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Noncovalent bindings Alteration in enzyme/ftransporter
{i.e., ion pairing, hydrogen bonding, activity
hydrophobic interactions - lon channel blockade
- Receptor activation
-Violation of DNA-transcription
Reversible interactions
Xenobiotics . Phase Il | Elimination
P Phase | Rea r:twf? Phase Il Conjogates i =
- Environmental pollutants cYp Hecrepiiies NATs OATP? cell
(i.e. pesticides, herbicides, G5Ts P-gp
industrial pollutants) SULT MRP
| uaGT Passive
- alkyl iodides Trreversible interactions Qo transport
- acyl halides
- nitrogen mustards —— DNA
T —" adducts
- DNA damages
- Criclative stress
- Inflamation
-Reproductive impairments - Toxicity
- Coll disfunction
- Apoptosis - Toxicity
- Immunogenic - Mutagenesis
response - Carcinpenesis
- Organ-specific - Reproductive
immunopathology impairments
- Reproductive
impairments



Xenobiotic Nontoxic Metabolite

I e

Reactive Metabolite

|

Binding to Cellular Molecules
(Enzymes, Receptors, Membranes, DNA)

7N

Elimination

Toxicity Cellular Repair
(Tissue injury, Cancer, (DNA repair, Protein
Physiological changes) synthesis, etc)

s ol e ) ARSI Y aill 038 aansdi (S

Modification <My alelds

Conjugation ¢)_2Y) <dlelis _ ¥
Metabolism of Xenobiotics

Two phase of metabolism

Phase 1 Phase 2

Alteration of xenobiotic  Compounds produced in
molecule so as to add a phase 1 or are converted
functional group, which can by specific enzymes to
be conjugated in phase 2. various polar metabolites
by conjugation.
They become more water
soluble and easily
excretable.
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Toxicant
Highly lipophilic - :
metabolically stable Lipophilic Polar Hydrophilic
Accumulation
Accumulation in body fat
Phase |
(bioactivation or inactivation)
Oxidation, reduction, hydrolysis

Polar
Phase Il

(bioinactivation) Conjugation

Hydrophilic

Elimination from the body
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NADPH NADP+

Q7

Flawvoprotein Flavoprotein

oxidized reduced

co
PASO-RH W W PASORH _~~ o P450-RH
(Fe+3) 2 (Fe+2) =" (Fe+2)-CO

0z

ova s <\

P450-RH
P450
{Fe+3) (Fe+2)—
4 o2
P450- 2H+
ROH 4"\\\ ROH /(' o
(Fe+3)
: pedl) gﬁ BawSH ALLAY 3) gal)
Oxygenation
0

[ Aliphatc R—CH, ——— R—CH_OH

Alicyclic O —9 OOH
L
. o
Aromatic @ e o OOH

0O
Epoxidation © e OO

~ o) ~

N-Dealkylation _N—CH, _N—CH_,OH
"NH + CH,O0

N-Oxidation ~ _N—R —2— “N—R

. N ~
Sulphoxidation /S—R —

O «— W0
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NAD* NADH f::u2 H0 o H-ED
COOH
COoH
Cyclohexane Cyclohexanol C"_.-I:Inhe;r.an:me < - caprolactone Adipic acid

B-oxidation

Acetyl - CoA
p ALl ) gdal) Bams) — ¥
aall &5 2 gy () Jsaty A 2S5 )81 3,0 (e (S 5) 350 Al o
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RH + O, + NADPH + H* — ROH + H,O + NADP*
R-H + O, + 2e- + 2H* 2> R-OH + H,0
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Toluene Benzyl Aleohol Benzaldehyde Benzoie Acid Hippuric Acid
_60%-75% O GO0 TG _,;F“‘x|
2
CHOH =
/AH aH MH

