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_Rossibility of external
trasform_a.t_iqn--or*- metabolism

I

* Photochemical degradation
-chemical nature of pesticide
-wavelength of the light
-presence of other chemicals
(photo sensitizers)
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Types of phatochemical
reactions offaromatic_pesticides

-ring substitution (subst. ring chlorine
in 2,4-D by a hydroxyl group)
-hydrolysis (carbaryl)

-oxidation (parathion)
-polymerization (pentachlorophenol)

Metabelisiixenobiotics

Phase |
oxidation
reduction
hydrolyses
Phase Il
conjugation




Phase | enzymes

* Microsomal cytochrome P450s (P450)

* Flavin-dependend monooxygenases
(FMO)

* Hydrolases

» Epoxide hydrolases

» Cooxidation during prostaglandin
synthesis

Phase 1i‘'enzymes

Gluthathione S-transferases (GSTSs)
N-acetyltransferases
Methyltransferases

Sulphotransferases
UDP-Glucuronosyltransferases (UGTS)




Pesticide®metabiolizing enzymes

* Rats

* Mice

* Monkeys

 Human P450s isozymes

Extrapolation to humans?

Cytochrome P450

ymonooxygenases
Oxidation (rotenone and deguelin)
Reduction (parathion, DDT)
Epoxidation (aldrin, heptachlor)
N-dealkylation (alachlor, triazine)
O-dealkylation (chlorfenvinphos)

S-oxidation (phorate, fipronil and
ethiprole)

Oxidative desulfuration (parathion)
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Biotransformation of Pesticides by P450s

Aromatic Hydroxylation

LD -0

Aryloxyalkanoic acids: 2,4-D (H)
Sulfonylureas: Chlorsulfuron (H)
Arylphenoxypropionic acids: Diclofop (H)

Aliphatic Hydroxylation

CHs CH,0H
o —
R R

Aryloxyalkanoic acids:
Ureas: Isoproturon (H)

MCPA (H)

N-Dealkylation
Rz Rz

Ry ™Ayl Ry ™MH

Triazines: Atrazine (H)
Ureas: Chlorotoluron (H)
Chloroacetanilides: Acetochlor (H)

Sulfoxidation
Q Q.0
= R‘,thR:

R7R: T RpyoR,

Thiocarbamates: EPTC (H)
Carbamates: Methiocarb (I, M, A)

Oxidative Desulfuration

R (:L‘E
RO Ra .0 Ra

Rﬂ:\g
=

Phosphorothionates: Parathion (I, A)
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Cytochrome P450

The cytochrome P450 superfamily is a
highly diversified set of heme containing
proteins. These proteins were discovered
in 1958 by their unusual reduced carbon
monoxide difference spectrum that has an
absorbance at 450 nm, thus Pigment at
450nm or P450
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P450 catalytic cycle

RH
ROH s
Fel
@ (1 Fe*
Fe™ RH 1ste
ROH (2)
2+
Fe
(6) RH

i
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Foreign
chemical

@ Substancetobe @ An iron atom © Oxygenbindsto @ Reaction with
oxidized binds to (Fe3")in cytochrome  the iron atomin another electron (e”)
cytochrome P450.  P450isreduced by ~ cytochrome P450.  and two protons (2H")
an electron (e7). leads to the production
of a water molecule.
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Formal iron
oxidation/spin

Haem iron coordination Axial iron ligand(s) states
Ho M
g 4\7; H S o?gHj Fell (S=2);
T T 2 Felll (S=5/2)
\WS \Cys

Pentacoordinate / Hexacoordinate

o]
|

o S

(\3/ T 0,, CO, NO ocryz;ther ligand Fell (5=0);
7 e 2 = 9 Felll (S=1/2)
\Cys \Cys
Hexacoordinate
S Cys;
i
Z ;Eei? 0 (0) FelV (S=1)

\Cys
Hexacoordinate

CytochromeP450 System

Diversified family of heme thiolate
Electron donor

-Depends on location, and whether it is a bacterial protein or
a eukaryotic CYP

-In ER, NADPH cytochrome P450 reductase is the usual
electron donor, though cytochrome b5 can also participate

-In mitochondria, ferredoxin and ferredoxin reductase form a
short electron transfer chain to supply electrons

-Bacterial donors are both types

Bacillus megaterium CYP102 is a fusion protein
incorporating NADPH cytochrome P450 reductase

