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Toxicology /105447
Chapter 3: Biotransformation: A balance between bioactivation and detoxification

Metabolism

What is the definition of biotransformation?
Catalyzed by enzymes. These enzymes are not very selective-can metabolize a broad number of substrates. There may be more than one site to attack on a xenobiotic (e.g. Amine and ester group of cocaine).

Activation:
Induction: 
Chemical causes increase protein responsible for detoxification.
The body increases the production of enzymes responsible for detoxification.
Physiological ligands for many metabolism enzymes: acetone, steroid hormones, vitamins A and D, bilirubin, bile acids, fatty acids, and eicosanoids.
Metabolism divided into 2groups: Phase I and Phase II.
Distribution of xenobiotic transforming enzymes: Widely distributed through out the body.
Different tissues differ in their capacity: The liver is the target for toxicants because it produced different detoxification enzymes.
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Figure 3.2 The role of metabolism in increasing urinary excretion.


[image: ]Figure 3.3 Xenobiotic metabolism summary; reaction characteristics and flowchart.
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Figure 3.4 The balance of reactivity and excretability in xenobiotic metabolism.

Phase I
Involves oxidation, reduction, and hydrolysis.
Reactions expose or introduce a functional group such as OH, NH2, SH- or COOH.
Increase water solubility
Oxidation and reduction require factors NAD or NADH.

	Reaction
	Enzyme
	Localization

	Oxidation
	Alcohol dehydrogenase
	Cytosol

	
	Aldehyde dehydrogenase
	Mitochondria, cytosol

	
	Aldehyde oxidase
	Cytosol

	
	Xanthine oxidase
	Cytosol

	
	Monamine oxidase
	Mitochondria

	
	Diamine oxidase
	Cytosol

	
	Prostaglandin H synthase
	Microsomes

	
	Flavin- monopxygenase
	Microsomes

	
	Cytochrome P450
	Microsomes

	Reduction
	Azo-and nitro reduction
	Microflora, microsomes, cytosol

	
	Carbonyl reduction
	Cytosol- blood- microsomes

	
	Disulfide reduction
	Cytosol

	
	Sulfoxide reduction 
	Cytosol

	
	Quinone reduction
	Cytosol, microsomes

	
	Reductive dehalogenation
	Microsomes

	Hydrolysis
	Esterases
	Microsomes, blood, cytosol, lysosomes

	
	Peptidase
	Blood, lysosomes

	
	Epoxide hydrolase
	Microsomes, cytosol








Phase I metabolism reaction:
A- Oxidation

Microsomal: catalyzed by a group of enzymes called mixed-function oxidases or monooxygenases.  The terminal oxidase is generally the hemprotein called cytochrome P450 (CYP) but could be flavoprotein. 

[image: http://aje.oxfordjournals.org/content/159/1/1/F1.medium.gif]
1. Alcohol Dehydrogenase (ADH):  encoded by six different gene loci ADH1- ADH6, 
Atypical ADH: occurs in 90% of Japanese and Chinese.
2. Aldehyde dehydrogenase (ALDH): oxidizes aldehyde dehydrogenase to carboxylic acids with NAD+ as the cofactor.
Genetic polymorphism for ALDH2 present in 50% of Japanese, Chinese, and Vietnamese population. This polymorphism decreases the activity of the enzyme:
Vary rapid to convert to aldehyde but slow to convert to carboxylic acid. Aldehyde is more toxic than the corresponding alcohol.
Methanol and ethylene glycol (antifreeze) can be converted to toxic carboxylic acids like formic acid methanol and oxalic acids.
[image: http://www.biology-online.org/user_files/Image/Genetics/GE-alcoholF01.jpg]
3. Monoamine Oxidase (MAO- A and B) Diamine Oxidase (DAO), and polyamine oxidase (PAO)- all involved in the oxidative deamination of primary and secondary and tertiary amines.
MAO-B plays important role in the activation of MPTP (1-methyl-4-phenyl-1,2,5,6, tetrahydropuridine ) which is  a neurotoxin precursor to MPP+, which causes permanent symptoms of Parkinson's disease by destroying dopaminergic neurons in the substantia nigra of the brain.
Injection of MPTP causes rapid onset of Parkinsonism especially with teanagers.
[image: https://encrypted-tbn2.google.com/images?q=tbn:ANd9GcRmTzmL15INr4rhUQd-I7sP6G1arj2YvhQhWWv_7b9wmealyt3i]

Blood brain barrier                                                                          Inhibition of dopamine uptake and destruction of dopaminergic neurons
                                                                                                        Block electron transport system in the brain so no ATP