<1%
o
1
Hi hm“n e

Al @l 88 jaa

NADPH + H" + O,
|
Monooxygenase

Cytochrome Pasgg

95%
Benzyl

alcohol ~ “ v /

Carcinogenic metabolites



trans trans-Muconic acid

OH
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ADH/ALDH t

OF NN =0

trans trans-Muconaldehyde

\ FelOH

CYP134H1
CamAB

MADH
EIE‘

MAD*
H,0

CYP154H1
CamAB

MaDH
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CYP154H1
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o
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I
H4,C NH
')\"/OH

Benzene s o

CYPZE1 l

S-Phenylmercapturic acid

GSI—/

— OH
== -
EH

Benzens
oxepin

oxide

Spontaneous
rearrangement

Benzene

Benzene
dihydradial

DHDD l

OH OH o
=3 | CYP2E1 CYPZE1
= —_— ——
OH (o]

Phenol

CYPZE ll

Catechol 1.2-Benzoquinone

CYPZE1‘

o MPO OH
~—————— CYP2E1 S
] —_— |
o NQOT HO HO = OH

myeloperoxidase (MPO),
dihydrodiol dehydrogenase (DHHD)
quinone oxidoreductase (NQO1)
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trans-1,2-Dihydro-1,2-naphthalenediol

Qe 1,4-Dihydroxynaphthalene
\ (e}

o
1,4-Naphthoquinone

OH

0, 2e-, 2H*

N

Naphthalene

‘ Naphthalene-1,2-epoxide

rd

OH

—
.

2-Naphthol

;

HO OH

2,6-Dihydroxynaphthalene HO

1,7-Dihydroxynaphthalene

H,O

N

0, , 2e, 2H*

CYP1AT/ CYPIBTN
OH

Hz0

O
(-)benzo[a]pyrene-7,8-dihydrodiol

-
CYP1AT vamm\

H20

-
r

“‘ Epoxide-Hydrolase
oy 6
(+)benzo[a]pyrene-7,8-epoxide

0]
(+)benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide
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Methanol Ethylene glycol
|~ NaD” NAD™ NAD™
aa N NADH + H aon NADH + H™ AP *
| NADH + H
Acetaldehyde Formaldehyde Glycoaldehyde
ALDH | l EME ALDH l
Acetic acid Formic acid Glycolic acid
Acetyl Co-A Ce
H,0

Glyoxylic acid a-hydroxy-p-

/ \ ketoadipate

Oxalic acid Glycine

CYP2E1,Catalase

& iy =

Alcohol Acetaldehyde Acetate
H H H
H—G_H NAD" NADH+H" |

+ + |
| I
H —C—H AL, C. L& -y
, 7 ALDHZ2
OH ADH1B; ADH4 O/ H AEDEIT A O OH

HOCH>CH-OH
Ethylene Gilycol

|

HOCH>CHO
Glycoaldehyde
! ~
HOCH>COOH

Glycolic Acid

} ~
CHO-COOH

Glyoxylic Acid

| ~
HCOOH

Formic Acid

|

COs
Carbon Dioxide

—-— CHO-CHO
Glyoxal

e

HOOC-COOH NH>CH-COOH
Oxalic Acid

Glycine



CYP S o
o~ MaorH K~ E— A~
Hexane 2-Hexanol ADH 2-Hexanone
(alcohol 02
dehydrogenase) l CYP
2,5- Hexanedlone ol
}/ Prot-Lys-NH->
:N,S,0 e Ao pall 41N jdall g 55— 0
R-NH-CH3 — R -NH-CH20H » R-NH2 + HCHO +» HCOOH
R-0-CH3 —R-0-CH20H —ROH + HCHO — HCOOH
R-S-CH3 —»R-S-CH20H — R-SH + HCHO — HCOOH

)

phenythydroxylamine

Hbz.X\
Ho**
O%N

nifrosobenzene

K (erythrocyte) /
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5 aniline
Phamfiydron ine i acetanilide
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o
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HO NAT
i e
2-aminophencl | 1
(minor) z o oH
| 4-aminophenacl
! acetaminophen
l UGT, SULT l UGT. SULT LUGT. SULT

