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#5 - DRUG METABOLISM 

 
Drug Metabolism (also known as drug biotransformation):  chemical transformation of a xenobiotic 
within a living organism  

 enzyme-catalyzed reactions (most drugs) 
 noncatalyzed chemical reactions (some drugs) 

 
A. CONSEQUENCES OF METABOLIC TRANSFORMATIONS OF DRUGS 
 
1. INACTIVATION:  

 foreign compound (i.e. xenobiotic) is inactivated  
 facilitate elimination - inactive metabolite is more easily eliminated  
 lipid-soluble (hydrophobic) drugs converted to water soluble (hydrophilic) metabolite  

 lipid soluble drugs are easily reabsorbed in renal tubules whereas water soluble 
drugs are not  

 drug metabolite ("key") will not fit receptor site ("lock") - drug action will be 
terminated  

 important point - drugs may be considered poisons: 
a. high doses can be harmful (toxic effects) 
b. therapeutic doses can also be harmful (side effects) 

 
2. ACTIVATION:  

 inactive drug converted to an active form 
 wanted effect: pro-drug L-dopa (inactive) is converted to dopamine (active) 
 unwanted: production of a more toxic metabolite from a non-toxic compound 

(LETHAL SYNTHESIS)  
Example: insecticide parathion (inactive) is converted into toxic agent paraoxon 
(active) - stable metabolite that binds to and inactivates cholinesterases 

 
3. MAINTENANCE OF ACTIVITY 

 active drug converted to active metabolite with same activity 
Example:  diazepam (active) is converted to oxazepam (active) 
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B. ANATOMICAL SITE OF DRUG METABOLISM 
 
Organ:  liver - most important organ for drug biotransformation  
 - gastrointestinal tract, lungs, skin, and kidneys display some activity 
 
First-pass effect: many orally administered drugs will be extensively biotransformed before they 

reach the systemic circulation due to biotransformation in the G.I. tract and liver 
 
Subcellular level:  endoplasmic reticulum, mitochondria, cytosol, lysosome, nuclear envelope, 

plasma membrane   
 - enzymes responsible for phase I reactions are mainly in the endoplasmic reticulum 
 - enzymes responsible for phase II reactions are mainly in the cytoplasm 
 
C. MAIN CHEMICAL PATHWAYS OF DRUG METABOLISM: PHASE I and PHASE 

II REACTIONS 
 
- drug metabolism reactions can be classified into two categories: phase I and phase II  
- most drugs undergo phase I reactions first followed by phase II reactions 
- phase I reactions:  small chemical change makes drugs more hydrophilic and also provides 
 functional group used to complete phase II reactions 
- phase II reactions:  conjugation with small, endogenous substance on functional group added 
 during phase I reaction 
- NET EFFECT: lipophilic drug is converted to more hydrophilic metabolite that is easily  
   eliminated in urine  
 
PHASE I REACTIONS:   
- referred to as functionalization reactions 
- parent drug is converted to a more polar metabolite by introducing or unmasking a functional 
 group on the molecule  
- polar molecules are more water soluble and less likely to be reabsorbed by the glomeruli in the 
 kidney and are excreted 
 
There are four main Phase I reactions: 

 
I.  MICROSOMAL OXIDATIONS:  1. Aromatic hydroxylation; 2. N-dealkylation;  
3.  O-dealkylation; 4. S-demethylation; 5. Sulfoxide Formation;  6.  N-oxidation;   
7.  N-hydroxylation 

 
II.  NON-MICROSOMAL OXIDATIONS:  1.  Alcohol oxidation. 

 
III.  REDUCTIONS:   

 
IV.  HYDROLYSES:  1.  Esterases;  2.  Amidases; 3. Peptidases 
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SPECIFIC EXAMPLES OF DRUG METABOLISM 
 
I.  MICROSOMAL OXIDATIONS 

 Smooth endoplasmic reticulum - rich in enzymes responsible for oxidative drug 
metabolism;  

 Microsomal fraction – microsomes contain drug metabolism enzymes 
o pellet obtained by centrifuging a tissue homogenate at 100,000  g for 1 hour 
o forms vesicles from the membranes of the endoplasmic reticulum 
o purpose: to study drug biotransformation in vitro. 

