals resulting in either low or high spin

configurations (figure 4)

Protein Protem

®

Figure 4: Haem iron co-ordination in Cytochrome P450.

a) Low spin orientation with only one unpaired d electron.

b) High spin - with five unpaired d electrons.



Cytochrome P450 exist mainly in the low spin state demonstrating an absorbance peak at 418
nm Type I substrates ¢ g benzphetamine, caffeine and DDT, bind to the protein moiety and
induce conformational change This change in environment affects the haem iron d orbital
electrons resulting 1n a change from low-spin to high-spm and a corresponding absorbtion
maximum at 390 nm Binding to the haem 1ron as 1n the case of type II nitrogenous substrates
e g aniline, nicotine and type IIb ligands e g ethanol and acetamlide, results in low-spin
configuration and an absorbance max at 418 nm

The catalytic activation of oxygen occurs on the 1ron atom at the site of the exchangeable sixth
ligand (White and Coon, 1980)

The importance of the axial ligands as determinants of haemoprotein function 1s highlighted
when it 1s considered that P450, haemoglobin, peroxidases and catalase, all contain
protoporphyrin IX as thewr prosthetic group, the orientation of the haem relative to the fifth
ligand 1s the same and yet each performs different biological functions (Ortiz de Montellano
et al , 1983)

b) Step 2

Thas 1s the first electron reduction, by NADPH cytochrome P450 reductase, of the substrate-
bound ferric form of cytochrome P450, resulting 1n the ferrous form

At this stage the first reductive reaction 1s also observed The peroxide shunt, where peroxy
compounds e g alkyl hydroperoxide, donate an oxygen atom for substrate hydroxylation This
pathway dose not require molecular oxygen or NADPH for 1ts electrons The stepwise one
electron transfer has also been proposed Lipid and xenobiotic hydroperoxides (R’LOOH) are
cleaved, resulting 1n hydrocarbon formation e g Cumyl hydroperoxide undergoes this reductive
metabolism yielding acetophenone and methane (R’H and LO) The ethanol inducible P450 2E1
has been strongly implicated in this reaction (Coon et al, 1992)

In adrenal mitochondria, which are more concerned with endogenous metabolism than
xenobiotic metabolism, the sequence of events 1s different A further carrier iron-sulphur

protein, adrenodoxin, 1s required, before the electrons reach the P450 molecule
NADFH + H*/Adrenodoxin NADPH reductase - Adrenodoxin - Cyto P450
The spin-redox coupling 1n steps 1 + 2 1s complex due to the fact that the NADPH

cytochrome P450 reductase contamns FAD and FMN and has the capacity to carry 4

electrons

10



However, 1t 1s believed that the fully reduced state of the low potential flavin, 1s the
electron-donating species (Gibson and Skett, 1986)

c) Step3

Binding of molecular oxygen to ferrous cytochrome P450-substrate complex, producing an
unstable oxy-ferrous substrate complex

d) Steps4-8

These steps involve, electron rearrangement, introduction of the second electron, oxygen
insertion 1nto substrate, followed by product release The origin of the second electron 1
debatable It may originate from the NADPH Cytochrome P450 reductase once again, or
NADH Cytochrome bs reductase

Uncoupling of the P450 electron cycle occurs when the reducing equivalents (the electrons) are
short circuited away from substrate hydroxylation to oxygen reduction

This produces superoxide (O, ) hydrogenperoxide and 4e” reduction of water at the 6th step

The peroxide shunt donates an oxygen atom for hydroxylation requiring neither molecular O,
or NADPH electrons (Coon et al , 1992) These radicals may convert xenobiotics into

products, some of which may be of a toxic nature (Bast, 1986)

REDUCTIVE METABOLISM

Under certain conditions of low oxygen tension cytochrome P450 enzymes will donate one or
even two of theiwr electrons ( as seen in Fig 1 above) to certain xenobiotics Both the
flavoprotemm enzyme, NADPH-cytochrome P450 reductase, and the termunal oxidase,
cytochrome P450, are involved 1n these reductions This alternative action of P450 can result
1n activation of compounds to their more toxic products or reactive mtermediates e g carbon
tetrachloride and halothane Intestmal microflora also carry out reductive metabolism, often
resulting 1n reactivation of previously deactivated xenobiotics