Conjugation and Elimination
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OH
/U\(NHZ /@)\rNHz
H,
CH CH
HO 3 HO 3

4-hydroxyamphetamine 4-hydroxynorephedrine
OH
NH; MNH
S -
amphetamine norephedrine
o] o
CH; CHg on NH/‘YOH

HO O ——— o — — [s]
A-hydroxyphenylacetone phenylacetone benzoic acid hippuric acid
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(CoHs0)z —P—o—©>—mo2
¢ parathion
"

(C2HsO) —P—O‘@NOQ

paraoxon
Ol 5 S sila () Sy 5 SH Jsay
* Compounds possessing of carbon-sulfur bonds
are metabolized to sulfoxides by S-oxidation.

* The sulfoxides may be excreted as wurinary
metabolites or oxidized to sulfones (—SO2—).

O O, O
i et
S S S
QL I0— O 10— O IO
1 i 1
R R R
Phenothiazine Phenothiazine sulfoxide Phenothiazine sulfone
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o e =
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Cl_ ) .Cl Cl.__H .
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1
H
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Further
products

Example of the general type of oxidation reactions catalyzed by the

cytochrome P450-containing monooxygenation
~ REACTION

EXAMPLE
Aliphatic hydtoxylanon

R—CH;—CH;—CH3—= R— CHy— CHOH CHy
Aromatic hydroxylation -@ — R Q»on

Epoxidation

R—CH=CH—R' — A— CH “cH-R!
N-, O-, or S-dealkylation R—(N, O, S)—CHy—— R~—(NH,,0H, SH) + CH,0
o Il
Deamination R— CH;—NH; — R—C—H + NHy
. il
N-hydroxylation R—NH—-C—CHy — R—NOH~C—CHj
Sulfoxidation

R—S—R — R-?}-R'

i i
Desulfuration RRP—X —= R;RpP—X+S
X X g
Oxidative Dehalogenatic R Gl Rl rs Off R—(lzl —H + HX
1 |
H H
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@ “J Nitro- lrI\I Nitro- Nitro-
-0 Reductase Reductase NHOH Reductase NH;
- -
NAD(P)H ! NAD(P}H ! NAD(P)H ©/
(H] -H,0 [H] [H] H,0
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NH,
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|

Prontosil

NH,
NHZONHZ + NH2©— SO,NH,

Sulfanilamide
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Cl cr Cl Ci

Carbon telrachionde Trchioromethyl Tochioromeihyl
radical paroxy radcal
RH
R. 8
Protesn or !
lipid CQ=—C —~Cli
/ C—C—H Phosgens
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Covalernt Ci
bnding
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Lipid peroxidation
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UDP-glucuronosyl transferase J8l s »¥) 5 UDPGA 25> 4dS) 52l 8 o5

.

Glucese-1-{Fy + UTP = IO Glucose —=  Glycogen
MaD”
"
DP-Glucuranic acid + MADH + H
COOH
EEE
{OH
o O-UDP
OH |
aOH
Sy o il 5o all g (ON,S ) s ol il sl ga 5Kl o 591 3 m 0 Gl 1 iy
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H OH

UGTs H OH
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e}
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Aniling @‘

OH oH

Aniline glucuronide
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ATP +S04 —» APS (Adenosine Phospho Sulphate )
APS + ATP _, PAPS (Phospho Adenosine Phospho Sulphate )

NH, SULPHATE
0=$—0—H—0 < ) Sulphurylase 1 ADP
o O
Adenosine — 5 phosphosulphate (APS)
ATP
O OH 1 PPI
o0=P—0-
o 3 phosphoadenosine - 5 phosphosulphate (PAPS)
dalud) Balal) ) cildlead) 83 2% Sulfontransferase 3 2525 3
PS5 A laell Al g U mseall Gty g4 5 aS) o
0 o o]
C—OH ol s CH.COOH —S—CoA Nt"?c"'?COOH CoA-SH I NH,CH.COOH
O :?>*4*—’ (fl —
2 oo =
AMP+PPi Acyl-CoA: glycine .
Benzoic aad Acyl-Co A synthetase  5enzoyi-CoA N-acyltransferase Hippunc acid

