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SECTION I


Principles of Pharmacology










Chapter 1 Pharmacokinetics






I. General (Fig. 1-1)




A. Pharmacokinetics is the fate of drugs within the body.




B. It involves drug:




1. Absorption



2. Distribution



3. Metabolism



4. Excretion





[image: image]

1-1 Schematic representation of the fate of a drug in the body (pharmacokinetics). Orange arrows indicate passage of drug through the body (intake to output). Orange circles represent drug molecules. RBC, red blood cell.







ADME− Absorption, Distribution, Metabolism, Excretion






II. Drug Permeation




• Passage of drug molecules across biological membranes



• Important for pharmacokinetic and pharmacodynamic features of drugs



A. Processes of permeation (Fig. 1-2)



1. Passive diffusion








a. Characteristics








(1) Does not make use of a carrier



(2) Not saturable since it doesn't bind to a specific carrier protein



(3) Low structural specificity since it doesn't require a carrier protein



(4) Driven by concentration gradient





[image: image]

1-2 Overview of various types of membrane-transport mechanisms. Open circles represent molecules that are moving down their electrochemical gradient by simple or facilitated diffusion. Shaded circles represent molecules that are moving against their electrochemical gradient, which requires an input of cellular energy by transport. Primary active transport is unidirectional and utilizes pumps, while secondary active transport takes place by cotransport proteins.


(From Pelley JW and Goljan EF. Rapid Review Biochemistry, 2nd ed. Philadelphia, Mosby, 2007, Figure 3-1.)











Passive diffusion driven by concentration gradient.






b. Aqueous diffusion








(1) Passage through central pores in cell membranes





Aqueous diffusion via pores in cell membranes.






(2) Possible for low-molecular-weight substances (e.g., lithium, ethanol)



c. Lipid diffusion








(1) Direct passage through the lipid bilayer



• Facilitated by increased degree of lipid solubility



(2) Driven by a concentration gradient (nonionized forms move most easily)



(3) Lipid solubility is the most important limiting factor for drug permeation



• A large number of lipid barriers separate body compartments.



(4) Lipid to aqueous partition coefficient (PC) determines how readily a drug molecule moves between lipid and aqueous media.





High lipid-to-oil PC favors lipid diffusion.


Most drugs are absorbed by passive diffusion.






2. Carrier-mediated transport








a. Transporters are being identified and characterized that function in movement of molecules into (influx) or out (efflux) of tissues



• See Tables 3-1; and 3-2 of Biochemistry Rapid Review for further details on the movement of molecules and ions across membranes.



b. Numerous transporters such as the ABC (ATP-binding cassette) family including P-glycoprotein or multidrug resistant-associated protein type 1 (MDR1) in the brain, testes, and other tissues play a role in excretion as well as in drug-resistant tumors.





Carrier-mediated transport is mediated by influx and efflux transporters.






c. Characteristics of carrier-mediated transport








(1) Structural selectivity



(2) Competition by similar molecules





Drug competition at transporters is a site of drug-drug interactions.






(3) Saturable



d. Active transport








(1) Energy-dependent transporters coupled to ATP hydrolysis (primary active transport); others take place by cotransport proteins (secondary active transport)



(2) Movement occurs against a concentration or electrochemical gradient



(3) Most rapid mode of membrane permeation



(4) Sites of active transport



(a) Neuronal membranes



(b) Choroid plexus



(c) Renal tubular cells



(d) Hepatocytes





Active transport requires energy to move molecules against concentration gradient.






e. Facilitated diffusion








(1) Does not require energy from ATP hydrolysis



(2) Involves movement along a concentration or electrochemical gradient



(3) Examples include: movement of water soluble nutrients into cells



(a) Sugars



(b) Amino acids



(c) Purines



(d) Pyrimidines





Sugars, amino acids, purines, pyrimidines and L-dopa by facilitated diffusion






3. Pinocytosis/endocytosis/transcytosis








a. Process in which a cell engulfs extracellular material within membrane vesicles



b. Used by exceptionally large molecules (molecular weight >1000), such as:








(1) Iron-transferrin complex



(2) Vitamin B12-intrinsic factor complex



III. Absorption




• Absorption involves the process by which drugs enter into the body.



A. Factors that affect absorption




1. Solubility in fluids bathing absorptive sites








a. Drugs in aqueous solutions mix more readily with the aqueous phase at absorptive sites, so they are absorbed more rapidly than those in oily solutions.



b. Drugs in suspension or solid form are dependent on the rate of dissolution before they can mix with the aqueous phase at absorptive sites.



2. Concentration



• Drugs in highly concentrated solutions are absorbed more readily than those in dilute concentrations



3. Blood flow








a. Greater blood flow means higher rates of drug absorption



b. Example−absorption is greater in muscle than in subcutaneous tissues.



4. Absorbing surface





Blood flow to site of absorption important for speed of absorption.











a. Organs with large surface areas, such as the lungs and intestines, have more rapid drug absorption



b. Example−absorption is greater in the intestine than in the stomach.





Drugs given intramuscularly are absorbed much faster than those given subcutaneously.


Absorbing surface of intestine is much greater than stomach.






5. Contact time



• The greater the time, the greater the amount of drug absorbed.



6. pH








a. For weak acids and weak bases, the pH determines the relative amount of drug in ionized or nonionized form, which in turn affects solubility.



b. Weak organic acids donate a proton to form anions (Fig. 1-3), as shown in the following equation:





[image: image]

1-3 Examples of the ionization of a weak organic acid (salicylate, top) and a weak organic base (amphetamine, bottom).






[image: image]




where HA = weak acid; H+ = proton; A− = anion





Weak organic acids are un-ionized (lipid soluble form) when protonated.






c. Weak organic bases accept a proton to form cations (see Fig. 1-3), as shown in the following equation:




[image: image]





where B = weak base; H+ = proton; HB+ = cation








Weak organic base are ionized (water soluble form) when protonated.






d. Only the nonionized form of a drug can readily cross cell membranes.



e. The ratio of ionized versus nonionized forms is a function of pKa (measure of drug acidity) and the pH of the environment.








(1) When pH = pKa, a compound is 50% ionized and 50% nonionized



(2) Protonated form dominates at pH less than pKa




(3) Unprotonated form dominates at pH greater than pKa.



(4) The Henderson-Hasselbalch equation can be used to determine the ratio of the nonionized form to the ionized form.


[image: ]



f. Problem: Aspirin is a weak organic acid with a pKa of 3.5. What percentage of aspirin will exist in the lipid soluble form in the duodenum (pH = 4.5)?



• Solution:
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and
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or
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or
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Weak organic acids pass through membranes best in acidic environments.


Weak organic bases pass through membranes best in basic environments.






IV. Bioavailability




• Bioavailability is the relative amount of the administered drug that reaches the systemic circulation.



• Several factors influence bioavailability.





Bioavailability depends on the extent of an orally administered drug getting into the systemic circulation






A. First-pass metabolism




• Enzymes in the intestinal flora, intestinal mucosa, and liver metabolize drugs before they reach the general circulation, significantly decreasing systemic bioavailability.





Sublingual nitroglycerin avoids first-pass metabolism, promoting rapid absorption.






B. Drug formulation




• Bioavailability after oral administration is affected by the extent of disintegration of a particular drug formulation.