4. Flavin – Containing Monooxygenases (FMOs). 
Family of five enzymes in the liver, lung, and kidney. They oxidize the nucleophilic nitrogen, sulfur, and phosphorous heteroatoms of variety of xenobiotics. Requires NADPH and O2 and are microsomals enzymes. Many of its reactions can be also catalyzed by the P450. Catlayzes the oxidation of nucleophilic tertiary amines to N-oxides, secondary amines, and hydroxylamines and nitrones, and primary amines to hydroxylamines and oximes. Also oxidizes several sulfur-containing xenobiotics (thiols, thioether, thiones, and thiocarbamatees.)
FMO3: major in human liver. Metabolizes nicotine.
FMO2: low level in lungs. Oxygenates long aliphatic primary  amines.
FMO1- Kidney, short –chain tertiary amines.
FMO4: brain.
5. Cytochrome P450: 
Cytochrome P450s: the most important phase I enzyme family in terms of versatility and the total number of xenobiotics it metabolizes. 
Found mainly in the liver, kidney, and small intestine. Can be found in the brain, lungs and ………………………………………………………………………………………………….
Endogenous ligands include cholesterol, steroids, vitamins, fatty acids, econsinodids, and lipids like thromboxane A2.
A superfamily of over 2500 enzymes total in a variety of different species. To date, human has at least 193 enzymes.
All P450 enzymes are heme-containing proteins usually ferric (Fe+3) state.
One of the most reactions that P450s catalyze is hydroxylation. P450 also called monooxygenases because they incorporate one atom of oxygen into a substrate while the other is reduced to water with reducing equivalent derived from NADPH.
e.g., insertion of one atom of oxygen into an organic substrate (RH) while the other oxygen atom is reduced to water:
RH + O2 + NADPH + H+ → ROH + H2O + NADP+
Important CYPS TABLE 3.4 page 67
Inducers and inhibitors
· Grouped based on similarities in amino acids structure to each other
· Amin CYP families for xenobiotic transformation in human are CYP1, CYP2, and CYP3.
· Also have CYP4 I liver but substrate mainly fatty acids.
· Most common in human liver: CYP1A1, 1A2, 1B1, 2A6, 2B6, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4, 3A7, 4A9, and 4A11.
· They are Constitutive which means ………………………………………………………………………………………………………………………………. …………………………………………………………….
· CYP1A1 is inducible CYP1A2 is constitutive.
All mammalian species have this high levels of CYP1A2 in liver (not expressed in other tissues) while 1A1 is expressed in skin, lung, intestine.
Induction of these enzymes by cigarette smoke, charcoal-boiled meat, cruciferous vegetables, PAH (Poly Aromatic Hydrocabons).


Induction of P450:
Focusing in nuclear receptors:
Aryl hydrocarbon (Ah) receptor and Ah -receptor –nuclear translocater protein (ARNT)
Dioxin –Responsive Element DRE or Xenobiotic Responsive Element XRE
Steps:
The Aryl hydrocarbon receptor (AhR or AHR) is a member of the family of basic helix-loop-helix transcription factors. The physiological ligands of this receptor are unknown, but it binds several exogenous ligands such as natural plant flavonoids, polyphenolics and indoles, as well as synthetic polycyclic aromatic hydrocarbons and dioxin-like compounds. AhR is a cytosolic transcription factor that is normally inactive, bound to several co-chaperones. Upon ligand binding to chemicals such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the chaperones dissociate resulting in AhR translocating into the nucleus and dimerizing with ARNT (AhR nuclear translocator), leading to changes in gene transcription.
Think about PCN and Rifampin?[image: http://herkules.oulu.fi/isbn9514258649/html/graphic11.png]

Constitutive Androstane Receptor (CAR) and Pregnane X Receptorn (PXR)
Steps: 
1. A ligand such as phenobarbital binds to CAR which is in the cytosol.
2. Translocate to the nucleus.
3. Bind to the response element PBREM and dimerize with RXR, Retinoid X Receptor leading to the induction of :
4. Phase I (CYP2B) and phase II, and Phase III enzymes.
If a ligand binds to PXR which is found in the nucleus, they will bind dimerize with RXR and bind to the response element XREM (Xenobiotic Response Element)leading to the induction of Phase I (CYP3A) and Phase II and Phase III.  

[image: ]
Think about Androstanol? 
DDT, dieldrine ketacozolo?