OH OH
Qcoou — Q—(ﬁ‘—ml—cu,coou
o)

Salicylic acid
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o Vo & Ny

N-Acetyltransferases a” ) "l »
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R - ZH + methyl transferase — R-Z-CH3
ZH =O0H,NH2, SH
'

i H |
CH3 O C~C-NH, CHgO C-C-NH; |
HM et HH 1
|
B SN — o RO |
H NORMETANEPHRIN KM CONJUGATED ;
HO a—&-uuz E (Nm )\ NORME TANEPHRINE }
MAO+AO 1
HO ? ~ 1
— |
MAO+AO H O |
NOREPINEPHRINE (N 2> o |
! T=Ho =~ l g-c‘orl _conr—-bcmo gjc:on |
|
HO = i
OH |
I HH ’MAOOAO 3.4-DIHYOROXYMANDELIC 3-METHOXY.4-HYDROXY~ }
HO C-C-N-CHg ACID (DOMA) /' MANDELIC ACID {VMA} |
HH |
oM /MA°4A0 [
HO OH 1
EPINEPHRINE (E) R CH,0 c'; .c‘:: CH M-
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OH
e OH GSH |SG ATG
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| OH GSH SG
HO—As—CH, <— I ; | MARG
g HO—As—CH, % GS—As—CH,
MMAVY MMA!!
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Cyt19
CH,
| CH, GSH
HO—As— CH, - | -— CH, DMAG
I HO—As — CH, |
o GS—As— CH,
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DMAY
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H OH
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CH->
I
S
|
S
I
CH>

SH

(@]
NHzY\)\NH/CWNH\/COOH 4+ Xenobiotic (X)

COOH o
Glutathione
GST

o S-X
]
NHZ\'/\/LNH NH___COOH
|
o

COOH

Glutathione-S-Conjugate

Drug Ammo ACId Beg,
y-GIutamyI-AA S
)
w HO I’NHQ
¥~ Glutamyl 0
transpeptidase
Glutathione Conjugate
Dryg, Acety!
Clycing S Cog CoASH Drugé
(@)
" » HO i
Cysteinyl NHo HoN » Py
Glycinase o N CH3
S-substituted O )
Cysteine Mercaptunc
Derivative acid conjugate
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[ GSH de novo synthesis ]

S-axoprolinase

! COOH
Cell membrane g N e e COOM o
Mg N e | y-ghutamylcysteine ligase -
oMy
" ™ . H ON .l". wotheus
Transported l ~ M b . == BN i ":N—(I"_' o
. ; —Ce N3 !
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== oo ) |
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1 | P2 N o B N Mo COOR
gy SH P
GSSG -\ o oM H
: Glutathione i
Glutathione | L' Cyaami ghvcine
reductase thetase M
< (/ R \ﬂuunnhwn / 3 <
GSH Leucyl aminopeptidase
w HaN st COOH
cydle '
"
Glyoxalase | Cdia
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O
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rhodanese

Na2S203 v = m e e

cyanide releasing

substances
-
2-aimino—4-thiazoline- »
carboxylic acid
HCN

excreted through lung

excreted in the urine

SCN™ =i

methylcobalamin (CH3-B12)

i (cyanocobalamin synthesis)

— (N pool —= (CN-Bi2

Y LN
- methyl group of
HCNO HCOOH chol},negandp
l l methionine
COz partially excreted in the urine
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Phenacetin

Major
H metabolite
N H,C H H.C
Y H H,C N
N o 0 \n/
0O —— T — Y
(@) ) ~S< (o)
] Glucuronidation (o) Sulfation HO O
GlcA HO
Paracetamol
iN\"/Hsc
R
O
N-acetyl-p-

benzoquinone
imine (toxic)
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ENZYMES REACTIONS

Phase 1 “oxygenases "