Slow release formulations are designed to extend the time it takes a drug to be absorbed so that the drug can be administered less frequently.






C. Bioequivalence




1. Two drug formulations with the same bioavailability (extent of absorption) as well as the same rate of absorption are bioequivalent.



2. Must have identical:








a. Tmax (time to reach maximum concentration)



b. Cmax (maximal concentration)



c. AUC (area-under-the-curve from concentration versus time graphs)





Bioequivalence depends on both rate and extent of absorption.






D. Route of administration (Table 1-1)



V. Distribution




• Distribution is the delivery of a drug from systemic circulation to tissues.



• Drugs may distribute into certain body compartments (Table 1-2).



A. Apparent volume of distribution (Vd)




1. Refers to the space in the body into which the drug appears to disseminate



2. It is calculated according to the following equation:[image: image]




where C0 = extrapolated concentration of drug in plasma at time 0 after equilibration (Fig. 1-4).



3. A large Vd means that a drug is concentrated in tissues.


TABLE 1-1 Routes of Administration






	Route

	Advantages

	Disadvantages






	Enteral

	 

	 






	Oral

	


Most convenient



Produces slow, uniform absorption



Relatively safe



Economical




	


Destruction of drug by enzymes or low pH (e.g., peptides, proteins, penicillins) Poor absorption of large and charged particles



Drugs bind or complex with gastrointestinal contents (e.g., calcium binds to tetracycline)



Cannot be used for drugs that irritate the intestine









	Rectal

	


Limited first-pass metabolism



Useful when oral route precluded




	


Absorption often irregular and incomplete



May cause irritation to rectal mucosa









	Sublingual/buccal

	Rapid absorption Avoids first-pass metabolism

	Absorption of only small amounts (e.g., nitroglycerin)






	Parenteral

	 

	 






	Intravenous

	


Most direct route



Bypasses barriers to absorption (immediate effect)



Suitable for large volumes



Dosage easily adjusted




	


Increased risk of adverse effects from high concentration immediately after injection



Not suitable for oily substances or suspensions









	Intramuscular

	


Quickly and easily administered



Possible rapid absorption



May use as depot



Suitable for oily substances and suspensions




	


Painful



Bleeding



May lead to nerve injury









	Subcutaneous

	


Quickly and easily administered



Fairly rapid absorption



Suitable for suspensions and pellets




	


Painful



Large amounts cannot be given









	Inhalation

	


Used for volatile compounds (e.g., halothane and amyl nitrite) and drugs that can be administered by aerosol (e.g., albuterol)



Rapid absorption due to large surface area of alveolar membranes and high blood flow through lungs



Aerosol delivers drug directly to site of action and may minimize systemic side effects




	Variable systemic distribution






	Topical

	Application to specific surface (skin, eye, nose, vagina) allows local effects

	May irritate surface






	Transdermal

	Allows controlled permeation through skin (e.g., nicotine, estrogen, testosterone, fentanyl, scopolamine, clonidine)

	May irritate surface









TABLE 1-2 Body Compartments in Which Drugs May Distribute
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[image: image]

1-4 Semilogarithmic graph of drug concentration versus time; C0 = extrapolated concentration of drug in plasma at time 0 after equilibration







Large Vd when drug concentrated in tissue.






4. A small Vd means that a drug is in the extracellular fluid or plasma; that is, the Vd is inversely related to plasma drug concentration.





Low Vd when drug remains in plasma.






5. Problem: 200 mg of drug X is given intravenously to a 70 kg experimental subject and plasma samples are attained at several times after injection. Plasma protein binding was determined to be 70% and the extrapolated concentration at time zero was found to be 5.0 mg/L. Which of the following compartments does this drug appear to be primarily found in?



• Solution:
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or
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or
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Thus, this drug appears to distribute in a volume close to total body water (see Table 1-2)



B. Factors that affect distribution




• Plasma protein and tissue binding, gender, age, amount of body fat, relative blood flow, size, and lipid solubility



1. Plasma protein binding








a. Drugs with high plasma protein binding remain in plasma; thus, they have a low Vd and a prolonged half-life.



• Examples−warfarin, diazepam



b. Binding acts as a drug reservoir, slowing onset and prolonging duration of action.



c. Many drugs bind reversibly with one or more plasma proteins (mostly albumin) in the vascular compartment.





Plasma protein binding favors smaller Vd.






Tissue protein binding favors larger Vd.



• Examples−chlordiazepoxide, fluoxetine, tolbutamide, etc.



d. Disease states (e.g., liver disease, which affects albumin concentration) or drugs that alter protein binding influence the concentration of other drugs.



• Examples of drugs−Furosemide or valproate can displace warfarin from albumin



2. Sites of drug concentration (Table 1-3)








a. Redistribution








(1) Intravenous thiopental is initially distributed to areas of highest blood flow, such as the brain, liver, and kidneys.



(2) The drug is then redistributed to and stored first in muscle, and then in adipose tissue.


TABLE 1-3 Sites of Drug Concentration






	Site

	Characteristics






	Fat

	Stores lipid-soluble drugs






	Tissue

	


May represent sizable reservoir, depending on mass, as with muscle



Several drugs accumulate in liver









	Bone

	Tetracyclines are deposited in calcium-rich regions (bones, teeth)






	Transcellular reservoirs

	Gastrointestinal tract serves as transcellular reservoir for drugs that are slowly absorbed or that are undergoing enterohepatic circulation










Thiopental's anesthetic action is terminated by drug redistribution.






b. Ion trapping








(1) Weak organic acids are trapped in basic environments.





Weak organic acids are trapped in basic environments.






(2) Weak organic bases are trapped in acidic environments.





Weak organic bases are trapped in acidic environments.






3. Sites of drug exclusion (places where it is difficult for drugs to enter)








a. Cerebrospinal, ocular, endolymph, pleural, and fetal fluids



b. Components of blood-brain barrier (BBB)








(1) Tight junctions compared to fenestrated junctions in capillaries of most tissues



(2) Glia wrappings around capillaries



(3) Low cerebral spinal fluid (CSF) drug binding proteins



(4) Drug-metabolizing enzymes in endothelial cells



• Examples of enzymes−monoamine oxidases, cytochrome P-450s



(5) Efflux transporters





L-Dopa is converted dopamine after transport across BBBB.






VI. Biotransformation: Metabolism




• The primary site of biotransformation, or metabolism, is the liver, and the primary goal is drug inactivation.





Diseases that affect the liver influence drug metabolism.






A. Products of drug metabolism




1. Products are usually less active pharmacologically.



2. Products may sometimes be active drugs where the prodrug form is inactive and the metabolite is the active drug.





Valacyclovir (good oral bioavailability) is a prodrug to acyclovir (treats herpes).






B. Phase I biotransformation (oxidation, reduction, hydrolysis)




1. The products are usually more polar metabolites, resulting from introducing or unmasking a function group (−OH, −NH2, −SH, −COO−).





Phase 1: oxidation, reduction, hydrolysis.






2. The oxidative processes often involve enzymes located in the smooth endoplasmic reticulum (microsomal).



3. Oxidation usually occurs via a cytochrome P-450 system.





Many oxidations by microsomal cytochrome P-450 enzymes.