Phosphatidylcholine
NADPH, O,




P450 — Dependent oxygenation
| preactiens
« NADPH + o2 +AH2 +HY NADP*+ AHOH + H,0O
* Microsomal P450 Reactions
NADPH—Flavoprotein (FAD-FMN)—P450— O,
» Mitochondrial P450 Reactions
NADPH—Flavoprotein (FAD)—1SP—P450—0,
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Phase 1= Cytochrome P450

. Bacterial CYPS are soluble and approxmately 400
amino acids long
Eukaryotic CYPs are membrane bound and about
500 amino acids long

-endoplasmic reticulum membrane
-mitochondrial inner membrane
- Rare examples of soluble eukaryotic CYPs
-bacterial CYPs that have been acquired by fungi
through lateral transfer accross kingdoms
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CYPs Classification
APLYPRD6 o
* CYP = cytochrome P450
e 2 = family
e D = sub-family
» 6 = specific isoenzyme (specific gene)

*Gene based classification without any
functional implication

CYP FAMILY @eLAss((m SUBFAMILIES

Mammalia . A,B
Osteichthyes (bony fish) A
Chondrichthyes (sharks) A

Aves (birds) A
Mammalia A,B,C,D,EF,G
Osteichthyes K,M,N,P
Aves

Crustacea

Amphibia

L |




CYP FAMILY ¥3€LASS

Mammalia

Mammalia
Insecta

SUBFAMILIES

A
AB,F
C,D,E,G,H,J
K,L,M,N

Diplopoda (millipedes) C

Mammalia
Insecta
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Human P450 _Members:,

Families &

CYP1 Al, A2, B1

(2 subfamilies)

CYP2 A6, A7, A13
(10 subfamilies)

CYP3 A4, A5, AS5P1
(1 subfamily) A5P2, A7,A43
CYP4 All, A20, A22
(5 subfamilies)

CYP 51 Al, P1,P2
(1 subfamily)

A

Function

drug/ xenobiotic metabolism
drug/xenobiotic steroid
metabolism

drug/ xenobiotic metabolism

xenobiotic, fatty acid,
arachidonic metabolism

cholesterol biosynthesis

Other functions: Thromboxane A2 synthase, bile acid biosynthesis, brain
specific hydrolase, prostacyclin synthase, steroid biosynthesis, vitamin D
homeostasis, retinoic acid metabolism, cholesterol 24-hydroxylase,

cholesterol biosynthesis

pRrein Bl 1 '




Phase_l metabelism is largely
~mediated by; —

Cytechrone P450

. Heme thiolate enzymé more than 1500
genes identified

e At least 14 of which exist in all
mammals!

Humans —approx. 60 genes

Mice — approx. 80

Drososphila Melanogaster 90 genes
Rice 485 genes

L |




CYP, family count.

The bacterial fa_mily coﬁn't IS cufréhtly %5
families (CYP101-CYP174 + CYP51)

The lower eukaryotes have 72 families
(CYP51-CYP69 + CYP 501-526)

Plants have 52* families (CYP71-99 + CYP
701-726 + CYP51

Animals have 69* families CYP1-49 CYP
301-320 + CYP 51

* Discontinued families

L |

Mammalian P450s

. Xenobiotic-MetaboIi-zing P450s
» Steroidogenic
 Other critical functions




Cytochrome P450 Act|V|ty

. Enzyme |nduct|on/|nh|b|t|on
— Drug therapy eg, phenobarbital
— Alcohol

— Environmental chemicals
— Diet and nutrition
— Occupational exposure
— Smoking (benzopyrene)
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Cytochrome P450 Act|V|ty

Pharmacogenetlcs
Health/Disease
Age

Sex differences
Species differences
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( ABSORPTION
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DISTRIBUTION

A

ELIMINATION.

|

Biotrarsformation Processes

. Phaserl and Phase [l Biotransformation
-goal is to facilitate detoxication

-0n occasion, toxic metabolites are formed,
termed bioactivation

Location of biotransformation reactions
-Highest capacity in liver
-Moderate activity in intestines, kidney, lungs

-Limited activity in skin, sex organs (testes,
ovaries) and placenta
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Biotransformation: Liver

First pass effect
-Receives blood from Gl tract trough portal vein

-Metabolic capability extended to endogenous
substances

Microsomal enzymes
-Associated with ER
-Typically Phase | reactions
Soluble enzymes