Reduction catalysed by the NADPH-cytochrome P450 reductase results in the activation of
some quinone anticancer agents These compounds undergo one-electron reduction of their
quinone group to produce the semiquinone free radical species This semiquinone metabolite
15 unstable 1n the presence of air and 18 rapidly re-oxidized to form the parent quinone and the
superoxide anion radical It 1s this anion which binds with the DNA delivering the cytotoxic

effect Drugs like adriamycm and mitomycin C are activated this way (Gibson and Skett,
1988)

11



ETHANOL METABOLISM

Ethanol metabolism 1s usually carried out by alcohol dehydrogenase, however on induction
with ethanol, 80% of 1ts clearance 1s carried out by the P450-dependent enzymes

This phase I battery of enzymes also contains a number of non P450-dependent enzymes as can

be seen below

1.2.3 OXIDATIONS OTHER THAN CYTOCHROMEP450 DEPENDENT

Alcohol dehydrogenase Carbony] reductase
Aldehyde dehydrogenase Dihydrodiol dehydrogenase
Xanthine oxidase Glutathione peroxidase
Amine oxidase Monoamine oxidase
Aromatases/anmdases/esterases Aldehyde oxidase
Alkylhydraxine oxidase D-Amimo acid oxidase
Flavin-containmg monooxygenases Quinone reductase
Epoxide hydroxylase

Aldehydes, ketone and alcohols are often the byproducts of xenobiotic metabolism Aldehyde
reductase, alcohol dehydrogenase, ketone reductase and a number of aldehyde oxidases are
involved in the further metabolism of these compounds

These enzymes are localized within the cytosol of the liver, kidney and lung

Alcohol dehydrogenase 1s one of the most important members of this group Located mainly
i the liver it accounts for the majority of ethanol metabolism This enzyme will also
metabolise other alcohols however, not always with the same detoxifying effects 1 e the

oxidation of methanol and ethylene glycol resulting in the toxins formate and oxalate

Aldehyde dehydrogenase 1s made up to two forms One form oxidises formaldehyde
complexed with glutathione and 1s called formaldehyde dehydrogenase
The other aldehyde dehydrogenase oxidizes free aldehydes and has a broad substrate specificity

It 1s this second dehydrogenase that 1s mainly mnvolved mostly in xenobiotic metabolism

Xanthine oxidases metabolise xanthine-containmg drugs to their corresponding uric acid

derwvative ¢ g caffeine, theophylline, theobromine
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Amine oxidases are a group of enzymes which require NADPH and molecular oxygen, but they

are not mixed-function oxidases They can be subdivided into

1) monoamine oxidases (MAO) responsible for the metabolism of endogenous
catecholamine
2) diamine oxidases responsible for the deamination of endogenous diamine e g

histamine and are not primarily involved 1n drug metabolism
3) Finally the microsomal flavin containing monooxygenase.
Also known as microsomal mixed function amine oxidase and N-oxygenase (Jakoby and Ziegier,
1990) The broad substrate specificity and wide tissue distribution of this enzyme makes 1t a
major participant 1n the oxidative metabolism of drugs and xenobiotics It 1s a polymeric
protein made up of monomers of Mw 65 Kd, containing one molecule of FAD per mole of
protein monomer It 15 present 1n all tissue with substantial concentrations 1n the liver It can
utilize both NADH and NADPH The reaction sequence 1s flavin reduction, oxygen binding,
electron transfer to oxygen forming a peroxy-flavin complex, substrate binding, oxygenated
product release and dissociation of NADP* yielding the oxidized enzyme This sequence can
be short circuited to H,O, when an oxidizable substrate 1s not present
Many endogenous nucleophiles contain 1 or more anionic groups Nucleophiles such as these
are not metabolised by this enzyme which suggests a self-preserving mechanism of the body as
their metabolism would be unfavourable