4. The estimated percentage of drugs metabolized by the major P-450 enzymes (Fig. 1-5)



5. Non-microsomal enzymes include:








a. Esterases



b. Alcohol/aldehyde dehydrogenases



c. Oxidative deaminases



d. Decarboxylases



C. Phase II biotransformation




1. General








a. Involves conjugation, in which an endogenous substance, such as glucuronic acid, combines with a drug or phase I metabolite to form a conjugate with high polarity





[image: image]

1-5 Diagram showing the estimated percentage of drugs metabolized by the major cytochrome P-450 enzymes.







Phase II are synthesis reactions; something is added to the molecule.






b. Glucuronidation and sulfation make drugs much more water soluble and excretable.





Conjugation reactions (e.g., glucuronidation, sulfation) usually make drugs more water soluble and more excretable.






c. Acetylation and methylation make drugs less water soluble; acetylated products of sulfonamides tend to crystallize in the urine (i.e., drug crystals)





Methylation and acetylation reactions often make drugs less water soluble.






2. Glucuronidation








a. A major route of metabolism for drugs and endogenous compounds (steroids, bilirubin)



b. Occurs in the endoplasmic reticulum; inducible





Newborn babies have very low enzyme glucuronysyltransferase activity, cannot eliminate chloramphenicol → "Gray baby" syndrome






3. Sulfation








a. A major route of drug metabolism



b. Occurs in the cytoplasm



4. Methylation and acetylation reactions



• Involve the conjugation of drugs (by transferases) with other substances (e.g., methyl, acetyl) to metabolites, thereby decreasing drug activity



D. Phase III disposition processes




Transporters responsible for influx and efflux of molecules involved in absorption, distribution, and elimination





Phase III of disposition; influx and efflux transporters.






E. Drug interactions




May occur as a result of changes to the cytochrome P-450 enzyme system



1. Inducers of cytochrome P-450








a. Hasten metabolism of drugs; lowers therapeutic drug level



b. Examples:








(1) Chronic alcohol (especially CYP2E1)



(2) Phenobarbital



(3) Phenytoin



(4) Rifampin



(5) Carbamazepine





Many anticonvulsants induce cytochrome P-450 enzymes but valproic acid inhibits these enzymes.






(6) St. John's wort (herbal product)





Inducers of drug metabolism: chronic alcohol, phenobarbital, phenytoin, rifampin, carbamazepine, St. John's wort






2. Inhibitors of cytochrome P-450








a. Decreases metabolism of drugs; raises therapeutic drug level (danger of toxicity)



b. Examples:








(1) Acute alcohol



(2) Cimetidine



(3) Ketoconazole



(4) Erythromycin





Inhibitors of drug metabolism: acute alcohol, cimetidine, ketoconazole, erythromycin.






3. Inhibitors of intestinal P-glycoprotein transporters








a. Drugs that inhibit this transporter increase bioavailability, thus, resulting in potential toxicity.



b. Example of inhibitors−grapefruit juice increases the bioavailability of verapamil



c. Examples of drugs made more toxic−digoxin, cyclosporine, saquinavir



F. Genetic polymorphisms




1. Influence the metabolism of a drug, thereby altering its effects (Table 1-4)



2. Pharmacogenomics








a. Deals with the influence of genetic variation on drug responses due to gene expression or single-nucleotide polymorphisms (SNPs)



b. This impacts the drug's efficacy and/or toxicity




c. Many are related to drug metabolism



3. Personalized medicine uses patient's genotype or gene expression profile to tailor medical care to an individual's needs


TABLE 1-4 Genetic Polymorphisms and Drug Metabolism






	Predisposing Factor

	Drug

	Clinical Effect






	G6PD deficiency

	Primaquine, sulfonamides

	Acute hemolytic anemia






	Slow N-acetylation

	Isoniazid

	Peripheral neuropathy






	Slow N-acetylation

	Hydralazine

	Lupus syndrome






	Slow ester hydrolysis

	Succinylcholine

	Prolonged apnea






	Slow oxidation

	Tolbutamide

	Cardiotoxicity






	Slow acetaldehyde oxidation

	Ethanol

	Facial flushing







G6PD, glucose-6-phosphate dehydrogenase.





Personalized medicine means adjusting dose according to individual's phenotype.






4. Drugs recommended by the U.S. Food and Drug Administration (FDA) for pharmacogenomic tests








a. Warfarin for anticoagulation








(1) Adverse effect−bleeding



(2) Genes−CYP2C9 and vitamin K epoxide reductase (VKORC1)



(a) Deficiency of CYP2D9 increases the biological effect of warfarin



(b) Mutation in VKORC1 decreases the biological effect of warfarin



b. Isoniazid for antituberculosis








(1) Adverse effect−neurotoxicity



(2) Gene−N-Acetyltransferase (NAT2)



c. Mercaptopurine for chemotherapy of acute lymphoblastic leukemia








(1) Adverse effect−hematological toxicity



(2) Gene−thiopurine S-methyltransferase (TPMT)



d. Irinotecan for chemotherapy of colon cancer








(1) Adverse effects−diarrhea, neutropenia



(2) Gene−UDP-glucuronosyltransferase (UGT1A1)



e. Codeine as an analgesic








(1) Response−lack of analgesic effect





Codeine has to be converted by CYP2D6 to morphine in brain to be an active analgesic.






(2) Gene−CYP2D6






FDA recommends phenotyping for: warfarin, isoniazid, mercaptopurine, irinotecan, codeine.






G. Reactive metabolite intermediates




1. Are responsible for mutagenic, carcinogenic, and teratogenic effects, as well as specific organ-directed toxicity



2. Examples of resulting conditions:








a. Acetaminophen-induced hepatotoxicity





Acetaminophen overdose common choice for suicide attempts.






b. Aflatoxin-induced tumors



c. Cyclophosphamide-induced cystitis



VII. Excretion




• Excretion is the amount of drug and drug metabolites excreted by any process per unit time.



A. Excretion processes in kidney




1. Glomerular filtration rate








a. Depends on the size, charge, and protein binding of a particular drug



b. Is lower for highly protein-bound drugs



c. Drugs that are not protein bound and not reabsorbed are eliminated at a rate equal to the creatinine clearance rate (125 mL/minute).





A drug with a larger Vd is eliminated more slowly than one with a smaller Vd.






2. Tubular secretion








a. Occurs in the middle segment of the proximal convoluted tubule



b. Has a rate that approaches renal plasma flow (660 mL/min)



c. Provides transporters for:








(1) Anions (e.g., penicillins, cephalosporins, salicylates)



(2) Cations (e.g., pyridostigmine)



d. Can be used to increase drug concentration by use of another drug that competes for the transporter (e.g., probenecid inhibits penicillin secretion)





Probenecid inhibits the tubular secretion of most β-lactam antimicrobials.






e. Characteristics of tubular secretion








(1) Competition for the transporter



(2) Saturation of the transporter



(3) High plasma protein binding favors increased tubular secretion because the affinity of the solute is greater for the transporter than for the plasma protein



f. Examples of drugs that undergo tubular secretion:








(1) Penicillins



(2) Cephalosporins



(3) Salicylates



(4) Thiazide diuretics



(5) Loop diuretics



(6) Some endogenous substances such as uric acid





Excretion by tubular secretion is rapid, but capacity limited.