-In the cytoplasm

-Typically Phase Il reactions

F 4 B Tyl 5] Sanp L 1

Molecular Constituents of Cytochrome P450
Systems in Plants and Animals

NADPH

[
:. | Pialsparp®rin DLl o

-?' [ hedin] s Sounf




Phase | microtubules - .;hmmatin

; k . e nuclear envelope
mitochondrion § 3 nuclear pnmp nucleus

nucleolus
centriole z
Golgi complex

y lysosome
vesicie

flagellum

Phase Il

plasma membrane

L)

rough o7 smooth Phase |
endoplasmic : endoplasmic
reticulum  ribosomes reticulum

Srerin B4 neth F

1) Nueleus. (2) Nuelear pore. (3)
Rough endoplasmic reticulum (rER).
(4)sSmoothendoplasmic reticulum
..,__.(sEﬁR). (5) Ribosome on the rough
ER (6) Proteins that are transported.
-{Z_)"Transport vesicle. (8) Golgi
. apparatus. (9) Cis face of the Golgi
5 ébparatus. (10) Trans face of the
I Golgi apparatus. (11) Cisternae of
thle Golgi apparatus.




[* Cytochrome P450 2C9 with Bound S-warfarin (rodenticide, anticoagulant)

P450
Reductase

Squalene Heme e
Monooxygenase OXygenase

7-Dehydro- Cytochromes RLL xenohiotic metabolism
cholesterol

reductase

Sterol, bile acid synthesis

Cytochrome

y h
Sterol 4/ 5

biosymnthesis ﬂ-

Dasaturase,
Elongase

Fatty acid metabolism
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1. Preparation of subcellular fractions
* Isolate tissue of interest

« Homogenize in buffer

e Centrifuge at 10,000 g

Supernatant contains microsomes and
cytosolic components

Pellet is mitochondria, nuclei, membrane
fragments, etc.

» Centrifuge the supernatant at 100,000 g
-supernatant is cytosol

-Resuspend pellet to make microsomes




CYP
-Requires O,, NADPH
and CYP reductase
-Heat stable
-Attacks both soft &
hard nucleophiles
-Microsomal

FMO
-Requires O,
NADPH
-Heat labile
-Prefers soft
nucleophiles
-Microsomal

Studies clinical drugs
Pesticides

Spectral interactions (substrate or

inhibitor)

Different rate of metabolism even in the

same organ




* Example of fenitrothion metabolism by
mouse liver utilizing 6 P450 isoforms

All isoforms produced both the cresol and

the oxon

Differences in overall activity and the
oxon/cresol ratio

CYP3A4 most active

CYP1A2 and CYP2B6 showed activity




» Xenobiotics inducibility

(used as a presumptive evidence of P450
metabolism).

Example mice pre-treated with
phenobarbital (anticonvulsant, sedative)
showed an increase of phorate
metabolism

-CYP2B and CYP3A

Lung

NEREIRTSSSES

Skin

Kidney

Central nervous system




Primary site of exposure to airborne and
blood-borne environmental toxicants

Target organ for chemically induced
toxicities

Full complement of metabolic enzymes
Importance in pesticide metabolism
P450 FMO

First tissue of contact for inhaled xenobiotics

Cause of nasal lesions or tumors in
experimental animals

Low concentration of CYPs but greater specific
activity (CYP1ALl, 2B1, 2E1, 3Al, 4Al)

Less inducible then liver isoforms

Alachlor herbicide causes nasal carcinomas in
rats through diethylbenzoquinone imine




» Largest organ of the human body and is in
direct contact with the environment

Contains many of the inducible (PAH) liver
CYPs

In vitro models the skin has been shown to
have the capacity to metabolize a variety
of pesticides (carbaryl an parathion)

High blood flow

High ability to concentrate chemicals
Site of toxicity for xenobiotics
Importance in pesticide metabolism
P450 FMO




BBB Blood-brain barrier
P-GP?
Activation or detoxication in the brain

Neurotoxicity of OPs correlates better with
activation in the brain than with activation
in the liver

Metabolic Activation of Benzo[a]pyrene

From L. J. KleinsmithPrinciples of
Cancer Biology Copyright (c) 2006
Pearson Benjamin Cummings.




VDTA

CYP3A:q













» Metabolites less toxic than their parent
compounds

-Usually more water soluble and therefore more
rapidly excreted

Metabolites more toxic than the parent

-Activation reactions or lethal synthesis

-These metabolites may combine covalently with
cellular constituents such us DNA, RNA, protein.

