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Biotransformacija zdravil
• Živali – kompleksni sistemi za odstranjevanje 

telesu tujih snovi (ksenobiotiki) – strupene 
rastline

• Zdravila – poseben primer ksenobiotikov

• Distribucija – lipofilne snovi – kopičenje v tkivih

• Hidrofilne snovi se laže in hitreje izločajo.

• Pomen stereoselektivnosti (različne poti za razl. 
izomere)

• Biotransformacija zdravil – 2 fazi: I in II (običajno 
si sledita).
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Rezultati biotransformacije
• Nastanek neaktivnega metabolita (nepolarna snov ⇒ polarna snov)
• Iz zdravila nastane aktiven metabolit – primeri: 

Neaktivna
oblika 
(predzdravilo)

Aktivno 
zdravilo

Aktivni metabolit Toksični
metabolit

Azathioprine  Merkaptopurin

Kortizon  Hidrokortizon

Prednizon  Prednizolon

Enalapril  Enalaprilat

Zidovudin  Zidovudin trisfosfat

Ciklofosfamid  Fosforamidni derivat akrolein

Diazepam Nordiazepam
 Oxazepam

Morfin Morfine 6-glukuronid

Halotan  Trifluoroocetna k. 

Paracetamol  N-Acetil-p-
benzokvinonimin



Fazi biotransformacije
• Reakcije I faze so katabolne (npr. oksidacija, 

redukcija ali hidroliza) – produkti često kemično 
bolj reaktivni (lahko tudi bolj toksični)

• Reakcije II faze so sintetske (anabolne) –
konjugacija → manj aktivni produkti (praviloma).

• I faza poveča reaktivnost molekule – priprava na 
konjugacijo.

• Obe fazi povečata hidrofilnost molekule. 

• Mesta biotransformacije – jetra (gladki ER –
mikrosomi), GIT (MAO), plazma (holinesteraza), 
pljuča
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Figure 8-1 The two phases of drug metabolism.
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Metabolism of 
carbamazepine by CYP 
and microsomal epoxide 
hydrolase (mEH).

Carbamazepine is oxidized 
to the pharmacologically-
active metabolite 
carbamazepine-10,11-
epoxide by CYP. The 
epoxide is converted to a 
trans-dihydrodiol by mEH. 
This metabolite is 
biologically inactive and 
can be conjugated by 
phase 2 enzymes.
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Metabolism of phenytoin by 
phase 1 cytochrome P450 
(CYP) and phase 2 uridine 
diphosphate-
glucuronosyltransferase (UGT).
CYP facilitates 4-hydroxylation 
of phenytoin to yield 5-(-4-
hydroxyphenyl)-5-
phenylhydantoin (HPPH). The 
hydroxy group serves as a 
substrate for UGT that 
conjugates a molecule of 
glucuronic acid using UDP-
glucuronic acid (UDP-GA) as a 
cofactor. This converts a very 
hydrophobic molecule to a 
larger hydrophilic derivative 
that is eliminated via the bile.





The fraction of clinically used drugs metabolized by the major phase 1 and phase 2 enzymes.

The relative size of each pie section represents the estimated percentage of drugs 
metabolized by the major phase 1 (panel A) and phase 2 (panel B) enzymes, 
based on studies in the literature. In some cases, more than a single enzyme is responsible 
for metabolism of a single drug. CYP, cytochrome P450; 
DPYD, dihydropyrimidine dehydrogenase; GST, glutathione-S-transferase; 
NAT, N-acetyltransferase; SULT, sulfotransferase, TPMT, thiopurine methyltransferase; 
UGT, UDP-glucuronosyltransferase.



Citohrom P 450 – CYP 

• Številni izoencimi (superfamily, človek > 50): 
– nomenklatura CYP1(2,3 – družina)A(B - E – poddružina )1(2 - 19 –

oblika)

– lokalizacija: predvsem jetra, druga tkiva (OŽ, ….) 

• Udeleženost pri sintezi endogenih sestavin organizma (steroidi, 
žolčne kisline, eikozanoidi …) – selektivnost za substrat

• Udeleženost pri biotransformaciji ksenobiotikov – majhna 
hitrost reakcij – majhna substratna selektivnost možnost 
kompeticije substratov

• Vir interakcij med zdravili

• Velika variabilnost porazdelitve izoencimov – polimorfizem 
genov  individualne razlike

• Možnost indukcije in inhibicije
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Figure 8-2 The monooxygenase 
P450 cycle. P450 containing ferric 

iron (Fe3+) combines with a 
molecule of drug ('DH'); receives an 

electron from NADPH-P450 
reductase, which reduces the iron 
to Fe2+; combines with molecular 

oxygen, a proton and a second 
electron (either from NADPH-P450 
reductase or from cytochrome b5) 
to form an Fe2+OOH-DH complex. 
This combines with another proton 

to yield water and a ferric oxene
(FeO)3+-DH complex. (FeO)3+ 

extracts a hydrogen atom from DH, 
with the formation of a pair of 

short-lived free radicals (see text), 
liberation from the complex of 

oxidised drug ('DOH'), and 
regeneration of P450 enzyme. Downloaded from: StudentConsult (on 11 March 2010 07:48 AM)
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Location of CYPs in the cell.
The figure shows increasingly microscopic levels of detail, sequentially expanding the areas within the black boxes. CYPs are
embedded in the phospholipid bilayer of the endoplasmic reticulum (ER). Most of the enzyme is located on the cytosolic surface of 
the ER. A second enzyme, NADPH-cytochrome P450 oxidoreductase, transfers electrons to the CYP where it can, in the presence of 
O2, oxidize xenobiotic substrates, many of which are hydrophobic and dissolved in the ER. A single NADPH-CYP oxidoreductase
species transfers electrons to all CYP isoforms in the ER. Each CYP contains a molecule of iron-protoporphyrin IX that functions to 
bind and activate O2. Substituents on the porphyrin ring are methyl (M), propionyl (P), and vinyl (V) groups.