This 1s the only known mammalian flavoprotein hydroxylase

Aromatases convert cyclohexanecarboxylic acid containing xenobiotics to their corresponding
benzoic actld This enzyme 1s expressed in the liver and kidney For metabolism to occur the
substrate must first be converted to its Coenzyme-A derivative FAD and oxygen are also

required as co-factors

HYDROLYSIS

Nonspecific hydrolysis reactions occur 1n the blood plasma Specific esterases /amidases
reactions are reserved to the iver Ester and amide hydrolysis reactions release a carboxylic
group, 1n the case of esters, an alcohol group 1s released, whereas amides produce an
ammonium group

Esterase can be categorized into four mam classes

1) arylesterases - which act mainly on aromatic esters

2) carboxylesterases - which hydrolyse aliphatic esters

13



3) acetylesterases where the acid 1n the ester 1s acetic acid and

4) cholinesterases - where the alcohol in the ester 1s choline

HYDRATION

A large number of xenobiotics, such as esters, amides and substituted phosphates that are
composed of ester-type bonds, are susceptible to hydrolysis The precarcinogenic polycyclic
hydrocarbon epoxides in particular undergo this reaction forming trans-diol compounds e g

benzo[a]pyrene

OTHER REACTIONS OF PHASE I INVOLVED IN DRUG METABOLISM

Reaction Example
Ruing cyclization Proguami
N-Carboxylation Toxamude
Dimerization N-OH-2-Acetylaminofluroene
Transamidation Propiram
Isomerization a-Methylfluroene-2-acetic acid
Decarboxylation L-Dopa
Dethiacetylation Sprronolactone

Some of these Phase I enzymes are primarily involved in endogenous metabolism

1.2.4 ENDOGENOUS METABOLISM BY PHASE I ENZYMES

| Enzyme | Endogenous substrate
Mixed function oxidase Steroids
Sterols
Thyroid hormones
Fatty acids
Prostaglandins
Vitamm D
Leukotrienes
Monoamine oxidase Monoamme neurotransmitters
Diamine oxidase Histamine
Putrescine
Cadavermne
Xanthine oxidase Xanthine
Hydroxysteroid oxidoreductase Steroids
Acetylcholinesterase Acetylcholine
Reductase Steroids
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PROSTAGLANDIN SYNTHETASE DEPENDENT CO-OXIDATION OF DRUGS

Prostaglandin synthetase 1s present 1n most mammalian cell types

This enzyme catalyses the formation of prostaglandins from arachidonic acid (AA) via a two
step pathway functioning as both a fatty acid cyclooxygenase to form prostaglandin G, and a
hydroperoxidase, reducing prostaglandin G, to form prostaglandin H, Many xenobiotics and
drugs are co-oxidized during the prostaglandin specific hydroperoxidase action of this enzymes

The mechanism of this reaction 1s unknown but 1t 1s believed 1n the case of paracetamol to
mvolve a 1-electron oxidation followed by the formation of a quinone radical which can either
reacts with glutathione, or 1s reduced along with glutathione to reform paracetamol (Gibson and
Skett 1986) Compounds like aminopyrme, benzphetamine, oxyphenbutazone, paracetamol and
chemical carcinogens like benzo[a]pyrene etc are metabolised by this pathway The overall

contribution of this co-oxidation to the elimination of these compounds is not known

NON-P450 DEPENDENT REDUCTIVE METABOLISM

This form of reductive metabolism takes place using cytochrome by as the transducer and
NADH + H Substrates like epoxides, heterocyclic azo and Nitro compounds, and
halogenated hydrocarbons utilize this pathway Reduction can convert some epoxides back to

their original compounds e g benzo[a]-anthracene-8,9-epoxide to benzanthracene

EPOXIDE HYDROXYLASE

This enzyme 1s found 1n almost all tissues investigated, with highest concentrations found in the
liver endoplasmic reticulum, nuclear membrane and cytosol This 1s a>monomeric protein
composed of units of MW 48,000-54,000 daltons Epoxide hyroxylase contains no flavin It
1s inducible by a variety of hepatocarcinogens, barbiturates and fluorenes e g DEN an

alkylnitrosamine elevates the mRNA levels of microsomal epoxide hydroxylase (Kondo, et al ,
1990)

Epoxides formed by the microsomal mixed function oxidase system follow a number of paths
1n the body