-Carcinogenesis, mutagenesis, and cellular
necrosis




The most studied generation of reactive
metabolites from pesticides

Generation of oxon from
organophosphorus compounds by the
oxidative desulfuration

This reaction produces

-the oxons cholinesterase inhibitors
responsible of the OP neurotoxicity

-reactive sulfur, a potent inhibitor of
cytochrome P450

CYTOCHROME P450-PARAOXONASE PATHWAY
FOR O.P. DETOXICATION

s o
I (0) Il (Hy0)
(Et0),PO —NO, ———> (Et0),PO —NO, ——> HO NO, (E10),P0 5"
I plasma

microsoma as
d
Parathion oxidation Paraoxon paraoxonase p-Nitrophenol Diethyl
phosphate
cl cl cl - ci ol
s = () o x (H,0) £10)ap 0 .-
] :J‘\/I — I | — + (E10)2P 0
(Et0),PO N cl microsomal (Et0),P O N ¢l plasma OH cl
xidation paraoxonase
Chlorpyrifos Chlorpyrifos oxon 3,5,6-Trichloro-2- Diethyl
pyridinol phosphate
CH3 CH, cH3
() (H0) o
s R e T o DR By
plasma —p
I | g oxidation I | By Blasm A ase N//J\ e,
(Et0),PO N HC(CHg)y (Et0),PO N He(cHg, HO He(CHg),
Diazinon Diazoxon IMHP Diethyl _
Phosphoric
Acid

CHgz CH3 3 CHg
Sarin
CHz o CHgy 0
CHg3 4’—’707?7F — CHjy ofp‘—oH F
CH3 CHgz CHg CH3 CH3  cHy
Soman

Davies et al., Nature Genetics 1996; 14:334-336




The mode of action of insectide synergist,
PB and other methylenedioxyphenyl
compounds is also due to a carbene
reactive metabolite that combines with the
heme iron of cytochrome P450

The study of metabolism and toxicity of
pesticides is simplified by considering single
compounds

Human and other living organisms are not
exposed in this way!

Humans are exposed to many xenobiotics
simultaneously involving different portals of
entry, modes of action, and metabolic pathways




» Pesticides and xenobiotics in addition to
serving as substrates for a number of
enzymes may also serve as enzyme
Inhibitors or inducers!

* Time dependence of the effect

The following examples are illustrative of the
situations that might occur involving two
compounds

(Doctors are scared by drug-drug interaction!!!)

Compd A without toxicity is metabolized to a
potent toxicant. In the presence of an inhibitor
of its metabolism, there would be a reduction
in toxic effect

Compd A, given after exposure to an inducer
of the activating enzymes, would appear
more toxic

Compd B, a toxicant is metabolically
detoxified. In the presence of an inhibitor,
there would be an increase in the toxic effect

Compd B, given after exposure to an inducer,
would appear less toxic




Stimulatory effect of xenobiotics on liver
microsomal enzymes was reported first in 1950s

Phenobarbital, 3-methylcholanthrene type

The induction is not restricted to xenobiotics,
enzymes may also be induced by hormones and
other body constituents

Induction of liver enzymes in animals and
humans exposed occupationally or
environmentally to pesticides

» Different inducers may activate different
enzymes and therefore different metabolic
pathways

-Repeated doses of radioactive lindane and
DDT on rats increased oxidative hydrolysis,
O-demethylase, dehydrochlorinase and
glucuronyl transferase activity but to different
degrees

Pretreatment with lindane caused an increase
metabolism of lindane of 2.5 times more than
controls

Pretreatment with DDT caused an increase
metabolism of lindane of 3.5 times more than
controls




* When two inducers are involved the resulting
induction may either additive or moderately
antagonist

-Addictive effect when either phenobarbital or
DDT was present with a PAH

-No effects when combinations of phenobarbital
plus DDT, or one PAH hydrocarbon plus another
were involved

Mirex and chlordecone were shown to induce
CYP2B10 and later 1A2 and 3A in mouse
liver a pattern of induction similar to that of
phenobarbital

Phenoxyacetic acid herbicides (2,4-D) and
the herbicide sinergist tridiphane were found
to induce CYP4A isozymes in rodents

CYP4A are involved in the oxidation of fatty
acids and the maintenance of lipid
homeostasis

CYP4A inducers also cause peroxisome
proliferation and induction of liver tumors in
rodents




» The fenvalerate metabolite fenvaleric
acid induces several P450 enzymes
including:

-CYP1As
-CYP2Bs
-CYP3As

-Relevance to humans has not been
defined!