Other Receptors:
· PPAR – Peroxisome proliferator –activated Receptor.
Think about these Advil, NSAIDS, ibuprofen, phthalate? 
What could peroxisomes do to liver or kidneys?
· GRE- Glucocorticoid Receptor -
Both 1A1 and 1A2 catalyze the O-dealkalytion of 7-methoxyresorufin and 7-ethoxyresorufin. 
1A1 –hydroxylation and epoxidation of benzo[a]pyrene.
CYP2B6: has very low levels in adult liver, inducible by rifampin and phenobarbital.
CYP2C8: pactitaxel (taxol) metabolism, trans retinoic acid, arachidonic acid. 
CYP2C9: tolbutamid metabolism. Has a polymorphism-poor metabolizer. Metabolizes several NSAIDs to potentially toxic compounds.
CYP2C18 expressed in human liver, but function unknown. 
CYP2C19: important in drug metabolism. Have polymorphism, especially anticovalent drug 2 mephenytoin. 
CYP2D6- 1950s patients were given sparteine as an inducer of labor –but in about 7% of the people tested, sparteine prolonged uterine contraction and produced abnormally rapid labor. Polymorphic: mutation in CYP2D6 which causes people to metabolize drugs poorly. 
CYP2E1: metabolize ethanol along with alcohol dehydrogenase. Metabolizes a number of halogenated alkanes, benzene, caffeine, and other alcohols. Expressed constitutively in human liver and can be induced by ethanol. Activates paracetamol into hepatotoxic metabolite.
CYP3A- most abundant P450 families in human liver-CYP3A4, CYP3A5, CYP3A7.
CYP3A7 is considered a fetal form where the other two are adult forms. 
CYP3A4 in small intestine and 3A5 in kidney. Responsible for metabolizing an enormous variety of drugs including paracetamol, ethinyestradiol, tamoxifin, as well as steroids and warfin. Can be inhibited by flavones (components in grapefruit juice), antibiotics  like erythromycin, antimycotics like ketakonazol.
CYP4A9/11: hydrozylation of fatty acids- Little involvement in xenobiotic metabolism. 
CYP7A: bile acid biosynthesis
CYP11- steroids biosynthesis
CYP17- steroid biosynthesis 17 α-hydroxylase
CYP19- steroid biosynthesis –aromatase- forms estrogen from testosterone.
CYP21- steroids biosynthesis
CYP24- vitamin D degradation
CYP26-retinoid acid hydroxylase –important in development. 
CYP 27A- bile acid biosynthesis
CYP27B- vitamin D3-1α hydrolase –activates vitamin D3
CYP51- cholesterol biosynthesis
Reactions catalyzed by P450:
1. Hydroxylation of an aliphatic or aromatic carbon: can be epoxidated. 
2. Epoxidation of a double bond
3. Hetroatom (S, N and I) oxygenation and N-hydroxylation.
4. Hetroatom(O, S, N) dealkylation  
5. Oxidative group transfer
6. Cleavage of esters
7. Dehydrogenation

Aromatic hydroxylation: can proceed via an arene oxide (epoxide) that isomerases to the corresponding phenol or direct insertion. 
Xenobiotics containing a carbon-carbon double bond – can be epoxidated. 
Note that epoxide is more reactive.
[image: http://1.bp.blogspot.com/-HvoKgJ8vNsg/Tx-nh492hNI/AAAAAAAAATU/EuxUS81aulk/s1600/Epoxide.png] [image: http://t0.gstatic.com/images?q=tbn:ANd9GcQTew66K3_-HLCrjDTJB6G9kbFhQCpPjht6c2lsXBCfFptxJI19I5vqdXlIWA]
Suicide inhibition: Define it and give examples about it !!!!!!!


IMPORTANT EXAMPLES:
Some compounds can be activated to more toxic compounds by P450 P450 but others can be metabolized to less toxic.
Recognize from the following which one is activated and which is not. Good Homework and self-dependent thinking?
7-ethoxyresorofin is de- alkalized by CYP1A1 and CYP1A2 to resorofin. It is used as a biomarker for PAHs
[image: http://www.springerimages.com/img/Images/Springer/JOU=00775/VOL=2011.16/ISU=6/ART=789/MediaObjects/MEDIUM_775_2011_789_Fig1_HTML.jpg]
Testosterone is hydrogenated by CYP3A4 to give 6-Dehydrotestosterone or by CYP2B1 to give the active form Androstenedione.
[image: ]
Paracetamol 
[image: http://upload.wikimedia.org/wikipedia/commons/thumb/d/d9/M%C3%A9tabolisme_paracetamol.png/350px-M%C3%A9tabolisme_paracetamol.png]

[image: http://img.medscape.com/fullsize/migrated/518/631/smj518631.fig1.gif]