3. Passive tubular reabsorption








a. Uncharged drugs can be reabsorbed into the systemic circulation in the distal tubule.



b. Ion trapping








(1) Refers to trapping of the ionized form of drugs in the urine



(2) With weak acids (phenobarbital, methotrexate, aspirin), alkalinization of urine (sodium bicarbonate, acetazolamide) increases renal excretion.





Weak organic acids are excreted more readily when urine is alkaline.






(3) With weak bases (amphetamine, phencyclidine), acidification of urine (ammonium chloride) increases renal excretion.





Weak organic bases are excreted more readily when urine is acidic.






B. Excretion processes in the liver




1. Large polar compounds or their conjugates (molecular weight >325) may be actively secreted into bile.



• Separate transporters for anions (e.g., glucuronide conjugates), neutral molecules (e.g., ouabain), and cations (e.g., tubocurarine)





Size of molecule determines if a compound is more likely to be actively secreted in kidney (small molecular weights) or liver (larger molecular weights).






2. These large drugs often undergo enterohepatic recycling, in which drugs secreted in the bile are again reabsorbed in the small intestine.








a. The enterohepatic cycle can be interrupted by agents that bind drugs in the intestine (e.g., charcoal, cholestyramine).



b. Glucuronide conjugates secreted in the bile can be cleaved by glucuronidases produced by bacteria in the intestine and the released parent compound can be reabsorbed; antibiotics by destroying intestinal bacteria can disrupt this cycle.





Antimicrobials can disrupt enterohepatic recycling.






C. Other sites of excretion




• Example−excretion of gaseous anesthetics by the lungs



VIII. Kinetic Processes




• The therapeutic utility of a drug depends on the rate and extent of input, distribution, and loss.



A. Clearance kinetics




1. Clearance








a. Refers to the volume of plasma from which a substance is removed per unit time





Clearance is the volume of plasma from which drug is removed per unit of time.






b. To calculate clearance, divide the rate of drug elimination by the plasma concentration of the drug.





Cl = Rate of elimination of drug ÷ Plasma drug concentration






2. Total body clearance








a. It is calculated using the following equation:




[image: image]





where Vd = volume of distribution, Kel = elimination rate








Know formula Cl = Vd × Kel






b. Problem: Drug X has a volume of distribution of 100 L and a Kel of 0.1 hr−1. What is its total body clearance (Cl)?



• Solution:




[image: image]





or





[image: image]





or





[image: image]









3. Renal clearance








a. It is calculated using the following equation:[image: image]

where U = urine flow (mL/min), Cur = urine concentration of a drug, Cp = plasma concentration of a drug





b. Problem: What is the renal clearance (Clr) of Drug X if 600 mL of urine was collected in one hour and the concentration of Drug X in the urine was 1 mg/mL and the mid-point plasma concentration was 0.1 mg/mL?



• Solution:



Clr = (60 mL/min × 1 mg/mL)/0.1 mg/min



Clr = 600 mL/min; this drug must be eliminated by tubular secretion since clearance approaches renal plasma flow



B. Elimination kinetics




1. Zero-order kinetics








a. Refers to the elimination of a constant amount of drug per unit time



• Examples−ethanol, heparin, phenytoin (at high doses), salicylates (at high doses)



b. Important characteristics of zero-order kinetics








(1) Rate is independent of drug concentration.



(2) Elimination pseudo-half-life is proportional to drug concentration.



(3) Small increase in dose can produce larger increase in concentration.



(4) Process only occurs when enzymes or transporters are saturated.





Zero order clearance occurs when clearance mechanisms are saturated: high drug doses.






c. Graphically, plasma drug concentration versus time yields a straight line (Fig. 1-6A).





[image: image]

1-6 Kinetic order of drug disappearance from the plasma. Note that the scale on the left x-axis is arithmetic, yielding a relationship shown by the solid line, and the scale on the right x-axis is logarithmic, yielding a relationship shown by the dashed line.







Zero-order: dose-dependent pharmacokinetics






2. First-order kinetics








a. Refers to the elimination of a constant percentage of drug per unit time



• Examples−most drugs (unless given at very high concentrations)



b. Important characteristics of first-order kinetics








(1) Rate of elimination is proportional to drug concentration.



(2) Drug concentration changes by some constant fraction per unit time (i.e., 0.1/hr).



(3) Half-life (t1/2) is constant (i.e., independent of dose).





Constant half-life (t1/2) with first order kinetics.






c. Graphically, a semilogarithmic plot of plasma drug concentration versus time yields a straight line (Fig. 1-6B).



d. Elimination rate constant (Kel)





First-order: dose-independent pharmacokinetics






• Sum of all rate constants due to metabolism and excretion




[image: image]





where Km = metabolic rate constant; Kex = excretion rate constant; Kel = elimination rate constant





e. Biologic or elimination half-life








(1) Refers to the time required for drug concentration to drop by one half; independent of dose.



(2) It is calculated using the following equation: [image: image]

where Kel = elimination rate constant







Know formula t1/2 = 0.693/Kel






(3) Problem: What is the half-life (t1/2) of a drug that has an elimination constant (Kel) of 0.05 hr−1?



• Solution:




[image: image]





or





[image: image]









3. Repetitive dosing kinetics; IV bolus or oral








a. Refers to the attainment of a steady state of plasma concentration of a drug following first-order kinetics when a fixed drug dose is given at a constant time interval



b. Concentration at steady state (Css) occurs when input equals output, as indicated by the following equation:[image: image]






Css occurs when input equals output.






where F = bioavailability; D = dose; τ = dosing interval; Cl = clearance



c. Problem: 100 mg of a drug with a bioavailability of 50% is given every half-life (t1/2). The drug has a t1/2 of 12 hours and a volume of distribution (Vd) of 100 L. What is the steady state concentration (Css) of this drug?








(1) Solution: First substitute in clearance (Cl = Vd × Kel) into the equation to get the new equation below:




[image: image]





Then substitute in the equation (Kel = 0.693/t1/2) and rearrange to get:





[image: image]





or





[image: image]





or





[image: image]









(2) The time required to reach the steady-state condition is 4 to 5 × t1/2 (Table 1-5).


TABLE 1-5 Number of Half-Lives (t1/2) Required to Reach Steady-State Concentration (Css)






	% Css


	Number of t1/2







	50.0

	1






	75.0

	2






	87.5

	3






	93.8

	4






	98.0

	5










It takes 4 to 5 half-lives to reach steady state






d. The loading dose necessary to reach the steady-state condition immediately can be calculated using the following equation for intermittent doses (oral or IV bolus injection):[image: image]

where LD = loading dose; Css = concentration at steady; Vd = volume of distribution; F = bioavailability








(1) Problem: What loading dose (LD) can be given to achieve steady state concentration immediately for the problem above?



(2) Solution:




[image: image]





or





[image: image]





or





[image: image]













Maintenance dose depends on clearance





Loading dose depends on volume of distribution


Loading dose is twice maintenance dose when given at drug's half-life



4. Repetitive dosing kinetics; intravenous infusion




[image: image]








[image: image]





where R0 = rate of intravenous infusion; Kel = elimination constant; LD = loading dose; Css = concentration at steady; Vd = volume of distribution






• Fig. 1-7 illustrates the accumulation of drug concentration during intravenous infusion and it its decline when infusion is stopped with respect to the half-life (t1/2) of the drug.