Cytochrome P450s (P450 or CYP)
Flavin-containing monooxygenases (FMO)
Epoxide hydrolases (mEH, sEH)

C and O oxidation, dealkylation, others
N, S, and P oxidation
Hydrolysis of epoxides

Phase 2 "transferases”

Sulfotransferases (SULT) Addition of sulfate
UDP-glucuronosyltransferases (UGT) Addition of glucuronic acid
Glutathione-S-transferases (GST) Addition of glutathione
N-acetyltransferases (NAT) Addition of acetyl group
Methyltransferases (MT) Addition of methyl group
Other enzymes

Alcohol dehydrogenases Reduction of alcohols
Aldehyde dehydrogenases Reduction of aldehydes
NADPH-quinone oxidoreductase (NQO) Reduction of quinones

méH and sEH are microsomal and soluble epoxide hydrolase. UDP, uridine diphosphate; NADPH, reduced nicotinamide
adenine dinucleotide phosphate.
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REACTION ENZYME LOCALIZATION
PHASEI|
Hydrolysis Esterase Microsomes, cytosol, lysosomes, blood
Peptidase lysosomes
Epoxidehydrolase Microsomes, cytosol
_ Azo- and nitro-reduction Microflora, microsomes, cytosol
Reduction Carbonylreduction Cytosol, blood, microsomes
Disulfide reduction Cytosol
Sulfoxide reduction Cytosol
- Alcohol dehydrogenase
Oxidation Cytosol
Aldehyde de.hydrogenase Mitochondria, cytosol
Aldehyde oxidase
Lo Cytosol
Xanthine oxidase
T Cytosol
Monoamine oxidase b chvndia
Diamine oxidase
: Cytosol
Flavin-monooxygenases Mo
Cytochrome P450 -
PHASEIl
Glucuronide conjugation Microsomes
Sulfate conjugation Cytosol, microsomes
Glutathione conjugation Cytosol
Amino acid conjugation Mitochondria, cytosol
Acetylation Mitochondria, microsomes
Methylation Cytosol, microsomes, blood
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Cytochrome P450 Enzyme Families and General Function

Gene
family

CYP1A
CYP1A2
CYP1B
CYP2A
CYP2B

Cyp2C

CYP2D
CYP2E

CYP2F
CYP2]

CYP3A
CYP4A
CYP4B

CYP7A
CYP11A

CYP11B
CYP17
CYP21
CYP24
CYP26

Tissue distribution (major

organs):

Liver, kidney, lung,
intestine

Liver, kidney, lung,
intestine

Adrenal gland, ovary, testis,

liver

Liver, testis, skin, nasal
mucosa

Liver, lung, kidney,
intestine

Liver, lung, kidney,
intestine

Liver, lung, intestine

Liver, lung, kidney,
intestine

Lung, nasal mucosa, liver

Liver, nasal mucosa, lung,

kidney, intestine
Liver, lung, intestine
Liver, kidney, lung
Lung, kidney, liver

Liver

Adrenal cortex, ovary,
testis, placenta

Adrenal cortex
Testis, ovary, kidney
Adrenal cortex
Kidney

Liver, brain

Substrate examples

Aromatic hydrocarbons

Xanthines (caffeine, theophylline),
phenacetin, APAP

Estradiol

Testosterone (rat), coumarin, nitrosamines,
nicotine

Bupropion, 7-benzyloxyresorufin

Warfarin, diclofenac

Debrisoquine, codeine, imipramine

Chlorzoxazone, APAP, ethanol,

Naphthalene, styrene, 3-methylindole

Arachidonic acid metabolites

APAP, aflatoxin, erythromycin, lovastatin
Fatty acids (omega hydroxylation)

Fatty acids (omega hydroxylation), valproic
acid, aromatic amines

Bile acid metabolism

Cholesterol side-chain cleavage

Steroid 11B-hydroxylation
Androgen synthesis
Glucocorticoid synthesis
Vitamin D metabolism

Vitamin A metabolism
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