Metabolismus a design |éCiv



ADME - Metabolismus

Organismy jsou vybaveny rozsahlou sadou
enzymu schopnych reagovat s xenobiotiky

Puvodnim ukolem je ochranit vnitfni
prostredi pred toxickymi latkami

Latky jsou obecne prevedeny na vice
hydrofilni derivaty, coz usnadnuje jejich
renalni a hepatobiliarni exkreci



ADME - Metabolismus

Dukladna znalost metabolismu kazdého
léCiva je kliCova

Metabolismem muze byt latka

- deaktivovana (vétsina metabolitu je
neaktivnich)

- prfeménéna na udinnéjsi latku (proléciva)

- premenéna na reaktivni formu (toxicita)

Muze soutézit o urCity enzym s endogennimi

latkami nebo jinymi IéCivy (Iékové interakce)



Enzymové systemy v metabolismu
Podil ruznych systému na metabolismu I€Civ

(a) NAT
FMO \ MAO

\‘




Oxidacni enzymy
Cytochrom P450 (CYP, P450)

NADPH + O, + RH — ROH + NADP* + H,0O

Po primarni oxidaci Casto nasleduji ruzné
presmyky

V mechanismu je klicove velmi silné oxidacni
¢inidlo FeO3*
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Oxidacni enzymy
Cytochrom P450 (CYP, P450)
Lidsky genom obsahuje 57 genu pro P450

TABLE 2.1 C(lassification of human P450s based on major substrate class
(Guengerich, 2005; Guengerich et al., 2006).

Sterols Xenobiotics Fatty acids Eicosanoids Vitamins Unknown
1B1 1A 2)2 4F2 2R1 2A7
TAl 1A2 4A11 4F3 24A1 2S1
7B1 2A6 4B1 4F 8 26A1 2U1
8B1 2A13 4F12 SA1 26B1 2WI1
11Al 2B6 8A1 26C1 3A43
11BI 2C8 27Bl1 4A22
11B2 2C9 4F11
17A1 2CI18 4F22
19A 1 2C19 4V?2
21A2 2D6 4X1
27A1 2E1 471
39A1 2F 1 20A1
46A1 3A4 27C1
51A1 3A5

3A7




Oxidacni enzymy
Cytochrom P450 (CYP, P450)

Ne vSechny podtypy maji stejny vyznam
Podily jednotlivych typu na metabolismu I&Civ:
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Oxidacni enzymy
Cytochrom P450 (CYP, P450)

Nekteré specialni reakce:
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Oxidacni enzymy

Cytochrom P450 (CYP, P450)

Reaction Product Typical example
Aromatic hydroxylation = Phenyl to phenol Phenytoin
Aliphatic hydroxylation Methyl to carbinol [buprofen
N-dealkylation Tertiary to secondary amine  Lidocaine
O-dealkylation Ether to alcohol Naproxen
S-dealkylation Thioether to thiol 6-methylthiopurine
N-oxidation Pyridine to pyridine N-oxide  Voriconazole
S-oxidation Sulphoxide to sulphone Omeprazole
Alcohol oxidation Alcohol to carboxylic acid Losartan




Oxidacni enzymy
Flavin-obsahujici Monooxygenasa (FMO)

Existuje 7 forem FMO
lokalizovana v endoplasmatickém retikulu

Na rozdil od CYP P450 jsou substratem pouze méekke
elektrofily (N, S, P ve fosfinech)

NADPH + O, + RX — RXO + NADP™ + H,0
(X = N.X.P)



Oxidacni enzymy
Flavin-obsahujici Monooxygenasa (FMO)
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Oxidacni enzymy
Monoamin Oxidasa (MAO)

dve formy - MAO Aa MAO B

pritomny v mitochondrialni membrané hepatocytu a
neuronu

jsou to flavoprotein oxidasove proteiny podobné jako
FMO, ale pusobi odliSnym mechanismem za vzniku
amoniaku a peroxidu vodiku

RCH,>NH, + O, — RCHO + H,0, + NH;



Oxidacni enzymy
Aldehyd Oxidasa
Xanthin Dehydrogenasa

obsahuji v aktivnim centru molybden a zelezo
vyskytuji se v cytosolu, zejména v hepatocytech

RH + H,O — ROH + 2¢™

elektrony muzou byt preneseny bud na oxidovany
pyridinovy nukleosid nebo na kyslik za vzniku H,0,

substraty jsou: ruzné aldehydy
heterocykly obsahujici N
(puriny jsou substrat pro oba enzymy)