5. Amount of drug in body at any time:





[image: image]

1-7 Drug accumulation to steady state as infusion is started and decline when infusion is stopped.


(From Brenner G and Stevens C. Pharmacology, 3rd ed. Philadelphia, Saunders, 2010, Figure 2-12.)







[image: image]




where Xb = amount of drug in the body; Vd = volume of distribution; Cp = concentration in plasma





Know formula Xb = Vd × Cp











a. Problem: How much drug is in the body when the volume of distribution is 100 L and the plasma concentration 0.5 mg/L?



b. Solution:


[image: image]




or




[image: image]










Chapter 2 Pharmacodynamics






I. Definitions




A. Pharmacodynamics




• Involves the biochemical and physiologic effects of drugs on the body.



B. Receptor




• A macromolecule to which a drug binds to bring about a response.





Receptor is site that drug binds to, producing its actions.






C. Agonist




• A drug that activates a receptor upon binding.



D. Pharmacological antagonist




• A drug that binds without activating its receptor and, thus, prevents activation by an agonist.



E. Competitive antagonist




• A pharmacological antagonist that binds reversibly to a receptor so it can be overcome by increasing agonist concentration.



F. Irreversible antagonist




• A pharmacological antagonist that cannot be overcome by increasing agonist concentration.





Be able to distinguish reversible from irreversible binding drugs by how they affect log dose-response curves of an agonist (shown later in chapter).






G. Partial agonist




• A drug that binds to a receptor but produces a smaller effect at full dosage than a full agonist.





Be able to distinguish a full agonist from a partial agonists from log dose-response curves (shown later in chapter).






H. Graded dose-response curve




• A graph of increasing response to increasing doses of a drug.



I. Quantal dose-response curve




• A graph of the fraction of a population that gives a specified response at progressively increasing drug doses.





Understand the difference between a graded and quantal log dose-response curve (shown later in chapter).






II. Dose-Response Relationships




A. Overview




• These relationships are usually expressed as a log dose-response (LDR) curve.



B. Properties of LDR curves




1. LDR curves are typically S-shaped.



2. A steep slope in the midportion of the “S” indicates that a small increase in dosage will produce a large increase in response.



3. Types of log dose-response curves








a. Graded response (Fig. 2-1)








(1) Response in one subject or test system





[image: image]

2-1 Log dose-response curve for an agonist-induced response. The median effective concentration (EC50) is the concentration that results in a 50% maximal response.







Graded response is in an individual subject.






(2) Median effective concentration (EC50)



• Concentration that corresponds to 50% of the maximal response



b. All-or-none (quantal) response (Fig. 2-2)








(1) Number of individuals within a group responding to a given dose





[image: image]

2-2 A, Cumulative frequency distribution and frequency distribution curves for a drug using a logarithmic dose scale. B, Cumulative frequency distribution curves for the therapeutic and lethal effects of a drug using a logarithmic dose scale.







Quantal (all-or-none) response is in a population of subjects.






(2) The end point is set, and an individual is either a responder or a nonresponder




(3) This response is expressed as a normal histogram or cumulative distribution profile



(4) The normal histogram is usually bell-shaped





Graded response measures degree of change; quantal measures frequency of response.






(5) Median effective dose (ED50)



• Dose to which 50% of subjects respond



(6) The therapeutic index (TI) and the margin of safety (MS) are based on quantal responses.



(a) TI (therapeutic index): ratio of the lethal dose in 50% of the population (LD50) divided by the effective dose for 50% of the population (ED50), or [image: image]






TI = LD50 ÷ ED50






(b) MS (margin of safety): ratio of the lethal dose for 1% of the population (LD1) divided by the effective dose for 99% of the population (LD99), or

[image: ]






MS = LD1 ÷ ED99






III. Drug Receptors




• Drug receptors are biologic components on the surface of or within cells that bind with drugs, resulting in molecular changes that produce a certain response.



A. Types of receptors and their signaling mechanisms (Table 2-1)



1. Membrane receptors are coupled with a G protein, an ion channel, or an enzyme.








a. G protein-coupled receptors (GPCRs) (Table 2-2)








(1) These receptors are a superfamily of diverse guanosine triphosphate (GTP)-binding proteins that couple to “serpentine” (seven) transmembrane receptors.




TABLE 2-1 Drug Receptors and Mechanisms of Signal Transduction


[image: image]




TABLE 2-2 Major G Protein Signaling Pathways






	Gα Type

	Function*


	Coupled Receptors






	Gs


	Stimulates adenylyl cyclase (↑ cAMP)

	Dopamine (D1), epinephrine (β1, β2), glucagon, histamine (H2), vasopressin (V2)






	Gi


	Inhibits adenylyl cyclase (↓ cAMP)

	Dopamine (D2), epinephrine (α2)






	Gq


	Stimulates phospholipase C (↑ IP3, DAG)

	Angiotensin II, epinephrine (α1), oxytocin, vasopressin (V1), Histamine (H1)







cAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; IP3, inositol triphosphate.


* In some signaling pathways, Gs and Gi are associated with ion channels, which open or close in response to hormone binding.


(Adapted from Pelley JW and Goljan EF: Rapid Review Biochemistry, 2nd ed. Philadelphia, Mosby, 2007, Table 3-3.)







GPCRs; Gs stimulates cAMP; Gi inhibits cAMP; Gq stimulates phospholipase C.






(2) Gs-coupled receptors (Fig. 2-3)



(a) The Gsα subunits are coupled to adenylyl cyclase



(b) Activation stimulates the formation of intracellular cyclic adenosine monophosphate (cAMP)



(c) cAMP is responsible for numerous cellular responses (Table 2-3).



(d) cAMP activates protein kinase A





[image: image]

2-3 Cyclic adenosine monophosphate (cAMP) pathway. Following hormone binding, coupled G protein exchanges bound guanosine diphosphate (GDP) for guanosine triphosphate (GTP). Active Gsα-GTP diffuses in the membrane and binds to membrane-bound adenylyl cyclase, stimulating it to produce cAMP. Binding of cAMP to the regulatory subunits (R) of protein kinase A releases the active catalytic (C) subunits, which mediate various cellular responses.


(From Pelley JW and Goljan EF: Rapid Review Biochemistry, 2nd ed. Philadelphia, Mosby, 2007, Figure 3-6.)





TABLE 2-3 Effects of Elevated cyclic adenoside monphosphate (cAMP) in Various Tissues






	Tissue/Cell Type

	Hormone Increasing cAMP

	Major Cellular Response






	Adipose tissue

	Epinephrine

	↑ Hydrolysis of triglycerides






	Adrenal cortex

	Adrenocorticotropic hormone (ACTH)

	Hormone secretion






	Cardiac muscle

	Epinephrine, norepinephrine

	↑ Contraction rate






	Intestinal mucosa

	Vasoactive intestinal peptide, epinephrine

	Secretion of water and electrolytes






	Kidney tubules

	Vasopressin (V2 receptor)

	Resorption of water






	Liver

	Glucagon, epinephrine

	


↑ Glycogen degradation



↑ Glucose synthesis









	Platelets

	Prostacyclin (PGI2)

	Inhibition of aggregation






	Skeletal muscle

	Epinephrine

	↑ Glycogen degradation






	Smooth muscle (bronchial and vascular)

	Epinephrine

	


Relaxation (bronchial)



Vasodilation (arterioles)









	Thyroid gland

	Thyroid-stimulating hormone

	Synthesis and secretion of thyroxine







(Adapted from Pelley JW and Goljan EF: Rapid Review Biochemistry, 2nd ed. Philadelphia, Mosby, 2007, Table 3-4.)





cAMP activates protein kinase A.