1) In Vivo nonenzymic rearrangement to phenols

11) irreversible binding to nucleic acids and phenols

111) glutathione conjugation

1v) enzymic hydration to dihydrodiol or further oxidation to diol epoxide

Epoxides are reactive electrophilic species
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Epoxides hydratase catalyses the nucleophilic attack of water on one of the two electron
deficient carbon atoms of the oxirane ring, a reaction which is sterio specific and regio
selective Epoxide Hydroxylase plays a major role in the activation of compounds to their toxic
metabolites This enzyme 1s also believed to be a pre-neoplastic antigen and as such an early
cancer marker (Sipes et al , 1985) This protein 1n rat nodules and cancer cells 1s believed to

be effected by constitutive internal stimuli associated with cell growth (Kondo ez al , 1990)
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1.3.0 PHASEII

Phase II reactions are conjugation reactions which require energy to drive them To provide
this energy the cofactors or substrate are activated to high energy intermediates Phase 1I
enzymes react with phase I metabolites thereby producing "bulky" water-soluble metabolites
which can readily be excreted However, a Phase I functionised metabolite 1s not always

required and phase II conjugation can occur directly

PHASE TWO REACTIONS

REACTION ENZYME FUNCTIONAL COFACTOR INVOLVED
GROUP
Glucuromdation UDP-Glucuronyltransferase -OH UDP GLUCURONIC ACID
-COOH
-NH,
-SH
Glycosidation UDP-Glycosyltransferase -OH
-COOH
-SH
Sulfation Sulfotransferase -NH, PAPS -
-SO,NH, 3’PHOSPHOADENOSINE-
-OH 5’PHOSPHOSULPHATE
Methylation Methyltransferase -OH SAM - §-
-NH, ADENOSYLMETHIONE
Acetylation Acetyltransferase -NH, ACETYL CO-A
-SO,NH,
-OH
Ammo Aad -COCH AMINO ACIDS
Conjugation
Glutathione Glutathione-S-transferase Epoxide GLUTATHIONE
Conjugation Organic halide
Fatty acid -OH STEARIC AND PALMITIC
Conjugation ACID
Condensation Various
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1.3.1 GLUCURONIDATION: CONJUGATION WITH SUGARS

Glucuronidation zs the conjugation of a compound with the co-factor UDP-glucuromc acid
which s a product of intermediary metabolism This reaction 1s carried out on both endogenous
and exogenous compounds by the 1soenzymes UDP-glucuronosyltransferases and 1s one of the
major conjugation reactions m drug metabolism  The resulting glucuromdes are then
transported from the cell and elimmated from the body in the normal manner

These enzymes are expressed in many species and have a broad range of substrates This
quality makes conjugation with glucuronic acid an important conjugation reaction
Glucuromdation conjugates alcohols, phenols, hydroxylamines, carboxylic acids, amines,
sulfonamides and thiols

These 1soe£1zymes are glycoproteins which range 1n molecular weight between 50,000-60,000
daltons They are endoplasmic-reticulum and nuclear envelope-bound, which allows for closer
association with phase 1 metabolites Substrate specificity varies from 1soform to 1soform, with
some displaying activity toward a single compound and others having a broad substrate band
(Burchell, 1991) The hver 1s the most important tissue with regard to UDP-
glucuronosyltransferase activity, but activity has also been noted 1n the kidney, intestine, skin,
brain and spleen Due to their membrane orientation these transferases demonstrate latency on
examination ¢ e the enzyme requires activation e g freeze thawing before 1t will demonstrate
its full activity They are believed to be transmembrane molecules, consisting of four domains
A) a conserved UDP-glucuronic acid binding site, B) a variable substrate binding region, C)
a conserved NH, terminal and D) a transmembrane anchor Catalysis 1s believed to take place
on the lumen side of the endoplasmic reticulum : ¢ behind a membrane It 1s this membrane
barrier which may explain the latency of this enzyme in vizro (Burchell, 1991) As already
mentioned 1n connection with P450, with deactivation, there 1s also often activation The
susceptibility of certain glucuronides to enzymatic and chemical degradation makes them 1deal
candidates to transport potentially reactive compounds from the liver to the target tissue For
ex