Oxidacni enzymy
Peroxidasy

podobny mechanismus jako CYP za ucasti FeO,
vznika peroxidovy radikal

RX +RX* — ...

radikal dale reaguje: propagace, tvorba dimeru nebo
dealkylace



Oxidacni enzymy
Alkohol Dehydrogenasy (ADH)

nachazi se prevazne v jatrech, specifita pro primarni a
nekteré sekundarni alkoholy

RCH»OH + NAD" «~ RCH=0 + NADH + H”

je nejméné 7 ruznych genu pro ADH



Oxidacni enzymy
Aldehyd Dehydrogenasa (ALDH)

obsazena v jatrech, zeiména v mitochondriich

RCHO + NAD™ — RCO,H + NADH + H™

je znamo 19 ruznych gent pro ALDH



RedukcCni enzymy
CYP P450, ADH

oba systémy mohou katalyzovat i redukce aldehydu a
iminu
RCHO + NAD(P)H + H" — RCH,OH + NADP™"

tyto reverzni reakce probihaji zejmena v prostredi s
nizkou saturaci O, (napr. zilni Cast jaterni tkane)



RedukcCni enzymy
CYP P450, ADH

RNO, — R—N=0
R—N=0 — RNHOH
RNHOH — RNH,
R;NTO™ — R3N
R—N=N—-R’ — R—NH, + H,N—R’
CCly — CCl5 - +CI”

Benzola]pyrene 4.5-ox1de — benzola|pyrene
Halothane — 2-CI-1.I.I-F5 ethane + 2-CI-1.1-F> ethylene



RedukcCni enzymy
NADPH-P450 Reduktasa

hlavni funkci v organismu je obnova oxidovane formy
systemu P450, ale sama take vykazuje enzymatickou
aktivitu i pro nektere substraty cytochromu P450

NADPH NADP™* NADPH NADP*
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RedukcCni enzymy
Aldo-Keto Reduktasa (AKR)

substratem jsou zejmeéna cukerne aldosy a ketosy,
dale steroidy a prostaglandiny

H*+ NAD(P)H + >:0 — ><3H + NAD(PY



RedukcCni enzymy
Chinon Reduktasa (NQO)

cytosolicky enzym, substratem jsou chinony (ortho- i
para-), iminochinony, nitro- a azo- slouceniny

O OH

H* + NAD(P)H + § § — g § + NAD(P)”

O OH



RedukcCni enzymy
Glutathion Peroxidasa (GPX)

redukuje organicke peroxidy i H,0,
Sest ruznych enzymu, vetSina obsahuje selenocystein
v aktivnim miste

2GSH + ROOH — GSSG + ROH

glutathion se regeneruje GSH reduktasou
NADPH + H" + GSSG — NADP™ + 2GSH

celkova reakce muze tedy byt:

NADPH + H™ + ROOH — NADP™ + ROH



Hydrolyticke enzymy
Epoxid Hydrolasa (GPX)

obsazena v mikrosomech a endolasmatickém retikulu
katalyzuje jednoduchou adici vody na epoxid:
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Hydrolyticke enzymy
Esterasy a Amidasy

heterogenni skupina enzymu se stejnym
mechanismem ucinku — bazickou hydrolyzou
pritomny v e vSech soucastech organismu

7 LD Al

lipasy
acetylcholin esterasy (ACHE)
butylcholin esterasey



Konjugacni enzymy
UDP-Glukuronosyl Transferasy (UGT)

konjugace glukuronové kyseliny a ruznych funkCnich
skupin:

alkoholy, fenoly, aminy, heterocyklické dusiky, amidy,
thioly, karboxyloveé kyseliny

konjugaty jsou:

- polarngjsi

- lonizované pri fyziologickem pH

- maji vyssi Mr

- Jjsou aktivne vyluCovany prenaseci v jatrech a
ledvinach



Konjugacni enzymy
UDP-Glukuronosyl Transferasy (UGT)
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Konjugacni enzymy
UDP-Glukuronosyl Transferasy (UGT)

endogenni substraty:
bilirubin, steroidy, lipidy, leukotrieny, thyroidni hormony,
vitaminy A, D

tri hlavni genové rodiny:

e UGTI—various forms catalyze conjugation of planar phenols, bulky
phenols, amines, tertiary amines, and bilirubin. (Nine active human
forms now cloned are expressed, 1.e., [Al, IA3-1A10).

e UGT2A —olfactory (nasal) UGTs.

e UGT2B—xenobiotics, steroids and bile acids (>4 human active enzymes.
1.e., 2B4, 2B7, 2B10, 2BI15, 2B17).