Parathion:
 [image: ]	Esterases





Benzo [a] pyrene 
[image: http://cebp.aacrjournals.org/content/13/8/1342/F1.large.jpg]
Carbon tetrachloride:
[image: http://www.nature.com/labinvest/journal/v92/n3/images/labinvest2011193f9.jpg]

---------------------------------------------------------------------------------------------------------------------


Reduction Reactions
Reductions take place in both the soluble and microsomal fractions under anaerobic conditions. Cytochrome P450 or a flavoprotein may be involved in the microsomal reactions, with NADPH as a required reductant.
Important reduction reactions may also take place in the gut by bacterial P450 reductases. An example is the reduction of the azo dye prontosil to give the antimicrobial drug sulfanilamide:
[image: structural diagram for Prontosil reductive metabolism]
Nitrobenzene toxicity to red blood cells occurs as a result of its reduction by the microbial P450/NADPH system. The nitrosobenzene and phenylhydroxylamine intermediates in this reduction are toxic to red cells:
[image: Nitrobenzene reductive metabolism]
Reductive Dehydrohalogenation
Under anerobic conditions can get dehalogenation using P450/NADPH. An example is the reaction of Halothane under anaerobic conditions:
[image: structural diagram for reductive dehydrohalogenation]
 


Hydrolysis Reactions
1. Carboxylases: Enzymes that hydrolyze xenobiotics containing the functional groups carboxylic acids, amide,  thioester. Phosphoric ester, and acid anhydride. Organoinsecticides  will be inactivated by carboxylesterases. 
Endogenous ligand for carboxylases include Palmitoyl-CoA , monoacylglycerol, diacyglycerol, and other esterified lipids.
Carboxylesterases can bind organophosphates Pesticides (OP) and they are classified by their interaction with OPs to :
A-esterases: hydrolyze OP
B-esterases: bind to OP and inhibit them (blockers)
C-esterases: No interaction
Vinyl acetate ( wood glue is polymerized vinylacetate)

Carboxylesterase


Acetate		acetylaldehyde

[bookmark: _GoBack]Covalent binding to DNA and protein

Nasal tumors
2. Epoxide hydrolases: catalyzes the trans-addition of water to alkene epoxides and arene oxidetypically from P450 reactions. The product of the hydrolyation is 1, 2 dihydrodiols. 
Esters and amides are commonly hydrolyzed:
[image: structural diagram for the hydrolysis of esters]
An example is the hydrolysis of the anesthetic, procaine, that is rapidly hydrolyzed by esterases in the plasma and by tissue microsomal esterases:


[image: structural diagram for the hydrolysis of Procaine]
The analogous amide, procainamide, is hydrolyzed more slowly by amidases in the microsomal fraction of tissue. It is not hydrolyzed at all in the plasma.
Organoinsecticides  will be inactivated by carboxylesterases. 



[image: ]
Figure 3.10 Hydrolytic and reductive phase I reactions.
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TABLE 3.1 Pharmacologic Effects with Xenobiotic Metabolism

Phase | Phase I

Active to Inactive

Acetaminophen —UGT/ST—

Aflatoxin 2,3-cpoxide —GST— 8 glutathionyl-9
hydroxyaflatoxin

Amphetamine —P450— phenylacetone
Cocaine —esterase— benzoylecgonine

Hexobarbital —P450—
Phenytoin —P450—

Acetylsalicylic acid —esterase— salicylic acid
Codeine —P450— morphine

Heroin —esterase— morphine
Primidone-P450— phenobarbital

Morphine —UGT— morphine-3-glucuronide
Testosterone —ST—

Active to Active

Morphine —UGT— morphine-6-glucuronide
Procainamide —AT — N-acetylprocainamide
‘Thiobarbital —P450— barbital

Inactive 1o Active
Chloral hydrate —reductase— trichloroethanol

Prontosil —reductase— sulfanilamide

Sulindac —reductase— sulfide

Inactive to Toxic

Acetaminophen —P450—

N-acetyl-p-benzoquinine imine
Acetylhydrazine —P450— acetylcarbonium ion
Aflatoxin —P450—> aflatoxin-8.9 epoxide
Malathion —P450— malaoxon
Nitrofurantoin —reductase— hydroxylamine
Benzo(@)pyrene 7.8-diol —P450— benzo(a)pyrene 7.8-diol 9, 10-cpoxide
Dimethylnitrosamine —P450—

‘methyldiazohydroxide

N-Hydroxyacetylaminofluorene —ST—

N-Hydroxymethylaminoazobenzene —ST—
Tetrachloroethylene —GST—
Tolmetin —UGT—
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