(3) Gi-coupled receptors



(a) The Giα subunits are coupled to adenylyl cyclase



(b) Activation inhibits the formation of intracellular cyclic AMP (cAMP)



(c) Whereas the Giβγ subunits open K+ channels



(4) Gq-coupled receptors (Fig. 2-4)



(a) The Gqα subunits stimulate phospholipase C



(b) It cleaves PIP2 (phosphatidyl inositol 4,5-bisphosphate) to yield two second messengers



• IP3 (inositol 1,4,5-triphosphate), which can diffuse in the cytosol and release calcium from the endoplasmic reticulum





[image: image]

2-4 Phosphoinositide pathway linked to Gq-coupled receptor. Top, The two fatty acyl chains of PIP2 (phosphatidylinositol 4,5-bisphosphate) are embedded in the plasma membrane with the polar phosphorylated inositol group extending into the cytosol. Hydrolysis of PIP2 (dashed line) produces DAG, which remains associated with the membrane, and IP3, which is released into the cytosol. Bottom, Contraction of smooth muscle induced by hormones such as epinephrine (a1 receptor), oxytocin, and vasopressin (V1 receptor) results from the IP3-stimulated increase in cytosolic Ca2+, which forms a Ca2+-calmodulin complex that activates myosin light-chain (MLC) kinase. MLC kinase phosphorylates myosin light chains, leading to muscle contractions. ER, endoplasmic reticulum.


(From Pelley JW and Goljan EF: Rapid Review Biochemistry, 2nd ed. Philadelphia, Mosby, 2007, Figure 3-7.)








IP3 releases calcium from endoplasmic reticulum.


Calcium activates Ca2+/Calmodulin kinase.






• DAG (diacylglycerol), which remains associated with the plasma membrane and activates protein kinase C





DAG activates protein kinase C.






b. Ligand-gated channels (see Table 2-1)








(1) Agonists change ion conductance and alter the electrical potential of cells.



(2) The speed of the response is rapid (msec).



c. Receptor-linked enzymes (see Table 2-1)



• These receptors contain a single transmembrane α-helix, an extracellular hormone-binding domain, and a cytosolic domain with tyrosine kinase catalytic activity.



(1) Growth factors, such as the insulin receptor, signal via this pathway (Fig. 2-5)





[image: image]

2-5 Signal transduction from an insulin receptor. Insulin binding induces autophosphorylation of the cytosolic domain. IRS-1 (insulin receptor substrate) then binds and is phosphorylated by the receptor’s tyrosine kinase activity. Long-term effects of insulin, such as increased synthesis of glucokinase in the liver, are mediated via the RAS pathway, which is activated by MAP (mitogen-activated protein) kinase (left). Two adapter proteins transmit the signal from IRS-1 to RAS, converting it to the active form. Short-term effects of insulin, such as increased activity of glycogen synthase in the liver, are mediated by the protein kinase B (PKB) pathway (right). A kinase that binds to IRS-1 converts phosphatidylinositol in the membrane to PIP2 (phosphatidylinositol 4,5-bisphosphate), which binds cytosolic PKB and localizes it to the membrane. Membrane-bound kinases then phosphorylate and activate PKB.


(From Pelley JW and Goljan EF: Rapid Review Biochemistry, 2nd ed. Philadelphia, Mosby, 2007, Figure 3-8.)








Growth factors signal via ligand-regulated tyrosine kinases.






(2) Cytokines, such as interleukin-2, also signal via a pathway that is initiated by receptor tyrosine kinase driven pathway





Cytokines signal via ligand-regulated tyrosine kinases.






2. Intracellular receptors; inside cells (see Table 2-1)








a. Cytoplasmic guanylyl cyclase is activated by nitric oxide to produce cGMP



• Nitroglycerin and sodium nitroprusside use this pathway





cGMP activates protein kinase G.






b. Nuclear and cytosolic receptors (Fig. 2-6; also see Table 2-1)








(1) Alter gene expression and protein synthesis



(2) This mechanism is responsible for the biological actions of:



(a) Steroid hormones



(b) Thyroid hormones



(c) Retinoic acid



(d) Vitamin D





[image: image]

2-6 Signaling by hormones with intracellular receptors. Steroid hormones (e.g., cortisol) bind to their receptors in the cytosol, and the hormone-receptor complex moves to the nucleus. In contrast, the receptors for thyroid hormone and retinoic acid are located only in the nucleus. Binding of the hormone-receptor complex to regulatory sites in DNA activates gene transcription.


(From Pelley JW and Goljan EF: Rapid Review Biochemistry, 2nd ed. Philadelphia, Mosby, 2007, Figure 3-9.)








Steroid hormones, thyroid hormone, vitamin D and retinoic acid affect gene transcription via nuclear receptors.






c. Other intracellular sites can serve as targets for drug molecules crossing cell membranes (e.g., structural proteins, DNA, RNA); drugs using these mechanisms include:








(1) Antimicrobials



(2) Anticancer drugs



(3) Antiviral drugs





Most antimicrobials, antivirals, and anticancer drugs act on intracellular sites: ribosomes; DNA pathways; RNA pathways; mitochondria; folate pathways.






B. Degree of receptor binding




1. Drug molecules bind to receptors at a rate that is dependent on drug concentration.



2. The dissociation constant (KD = k−1/k1) of the drug-receptor complex is inversely related to the affinity of the drug for the receptor.





Drug affinity for a receptor is inversely proportional to the dissociation constant (KD = k−1/k1).











a. A drug with a KD of 10−7 M has a higher affinity than a drug with a KD of 10−6 M.



b. k1 is the rate of onset, and k−1 is the rate of offset for receptor occupancy.



3. The intensity of response is proportional to the number of receptors occupied.



C. Terms used to describe drug-receptor interactions




1. Affinity



• Propensity of a drug to bind with a given receptor



2. Potency



• Comparative expression that relates the dose required to produce a particular effect of a given intensity relative to a standard reference (Fig. 2-7)



3. Efficacy (intrinsic activity)



• Maximal response resulting from binding of drug to its receptor (see Fig. 2-7)



4. Full agonist



• Drug that stimulates a receptor, provoking a maximal biologic response



5. Partial agonist








a. Drug that provokes a submaximal response



b. In Figure 2-7, drug C is a partial agonist.





[image: image]

2-7 Dose-response curves of three agonists with differing potency and efficacy. Agonists A and B have the same efficacy but different potency; A is more potent than B. Agonists A and C have the same potency but different efficacy; A is more efficacious than C.







Be able to compare affinities, potencies, and intrinsic activities of drugs from LDR curves.






6. Inverse agonist



• Drug that stimulates a receptor, provoking a negative biologic response (e.g., a decrease in basal activity)



7. Antagonist








a. Drug that interacts with a receptor but does not result in a biologic response (no intrinsic activity)



b. Competitive antagonist (Fig. 2-8)








(1) Binds reversibly to the same receptor site as an agonist



(2) Effect can be overcome by increasing the dose of the agonist (reversible effect).