Monooksigenaze , ki vsebujejo flavin (FMO)
• FMO – izražene v jetrih, vezava na ER

• 6 družin FMO, največ FMO3 (jetra). FMO3 – metabolizem: 
nikotin, H2-antagonisti ( cimetidin and ranitidin), 
antipsihotiki (klozapin ), antiemetiki (itoprid)

• FMO – manjši prispevek k metabolizmu zdravil – benigni
metaboliti. 

• FMO niso podvrženi indukciji, inhibicija redka  za razliko 
od CYP, FMO niso udeleženi pri interakcijah med zdravili.

Hidrolitični encimi
• Epoksidna hidrolaza – hidroliza epoksidov, nastalih pod 

vplivom CYP.

• Karboksilesteraze – superdružina encimov – kataliza
hidrolize snovi z estersko in/ali amidno vezjo (lokalni 
anestetiki).

Inštitut za farmakologijo in eksperimentalno toksikologijo, Medicinska fakulteta, Univerza v Ljubljani



Metabolism of 
carbamazepine by CYP 
and microsomal epoxide 
hydrolase (mEH).

Carbamazepine is oxidized 
to the pharmacologically-
active metabolite 
carbamazepine-10,11-
epoxide by CYP. The 
epoxide is converted to a 
trans-dihydrodiol by mEH. 
This metabolite is 
biologically inactive and 
can be conjugated by 
phase 2 enzymes.
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Reakcije II faze - konjugacija

• Pogosto – nadaljevanje  I faze
• Konjugacija:

– z glukuronsko kislino (UGT, UDP-
glukuronosiltransferaza) 

– z glutationom (GST, glutation-S-transferaza) 
– z žvepleno kislino (SULT, sulfotransferaza)
– z ocetno kislino – acetiliranje (NAT, N-acetiltransferaza) 

genski polimorfizem (NAT1, NAT2)
– z metilno skupino – metiliranje (TPMT, tiopurin 

metiltransferaza)

• Produkti bolj vodotopni  lažje izločanje
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The fraction of clinically used drugs metabolized by the major phase 1 and phase 2 enzymes.

The relative size of each pie section represents the estimated percentage of drugs 
metabolized by the major phase 1 (panel A) and phase 2 (panel B) enzymes, 
based on studies in the literature. In some cases, more than a single enzyme is responsible 
for metabolism of a single drug. CYP, cytochrome P450; 
DPYD, dihydropyrimidine dehydrogenase; GST, glutathione-S-transferase; 
NAT, N-acetyltransferase; SULT, sulfotransferase, TPMT, thiopurine methyltransferase; 
UGT, UDP-glucuronosyltransferase.



Figure 8-3 The glucuronide conjugation reaction.
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Glutathione as a co-substrate in the conjugation of a drug or xenobiotic (X) by 
glutathione-S-transferase (GST).



The proposed reaction mechanism of sulfuryl transfer catalyzed by the sulfotransferases (SULTs).

A. Shown in this figure are the conserved strand-loop-helix and strand-turn-helix structure of the 
catalytic core of all SULTs where PAPS and xenobiotics bind. Shown is the hydrogen bonding interaction of 
PAPS with Lys47 and Ser137 with His107 which complexes with substrate (xenobiotic). 

B. The proposed reaction mechanism shows the transfer of the sulfuryl group from PAPS to the OH-group 
on the substrate and the interactions of the conserved SULT residues in this reaction. (For additional 
information seeNegishi et al., 2001.)





Faktorji, ki vplivajo na  metabolizem zdravil

• Inhibicija metabolnih encimov (nekatera 
zdravila, sok grenivke  sprememba učinkov 
antihipertenzivov, imunosupresivov, 
antidepresivov, antihistaminikov, statinov. 
Naringin in furanokumarini – inhib.  CYP3A4).

• Genski polimorfizem – individualne razlike 
(NAT)

• Indukcija encimov (CYP):
– Avtoindukcija
– Heteroindukcija 
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Induction of drug metabolism by nuclear receptor-mediated signal transduction.

When a drug such as atorvastatin (Ligand) enters the cell, it can bind to a nuclear receptor such as the pregnane X 
receptor (PXR). PXR then forms a complex with the retinoid X receptor (RXR), binds to DNA upstream of target genes, 
recruits coactivator (which binds to the TATA box binding protein, TBP), and activates transcription. Among PXR target 
genes are CYP3A4, which can metabolize the atorvastatin and decrease its cellular concentration. Thus, atorvastatin
induces its own metabolism. Atorvastatin undergoes both ortho and para hydroxylation. (See Handschin and Meyer, 
2003.)



Figure 8-4 Stimulation 
of hepatic metabolism 
of benzpyrene. Young 

rats were given 
benzpyrene

(intraperitoneally) in 
the doses shown, and 

the benzpyrene-
metabolising activity 
of liver homogenates 

was measured at 
times up to 6 days. 

(From Conney A H et 
al. 1957 J Biol Chem

228: 753.)
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Metabolizem 1. prehoda

• Intenzivna razgradnja ob prvem prehodu 
skozi jetra

• Manjša biološka uporabnost zdravila

• Manjše koncentracije zdravila v plazmi

• Primeri:
Aspirin Metoprolol

Gliceril trinitrat Morfin

Izosorbid dinitrat Propranolol

Levodopa Salbutamol

Lidokain Verapamil
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