Konjugacni enzymy
UDP-Glukuronosyl Transferasy (UGT)

Function Typical example
Aliphatic hydroxyl Tiaramide
Phenol Morphine
Aromatic carboxyl Furosemide
Aromatic tetrozole Losartan
Aliphatic carboxyl Benoxaprofen
Immidazole Tioconazole
Aromatic amine Dapsone
Tertiary amine Chlorpromazine

Triazine Lamotrigine




Konjugacni enzymy
Cytosolickeé Sulfotransferasy (SULT)

funguji s kosubstratem PAPS (3-phosphoadenosin-5-
phosphosulfate)

vytvari jak O-sirany tak N-sirany

OH 0SO;
SULT
/\
PAPS PAP
NOZ NO 5

p-Nitrophenol (pNP) pNP-sulfate



Konjugacni enzymy
Cytosolickeé Sulfotransferasy (SULT)

funguji s kosubstratem PAPS (3-phosphoadenosin-5-
phosphosulfate)

PAPS formation

Sulfurylase (prokaryotes) APS-kinase (prokaryotes)
PAPSS (higher organisms) PAPSS (higher organisms)

> APS » PAPS

SOu N\ N

ATP PP1 ATP ADP

[norganic sulfate Adenosine 5’-phosphosulfate 3’-phosphoadenosine 5’-phosphosulfate



Konjugacni enzymy
Cytosolickeé Sulfotransferasy (SULT)

Human
Human SULT ¢DNA Substrates
SULT cDNA Substrates
SULTIC2 N-hydroxy-2-acetylaminfluorens
SULTIAI Simple phenols 17B-estradiol SULTIC4 N-hydroxy-2-acetylaminfluorens
A - SULTIEI Estrone
lodothyronines Acetaminophen .
Minoxidil 17B-Estradiol
ox1d1 _ 1 7a-Ethinylestradiol
| 7a-ethinylestradiol Isoflavones Equilenin
Hydroxy-tamoxifen Diethylstilbestrol
SULTIA2 Catecholestrogens Thyroxine
Simple phenols 0-desmethylnaproxen
SULTIA3 Dopamine (catecholamines) 3-OH-benozola]pyrene
Tyrami Phytoestrogens
yramine SULT2AI1 DHEA
Serotonin Pregnolone
Salbutamol Cholesterol
[soprenaline Cortisol
Dobutamine Testosterone
Hydroxylated tibolone Bile salts
PAHSs (benzylic alcohols)
4-Hydroxypropranalol , e
_ Hydroxy-tamoxifen
SULTIBI Simple phenols SULT2BI vl DHEA
Catechols Pregnenolone
lodothyronines 3B-Hydroxy steroids
0-desmethylnaproxen SULT2BI_v2 DHEA
Pregnenolone

3B-Hydroxy steroids



Konjugacni enzymy
Glutathione-S-Transferasy (GTS)

- glutathione je endogenni nukleofil

- atakuje elektrofilni molekuly

- konjugaty s glutathionem jsou vyluCovany
specifickymi transportéry do zluci

- existuje Sest hlavnich skupin GTS



konjugacni enzymy
Glutathione-S-Transferasy (GTS)
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Konjugacni enzymy
Glutathione-S-Transferasy (GTS)

konjugaty muzou
byt dale
metabolizovany na

N-acetylcysteinove,

mercaptourove
nebo thiolove
derivaty

a vylouceny moci
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Metabolismem vyvolana toxicita

cast molekuly je premenena oxidaci, redukci nebo
konjugaci na reaktivni elektrofil

elektrofil reaguje s endogennimi nukleofily (proteiny,
nukleovymi kyselinami, malymi peptidy)

Alkylace téchto struktur muze zpusobit organovou
toxicitu a kancerogenitu



Metabolismem vyvolana toxicita

Nucleophiles

e Sulfhydryl of cysteine or
glutathione

® Sulfur of methionine

e Primary or secondary
amino of lysine, arginine
or histidine

® Amino groups of purine
basesin RNA and DNA

e Oygen of purines and
pyrimidines in DNA and
RNA

Electrophiles Soft

o,3-unsaturated carbonyl
compounds, quinones
and quinone imines.