 
Mixed-function oxidase (MFO) system mediates Phase I reactions 
 
 - most common in vivo system mediating drug oxidation reactions 
 - capable of wide variety oxidation reactions  
 - Figure 1 illustrates a common oxidation reaction known as a hydroxylation reaction - i.e. 
  an hydroxyl group is introduced 
 - multistep reaction requires:  
   i. cytochrome P450 hemoprotein 
   ii. NADPH-cytochrome P450 reductase 
   iii. NADPH (reduced nicotinamide adenine dinucleotide phosphate) 
   iv. molecular oxygen (O2) 
 - mediated by two distinct membrane proteins of the endoplasmic reticulum: 

i.  cytochrome P450 - hemoprotein - terminal oxidase - name derived from the 
 fact that reduced ferrous form of protein binds carbon monoxide, forming a 
complex with a unique absorption spectrum with a maximum at 450 nm 
ii.  NADPH-cytochrome P450 reductase - transfers reducing equivalents from 
 reducing cofactor NADPH to hemoprotein 

 - net effect = one oxygen atom incorporated into drug substrate and one into water 
 - balanced equation: RH + O2 + NADPH + H+  ROH + H2O + NADP+ 

 - can catalyze 60 different types of reactions on thousands of substrates 
 - cytochrome P450 (CYP) encoded by large gene family - multiplicity (57 isoforms) and  
  promiscuity (broad substrate specificity) 
 - cytochrome P450 enzymes can be divided into families based on amino acid sequence  
  identity  
  - 3 main families mediate majority of drug biotransformations: CYP1, CYP2 and  
   CYP3 
  - other cytochrome P450 families important for metabolism of endogenous  
   compounds 
    examples: cholesterol, steroids,  
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Figure 1. Cytochrome P450 isozymes catalyze xenobiotic metabolic reactions such as 
hydroxylation.  Microsomal enzymes are responsible for oxidative drug metabolism and are known 
as mixed functional oxidases (MFOs).  These enzymes are also known as monooxygenases 
because one atom of oxygen is incorporated into drug substrate while the other atom of oxygen is 
used in the formation of water.  The cytochrome P450 cycle: 

1. The drug (RH) binds with cytochrome P-450 - hemoprotein enzyme in its oxidized 
ferric form (Fe3+). 

2. The resulting drug-cytochrome complex is then reduced by the flavoprotein 
NADPH-cytochrome P-450 reductase to its ferrous form (Fe2+).  NADPH serves as 
primary electron donor.  

3. Molecular oxygen reacts with the reduced cytochrome P450-drug complex to 
generate a ternary complex.  

4. A second electron transfer occurs probably via the same NADPH-cytochrome P-450 
reductase.  

5. The oxygen-oxygen bond is broken with the uptake of two protons.  Water is 
released and activated oxygen is generated (Fe – O)3+. 

6.  The Fe-ligated O atom is transferred to the substrate forming a hydroxylated form of 
the substrate (ROH). 

7. The product is released from the active site of the enzyme that returns to its original 
oxidized form. 
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EXAMPLE: OUTCOME OF HEPATIC MICROSOMAL DRUG METABOLIZING 
OXIDASE SYSTEM: IBUPROFEN 

 
 
II. NON-MICROSOMAL OXIDATIONS 
 
- not all drug metabolism oxidation reactions are mediated by cytochrome P450 enzymes 
- ALCOHOL OXIDATION 
- ethanol is mainly metabolized in the liver by alcohol dehydrogenase, 
- some ethanol is metabolized by catalase and CYP2E1  

 
 
III. HYDROLYSiS REACTIONS 
 
- hydrolysis - another common oxidation reaction not mediated by cytochrome P450 enzymes  
- bonds are cleaved by the addition of water 
- oxygen from water molecule is incorporated into metabolite 
 
1) ESTERASES 
R1COOR2  R1COOH + R2OH 
- mostly found in liver, plasma GI tract; located in endoplasmic reticulum 
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2) AMIDASES 

RCONHR1  RCOOH + R1NH2 
- mostly found in liver; located in endoplasmic reticulum 

 

 
Antimicrobial drug: 

 
 
 
 
 
 
 
 
 
 
 
CLINICAL SIGNIFICANCE:  Do not use procaine for local anesthesia when treating an infection 
with a sulfa drug (sulfonamide). PABA (p-aminobenzoic acid) is structurally similar to sulfonamide 
drug. PABA competes with sulfonamide at the site of action and is able to overcome the 
antibacterial inhibition of the sulfa drug, resulting in a loss of the therapeutic effectiveness. 
 