(3) A fixed dose of a competitive antagonist causes the log dose-response curve of an agonist to make a parallel shift to the right.



(4) A partial agonist may act as a competitive inhibitor to a full agonist.





[image: image]

2-8 Competitive antagonism. The log dose-response curve for drug A shifts to the right in the presence of a fixed dose of a competitive antagonist.







Propranolol is a competitive antagonist of epinephrine at β-adrenergic receptors.


Phentolamine is a competitive antagonist of epinephrine at α-adrenergic receptors.






c. Noncompetitive antagonist (Fig. 2-9)








(1) Binds irreversibly to the receptor site for the agonist



(2) Its effects cannot be overcome completely by increasing the concentration of the agonist.



(3) A fixed dose of a noncompetitive antagonist causes a nonparallel, downward shift of the log dose-response curve of the agonist to the right.





[image: image]

2-9 Noncompetitive antagonism. The log dose-response curve for drug A shifts to the right and downward in the presence of a fixed dose of a noncompetitive antagonist.







Phenoxybenzamine is a noncompetitive antagonist of epinephrine at α-adrenergic receptors.






IV. Pharmacodynamically Altered Responses




A. Decreased drug activity




1. Antagonism resulting from drug interactions








a. Physiologic (functional) antagonism








(1) This response occurs when two agonists with opposing physiologic effects are administered together.



(2) Examples: histamine (vasodilation), norepinephrine (vasoconstriction)





Anaphylactic reaction is produced by release of histamine; epinephrine is the drug of choice (DOC) for treatment.






b. Competitive antagonism








(1) This response occurs when a receptor antagonist is administered with an agonist.



(2) Examples



(a) Naloxone, when blocking the effects of morphine



(b) Atropine, when blocking the effects of acetylcholine (ACh) at a muscarinic receptor





Atropine is a competitive antagonist of ACh at muscarinic receptors.


Hexamethonium is a competitive antagonist of ACh at ganglionic nicotinic receptors.


Tubocurarine is a competitive antagonist of ACh at neuromuscular junction nicotinic receptors.






(c) Flumazenil, when blocking the effects of diazepam at a benzodiazepine receptor



2. Tolerance definition



• Diminished response to the same dose of a drug over time



a. Mechanisms of tolerance








(1) Desensitization



(a) Rapid process involving continuous exposure to a drug, altering the receptor so that it cannot produce a response



(b) Example



• Continuous exposure to β-adrenergic agonist (e.g., use of albuterol in asthma) results in decreased responsiveness.



(2) Down-regulation



• Decrease in number of receptors caused by high doses of agonists over prolonged periods





Continuous use of a β-adrenergic agonist involves both desensitization and down-regulation of receptors.






(3) Tachyphylaxis



(a) Rapid development of tolerance



(b) Indirect-acting amines (e.g., tyramine, amphetamine) exert their effects by releasing monoamines.



(c) Several doses given over a short time deplete the monoamine pool, reducing the response to successive doses.





Multiple injections of tyramine in short time intervals produce tachyphylaxis.






B. Increased drug activity




1. Supersensitivity or hyperactivity








a. Enhanced response to a drug may be due to an increase in the number of receptors (up-regulation).





Continuous use of a β-adrenergic antagonist causes up-regulation of receptors.






b. Antagonists or denervation cause up-regulation of receptors.



2. Potentiation








a. Enhancement of the effect of one drug by another which has no effect by itself, when combined with a second drug (e.g., 5 + 0 = 20, not 5)



b. Produces a parallel shift of the log dose-response curve to the left





Be able to depict drug potentiation, competitive antagonism, and noncompetitive antagonism from LDR curves.






c. Examples








(1) Physostigmine, an acetylcholinesterase inhibitor (AChEI), potentiates the response to acetylcholine (ACh).





Physostigmine potentiates the effects of ACh.






(2) Cocaine (an uptake I blocker) potentiates the response to norepinephrine (NE).





Cocaine potentiates the effects of NE.






(3) Clavulanic acid (a penicillinase inhibitor) potentiates the response to amoxicillin in penicillinase producing bacteria.





Clavulanic acid potentiates the effects of amoxicillin.






3. Synergism



• Production of a greater response than of two drugs that act individually (e.g., 2 + 5 = 15, not 7)



C. Dependence




1. Physical dependence



• Repeated use produces an altered or adaptive physiologic state if the drug is not present.





Trimethoprim plus sulfamethoxazole are synergistic.






2. Psychological dependence








a. Compulsive drug-seeking behavior



b. Individuals use a drug repeatedly for personal satisfaction.



3. Substance dependence (addiction)



• Individuals continue substance use despite significant substance-related problems.





Drugs that may lead frequently to addiction: alcohol, barbiturates, benzodiazepines, opioid analgesics.






V. Adverse Effects




A. Toxicity




1. Refers to dose related adverse effects of drugs



2. Benefit-to-risk ratio



• This expression of adverse effects is more useful clinically than therapeutic index





It is important to understand the benefit-to-risk ratio of every drug prescribed; all drugs can be harmful → some drugs can be beneficial if administered appropriately for the right situation






3. Overextension of the pharmacological response



• Responsible for mild, annoying adverse effects as well as severe adverse effects:



a. Atropine-induced dry mouth



b. Propranolol-induced heart block



c. Diazepam-induced drowsiness



4. Organ-directed toxicities



• Toxicity associated with particular organ or organ system



a. Aspirin-induced gastrointestinal toxicity





Aspirin can induce ulcers.






b. Aminoglycoside-induced renal toxicity





Aminoglycosides can produce kidney damage.






c. Acetaminophen-induced hepatotoxicity





Acetaminophen can produce fatal hepatotoxicity.






d. Doxorubicin-induced cardiac toxicity





Doxorubicin can produce heart failure.






5. Fetal toxicity



• Some drugs are directly toxic whereas others are teratogenic



a. Directly toxic effects include:








(1) Sulfonamide-induced kernicterus



(2) Chloramphenicol-induced gray baby syndrome



(3) Tetracycline-induced teeth discoloration and retardation of bone growth





Drug use should be minimized during pregnancy; some drugs are absolutely contraindicated.






b. Teratogenic effects



• Causes physical defects in developing fetus; effect most pronounced during organogenesis (day 20 of gestation to end of first trimester in human) and include:



(1) Thalidomide



(2) Antifolates (methotrexate)



(3) Phenytoin



(4) Warfarin



(5) Isotretinoin



(6) Lithium



(7) Valproic acid



(8) Alcohol (fetal alcohol syndrome)



(9) Anticancer drugs





Human teratogens: thalidomide; antifolates; phenytoin; warfarin; isotretinoin; lithium; valproic acid; fetal alcohol syndrome, anticancer drugs.






B. Drug allergies (hypersensitivity)




1. Abnormal response resulting from previous sensitizing exposure activating immunologic mechanism when given offending or structurally related drug



2. Examples








a. Penicillins



b. Sulfonamides



c. Ester type local anesthetics





Drug allergies are prominent with β-lactam antibiotics; drugs containing sulfonamide structure; ester-type local anesthetics.