Epoxides, alkyl sulphates
and halides

Aryl carbonium and
nitreniun ions

Benzylic carbonium ions

AlKkyl carbonium ions

Hard



Metabolismem vyvolana toxicita

dveé cesty vyvolani toxicity
- zména funkce proteinu usti v apoptézu / nekrézu

- zmena proteinu vyvola autoimunni rekaci
RH

l

[R*]

|

Covalent binding to liver proteins

O

Direct hepatotoxicity Hepatotoxicity of the
immunoallergenic type



Toxikofory
Epoxidy

Fenytoin je metabolizovan P450 na epoxidovy
metabolit, ktery zpusobuje jaterni nekrézu a
aplastickou anemii

Phenytoin



Epoxidy

epoxidovy metabolit karbamazepinu zpusobuje
teratogenicitu a kozni vyrazku

oxkarbamazepin je podstatne méne toxicky

@)
L0 LD
CONH, Lonm,
O HO

Fig. 8.7 Structures of

carbamezepine (A), its
B D 10-11-epoxide metabo-
lite (B), and oxcar-

bazepine (C) and its
CONH, CONH, hydroxyl metabolite (D).



Chinon-iminy
Fenacetin je oxidovan P450 a zpusobuje bunéénou
hepatotoxicitu

NHCOCH,

OH

l P450

NCOCH,

\
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Chinon-iminy
Antimalarikum Amodiachin ma hepatotoxicky metabolit



Chinon-iminy
Jedna metabolicka cesta diklofenaku vede k
hepatotoxickemu metabolitu
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Chinon-iminy
Inhibitor ACHE tacrin ma také hepatotoxicky metabolit
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Chinon-iminy
Metabolit indometacinu vyvolava agranulocytozu
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Chinon-iminy

Prvni selektivni betablokator Practolol musel byt
stazen z pouzivani kvuli koznim a o€nim lézim.
Analog Atenolol ma stejne fyzikalneé-chemicke
vlastnosti, aviak bez té&chto NU
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Chinon-iminy

Vzacne se vyskytujici hepatotoxicita Paracetamolu ma
stejné priciny

paracetamol

/O/ Glucuromdatlon /O/ \"/
HO
Sulfation GICA
N-Hydroxylation

and

rearrangement \n/
(CYP-mediated) \\ / /
Y
NAPQI
Pa NY GSH conjugation \n/
0O
.

e L

Toxic reactions with
protelns and nucleic aC|ds

__________________________



Chinon-iminy
Puvodné pouzivany Carbutamid musel byt stazen kvuli

toxicité kostni drene
Analogicky Tolbutamid nema tento problém
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Chinon-iminy

Lidokain jako antiarytmikum ma velice kratky
biologicky polocCas.

Déle pusobici analoga prokainamid a tokainid jsou
hepatotoxicke, flekainid neni

A B
5 H,N CH,
T . :
N s \/\N/\ CH
CH, CH, O
C CH, D
O OCH CF
N
H OCH CF
CH, CH,

Fig. 8.16 Structures of Na™ channel blocker antiarrythmics: lidocaine (A
procaineamide (B), tocainide (C) and flecainide (D).



Nitrenium
Klozapin tvofi reaktivni nitreniové ionty zpusobuijici
agranulocytozu



Nitrenium

Modifikace kruhu prinesla netoxicka analoga, ktera
netvori nitreniovy ion.
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Iminium
Antidepresivum Mianserin muze vyvolat
agranulocytozu.




Iminium
Kardiotonikum Vesnarinon muze zpusobit
agranulocytdzu prostrednictvim jak iminiového iontu,

tak chinon iminem
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Hydroxylaminy
hydroxylaminy jsou dale oxidovany na reaktivni
nitroso-derivaty

Sulfonamidy a Dapson jsou metabolizovany touto
cestou, coz muze vyvolat agranulocytézu a kozni
hypersenzitivitu
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Sulphamethoxazole Dapsone

NH



Thiofen

Thiofen S-oxidy a S-chloridy zpusobuji kovalentni
vazbu na proteiny

agranulocytoza Tiklopidinu (antiagregans)
nefrotoxicita Suprofenu (NSA, stazeno z trhu)

CH, ol

. 'gi"“@

(0

Suprofen Ticlopidine



Thiofen

Metabolismus Tiklopidinu v bilych krvinkach
(reaktivni S-chlorid)




Thiomocovina

ThiomocCoviny jsou metabolizovany na sulfonove
Kyseliny.

Metiamid musel byt stazen kvuli vyskytu
agranulocytozy

Analogicky Cimetidin nema tento problem
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