CLINICAL APPLICATION:  Substitute another antiarrhythmic agent instead of procainamide in 
patients receiving sulfa drug therapy. 
 
 
 
 
 
 

Procaine (Novocaine®) PABA Diethylaminoethanol

DiethylaminoethylaminePABAProcaine amide (Pronestyl®)

SULFANILAMIDE
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PHASE II REACTIONS:   
- typically involve biosynthetic reactions 
- some phase I metabolites are not eliminated rapidly and these phase I metabolites are subject to 
 subsequent phase II reaction  

 endogenous substrate combines with the functional group derived from phase I reactions 
through a covalent linkage 

o examples of endogenous substrates: 
 glucuronic acid, sulfate, glutathione, amino acids, acetate 

 result = highly polar conjugate - easily excreted in urine  
 some drugs already possess functional group that can form phase II conjugate directly 

without undergoing a previous phase I reaction 
 
Examples Phase II Reactions:  1.  Glucuronide formation; 2.  Amino acid conjugation; 3.  
Acetylation; 4.  Methylation; 5.  Sulfation; 6.  Mercapturic acid formation; 7.  Transsulfuration; 8.  
Synthesis of ribonucleotides 
 
PHASE II REACTIONS: CONJUGATIONS: SELECT EXAMPLES 
 
1. GLUCURONIC ACID CONJUGATION 

 
[UDP-GA = uridine diphosphate glucuronic acid (activated GA); UGT = UDP-
glucuronosyltransferase;  
PP = pyrophosphate] 
 
- glucoronidation: most common conjugation reaction 
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- glucuronic acid is attached by UDP-glucuronosyltransferase (UGT) to aromatic and aliphatic 
 alcohols, carboxylic acids, amines and free sulfhydryl groups 
- metabolites can have O-, S- and N-glucuronide conjugates  
- free glucuronic acid does not couple to drugs; it has to be activated to uridine diphosphate 
 glucuronic acid (UDP-GA) 
- UDP-GA is formed by a two-step process in the cytoplasm (active glucuronyl donor) 
- glucuronide conjugates are more water soluble and are secreted in urine and bile 
- UGT superfamily of enzymes has 16 members 
- mostly expressed in liver; lesser degree in kidney, lung, skin, adrenal gland and spleen 
- endogenous substances that are subject to glucuronidation: bile acids, bilirubin, steroids 
- UGT is a microsomal enzyme (although most phase II reactions occur in cytoplasm) 
- UGT is proximal to phase I metabolites, also formed in endoplasmic reticulum 
 
2. ACETYLATION 
- acetate from acetyl-coenzyme A is transferred to two types of functional groups 

- aromatic amines  acetamides 
- hydrazine  hydrazides 

- aromatic amine carcinogens are notable chemicals that are biotransformed by acetylation 
 (e.g. 4-aminobiphenyl and 2-naphthylamine in cigarette smoke) 
- NAT1 and NAT2 are only known drug acteylation enzymes 

Sulfanilamide Acetyl Coenzyme A   N-Acetylsulfanilamide 
 
- CLINICAL APPLICATION:  N-acetylsulfanilamide is less soluble in urine than parent 
compound, therefore producing crystalluria (precipitation of drug in urine) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The possible sequential steps for Phase I and Phase II reactions that mediate drug 
biotransformation.   
1.  Most drugs undergo the sequential process of phase I reaction followed by phase II  reaction 
 before being eliminated. 
2.  In some cases, the parent drug may be eliminated unchanged without the need for any 

biotransformation. 
3.  In some cases, phase II reaction may precede phase I reaction. 
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4.  A drug may posses a functional group that can be conjugated directly via a phase II  reaction 
 without the need for a phase I reaction. 
5.  In some cases, the product of a phase I reaction may be sufficiently polar and eliminated without 

the need of a phase II reaction. 
 