Methylenedioxyphenyl compounds such
as piperonyl butoxide and sesamex
used as synergists with pyrethroid and
carbamate

Safrole and isosafrole are found in food
of plant origin

Their effect on P450s enzymes is
biphasic, inhibition followed by induction

Induce several CYP isoforms CYP1A1,
1A2, 2B10




» The fungicide captan inhibits many
hepatic P450 enzymes in mouse liver

e Induces both CYP3A and 1A2 in the

kidney
e Induces CYP1A2 in the lung

Clotrimazole, propiconazole

Induce CYP3A, 2B, and 1A using rat hepatocites
and human hepatoma (Hep G2) cells

Suppress 2C11

Significant changes in testosterone metabolism
In male rats

Disrupt the normal functioning of the endocrine
system




In vivo effects

The measurement of the effect of an
inhibitor (or inducer) and the duration of
action of a drug in vivo is a method of
demonstrating its action

E.g. Effect on the hexobarbital sleeping
time or the zoxazolamine paralysis time
Rapidly deactivated by the hepatic P450s

Inhibitors of the P450s prolong drug action

-SKF-525 A, PB, increase sleeping time
and paralysis in rats

-Optimum pretreatment 30 minutes before
the drug (narcotic) is given

Inducers have the opposite effect

With the availability of single, expressed,
iIsoforms these method are now used less
often




» The effect of one xenobiotic on the
metabolism of another is the most common
type of investigation of interactions
involving inhibition
Limited in assessing the toxicological
implications for the intact animal

Does not assess the effects of absorption
and distribution prior metabolism

Primary considerations in studies of
inhibition mechanisms are reversibility and
selectivity

Inhibition kinetics of reversible inhibition
give an insight into reaction mechanisms
of enzymes

Reversible inhibition involves no covalent
binding, occurs rapidly and can be
reversed by dilution




e Competitive
e Uncompetitive

* Non competitive

* Is caused by two substrates competing for
the same active site

e Change in the apparent Km but not in Vmax

 Ligand binds as substrate but not the
heme iron




* Inhibitor interact with an enzyme-
substrate-complex but cannot interact with

free enzyme
KM and Vmax change by the same ratio

* Inhibitors can bind to both enzyme and
enzyme-substrate complex

* Vmax decrease but no change in Km




* More important toxicologically

 Involved the formation of covalent or other
stable bonds, or disruption of the enzyme
May involve the prior formation of a
reactive intermediate that interacts with
the enzyme

Piperonyl butoxide (PBO), can form a stable
inhibitory complex that blocks CO binding to
P450 and prevents substrate oxidation

This complex results from a formation a
carbene specie

Type of inhibition change from competitive
to irreversible as metabolism proceeds

PBO inhibits in vitro metabolism of aldrin,
carbaryl, byphenil, hexobarbital,

p-nitroanisole




* Inhibition by OPs such as ethyl O-(p-nitrophenyl)
phenyl phosphonothionate (EPN) of the
carboxylesterase that hydrolizes malathion (the
enzyme is phosporilated by the inhibitor)

Oxidative desulfuration of phosphorothioate
pesticides (parathion, fenitrothion) is known to
release atomic sulfur which covalently binds to
and inactivates P450.

* Administration of fenitrothion at 7 mg/kg on rats
Inhibits the hydroxylation of 17 -extradiol by
hepatic microsomes. Affects the normal sexual
development!

 Allyl compounds such us
allylisopropylacetamide vinyl chloride
cause the breakdown of P450 and the
resultant release of heme

* Probably mediated through the generation
of highly reactive intermediate




* Terms involve a toxicity that is greater when
2 compounds are given simultaneously or
sequentially than would be expected of the
compounds given alone

Synergism: Interaction with P450s

-Synergism: P.B. sesamex, SKF-525 A,
phosphorothionate, benzothiadiazoles,
some imidazoles

-Inhibition of insect P450s

Potentiation: involves inhibition of other

enzymes

Oxons from organophosphate compounds
increases the toxicity of malathion by
inhibiting the carboxylesterase responsible
of OPs degradation




» Pesticides may inhibit P450s or other
enzymes by competitive, noncompetitive
or suicide inhibition
-E.g. Methylenedioxyphenyl (MDP)
compounds may act initially as competitive
inhibitors
-As the MDP is metabolized it becomes a
suicide inhibitor with its reactive metabolite
bound to the heme iron of P450

The fungicide captan inhibits through a
reactive intermediate several P450-
dependent enzyme activities in mouse
liver. Although it induces CYP3A4

* Methoxychlor inhibits CYP3A4 and 2C11




* Inhibition of P450s is fairly rapid and
involves a direct interaction with
cytochrome

Induction is a slower process
Following a single injection an initial

decrease due to inhibition is followed by
an inductive phase as metabolites are
eliminated and levels of activity return to
control values.
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