C. Drug idiosyncrasies




1. Refers to abnormal response not immunologically mediated; often caused by genetic abnormalities in enzymes or receptors; referred to as pharmacogenetic disorders



2. Classical idiosyncrasies include:








a. Patients with abnormal serum cholinesterase develop apnea when given normal doses of succinylcholine.



b. “Fast” and “slow” acetylation of isoniazid due to different expression of hepatic N-acetyltransferase (NAT)



c. Hemolytic anemia elicited by primaquine in patients whose red cells are deficient in glucose-6-phosphate dehydrogenase



d. Barbiturate-induced porphyria occurs in individuals with abnormal heme biosynthesis





Classical drug idiosyncrasies; primaquine-induced hemolytic anemia; isoniazid-induced peripheral neuropathy; succinylcholine-induced apnea; barbiturate-induced porphyria.






VI. Federal Regulations




• Safety and efficacy of drugs are regulated by the U.S. Food and Drug Administration (FDA)



A. Notice of Claimed Investigational Exemption for a New Drug (IND)




• Filed with FDA once a potential drug is judged ready to administer to humans



B. Clinical trial phases




1. Phase 1



• First time the agent is administered to humans



a. First dose is placebo



b. Goal is to find maximum tolerated dose



• Usually involves 20 to 30 healthy volunteers



2. Phase 2








a. First attempt to determine clinical efficacy of drug



b. Tests may be single-blind or double-blind and involve hundreds of patients



3. Phase 3








a. Large scale testing of a drug’s efficacy and toxicity (few thousand patients)



b. After completion, company files New Drug Application (NDA) with FDA



c. Fewer than 10,000 subjects are usually tested



4. Phase 4 (post-marketing surveillance)








a. Rare adverse effects and toxicity may become evident



b. Example: incidence of aplastic anemia with chloramphenicol therapy is 1/40,000





Phase 4 picks up rare adverse effects of a drug.









SECTION II


Drugs That Affect the Autonomic Nervous System and the Neuromuscular Junction










Chapter 3 Introduction to Autonomic and Neuromuscular Pharmacology






I. Divisions of the Efferent Autonomic Nervous System (ANS) (Fig. 3-1)




A. Parasympathetic nervous system (PSNS): craniosacral division of the ANS



1. Origin from spinal cord








a. Cranial (midbrain, medulla oblongata)



b. Sacral



2. Nerve fibers








a. Long preganglionic fibers



b. Short postganglionic fibers





[image: image]

3-1 Schematic representation of sympathetic, parasympathetic, and somatic efferent neurons. α, α-adrenoreceptor; β, β-adrenoreceptor; M, muscarinic receptor; N, nicotinic receptor; NM, neuromuscular.







PSNS = craniosacral origin






3. Neurotransmitters








a. Acetylcholine (ACh)








(1) Ganglia (nicotinic receptors)



(2) Somatic neuromuscular junction (nicotinic receptors)



(3) Neuroeffector junction (muscarinic receptors)



b. Actions terminated by acetylcholinesterase





ACh stimulates both nicotinic and muscarinic receptors.






c. All ganglia and adrenal medulla have nicotinic receptors.



4. Associated processes








a. Digestion



b. Conservation of energy



c. Maintenance of organ function





PSNS conservation of energy at rest.






B. Sympathetic nervous system (SNS): thoracolumbar division of the ANS



1. Origin from spinal cord








a. Thoracic



b. Upper lumbar regions



2. Nerve fibers








a. Short preganglionic nerve fibers, which synapse in the paravertebral ganglionic chain or in the prevertebral ganglia



b. Long postganglionic nerve fibers





SNS = thoracolumbar origin






3. Neurotransmitters








a. ACh is the neurotransmitter at the ganglia (stimulates nicotinic receptors).



b. Norepinephrine (NE) is usually the neurotransmitter at the neuroeffector junction (stimulates α- or β-adrenergic receptors).



• Exception: ACh is the neurotransmitter found in sympathetic nerve endings at thermoregulatory sweat glands.





ACh is neurotransmitter at sympathetic thermoregulatory sweat glands


NE is neurotransmitter at sympathetic apocrine (stress) sweat glands






4. Associated processes



• Mobilizing the body's resources to respond to fear and anxiety (“fight-or-flight” response)



II. Neurochemistry of the Autonomic Nervous System




A. Cholinergic pathways




1. Cholinergic fibers








a. Synthesis, storage, and release (Fig. 3-2A)



b. Receptor activation and signal transduction








(1) ACh activates nicotinic or muscarinic receptors (Table 3-1)



(2) All ganglia, adrenal medulla, and neuromuscular junction have nicotinic receptor



c. Inactivation








(1) ACh is metabolized to acetate and choline





[image: image]

3-2 Cholinergic and adrenergic neurotransmission and sites of drug action. A, Illustration of the synthesis, storage, release, inactivation, and postsynaptic receptor activation of cholinergic neurotransmission. B, Illustration of the synthesis, storage, release, termination of action, and postsynaptic action of adrenergic neurotransmission. Uptake I is a transporter that transports NE into the presynaptic neuron. Uptake II is a transporter that transports NE into the postsynaptic neuron. α, α-adrenoreceptor; β, β-adrenoreceptor; ACh, acetylcholine; COMT, catechol-O-methyltransferase; DA, dopamine; M, muscarinic receptor; MAO, monoamine oxidase; N, nicotinic receptor; NE, norepinephrine.






TABLE 3-1 Properties of Cholinergic Receptors


[image: image]







ACh action terminated by cholinesterases.






(2) Occurs by acetylcholinesterase (AChE) in the synapse



(3) Occurs by pseudocholinesterase in the blood and liver



2. Drugs that affect cholinergic pathways (Table 3-2)








a. Botulinum toxin








(1) Mechanism of action



• Blocks release of ACh by degrading the SNAP-25 protein, inhibiting neurotransmitter transmission


TABLE 3-2 Drugs that Affect Autonomic Neurotransmission






	Mechanism

	Drugs that Affect Cholinergic Neurotransmission

	Drugs that Affect Adrenergic Neurotransmission






	Inhibit synthesis of neurotransmitter

	Hemicholinium*


	Metyrosine






	Prevent vesicular storage of neurotransmitter

	Vesamicol*


	Reserpine






	Inhibit release of neurotransmitter

	Botulinum toxin

	


Bretylium



Guanethidine









	Stimulate release of neurotransmitter

	Black widow spider venom*


	


Amphetamine



Tyramine









	Inhibit reuptake of neurotransmitter

	—

	


Tricyclic antidepressants



Cocaine









	Inhibit metabolism of neurotransmitter

	Cholinesterase inhibitors (physostigmine, neostigmine)

	Monoamine oxidase inhibitors (tranylcypromine)






	Activate postsynaptic receptors

	


Acetylcholine (M, N)



Bethanechol (M)



Pilocarpine (M)




	


Albuterol (β2)



Dobutamine (β1)



Epinephrine (α, β)









	Block postsynaptic receptors

	Atropine (muscarinic receptors); hexamethonium (ganglia) and tubocurarine (NMJ) (nicotinic receptors)

	Phentolamine (α-adrenergic receptors) and propranolol (β-adrenergic receptors)







M, muscarinic receptor; N, nicotinic receptor.


* Used experimentally but not therapeutically.
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