 
 
C. FACTORS AFFECTING DRUG METABOLISM 
 

1. Drug-age interactions 
 

a. - slow biotransformation in neonates and elderly patients 
  risk:  increased susceptibility to drug toxicity  
 - neonates: differential developmental expression of drug metabolism  
  enzymes  
 - elderly: decrease in liver mass, reduced hepatic blood flow, reduced enzyme 
  activity 

 
2. Drug-drug interactions (Drug incompatibilities) 

 
  - especially relevant to cytochrome P450 enzymes 
 

a. competition - drug may competitively inhibit metabolism of simultaneously 
administered drug -  

  RESULT: accumulation of  both drugs, may lead to toxicity 
b. induction – pharmacokinetic tolerance - enzyme inducer may stimulate 

metabolism of simultaneously administered drug 
  RESULT: decrease in the therapeutic effectiveness of drug  
 
 NOTE: pharmacodynamic tolerance involves down-regulation of drug 

targets (e.g. receptors, ion channels, enzymes) 
 

3. Drug-endogenous substrate interactions 
 

a. two drugs given together compete for the same endogenous substrate such as 
glucuronic acid for conjugation - faster-reacting drug may deplete the 
glucuronic acid level - inhibit the metabolism of the slower reacting drug 

 
4. Drug-disease interactions 

 
a. Liver disease (e.g. cirrhosis; cancer; sepsis) can impair hepatic microsomal 

oxidases and therefore slow down drug metabolism.   
 

b. Cardiac disease: compromised blood flow and subsequent delivery to the 
liver can impair hepatic metabolism of a drug 

 
5. Drug-genetic interactions 
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Genetics factors contribute to the ability of an individual to metabolize drugs 
a. Mutation in genes coding for enzymes that metabolize drugs 
 - poor metabolizers - toxic accumulation of unmetabolized drug 
 - rapid metabolizers - dosage modification to achieve target concentration 

 
 
D.  INDUCTION AND INHIBITION OF DRUG BIOTRANSFORMATION 
 

i. INDUCTION 
 
a. upon repeated administration chemically dissimilar drugs can "induce" 

cytochrome P450  
  mechanism - transcriptional or posttranscriptional 
   - enhance rate of mRNA synthesis or reduce rate  

   of protein degradation 
  - many drugs and environmental chemicals can promote induction 

 Examples:   
 
o Drugs can induce the expression of cytochrome P450 
 
- phenobarbital - induces CYP2B expression by increasing its transcription 
 
 
-grapefruit juice - contains compounds that can inhibit CYP3A4 
 
- benzo(a)pyrene, present in tobacco smoke, charcoal-broiled meat, and other organic pyrolysis 
 products, is known to induce cytochrome P45O1A1 
 - alter rates of drug metabolism in both experimental animals and in humans 

- other environmental chemicals known to be cytochrome P450 inducers - polychlorinated 
 biphenyls (PCBs) (used as insulating materials plasticizers),  

- 2,3,7,8-tetrachlorodibenzo-p-dioxon (dioxin, TCDD) (by-product of the chemical synthesis of 
 the defoliant 2,4,5-trichlorophenol  
 - binds to aryl hydrocarbon receptor to induce cytochrome P450s CYP1A1, CYP1A2 and 
  CYP1B1 
     
 RESULT: increased metabolism - dose adjustment to obtain desired effect 
  - NB: sometimes genetically determined - varies among individuals 
 

ii. INHIBITION - cytochrome P450 enzyme activity inhibition by some drugs   
 

i. Reversible inhibition - non-covalent; competitive 
e.g. cimitedine 

ii. Irreversible inhibition - covalent; non-competitive  
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e.g. spironolactone; chloramphenicol 
 
E. GENERAL SUMMARY OF DRUG METABOLISM 

 
 
 
 
 

 
 

1) very lipid-soluble   1)  less lipid-soluble 
2) less polar    2)  more polar 
3) less ionized    3)  more ionized 
4) weak electrolyte   4)  strong electrolyte 
5) more able to penetrate  5)  less able to penetrate 
     cell membrane        cell membranes 

 
FINAL OUTCOME:  Properties of drug metabolite serve to prevent the renal reabsorption 
of the drug metabolite, thereby allowing the body to eliminate the foreign compound 

ACTIVE DRUG 
(parent drug) 

INACTIVE DRUG 
(drug metabolite) 


